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Selective regulation of presynaptic receptors by SGIP1

Abstract

Cannabinoid receptor 1 (CB1R) is involved in a plethora of physiological processes, such
as memory formation, motor coordination, anxiety, pain perception, and immune response. The
properties of many minor cannabinoid receptor ligands remain unknown. The activity of CB1R
is regulated by Src homology 3-domain growth factor receptor-bound 2-like endophilin
interacting protein 1 (SGIP1). Several splice variants of SGIP1 have been described in the
literature, but their specific functional roles are unknown. SGIP1 inhibits CBIR internalization
and enhances B-arrestin and G protein-coupled receptor kinase 3 (GRK3) interactions with the
receptor. In mice, deletion of Sgip !/ results in altered mood-related behavior, decreased anxiety-
like behavior, and decreased acute nociception. In this work, we tested the effect of Sgip/
deletion on chronic nociception. We further explored the pattern of alternative splicing of Sgip/
in the brain. In addition, we tested the effect of the minor cannabinoid hexahydrocannabinol
(HHC) on CBIR signaling. We found that Sgip/ deletion results in an increase in chronic
nociception in male but not in female mice. We detected 15 Sgip! splice variants in the mouse
brain. The Sgip! exons that undergo alternative splicing encode portions of the MP domain and
proline-rich region of the Sgipl protein. We found that the pharmacological activity of (9R)-
HHC epimer is higher than that of (9S)-HHC epimer, and the activity of (9R)-HHC epimer is
similar to that of A°-tetrahydrocannabinol (THC). These results demonstrate that SGIP1 is an
important player in pain sensitivity and other functions controlled by CB1R, that multiple Sgip/
splice variants are expressed in the brain, and that cannabinoid HHC has similar properties to

the common cannabinoid THC.
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1. INTRODUCTION

The endocannabinoid system is an elaborate system comprising cannabinoid receptors, their
endogenous ligands (endocannabinoids), and enzymes that synthesize or degrade
endocannabinoids. Cannabinoid receptor 1 (CB1R) is a G-protein coupled receptor (GPCR) that
is the central molecule of the neuronal endocannabinoid system. In the central nervous system,
CBIR is predominantly found presynaptically. It is located at the highest density on many
GABAergic terminals but is also targeted to glutamatergic, cholinergic, serotonergic, and
noradrenergic terminals (Kano et al., 2009). Thus, CB1R is a regulator of synaptic transmission.
Endocannabinoids are synthesized on demand, meaning they are released in an activity-
dependent synaptic state. Signaling via CB1R affects higher-order behaviors, such as anxiety,
mood, fear extinction, addiction, or adaptive handling of stressful situations (Mechoulam et al.,
2013; Micale et al., 2013; Lutz et al., 2015; Morena et al., 2016). The endocannabinoid system
is a promising target for chronic pain treatment (Finn et al., 2021). However, only a few ligands
that target the endocannabinoid system are currently available to the patients (dronabinol,
nabilone, and nabiximols).

Several proteins associate with CBIR and alter its signaling, as reviewed in (Fletcher-Jones
et al., 2020). For example, CBIR interacting protein (CRIP1a) modulates the CB1R signaling
and endocytosis (Blume et al., 2015; Smith et al., 2015; Mascia et al., 2017), Adaptor protein 3
(AP-3) controls sorting and signaling of the intracellular CB1R (Rozenfeld et al., 2008), and G
protein-associated sorting protein 1 (GASP1) is involved in lysosomal trafficking of the
phosphorylated and internalized CB1R (Martini et al., 2007). Finally, SGIP1 hinders CB1R
endocytosis and considerably enhances the receptor’s cell surface stability. This association
extensively regulates CB1R endocytosis, resulting in functional consequences in transfected

cells (Hajkova et al., 2016; Gazdarica et al., 2021) and in vivo (Dvorakova et al., 2021).

Control of synaptic transmission by presynaptic G protein-coupled receptors

Information in the nervous system is encoded as a change in the membrane potential.
Membrane potential is determined by the electrochemical gradient of ions, mainly Na*, K, and
CI, across the plasma membrane. Non-excitable cells maintain a constant membrane potential,
and the intracellular side of the plasma membrane of the cells has a negative charge. Neurons

are excitable cells and thus can undergo rapid changes in their membrane potential. The main
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factor contributing to the excitability of neurons is the influx of Na" into the cell, caused by the
opened Na" channels upon neurotransmitter release. The depolarization of the plasma
membrane due to Na" influx reverses the membrane potential so that the intracellular side of the
plasma membrane becomes positively charged. The local depolarization of the plasma
membrane opens the neighboring voltage-sensitive (or voltage-gated) Na" channels, which
depolarize the adjacent regions of the membrane. The depolarization, and therefore excitation,
propagates through dendrites, the soma, and the axon by the turn of activation of ion channels.

When the depolarization wave reaches the presynaptic terminal of the axon,
neurotransmitters are released into the synaptic cleft. Neurotransmitters, such as glutamate or
gamma-aminobutyric acid (GABA), are stored in the presynaptic terminal in vesicles (Figure
1). Depolarization of the presynaptic membrane activates voltage-gated calcium channels
(VGCC), which allow extracellular Ca?" inside the presynaptic terminal. An increase in Ca®"
concentration in the presynapse stimulates the fusion of the vesicles with the plasma membrane
by exocytosis and the release of the vesicle’s content into the synaptic cleft. The released
neurotransmitters, such as glutamate, activate ionotropic glutamate receptors located on the
postsynaptic membrane. The activated ionotropic glutamate receptors pass Na' inside the
postsynaptic terminal so that the Na“ influx depolarizes the postsynaptic membrane, thus
resulting in the excitation of the postsynaptic neuron (Ribrault et al., 2011; Niciu et al., 2012;
Ashery et al., 2014).

Therefore, three main factors are involved in the neurotransmitter release:

1) the synaptic vesicle exocytosis;
2) the flow of Ca*" through VGCC;
3) the ability of the presynaptic membrane to be depolarized.

These three factors are subject to regulation, discussed further below.

While glutamate is the main excitatory neurotransmitter that activates Na“ channels (N-
methyl-d-aspartate (NMDA) receptors, a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
(AMPA) receptors, and kainate receptors), GABA is the main inhibitory neuromodulator that
activates Cl” channels (GABA receptors). The Cl influx into the postsynaptic terminal makes
the membrane potential more negative, a phenomenon known as hyperpolarization.
Hyperpolarization decreases the probability of depolarization of the postsynaptic neuron. One

neuron receives synaptic inputs from different types of excitatory and inhibitory neurons. In
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sum, neurons integrate all of the incoming excitatory and inhibitory stimuli, and their net sum

decides if the signal propagates further.

Presynaptic terminal

Figure 1. Signal transmission at a glutamatergic synapse and its regulation by cannabinoid
receptor 1. Depolarization of the presynaptic membrane activates voltage-gated calcium
channels (VGCC). The influx of Ca®" stimulates exocytosis of glutamate-filled vesicles.
Glutamate (Glu) activates ionotropic glutamate receptors (iGluR), which allow Na* inside the
postsynaptic terminal and stimulate depolarization of the postsynaptic membrane and activation
of the postsynaptic neuron. At the same time, glutamate stimulates metabotropic glutamate
receptors 1 and 5 (mGluR). These receptors are coupled to Gq protein and activate phospholipase
C B (PLCP)-mediated pathway. PLCP converts membrane phospholipid phosphatidylinositol
4,5-bisphosphate (PIP2) into second messengers diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3, not shown). Diacylglycerol lipase (DAGL), located at the postsynapse,
converts DAG into endocannabinoid 2-arachidonoylglycerol (2-AG). 2-AG diffuses into the
synaptic cleft and the presynaptic membrane, activating cannabinoid receptor 1 (CB1R). The 2-
AG synthesis cascade is referred to as the on-demand production of endocannabinoids. Another
endocannabinoid, N-arachidonoylethanolamine (AEA), also known as anandamide, is produced
tonically from its precursor by N-acetylphosphatidylethanolamine-hydrolysing phospholipase
D (NAPE-PLD, not shown). CBIR activity decreases synaptic vesicle exocytosis by multiple

mechanisms. These mechanisms include Gui/o protein-mediated decrease in intracellular cAMP
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and protein kinase A activity and Gg, protein-mediated inhibition of voltage-gated calcium
channels (VGCC) and activation of inwardly-rectifying potassium channels (Ki;). VGCC
inhibition decreases presynaptic Ca’* levels, thus inhibiting synaptic vesicle fusion with the
plasma membrane. K;; activation results in the hyperpolarization of the presynaptic membrane,
thus preventing activation of VGCC. Therefore, CBIR plays the role of retrograde signaling
regulator by fine-tuning the synaptic transmission. In cultured neurons, CB1R located in axons
and the presynapse exhibits a high degree of membrane stability compared to the receptor
located in the somatodendritic compartment. This stabilization can be mediated by the effect of
Src homology 3-domain growth factor receptor-bound 2-like endophilin interacting protein 1
(SGIP1). SGIP1 inhibits CB1R endocytosis and alters its signaling. The red dashed square
illustrates the aspects of the CB1R-SGIP1 relationship tested in heterologous systems shown in
Figure 3 (Durydivka et al., 2023b).

While one means of regulating neuronal excitability is the integration of excitatory and
inhibitory stimuli from different synapses, another means involves controlling neurotransmitter
release at each synapse. Receptors that, upon activation, inhibit or facilitate neurotransmitter
release are located on the presynaptic membrane and include neuromodulator receptors
cannabinoid receptor 1 (CBIR) and p-opioid receptor (MOR), among others (Schlicker et al.,
2017).

CBIR is typically expressed in presynaptic terminals of glutamatergic and GABAergic
neurons (Katona et al., 1999; Kawamura et al., 2006). Unlike most neurotransmitters,
endocannabinoids (CB1R endogenous ligands) are synthesized on demand at postsynaptic sites
(Dimarzo et al., 1994; Stella et al., 1997).

Glutamate that is released into the synaptic cleft, in addition to ionotropic glutamate
receptors, activates post-synaptic metabotropic glutamate receptors (mGluR), namely mGluR1
and mGluRS (Figure 1). These receptors are Gq-coupled and activate phospholipase C B (PLCP)
that cleaves membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) into
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3), which serve as second messengers.
DAG is further converted by diacylglycerol lipase (DAGL) to endocannabinoid 2-
arachidonoylglycerol (2-AG) (Murataeva et al., 2014). Another endocannabinoid, N-
arachidonoylethanolamine (AEA), also known as anandamide, is synthesized from its precursor

by N-acetylphosphatidylethanolamine-hydrolysing phospholipase D (NAPE-PLD). AEA is
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produced at steady levels (Wettschureck et al., 2006), and its production increases in a Ca®'-
dependent manner (Dimarzo et al., 1994). The newly-synthesized endocannabinoids diffuse into
the synaptic cleft, bind to, and activate presynaptic CBIR (Castillo et al., 2012).

CBIR is coupled predominantly to Gis, protein, so CBIR inhibits the activity of adenylate
cyclase and modulates ion channels. While adenylate cyclase is regulated by the G, subunit of
Gi/o, ion channels are modulated by the Gg, subunit of the G protein. The cumulative effect of
CBIR activation centers on the inhibition of the synaptic transmission by:

1) the inhibition of the synaptic vesicle exocytosis due to decreased levels of cyclic adenosine
monophosphate (cAMP);

2) the inhibition of VGCC, resulting in decreased presynaptic Ca*" levels;

3) the activation of inwardly-rectifying potassium channels (Ki), resulting in hyperpolarization
of the presynaptic plasma membrane.

These processes ensure rapid and precise inhibition of the synaptic transmission. Therefore,
CBIR is an effective “circuit breaker” in the nervous system (Katona et al., 2008; Di Marzo,
2011). Inhibition of the synaptic currents after depolarization is a distinctive feature of CB1R-
expressing synapses. This inhibition phenomenon is known as depolarization-induced
suppression of excitation (DSE) for excitatory neurons and depolarization-induced suppression
of inhibition (DSI) for inhibitory neurons (Kreitzer et al., 2001b, 2001a; Straiker et al., 2005).
DSE and DSI are the forms of short-term synaptic plasticity. CB1R is also involved in long-
term synaptic plasticity, which may mediate long-term changes to neural circuits and behavior
(Chevaleyre et al., 2007; Heifets et al., 2009).

Another type of presynaptic receptors that modulate synaptic activity is opioid receptors,
and MOR is among them. MOR is expressed primarily on glutamatergic and GABAergic
neurons in brain pathways that modulate pain perception, and it is involved in pain signaling
and antinociception (Corder et al., 2018; Reeves et al., 2022). MOR is Gj, protein-coupled, and
its effect on synaptic transmission is similar to that of CBIR, including a decrease in cAMP
levels, inhibition of VGCC, and activation of potassium channels (Sobczak et al., 2014). Unlike
endocannabinoids, MOR agonists such as -endorphins are packed into vesicles in neuronal
soma and are transported down to axon terminals. These opioids are released tonically or upon

presynaptic depolarization (Corder et al., 2018; Reeves et al., 2022).
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Molecular mechanisms of CB1R signaling and regulation

CBIR is one of the most abundant G protein-coupled receptors (GPCR) in the brain (Zou et
al., 2018). CBIR is expressed at high levels in the neocortex, hippocampus, basal ganglia,
cerebellum, and brainstem, as well as in the neurons of dorsal root ganglia (Herkenham et al.,
1990; Howlett et al., 1990; Herkenham et al., 1991; Bridges et al., 2003; Mackie, 2005). The
CBIR signaling in the brain has been linked to a plethora of physiological functions, such as
memory formation, motor coordination, appetite and metabolic control, thermoregulation,
immune response, neurogenesis, anxiety, and analgesia, as well as pathological conditions

(Chaperon et al., 1999; Viveros et al., 2005; Zou et al., 2018).

The endocannabinoid system

The activity of CBIR in the brain is a complex process that is finely tuned by the interplay
of various enzymes and proteins that fall into the endocannabinoid system. This intricate system
plays a crucial role in regulating various physiological processes in the body (Castillo et al.,

2012; Lu et al., 2016; Zou et al., 2018). The key components of the endocannabinoid system

include:

1) cannabinoid receptors 1 and 2. While CB1R is primarily found in the central nervous system,
particularly in the brain, cannabinoid receptor 2 (CB2R) is mainly located in immune cells
and peripheral tissues, where it influences immune responses and inflammation. Expression
of CB2R in the brain has been associated with some pathological conditions, such as
addiction, inflammation, and anxiety, or with non-neuronal cells (Miller et al., 2011; Mecha
et al.,, 2015). Additional receptors, such as transient receptor potential cation channel
subfamily V member 1 (TRPV1), transient receptor potential cation channel subfamily M
member 8 (TRPMS), G protein-coupled receptor (GPR) 18, GPR55 and GPR119, have been
recently linked to the endocannabinoid system (van der Stelt et al., 2004; Brown, 2007; De
Petrocellis et al., 2007; Johns et al., 2007; Pertwee, 2008; Chavez et al., 2010; McHugh et
al., 2010);

2) endogenous cannabinoid receptor ligands 2-AG and AEA (also known as anandamide).
These endocannabinoids are produced by the body in response to the depolarization of the
postsynaptic plasma membrane. The levels of 2-AG in the brain are approximately 1000
times higher than the levels of AEA, and altered metabolism of 2-AG, but not AEA, has

prominent effects on endocannabinoid-mediated retrograde signaling. Therefore, 2-AG was
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proposed as the primary endogenous ligand for CB1R in the central nervous system (Katona
et al., 2008; Di Marzo et al., 2012; Murataeva et al., 2014). While 2-AG specifically binds
to and activates CBIR and CB2R, AEA can also activate other receptors, such as TRPV1
and TRPMS (van der Stelt et al., 2004; De Petrocellis et al., 2007; Pertwee, 2008; Chavez
etal., 2010);

3) endocannabinoid synthesis enzymes NAPE-PLD and DAGL. The enzymes involved in the
synthesis of endocannabinoids are located in the postsynaptic terminal and produce 2-AG
or AEA in response to depolarization of the postsynaptic membrane or tonically;

4) endocannabinoid degradation enzymes fatty acid amino hydrolase (FAAH) and
monoacylglycerol lipase (MGL). These enzymes are located at presynaptic terminals, where
they are optimally positioned to break down 2-AG and AEA that have engaged presynaptic
CBI1R. Thus, FAAH and MGL ensure tight regulation of the endocannabinoid system
activity.

The orchestration of these components is critical for fine-tuning the endocannabinoid
system’s activity. The impairments in the endocannabinoid system result in various psychiatric,
neurological, and neurodegenerative disorders, such as obesity, dementia, and epilepsy (Soltesz

etal., 2015; Lu et al., 2016; Busquets-Garcia et al., 2018).

Signaling pathways activated by CB1R

CBI1R shares common structural features of Class A GPCR: seven transmembrane helices
joined by extracellular and intracellular loops, the extracellular N-terminus medium, and the
cytoplasmic C-terminus. The C-terminus begins with a short helical segment (helix 8), which is
crucial for the receptor’s trafficking (Ahn et al., 2010). The CB1R C-terminal tail also contains
helix 9 that separates two clusters of serine/threonine residues (Figure 2). Phosphorylation of
the serine/threonine residues is crucial for the regulation of the receptor’s signaling. Helix 9 has
been shown to control the intracellular distribution of CBIR and its stability on the plasma
membrane (Fletcher-Jones et al., 2019). For Class A GPCR, the extracellular surface of the
transmembrane domain is involved in ligand binding. The intracellular surface, including the
intracellular loops and the C-terminus, are involved in interactions with G proteins and other

regulatory proteins (Al-Zoubi et al., 2019).
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Figure 2. Schematic representation of CBIR structure and its post-translational
modifications. The C-terminal tail of CB1R contains two helical structures, helix 8 and 9
(highlighted in blue and green). Helix 8 is crucial for the trafficking of CBIR, and helix 9
controls the delivery of the receptor to neuronal compartments and the stability of the receptor
in the plasma membrane. The phosphorylation of amino acid residues within the central region
and distal tail, corresponding to clusters “>SMGDS** and **TMSVSTDTS*®, regulates the
activity of the receptor. Sites of glycosylation or palmitoylation are represented by “Y” and a
red zigzag line. Residues required for constitutive internalization are shown in pink. The orange
residues mark amino acids required for proper receptor maturation and surface expression. The
purple residue represents F238 residue modulating localization to lipid rafts. The black residues
indicate NPXXY motif, critical for B-arrestin recruitment. F409/R410 motif in HS is likely the
binding site of GASP1, while CRIP1a requires DTSXXAL motif at the C-terminus of CBIR.
SGIPI likely interacts with helix 9 of CB1R, but the intracellular loops might also be involved
(Fletcher-Jones et al., 2020; Fletcher-Jones et al., 2023).

CBI1R couples to heterotrimeric G proteins when activated by agonists. Agonist binding
increases the intrahelical cavity within the intracellular side of the transmembrane helices of
CBIR, allowing the cavity to accommodate a subunit of G protein. This coupling facilitates
GDP-to-GTP exchange in the G, subunit and results in its activation and dissociation from Gg,

dimer (Figure 3A). Active G, modulates the activity of effector proteins, such as adenylyl
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cyclase, phospholipase C, or monomeric GTPases, while active Gpy modulates the activity of
ion channels. As stated above, CBIR couples predominantly to Gis, family of G proteins, which
results in inhibition of adenylyl cyclase activity and in subsequent fall in cAMP levels,
contributing to the inhibition of synaptic vesicle exocytosis. The Gi, activity results in
inactivation of the protein kinase A (PKA) phosphorylation pathway and activation of
extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase 1/2/3 (JNK1/2/3),
p38 and p42/p44 mitogen-activated protein kinase (p38 and p42/p44 MAPK) (Howlett, 2005;
Turu et al., 2010). CBIR signaling modulates the activity of ion channels: increases K"
conductance of G protein-coupled inward rectifying K* channels (Ki;) and decreases Ca*"
conductance of N- and P/Q-type voltage-gated calcium channels (VGCC) (Pan et al., 1996;
Twitchell et al., 1997).

Structural alterations resulting from the activation of CB1R are sensed by G protein-coupled
receptor kinase (GRK). GRK binds to the activated CBIR and phosphorylates its C-terminal
tail at two clusters containing serine/threonine residues: **>SMGDS** and ““TMSVSTDTS*%®
(human CB1R numbering). GRK3 was shown to be the major GRK isoform involved in CB1R
phosphorylation, and phosphorylation of the residues within *>*SMGDS*? cluster is necessary
for the recruitment of B-arrestins (Jin et al., 1999; Delgado-Peraza et al., 2016). B-arrestins bind
to the phosphorylated CB1R’s C-terminal tail and to the intracellular surface of the receptor’s
transmembrane core. This association prevents CB1R from coupling to and activating G
proteins; such a decrease in the receptor’s signaling efficiency is known as desensitization of
the receptor.

Both ***SMGDS** and ““TMSVSTDTS*® clusters are involved in B-arrestin binding, and
inhibition of GRK3 abrogates B-arrestin association to CB1R (Straiker et al., 2012; Morgan et
al., 2014; Ibsen et al., 2019; Gazdarica et al., 2021). GRK3-mediated phosphorylation of these
clusters has an opposing effect on the dynamics of GRK3-CBIR association. On the one hand,
phosphorylation of the residues within ““TMSVSTDTS*® favors this association. On the other
hand, phosphorylation of the residues within “*SMGDS** disfavors it (Gazdarica et al., 2021).
By phosphorylating the “**SMGDS** cluster, GRK3 manifests a steric effect on its interaction
with CBIR. This spatial hindrance due to GRK3-mediated phosphorylation may be the factor
responsible for the dissociation of GRK3 from CBIR. CBIR, freed of GRK3, can now interact

with B-arrestin.
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Along with the role in desensitization, B-arrestins act as scaffolds bringing components of
signaling cascades such as ERK1/2, JNK1/2/3, or p38 MAPK to the desensitized receptor, thus
facilitating their activation (Rueda et al., 2000; Shenoy et al., 2011; Flores-Otero et al., 2014).
These signaling cascades are considered G protein-independent, but they may also be activated
in a G protein-depended manner (Wartmann et al., 1995; Liu et al., 2000; Rueda et al., 2000;
Derkinderen et al., 2003).
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Figure 3. Signaling and internalization of cannabinoid receptor 1 and its modulation by
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SGIP1. (A) Agonist-induced activation of cannabinoid receptor 1 (CB1R) stimulates GDP-to-
GTP exchange in a subunit of Gi/, protein and dissociation of a and By subunits of the G protein.
The activity of a and By subunits modulates various intracellular signaling cascades, such as
adenylyl cyclase-protein kinase A cascade, phospholipase C-protein kinase C cascade,
extracellular signal-regulated kinase 1/2 (ERK1/2) mitogen-activated protein kinase cascade, or
the activity of ion channels. Phosphorylation of CB1R by G protein-coupled receptor kinase
(GRK) mediates B-arrestin binding to the receptor, resulting in desensitization of the receptor,
promotion of clathrin-mediated internalization, and facilitation of p-arrestin-mediated
pathways, including ERK1/2 and c-Jun N-terminal kinase 1/2/3 (JNK1/2/3). The key proteins

involved in clathrin-mediated internalization include FER and CIP4 homology domain only
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proteins 1 and 2 (FCHO1/2), which initiate membrane invaginations, clathrin and adaptor
protein 2 (AP-2, not shown), which stabilize the endocytic pits and link the receptor to them,
and dynamin, which is involved in the scission of newly formed clathrin-coated vesicles from
the plasma membrane. (B) SGIP1 inhibits the internalization of CB1R. The retention of the
receptor in the plasma membrane results in increased GRK and B-arrestin association with
CBIR, but Gi, protein activity is not affected. SGIP1 interaction with CB1R inhibits the activity
of the ERK1/2 pathway, which may be explained by the lack of signaling from the endocytosed
pool of CBIR or by a different B-arrestin conformation that impedes ERK1/2 activation. SGIP1
is an endocytic protein that interferes with CB1R endocytosis by an undescribed mechanism. It
is not known if the CBIR-containing endocytic pits preserve the clathrin coating or other

endocytic proteins (Durydivka et al., 2023b).

The important function of B-arrestins is to mediate the internalization of the desensitized
receptor. Internalization was shown to depend on the phosphorylation of residues within cluster
4O0TMSVSTDTS*® of the CB1R C-terminal tail (Hsieh et al., 1999; Jin et al., 1999). B-arrestin
binding to the phosphorylated CB1R directs it toward internalization by clathrin-mediated
endocytosis (Hsieh et al., 1999).

Clathrin-mediated endocytosis comprises several consecutive steps, resulting in the
translocation of a plasma membrane cardo into the intracellular compartments (Figure 3A).
Invagination of the plasma membrane is crucial for the progression of endocytosis. Multiple
proteins can sense or induce membrane invaginations. These proteins contain
Bin/amphiphysin/Rvs (BAR) domain, which binds preferentially to curved membranes
(Stanishneva-Konovalova et al., 2016). Important initiators of clathrin-mediated endocytosis are
FER and CIP4 homology domain only proteins 1 and 2 (FCHO1/2). FCHO1/2 contain Fes/Cip4
homology BAR (F-BAR) domain, which is involved in membrane binding and bending.
Dimerization of the F-BAR domain creates a positively-charged interaction surface that
interacts with the negatively-charged phospholipids in the plasma membrane. Therefore,
positively-charged lysine, arginine, or histidine amino acid residues are crucial for membrane
binding (Henne et al., 2007; Frost et al., 2008; Henne et al., 2010).

Plasma membrane invaginations, induced by FCHO1/2, are further stabilized by the central
protein of clathrin-mediated endocytosis — clathrin. Clathrin is composed of three heavy and

three light chains, which assemble into a triskelion structure. Polymerization of multiple clathrin
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triskelia forms a basket that stabilizes invaginations of the plasma membrane (Fotin et al., 2004;
McMahon et al., 2011). The clathrin's association with the plasma membrane is mediated by
clathrin adaptor protein 2 (AP-2). AP-2 is a heterotetrameric protein that links the endocytic
machinery together. Apart from interacting with clathrin, AP-2 also interacts with -arrestin,
the endocytic cargo, other accessory endocytic proteins, and the plasma membrane, thus
ensuring proper positioning of the endocytic cargo (the desensitized receptor) to the sites of
clathrin-coated pit nucleation and maturation (Kelly et al., 2014; Smith et al., 2017; Beacham et
al., 2019; Kovtun et al., 2020).

Clathrin-stabilized membrane invaginations containing the cargo are removed from the
plasma membrane by dynamin. Dynamin is a GTPase that polymerizes at the neck of the
membrane invagination resulting in the scission of the clathrin-coated vesicles (Faelber et al.,
2011; Antonny et al., 2016). In the cytoplasm, clathrin-coated vesicles containing the cargo
undergo uncoating and are further sorted within the endosomal compartments. Internalization
regulates the number of receptors on the plasma membrane and, therefore, controls the signaling

output of receptors.

Subcellular distribution of CB1R in neurons

In the brain, CBIR is principally located at the presynaptic terminals of glutamatergic and
GABAergic neurons (Hoffman et al., 2000; Domenici et al., 2006), but it is also found
presynaptically on cholinergic, serotonergic, dopaminergic and noradrenergic neurons (Lau et
al., 2008; Goonawardena et al., 2010; Haring et al., 2015; Busquets-Garcia et al., 2016). CBIR
is expressed in the soma and is transported through the axon to the presynaptic terminals by
adaptor protein 3 (AP-3)- and kinesin-1-mediated axonal transport (Rozenfeld et al., 2008; Saez
et al., 2020). Subpopulations of CB1R have been observed on the somatic and dendritic plasma
membrane and in various intracellular organelles, such as endosomes, lysosomes, and
mitochondria (Mclntosh et al., 1998; Brailoiu et al., 2011; Benard et al., 2012; Hebert-Chatelain
etal., 2016).

In neurons, the expression of CBIR on the surface of the plasma membrane is highly
polarized towards the axons and synapses, displaying an increasing gradient towards the
presynaptic compartments (Irving et al., 2000; Coutts et al., 2001). The precise mechanisms of
delivery of CB1R from the trans-Golgi network to the axonal and presynaptic compartments are

not well defined; however, three models of the CB1R trafficking pathways have been proposed
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(Fletcher-Jones et al., 2020). These models are based on previous studies assessing the CBIR
localization, internalization rates, and the trafficking of newly synthesized receptors.

Compartmentalization of the neuronal plasma membrane plays an essential role in the
polarization of protein distribution. Several barriers in the plasma membrane ensure the
directionality of information flow and concentration gradients of proteins and other molecules.
The axon initial segment limits the lateral diffusion of proteins and lipids between the
somatodendritic and the axonal membrane. Synaptic protein machinery and receptors are
localized and anchored to the synaptic active zone proteins and the postsynaptic density proteins
(Leterrier, 2018; Guzikowski et al., 2021). Plasma membrane compartmentalization is also
achieved by different chemical composition of its subdomains. The axonal and dendritic plasma
membrane contains a high proportion of ceramides, which decrease membrane fluidity
(Calderon et al., 1995; Saeedimasine et al., 2019; Fitzner et al., 2020). Synaptic membranes
have lipid raft properties due to a high proportion of cholesterol and sphingolipids (Westra et
al., 2021). Decreased membrane fluidity restricts the lateral diffusion of proteins and obstructs
their internalization. These physical and chemical barriers regulate protein localization and
trafficking.

Most of the CB1R-positive staining is associated with the presynaptic sites in the brain tissue
processed by immunohistochemical methods (Katona et al., 1999); however, in cultured
neurons, CB1R is distributed within the axonal and somatodendritic compartments (Coutts et
al., 2001). CB1R in these compartments displays different properties towards its removal from
the plasma membrane by endocytosis.

In transfected non-neuronal cells, CBIR internalization is rapid and is characterized by the
rate constant 0.28 min~! for agonist WIN55,212-2, while the constitutive internalization (in the
absence of agonists) rate constant is 0.0032 min~! (Zhu et al., 2019). Most of the surface CBIR
internalizes within 30 min to 1 h (Rinaldi-Carmona et al., 1998; Jin et al., 1999). In contrast, in
neuronal cultures, CBIR exhibits low levels of internalization when located on axons, and the
removal of the majority of the surface CB1R was achieved only upon prolonged agonist
exposure for 5-16 h (Coutts et al., 2001). Unlike CBIR located on axons, CB1R on the soma
and dendrites has a high rate of internalization, comparable to the CBI1R expressed in transfected
non-neuronal cells (Leterrier et al., 2006). This high internalization rate is caused by a
significant endocannabinoid tone in the brain or cultured cells, which constantly stimulates the

receptor, causing its internalization (Howlett et al., 2011). Constitutive internalization has been
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proposed as a mechanism for the polarized surface distribution of CB1R in neurons. Low rates
of CBIR internalization from the axonal plasma membrane contrasts with high rates of
internalization from the somatodendritic compartments. This difference results in the
accumulation of CBIR on the axonal plasma membrane, maintaining the polarized distribution
of the receptor (Leterrier et al., 2006; Bohn, 2007; McDonald et al., 2007; Simon et al., 2013).

The membrane stability of CB1R has been closely evaluated with regard to its location at
the synapses of cultured neurons (Mikasova et al., 2008). The study evaluated the lateral
mobility of the surface CB1R and correlated its localization to synaptic or extrasynaptic
compartments. After the application of the agonist, a fraction of CB1R had restricted mobility.
This fraction of the receptor was located in the vicinity of synapses. These results suggest that
CBIR located in presynaptic compartments of axons is resistant to internalization and has low
surface mobility.

Early research on the sorting of CBIR from the trans-Golgi network reported that CBIR is
delivered to the somatodendritic and axonal membrane without discrimination. Polarized
distribution is achieved by a high rate of CBIR internalization from the somatodendritic
membrane and a low rate of internalization from the axonal membrane (Leterrier et al., 2006).

Another model suggests that CBI1R does not reach the somatodendritic surface and is
directly targeted to late endosomes or lysosomes and delivered to the axonal compartment. This
is supported by reports showing that newly synthesized CBI1R is rapidly degraded without
reaching the plasma membrane in the N18TG2 neuroblastoma cell line (McIntosh et al., 1998)
and that CB1R colocalizes with the late endosomal/lysosomal markers in primary neurons and
interacts with adaptor protein 3 (AP-3) complex, involved in trafficking between the trans-Golgi
network and lysosomes (Rozenfeld et al., 2008; Guardia et al., 2018).

A recent, more specific approach testing the CBIR targeting found that CBIR is
preferentially delivered to the axonal membrane from the trans-Golgi network (Fletcher-Jones
et al., 2019). This approach found that newly-synthesized CB1R was detected in the axonal
membrane earlier than in the somatodendritic membrane. This preferential delivery depended
on the helix 9 of the CB1R C-terminal tail. This helix was also involved in the increased stability
of CBIR on the axonal membrane, which maintains the polarization.

Thus, an emerging consensus in the field reconciles that while newly-synthesized CBIR is
preferentially driven to the axon by the trafficking machinery, endocytosis from the soma and

dendrites maintains and enhances the polarized distribution of CBIR. Specific factors
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controlling the subcellular distribution of CB1R have been proposed. Identification of the region
of CBIR that is responsible for the polarized distribution (the helix 9 of the CB1R C-terminal
tail) provides experimental approaches for testing these polarization factors.

Regardless of the intracellular sorting, polarized distribution of CB1R may be maintained
by physical or chemical anchors, as stated above, or by the protein environment. Several proteins
have been shown to interact with CB1R and alter its signaling and trafficking. These proteins
include cannabinoid receptor-interacting protein 1a (CRIP1a), which modulates CB1R signaling
and endocytosis (Niehaus et al., 2007; Blume et al., 2015; Blume et al., 2016; Guggenhuber et
al., 2016); adaptor protein 3 (AP-3), which plays a role in the processing and signaling of
intracellular CBIR (Rozenfeld et al., 2008); G protein-associated sorting protein 1 (GASP1),
which controls lysosomal trafficking of phosphorylated and internalized CB1R (Martini et al.,
2007; Martini et al., 2010); and Src homology 3-domain growth factor receptor-bound 2-like
endophilin interacting protein 1 (SGIP1), which inhibits CB1R endocytosis and alters its
signaling (Hajkova et al., 2016; Dvorakova et al., 2021; Gazdarica et al., 2021).

CBI1R association with SGIP1

SGIP1 was identified as a CB1R-interacting partner using a yeast two-hybrid approach in
our laboratory. SGIP1 associates with the C-terminal tail of CBIR (Hajkova et al., 2016;
Fletcher-Jones et al., 2023). This association was verified by coimmunoprecipitation and
bioluminescence resonance energy transfer (BRET) assay, and SGIP1 and CBIR colocalize in
cultured neurons. When SGIP1 is co-expressed with CB1R in a heterologous system, such as
HEK293 cells, this results in the inhibition of agonist-promoted endocytosis of CB1R (Figure
3B). However, the interaction of GRK3 and B-arrestin with the activated CBIR is not inhibited,
instead, it is enhanced and prolonged (Hajkova et al., 2016; Gazdarica et al.,, 2021).
Hypothetically, the enhanced GRK3 and B-arrestin interactions with the receptor may be
explained by the retention of activated CB1R at the plasma membrane due to SGIP1-mediated
inhibition of internalization. The enhanced GRK3 and B-arrestin interactions also indicate no
competition for the CBIR C-terminus between SGIP1 and GRK3 or B-arrestin. At the same
time, CB1R-dependent Gj, protein signaling was unaltered in the presence of SGIP1. On the
other hand, the activity of the ERK1/2 pathway was inhibited in the presence of SGIP1 (Hajkova
et al., 2016). Thus, the effect of SGIP1 on the CBI1R signaling is specific towards certain
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pathways. This preference of the receptor towards one signaling pathway over the others is
known as biased signaling (Kenakin, 1995; Ibsen et al., 2017; Leo et al., 2021).

A recent study showed that helix 9 of the CB1R C-terminal tail binds to SGIP1 and is
involved in the increased expression of the receptor on the axonal membrane (Fletcher-Jones et
al., 2023). The helix 9 lies between **SMGDS** and *“TMSVSTDTS*® clusters. We
previously showed that mutations of serine and threonine residues in these clusters do not
influence the effects of SGIP1 on CBI1R signaling. Deletion of helix 9 distorts the polarized
distribution of CBIR, but overexpression of SGIP1 promotes the CBIR polarization in neurons
(Fletcher-Jones et al., 2023). Therefore, helix 9 of the CBIR C-terminal tail is involved in the
preferential delivery of CB1R to axons and stabilization of CB1R on the axonal membrane. By
binding to helix 9 of CBIR, SGIP1 is likely the factor that stabilizes CB1R in the axonal

membrane and decreases the internalization rate of CB1R from the axonal membrane.

SGIP1 interferes with CB1R endocytosis

SGIP1 is the adaptor protein involved in the internalization of several cargo molecules, such
as transferrin and epidermal growth factor receptors (Uezu et al., 2007), synaptotagmin 1 (Lee
et al., 2019), and cannabinoid receptor 1 (Hajkova et al., 2016). SGIP1 has also been shown to
interact with endophilin (Trevaskis et al., 2005), epidermal growth factor receptor pathway
substrate 15 (Epsl15) (Uezu et al., 2007), intersectin (Dergai et al., 2010), calnexin (Li et al.,
2011), and AP-2 (Hollopeter et al., 2014).

SGIP1 belongs to the muniscin family of adaptor proteins. Muniscins are involved in
clathrin-mediated endocytosis and are known as cargo adaptors because they participate in
selecting which cargo molecules internalize from the plasma membrane (Robinson, 2015).
Muniscin family includes SGIP1, FCHO1/2, and yeast suppressor of yeast profilin deletion 1
(Sypl) (Reider et al., 2009) (Figure 4). Muniscins have a high degree of homology between
their C-termini, represented by the p homology domain (uWHD), which evolved from a part of
an ancient cargo adaptor protein complex TSET (Hirst et al., 2014). The uHD domain is
involved in dimerization and interaction with other proteins, such as endophilin, intersectin, and

Eps15 (Trevaskis et al., 2005; Uezu et al., 2007; Dergai et al., 2010).

26



197 98-180 587-853

SGIP1 D

1-248 308-389

808-872
FCHO1 F-BAR APA =TT R 673 aa
3-250 308-390 541-808
FCHO2 F-BAR APA D e

551-807

7-269
Syp1 T~ s70aa
Figure 4. Schematic domain structure of the proteins of the muniscin family. Muniscins

share the C-terminal p homology domain (uWHD), and SGIP1 and FCHO1/2 have a high degree

of homology between their AP2 activator (APA) domain and proline-rich region. Muniscins
differ in their N-terminal domain. FCHO1/2 and Syp1 contain the Fer-CIP4 homology-BAR (F-
BAR) domain on their N-termini, but SGIP1 lacks the F-BAR domain and instead contains the
membrane phospholipid-binding (MP) domain. The amino acid ranges corresponding to
particular domains are provided above the domain, and the total lengths of the proteins are

provided in amino acids (aa).

Muniscins differ in the composition of their N-termini. FCHO1/2 contain the Fer-CIP4
homology-BAR (F-BAR) domain at their N-termini. The F-BAR domain was shown to be
necessary for the initiation of clathrin-mediated internalization during the early stages of nascent
pit formation. The F-BAR domain mediates membrane curvature-sensing/inducing by
FCHO1/2 (Henne et al., 2007; Henne et al., 2010; Uezu et al., 2011). SGIP1 lacks the F-BAR
domain and instead contains the membrane phospholipid-binding (MP) domain, which is unique
to SGIP1 because it has little homology to the F-BAR or other protein domains. Similar to the
F-BAR domain, the MP domain was shown to bind to and deform membranes, but the
mechanisms of its action are less well understood (Uezu et al., 2007).

The central region of muniscins is unstructured and is represented by the AP2 activator
(APA) domain and the proline-rich region. The APA domain was shown to interact with and
activate the AP-2 complex (Hollopeter et al., 2014). Therefore, both SGIP1 and FCHO1/2
contain the domain that is involved in the activation of the AP-2 complex, which is necessary
for clathrin recruitment and clathrin-coated pit maturation (Mishra et al., 2021; Partlow et al.,
2022). The proline-rich region is a long unstructured region of the muniscins’ sequence that
contains many putative phosphorylation sites (Craft et al., 2008; Edbauer et al., 2009) and
binding sites to proteins containing SRC homology 3 (SH3) and tryptophan-tryptophan-proline
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(WW) domains (Zarrinpar et al., 2003). The proline-rich region may be involved in interaction
with other proteins or in dimerization; however, the precise role of the proline-rich region
remains unknown.

Both SGIP1 and FCHO1/2 contain the APA domain that stimulates clathrin-mediated
endocytosis, but these proteins have an opposing effect on CB1R endocytosis: SGIP1 inhibits
CBI1R endocytosis, but FCHO1/2 promotes it. Because most of the sequence of these proteins
has a high degree of homology, the difference in the effect on CB1R internalization may be
attributed to the absence of the F-BAR domain and the presence of the MP domain in SGIP1
(Figure 4).

Expression pattern of SGIP1

SGIP1 is expressed primarily in the brain (Trevaskis et al., 2005; Uezu et al., 2007). SGIP1
is present throughout all neuronal compartments and was determined to constitute 0.431% of
synaptosome protein content (Wilhelm et al., 2014). The expression of SGIP1 and CBIR
considerably overlaps in many brain regions involved in mood control, regulation of energy
balance, addiction, and pain sensitivity (Lein et al., 2007).

SGIP1 was discovered as an overexpressed transcript in the hypothalamus of Israeli sand
rats (Psammomys obesus) that developed obesity due to free access to food in captivity
(Trevaskis et al., 2005). Further studies identified rat and mouse homologs of SGIP1. Several
variants of SGIP1 protein were described in the literature; these variants include proteins
comprising 806 amino acids (aa), 854 aa (termed SGIP1a), 826 aa, and 660 aa (termed SGIP1p).
These isoforms have been suggested to result from alternative splicing of SGIP1 pre-mRNA
transcripts. To avoid misidentification, we specify SGIP1 splice variants based on their amino
acid length. Therefore, the known SGIP1 isoforms are SGIP1 806, SGIP1 854, SGIP1 826, and
SGIP1 660.

Due to alternative splicing, different variants of a protein can be synthesized from a single
gene. In this process, different exons of the same gene are taken together in different
combinations, and introns are removed. Alternative splicing modes include (a) cassette
alternative exon, (b) alternative 5’ splice site, (c) alternative 3’ splice site, (d) intron retention,
(e) mutually exclusive exons (Figure 5). In addition, alternative start codons and
polyadenylation sites can be included in a nascent mRNA transcript during splicing (Wang et

al., 2015; Liu et al., 2022). Gene transcripts in the brain are more likely to undergo alternative
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splicing, which provides an example of the versatility of the regulation of gene expression and

signaling in the brain (Yeo et al., 2004; Vuong et al., 2016).
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Figure 5. Different modes of alternative splicing of pre-mRNA: cassette alternative exon,

alternative 5’ splice site, alternative 3’ splice site, intron retention, mutually exclusive exons,
alternative promoters, and alternative polyadenylation sites. Exons are represented by boxes,
and introns are represented by lines. Dashed lines connect alternative splicing sites (Liu et al.,

2022).

The isoforms of SGIP1, resulting from the alternative splicing of SGIP1 pre-mRNA, may
differ in characteristics or functions. However, the available experimental works have focused
on only one of the SGIP1 isoforms in regard to a particular function. For example, the 806 aa
isoform inhibits CB1R endocytosis (Hajkova et al., 2016), 854 aa isoform controls the
endocytosis and recycling of synaptotagmin 1 (Lee et al., 2019), 826 aa isoform binds calnexin
(Lietal., 2011), and 660 aa isoform increases CB1R expression in axons (Fletcher-Jones et al.,
2023). It is not known if these properties are specific to any isoform or if they are common for
all SGIP1 isoforms. To date, only one study has attempted to compare two known SGIP1
isoforms (Lee et al., 2021), and no study has studied the splicing of SGIP1. The NCBI Gene
database predicts that 20 Sgip/ splice variants can be transcribed in mice. This prediction

includes the four known variants but also provides 16 more variants. These variants, if
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experimentally detected, may provide new insights into SGIP1’s functions, characteristics, and

evolutional history.

The in vivo impact of the CB1R-SGIP1 association

The modulation of CBIR activity exerts various physiological effects, often influencing
higher-order behaviors such as mood control, fear extinction, addiction, and adaptive handling
of stressful situations. Activation of CBIR in animal models induces hypolocomotion
(decreased movement), hypothermia (decreased body temperature), antinociception (decreased
sensitivity to pain), and catalepsy (the state of immobility). These behavioral effects are
evaluated in the cannabinoid tetrad test and are used in the characterization of cannabinoid
ligands. Additional tests assessing cognition, working memory, anxiety-related behavior, and
immune response evaluate the effect of cannabinoids on an organism’s function (Chaperon et
al., 1999; Howlett, 2002; Bosier et al., 2010; Lutz et al., 2015; Morena et al., 2016).

The widespread effects of CBIR on the organism have been demonstrated by genetic and
pharmacological targeting of the receptor. Genetic deletion of CBIR in mice results in
hypoactivity, antinociception, and increased mortality. CB1R knock-out mice also display lean
phenotype and are more resistant to obesity (Zimmer et al., 1999; Trillou et al., 2004). The
ability of CBIR to regulate metabolism and body mass was exploited in the development of
anti-obesity drugs, such as CB1R antagonist rimonabant. By blocking the function of CB1R to
stimulate appetite (Foltin et al., 1986), it was expected that rimonabant would help to treat
obesity. Clinical trials showed that rimonabant markedly reduces body weight and improves
cardiometabolic risk (Van Gaal et al., 2005; Curioni et al., 2006), and rimonabant was approved
as an anti-obesity drug. However, rimonabant was withdrawn from the market because of its
reported severe side effects, such as increased anxiety, depression, and suicidal intentions.
Therefore, inhibition of CB1R might have deleterious effects on an organism; however, novel
strategies can be employed to overcome this limitation and develop a safe CB1R antagonist (Di
Marzo et al., 2009). These strategies include weak CBIR agonists, which may be more
appropriate anti-obesity drugs rather than the CBIR inverse agonist rimonabant.

The endocannabinoid tone in the brain can be affected by targeting endocannabinoid
degradation and synthesis pathways. Chemical inhibition and genetic deletion of FAAH, the
enzyme of the synthetic pathway of AEA, results in decreased anxiety-like behavior. On the

opposite, genetic deletion of DAG, involved in 2-AG synthesis, results in increased anxiety-like
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behavior (Kathuria et al., 2003; Moreira et al., 2008; Shonesy et al., 2014; Jenniches et al.,
2016). Therefore, targeting the enzymes of the endocannabinoid system provides indirect
approaches to the modulation of CB1R activity.

Another functional outcome of CBIR signaling in the brain is the modulation of pain
perception. Pain perception is mediated by ascending and descending neuronal pathways.
Neurons in the ascending pathway receive input from peripheral primary afferent fibers and
project from the dorsal horn of the spinal cord to the thalamus and parabrachial nucleus, which
in turn relays the information to cortical and amygdalar regions, where the information is
processed and decoded as a painful stimulus. The first synapse in the pain pathway is located in
the dorsal horn of the spinal cord. The descending pathways modulate pain sensation. The most
studied regions that contribute to pain modulation are the midbrain periaqueductal gray and
rostral ventromedial medulla. The periaqueductal gray receives inputs from the midbrain and is
heavily interconnected to the hypothalamus and limbic forebrain structures, including the
amygdala. The periaqueductal gray projects to the rostral ventromedial medulla, which in turn
sends its output to dorsal horn laminae, which is important for nociception (Neubert et al., 2004;
Heinricher et al., 2009; Starowicz et al., 2013; Woodhams et al., 2017).

CBIR and other components of the endocannabinoid system are found in regions involved
in the transmission and modulation of nociceptive signaling. Behavioral tests assessing acute
and chronic nociception confirm that the endocannabinoid system, and especially CBIR,
mediates nociception (Pertwee, 2001). The CB1R-mediated antinociceptive effects were
confirmed by behavioral tests, such as the tail-flick test, hot-plate test, formalin test, and in nerve
injury or inflammatory models.

Acute pain often functions as an indicator of a disease or harm to the body, and it usually
disappears when the underlying cause is treated or healed. Chronic pain often results from
impaired neuronal circuits in the nervous system or from the sensitization of the nervous system
during inflammation, and this pain persists past the healing time for more than 12 weeks (Treede
etal., 2015). Acute pain is usually efficiently treated with non-steroidal anti-inflammatory drugs
and opioids, but chronic pain is often difficult to treat (Vanegas et al., 2010; Gatchel et al., 2014;
Vuckovic et al., 2018). Accumulating data suggest that CB1R has a substantial role in
modulating acute and chronic pain (Milligan et al., 2020). The endocannabinoid system has a
vast potential for pain treatment, but few drugs (dronabinol, nabilone, and nabiximols) targeting

the endocannabinoid system are approved and available on the market (Finn et al., 2021). It
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remains unclear how the modulation of cell signaling by CB1R affects pain pathways in the
nervous system and what the role of CB1R-interacting proteins in these processes is.

SGIP1 was initially described as an overexpressed transcript in obese Israeli sand rats
(Psammomys obesus), which can be used as a model of diet-induced obesity and type 2 diabetes
(Trevaskis et al., 2005). These findings linked SGIP1 functions to the regulation of energy
balance. Consequent studies showed that the polymorphisms in the SGIPI gene are associated
with various measures of obesity and the risk of complex psychiatric diseases, such as
alcoholism, schizophrenia, and anxiety disorders in humans (Hodgkinson et al., 2010;
Cummings et al., 2012; Yako et al., 2015; Chwedorowicz et al., 2016). The precise mechanisms
of the SGIP1’s effect on energy homeostasis and the progression of psychiatric disorders remain
unknown. However, the possible mechanisms of these effects may depend on the SGIP1’s link
to CB1R signaling.

The effect of SGIP1 on CBIR and the endocannabinoid system has been evaluated in vivo
by behavioral testing of Sgip I knock-out mice. These Sgip/ knock-out mice had intact cognition
and motor skills but exhibited altered mood-related behavior, decreased anxiety-like behavior,
and decreased acute pain nociception (Dvorakova et al., 2021). Sgip! deletion did not affect the
body weight of the mice, in contrast to the association of Sgip/ overexpression with the obese
phenotype. The altered responses of the Sgip/ knock-out mice to the cannabinoid tetrad tests
demonstrate that Sgip/ deletion affects the endocannabinoid system in the brain. These altered
responses include anti-nociception, catalepsy, and body temperature. In addition, the Sgip/
knock-out mice exhibited pronounced THC withdrawal signs manifested as intense jumping,
which is characteristic of morphine withdrawal (Francis et al., 1971; Dvorakova et al., 2021).
Moreover, the antinociceptive effect of morphine was enhanced in Sgip/ knock-out mice as
well. These observations suggest a crosstalk of the endocannabinoid and opioid systems in the
brain (Robledo et al., 2008).

Deletion of Sgip/ in mice results in an antinociceptive effect in both naive mice and mice
treated with cannabinoid drugs in the tail-flick test (Dvorakova et al., 2021). The tail-flick test
measures acute nociception and assesses short-term stimulation of the pain pathways, including
CBI1R-controlled pathways. In chronic pain, the relationships between pain pathways and
associated mechanisms can undergo significant changes over time, and the role of CB1R may
become more complex due to neuroplasticity, sensitization of pain pathways, and adaptive

changes in endocannabinoid signaling. Because Sgip/ deletion makes the mice more sensitive
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to analgesics, the role of SGIP1 in chronic pain perception should be considered as well.
Extensive exploration of the SGIP1-CBIR relationship may widen the understanding of pain
processing and offer new approaches for pharmaceutical targeting of the endocannabinoid
system. These insights may help to reduce the adverse effects of the currently available drugs

acting on CB1R.

Classification of CB1R ligands

Ligands acting on CBIR (cannabinoids) can be classified according to their origin into
endocannabinoids, phytocannabinoids, synthetic cannabinoids, or semi-synthetic cannabinoids.
Endocannabinoids are endogenously produced in the brain and include 2-AG and AEA;
phytocannabinoids are naturally occurring cannabinoids that are produced by the Cannabis
sativa plant and include A°-tetrahydrocannabinol (THC) and cannabidiol (CBD) among other
components; synthetic cannabinoids include various ligands, such as WIN 55,212-2 (WIN), CP
55,940, HU-210, SR-141716A, and AM251 (Figure 6). CB1R ligands can be further classified
regarding their chemical structure (for example, indole, urea, or tropane derivatives) and
psychoactive effect (psychotropic and non-psychotropic) (Tabrizi et al., 2017; Hryhorowicz et
al., 2019).

Based on the effect of receptor binding, ligands can be divided into orthosteric and allosteric.
An orthosteric ligand binds to the same site of the receptor as the natural agonist, and an
allosteric ligand binds to a site different from the orthosteric site. Based on the mode of action,
orthosteric ligands are further divided into agonists, antagonists, and inverse agonists. Agonists
activate receptors to produce a measurable effect. Full agonists produce a maximal effect in
given conditions, while partial agonists produce a detectable but submaximal effect. Inverse
agonists produce an effect opposite to that of agonists. Antagonists have no effect on their own,
but they block the effects of agonists and inverse agonists (Negus, 2006).

Many receptors exhibit basal activity because of their intrinsic structural properties and the
complex interplay of molecular components within the cellular environment. Basal activity
refers to the constitutive low-level signaling or activity exhibited by receptors in the absence of
their cognate ligands. This intrinsic activity can arise from various factors, such as
conformational dynamics of the receptor, interaction with downstream signaling molecules, and

the intricacies of receptor-ligand binding kinetics. In this instance, agonists increase the
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receptor’s activity above its basal level, inverse agonists decrease this activity below the basal
level, and antagonists do not affect the basal activity (Berg et al., 2018).

Allosteric ligands bind to the receptor and induce its distinct conformation. Allosteric
ligands do not activate or inhibit the receptor; instead, they modulate the effect of orthosteric
ligands. Some allosteric ligands perturb the receptor’s signaling even in the absence of
orthosteric ligands, an effect termed allo-agonism (Kenakin, 2001; May et al., 2007). Allosteric
ligands are divided into positive allosteric modulators, negative allosteric modulators, and
neutral allosteric ligands. Positive allosteric modulators enhance the effects of orthosteric
ligands, negative allosteric modulators weaken their effects, and neutral allosteric ligands only
bind to allosteric sites but have no effect on the receptor (Hryhorowicz et al., 2019).

The pharmacological activity of ligands can be described by potency and efficacy. Potency
is the concentration or amount of a ligand required to produce a defined effect. Therefore, the
higher the potency, the lower the ligand concentration is required to produce the same effect.
For agonists, potency is defined as the molar concentration of an agonist that produces 50% of
the maximum possible response for that agonist (EC50) (Pharmacology et al., 2000). The
potency of receptor agonists reflects their binding affinity to the receptor in the receptor-effector
system (Waldman, 2002).

Efficacy most commonly refers to the maximum effect that can be expected from the agonist
(Neubig et al., 2003). Efficacy is determined by the interaction between the ligand and its
receptor-effector system. Therefore, efficacy depends on experimental conditions, such as
tissue, receptor expression levels, and the type of measurement. Moreover, the ability of ligands
to interact with their effector system in the whole body is influenced by pharmacokinetic
parameters, such as absorption, distribution, metabolism, and excretion. Therefore, the efficacy
of ligands does not define their clinical efficacy, which reflects the therapeutic benefits

(Waldman, 2002).

Novel cannabinoid ligands that mimic THC properties

THC and CBD are the major phytocannabinoids in the Cannabis sativa plant, and these
compounds have been recognized for their various psychotropic and therapeutic effects.
However, the botanical composition of the cannabis plant extends far beyond THC and CBD.
More than 400 different compounds have been identified in the cannabis plant, including other

cannabinoids, terpenes, alkaloids, and flavonoids (ElSohly et al., 2005; Radwan et al., 2021).
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Minor cannabinoid compounds have gained increasing attention from biochemists because these
lesser-known compounds may have chemical and therapeutic profiles different from those of
THC and CBD. For example, many minor cannabinoids share the overall structure with THC,
but they differ in the number and orientation of methyl groups, degree of hydrogenation, and
length of the side chain, among other factors. Due to these differences, certain minor
cannabinoids may have different stability, bioavailability, potency, or efficacy. Thus, novel
cannabinoid ligands may become more stable drugs that require lower doses and that have
minimized side effects.

Among minor cannabinoids, hexahydrocannabinol (HHC) has garnered notable attention.
HHC is found in minute quantities in the cannabis plant, but it can be conveniently synthesized
by acid treatment of CBD (Gaoni et al., 1966). Because of the ease in the regulation of the CBD
production, the synthesis and use of HHC is facilitated. Moreover, HHC itself remains largely
unregulated by governing authorities in most countries. Because HHC is not scheduled by the
1971 Convention on Psychotropic Substances, which controls tetrahydrocannabinol isomers
only, HHC has emerged as a legal alternative to more commonly known THC; however, HHC
might transition into a controlled substance category due to the insufficiency of comprehensive
data regarding its activity, potency, toxicity, and overall safety (Casati et al., 2022; Tanaka et
al., 2023; Ujvary, 2023; Ujvary et al., 2023).

The synthesis of HHC yields its two distinct epimers: (9S)-HHC and (9R)-HHC. These
epimers differ in the orientation of the single methyl group at atom 9 (Figure 6). In (9S)-HHC,
the methyl group is axial, and in (9R)-HHC, the methyl group is equatorial. This seemingly
minor stereochemical difference substantially affects receptor binding, resulting in a higher
affinity of (9R)-HHC epimer for CB1R than that of (9S)-HHC epimer. Initial attempts to
compare HHC and its epimers were hindered by the presence of impurities within the
compounds themselves, leading to compromised outcomes (Adams et al., 1940; Mechoulam et
al., 1980). A recent study that used highly-purified HHC epimers showed that the effect of (9R)-
HHC on mouse behavior is close to that of THC, while (95)-HHC has little or no
cannabimimetic effect (Russo et al., 2023). The proper pharmacological profiling of HHC
requires more studies employing animal models as well as cell-based assays to evaluate the
effects of HHC epimers on CB1R and the endocannabinoid system and compare their effects to

those of the commonly used cannabinoids.
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(9S)-HHC (OR)}-HHC

Figure 6. Structures of phytocannabinoids cannabidiol (CBD) and A’-tetrahydrocannabinol
(THC), a synthetic cannabinoid WIN 55,212-2 (WIN), and epimers of semi-synthetic
cannabinoid hexahydrocannabinol (HHC), (9S)-HHC and (9R)-HHC. HHC epimers differ in
the spatial position of the C-11 methyl group. In (9S)-HHC, the methyl group is axial (9a-HHC),
and in (9R)-HHC, the methyl group is equatorial (9-HHC).
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2. AIMS OF THE STUDY

Hypothesis 1. SGIP1 is a CB1R-associated protein, and Sgip/ deletion in mice reduces
acute nociception and increases the potency of the analgesic effect of THC in the acute pain
model. CBIR is involved in the processing of both acute and chronic pain. In chronic pain, pain
processing circuits often become altered due to long-lasting activation, and the CB1R-SGIP1
relationship may be modified. Therefore, the effect of Sgip/ deletion on chronic pain in mice
should be evaluated.

Aim 1. To determine the effect of Sgip/ deletion on the sensitivity to mechanical stimulation
in the mouse model of chronic inflammatory pain, induced by carrageenan injection, and the

efficiency of THC-induced analgesic effect in this mouse model.

Hypothesis 2. SGIP1 has been reported to be expressed as four splice isoforms in different
studies; these isoforms are SGIP1 806, SGIP1 854 (termed SGIP1a), SGIP1 826, and SGIP1
660 (termed SGIP1B). The NCBI Gene database predicts that 20 Sgip/ splice variants can be
transcribed in mice. These splice variants may differ in function or properties. It is not known
which splice variant is more abundant in the brain and if they have different properties.

Aim 2. To clone splice variants of Sgip/ from the mouse brain, evaluate their relative

abundance, compare their properties, and unify their nomenclature.

Hypothesis 3. The currently available drugs targeting CBIR are limited. The development
of new drugs is hampered by the psychotropic effects of modulation of CB1R activity and other
off-target effects. Minor constituents of the cannabis plant are being tested to explore their
therapeutic potential. Among these constituents, HHC has gained much interest from
researchers and public due to its THC-like effects and facile synthesis. Little information
regarding HHC’s effect on CB1R signaling is available; therefore, such HHC-induced signaling
should be investigated and compared to commonly used cannabinoids.

Aim 3. To characterize the effect of the HHC epimers on the signaling pathways elicited by
CBIR and compare their effects to those of THC and WIN.
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3. METHODS

3.1. Materials and methods specific for aim 1

3.1.1. Animals

Adult wild-type C57BL/6NCrl and Sgip! knock-out mice (characterized in (Dvorakova et
al., 2021)) were group-housed in plastic cages with soft bedding in a pathogen-free facility at
22 +2°C, 45% humidity, 12 h light/12 h dark cycle, and food and water ad libitum. The mice
were acclimated in the facility for at least one week prior to experiments. The mice were tested
during the light phase of the circadian cycle and at the same time of the day. Before testing, the

mice were acclimated for one hour in the experimental room with low noise and light levels.

3.1.2. Drug injections

Stock solutions of WIN 55,212-2 mesylate (WIN) (Tocris) and rimonabant hydrochloride
(Sigma) were prepared in dimethyl sulfoxide (DMSO) and of A’-tetrahydrocannabinol (THC)
(provided by Dr. Martin Kuchar, UCT Prague) was prepared in ethanol. Solutions for injections
were prepared by dissolving one volume of either the drug or the vehicle solution in one volume
of Kolliphor EL (Sigma) and 18 volumes of normal saline. All the drugs were injected
intraperitoneally at doses 10 mg/g, and the injection volume was 10 ul/g of mouse weight. The

drugs were injected on day 1, and the behavioral testing was performed 1 h after the injections.

3.1.3. Inflammation induction and mechanical hyperalgesia assessment

Inflammatory pain in mice was induced by injecting 30 ul of 1% lambda carrageenan
(Sigma) in normal saline into the left hind paw of the mice on day 0. The mice were anesthetized
by 5% isoflurane (Baxter) in the air.

The mice were habituated for 20 min before the testing in the testing chamber (10*7*10 cm,
length*width*height), which was placed onto a wire floor grid (wire size 1 mm, the distance
between wires 5 mm). Then, we applied a rigid plastic tip of an electronic von Frey instrument
(Bioseb) to the plantar surface of the hind paw until we observed a withdrawal response and
recorded the pressure in grams. Each mouse was tested five times at one-minute intervals. The
testing chamber and the wire floor grid were cleaned with water and 70% isopropanol in water
after each tested animal. The von Frey tests were performed on day -1 (baseline), day 0 (2 h

after the carrageenan injection), day 1 (1 h after the drug injection), and day 2. Additionally, the
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mice were habituated in the testing chambers one day before the first (baseline) measurement

was performed.

3.1.4. Behavioral data analysis

Withdrawal thresholds from five trials of the same mouse were averaged, and the resulting
data are presented as means + standard error of the mean (SEM). Because the datasets did not
meet the criteria for a multifactorial analysis of variance (ANOVA) (the distribution different
from normal in Shapiro-Wilk test, unequal variances in Bartlett test, and contained outliers
determined by boxplot methods), we applied the aligned rank transformation (ART) (Wobbrock
et al., 2011) and then conducted a repeated measures analysis of variance on linear models built
from the transformed data. Significant interactions were further subjected to the Wilcoxon post
hoc test with BH p adjustment method. The data analysis was performed using R 4.0.5 in R
studio 1.4.1106 for Windows, involving libraries ARTool, rstatix, stats. The graphs were created
in GraphPad Prism 9.4.1 for Windows. Throughout the study, the following confidence
thresholds were used: * p <0.05, ** p <0.01, *** p <0.001.

3.2 Materials and methods specific for aim 2

3.2.1. Tissue collection

Brain tissue was obtained from decapitated C57BI/NCrl mice. The animals were handled in
a manner that avoids distress, and they were decapitated in a way that minimizes suffering; these
procedures followed local laws, Guide for the Care and Use of Laboratory Animals, National
Research Council (US) Committee for the Update of the Guide for the Care and Use of
Laboratory Animals, and Directive 2010/63/EU.

3.2.2. Complementary DNA synthesis

To obtain RNA samples, we dissected the whole brain or prefrontal cortex (PFC),
hippocampus (HC), and cerebellum (CB) and used the TRIzol Plus RNA purification kit
(Invitrogen, US) according to the manufacturer's instructions. Then, we used 5 pg of the
obtained RNA in a reverse transcription reaction with 300 units (U) of SuperScript III reverse
transcriptase, 2.5 pg of an anchored oligo(dT)2o primer, 0.5 mM of dATP, dGTP, dCTP, and
dTTP each and 5 mM dithiothreitol (DTT) in 20 pL volume (all from Invitrogen, US). Primer

hybridization was at 65 °C for 5 min, followed by incubation at 4 °C for at least 1 min. First-
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strand complementary DNA (cDNA) synthesis was performed at 50 °C for 30 min, then at 55
°C for 30 min, followed by the enzyme inactivation at 70 °C for 15 min. We used 1/40 of the

reverse transcription reaction volume for cDNA amplification reaction.

3.2.3. Cloning, clone selection, and subcloning into eukaryotic expression vectors

We amplified the Sgip/ cDNA using Phusion High-Fidelity DNA polymerase (Thermo
Scientific, Lithuania) with the primers annealing to the first and last exons of the Sgip/ gene
(Primers A and J in Table 1). The polymerase chain reaction (PCR) contained 0.2 U of the
polymerase, 0.2 mM of dATP, dGTP, dCTP, and dTTP each, and 0.2 mM of each primer in 10
uL volume. The primer sequences are provided in Table 1. For amplification, initial
denaturation was at 98 °C, 30 s, followed by 30 cycles of denaturation at 98 °C, 30 s; annealing
at 57.5 °C, 30 s and extension at 72 °C, 60 s each; the reaction ended with a final extension at

72 °C, 7 min.

Table 1. The oligonucleotide primers used in the study.

Primer Sequence (5°-3’) Internal ID
A GGATCCGTGCCACCATGATGGAAG 1271
B CCATTTGGTGCCCCATTGC 1282
C CAATGGGGCACCAAATGG 1283
D ACTTGGGTTCATCGGTTGG 1284
E CAGGCCAACCGATGAACC 830
F AGGAGTGTATGGGTGGGCT 831
G TTCAATATCGTCAACTAACTCACTG 832
H GAAAGCTGCTGCGACCG 1286
I CACAGAAACTGTCAACGC 1287
J TTAGTTATCTGCCAAGTACTTTC 1272
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Table 2. PCR conditions for the primer pairs used in the study.

Primer Initial 30 cycles of: Final
pair denaturation Denaturation Annealing Extension extension
A+B 60°C, 30 s 72°C, 30 s
C+D 59°C, 30s 72°C, 40 s
E+F 98°C, 61°C,30s 72°C, 60 s 72°C,
G+H 2 min o830 60°C, 30 s 72°C, 40 s 5 min
I+J 56°C,30s 72°C, 60 s
A+J 58°C,30s 72°C, 3 min

Next, we purified the PCR products from 1.5% agarose gel using the QIAquick gel
extraction kit (QIAGEN). To prepare the PCR products for TA cloning, we added single A-
overhangs to the products using 10 U of GoTaq G2 DNA polymerase, 2 mM dATP (both from
Promega) in 10 pL volume and incubated the reaction at 72 °C for 7 min. Then, we ligated the
A-tailed products with pGEM-T Easy vector using T4 DNA ligase (3 U) (both from Promega)
in 10 uL volume. Last, we transformed chemically competent £.coli DH5a cells (New England
Biolabs) with the ligation reaction and spread the cells on Luria-Bertani (LB)-agar plates with
0.5 mM IPTG (Sigma) and 80 pg/mL X-Gal (Duchefa Biochemie) for blue-white colony screen.

For screening, we purified plasmid DNA from single white colonies propagated in LB
medium containing 100 pg/mL ampicillin using the QIAprep Miniprep kit (QIAGEN) and
digested the plasmid DNA with restriction enzymes EcoRI or EcoRI and Xagl (Fermentas).
Finally, the selected plasmids were sequenced by the dideoxy chain termination method
(Eurofins Genomics).

To express Sgipl splice isoforms in human embryonic kidney 293 (HEK293) cells, we
transferred the coding sequence of the Sgip!/ splice variants from pGEM-T Easy vectors into
pRKS and pRKS-EYFP vectors. First, we released the insert from the pGEM-T Easy vector by
digestion with BamHI and Sall (Fermentas) and purified it from 1.0% agarose gel using the
QIAquick gel extraction kit (QIAGEN). Next, we ligated the inserts with the linearized pRKS5
or pRK5-EYFP vectors using 0.5 U of T4 DNA ligase (Invitrogen) in 10 uL volume. The pRKS5
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vector expresses untagged Sgipl splice isoforms, and the pRK5-EYFP vector expresses the

splice variants N-terminally tagged with EYFP with a Trp-Ile-Arg linker.

3.2.4. Polymerase chain reaction

To confirm the presence of Sgip/ splice variant mRNAs in the brain, we amplified 1/40 of
the reverse transcription reaction from mouse brain cDNA using primers annealing to different
exons within the Sgip/ sequence. The reaction contained GoTaq G2 Green Master Mix 1x
(Promega) and 0.2 mM of each primer in 10 pL volume. To amplify the complete coding
sequence of Sgip! from different brain regions, we used 1/40 of the cDNA synthesis reactions
involving the RNA from PFC, HC, and CB with GoTaq G2 Green Master Mix using primes A
and J. The primer sequences are provided in Table 1, and the amplification parameters for
different primer pairs are provided in Table 2. The PCR products were resolved in 1.5% agarose
gel stained with 0.2 pg/mL ethidium bromide (Top-Bio) and visualized under UV light (Bio-
Rad Universal Hood II).

3.2.5. Oligonucleotide primer design and database search

We used SnapGene 5.3 and PerlPrimer v1.1.21 (Marshall, 2004) for primer design and
analysis. Primer sequences were designed to minimize hybridization with regions of single
nucleotide polymorphisms in the Sgip/ gene from the Ensembl database (Howe et al., 2021).
Oligonucleotide primers were custom-synthesized by Sigma. To search the possible Sgip/
transcripts, we used NCBI, Uniprot, and Ensembl databases. For multiple sequence alignment,

we used CLUSTAL O (1.2.4) (Madeira et al., 2022).

3.2.6. Microscopy and image processing

Human Embryonic Kidney 293 (HEK293) cells were cultured in DMEM — high glucose
(Sigma) supplemented with 10% fetal bovine serum (Gibco) at 37 °C and 5% CO: in air and
humidity of 95%. HEK293 cells grown on 18-mm glass coverslips were transfected with
plasmid DNA encoding Sgip! splice variants using the calcium phosphate method. The plasmid
DNA (1.2 pg) was mixed with 6.2 pL. of 2 M CaCl: in a total volume of 50 pL, followed by the
addition of the equal volume of 2x HBS (42 mM HEPES, 1.4 mM Na;HPO4, 274 mM NaCl, 10
mM KCI, 15 mM D-glucose, pH 7.05) and vigorous mixing. After 5 min of incubation, the

transfection solution was added to the cells. The cells 24 h post-transfection were fixed in 4%
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paraformaldehyde in PBS (137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPO4, 1.8 mM KH>POy4) for
15 min, then washed four times with PBS, rinsed with distilled water, dried and mounted in
Fluoroshield mounting medium with DAPI (Sigma). Microscopy was performed on the Leica
TCS SP8 confocal microscope using HC PL APO 63x/1.40 OIL objective and 2x digital zoom,
resulting in a pixel size of 71 nm. The EYFP was excited with a 488 nm solid-state laser, and
the EYFP emission was detected in a range of 498—542 nm using the HyD detector at 50% gain.
The images in a Z-plane were taken with a step of 0.299 um. The microscopic images were
processed in Fiji distribution of ImagelJ 1.53c¢ (Schindelin et al., 2012). Z-stacks were projected
using maximum intensity projection. Image adjustments, including brightness and contrast

change, were applied to the whole area of the image.

3.2.7. Antibodies

The polyclonal guinea pig anti-Sgipl antibody was described previously (Hajkova et al.,
2016). In this study, we used the affinity-purified fraction of this antibody by the SulfoLink
Coupling Resin (Thermo Scientific). The peptide used for the purification was identical to the
one used for the immunization (N-terminal 27 aa followed by cysteine:
MMEGLKKRTRKAFGIRKKEKDTDSTGSC). The mouse monoclonal anti-Sgipl antibody,
clone 7G9/B6/G3, was generated in-house by hybridoma technology against the same peptide
that was used for the production of the guinea pig anti-Sgipl antibody. This monoclonal
antibody was represented by IgG1 fraction and was characterized by immunoblotting against
brain lysates from the wild-type and Sgip/ knock-out mice (Figure 12B).

The mouse anti-B-tubulin antibody, clone KMX-1, was described previously (Birkett et al.,
1985). The rabbit anti-ubiquitin antibody was from Sigma, USA (ref U0508). The horseradish
peroxidase (HRP)-conjugated goat anti-guinea pig antibody was from Santa Cruz
Biotechnology, USA (ref. c-2438). The goat anti-mouse HRP-conjugated antibody (ref.
W402B) and the goat anti-rabbit HRP-conjugated antibody (ref W401B) were from Promega,
USA.

3.2.8. Protein sample preparation, protein dephosphorylation, and immunoblot
analysis
The samples from the prefrontal cortex, hippocampus, and cerebellum were homogenized

in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCL, 150 mM NacCl, 1% Triton
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X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), pH 8.0) supplemented
with protease inhibitor cocktail (Roche) and incubated with equal volumes of treatment buffer
(125 mM Tris-HCI, 4% SDS, 20% glycerol, 0.02% bromophenol blue, 400 mM DTT, pH 6.8)
for 5 min at 80 °C.

For protein dephosphorylation, the prefrontal cortex tissue was homogenized in the
supplemented RIPA buffer without sodium deoxycholate and SDS. Then, 850 ug of protein was
incubated with 5 U of shrimp alkaline phosphatase (SAP) (Fermentas) in 100 pL volume for 1
h at 37 °C. The reaction was terminated by the addition of equal volumes of treatment buffer
and incubation at 80 °C for 10 min. Sgipl was immunoprecipitated as in the following section,
after which the samples were mixed with the treatment buffer and incubated at 80 °C for 10
min.

The protein samples were separated in SDS-polyacrylamide gel (SDS-PAGE) and
transferred onto a nitrocellulose membrane (Schleicher & Schuell) using the Trans-Blot Turbo
Transfer System (Bio-Rad, Singapore). The membranes were blocked in 5% powdered milk in
PBST (137 mM NaCl, 2.7 mM KCI, 8 mM NaxHPO4, 1.8 mM KH>POs, 0.1% Tween 20)
overnight at 4 °C. Then, the membranes were incubated with one of the primary antibodies as
indicated. The guinea pig anti-Sgipl antibody was diluted 1:500 to a final concentration of
0.0008 mg/mL in 2% milk in PBST and incubated for 3 h at 4 °C. The supernatant of the mouse
anti-Sgipl antibody-producing hybridoma was incubated with the membranes for 3 h at 4 °C.
The anti-B-tubulin antibody was diluted 1:200 in 1% milk in PBST and incubated overnight at
4 °C. The anti-ubiquitin antibody was diluted 1:1000 in 2% milk in PBST and incubated for 3
h at 4 °C. After washing in PBST three times 15 min each, the membranes were incubated with
the secondary antibody. The HRP-conjugated goat anti-guinea pig antibody diluted 1:5000 in
0.5% milk in PBST. The HRP-conjugated goat anti-mouse antibody and the HRP-conjugated
goat anti-rabbit antibody were diluted 1:10 000 in 1% milk in PBST and incubated for 1 h at
room temperature. The blots were visualized using SuperSignal West Pico or Femto
chemiluminescent substrates (Thermo Fisher Scientific, USA) and detected on the Alliance Q9

Atom system (Uvitec, UK).

3.2.9. Mass spectrometry sample preparation and immunoprecipitation
Brain tissue was prepared for mass spectrometry (MS) analysis according to the following

protocol. The samples were homogenized and lysed by boiling at 95 °C for 10 min in 100 mM
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triethylamonium bicarbonate (TEAB) containing 2% sodium deoxycholate (SDC), 40 mM
chloroacetamide, 10 mM tris(2-carboxyethyl)phosphine (TCEP) and further sonicated
(Bandelin Sonoplus Mini 20, MS 1.5). Protein concentration was determined using
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific), and 30 pg of protein per
sample was used for MS sample preparation. The samples were further processed using SP3
beads, according to Hughes et al. (Hughes et al., 2019). Briefly, 5 uL of SP3 beads was added
to 30 ug of protein in TEAB lysis buffer and filled to 50 uLL with 100 mM TEAB. Protein
binding was induced by the addition of ethanol to 60% (vol./vol.) final concentration. The
samples were then mixed and incubated for 5 min at room temperature. After binding, the tubes
were placed into a magnetic rack, and the unbound supernatant was discarded. Beads were
subsequently washed two times with 180 puL of 80% ethanol. After washing, the samples were
digested with trypsin (trypsin/protein ratio 1/30) and reconstituted in 100 mM TEAB at 37 °C
overnight. After the digestion, the samples were acidified with trifluoroacetic acid (TFA) to 1%
final concentration, and peptides were desalted using in-house-made stage tips packed with C18
disks (Empore) according to (Rappsilber et al., 2007).

Sgipl splice isoforms were immunoprecipitated from the brain tissue and prepared for mass
spectrometry as follows. Per sample, we used 20 uL of Protein A/G agarose beads slurry
(Thermo Scientific), which was washed two times with Buffer A (100 mM NaCl, 20 mM Tris-
HCl, 0.1% Triton X-100, pH 7.4) and resuspended in 980 pL of Buffer A. Afterwards, 1 mL of
beads slurry was incubated overnight with 2 uL of the anti-Sgip1 antibody (Hajkova et al., 2016)
that was affinity purified as described above. The following day, mouse brain tissue was isolated
and homogenized at 5 mg/mL of total protein in Buffer A containing protease inhibitor cocktail
(Roche) and 1% CHAPS (3-[(3-cholamidopropyl) dimethylammonio]-1- propanesulfonate) and
incubated on ice for 30 min followed by centrifugation at 100 000 g for 1 h. Meanwhile, the
antibody-conjugated beads were washed three times with Buffer A and subsequently blocked
by 1 h incubation in Buffer A containing 1 mg/mL bovine serum albumin (BSA). Next, the brain
sample supernatant was diluted 1:10 with Buffer A, and 1 mL of the diluted sample was mixed
with the Protein A/G beads and incubated in a sample mixer at 4 °C for 2 h. After the incubation,
the beads were washed three times with Buffer A, followed by additional three washes with
PBS. Next, the bead samples were resuspended in 100 mM triethylammonium bicarbonate
(TEAB) containing 2% sodium deoxycholate (SDC). Cysteines were reduced with a 10 mM
final concentration of Tris(2-carboxyethyl)phosphine (TCEP) and blocked with a 40 mM final
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concentration of chloroacetamide (60 °C for 30 min). The samples were cleaved on the beads
with 1 pg of trypsin at 37 °C overnight. After the digestion, the samples were centrifuged, and
the supernatants were collected and acidified with TFA to 1% final concentration. SDC was
removed by extraction of ethyl acetate (Masuda et al., 2008). Peptides were desalted using in-
house-made stage tips packed with C18 disks (Empore), according to Rappsilber et al.
(Rappsilber et al., 2007).

3.3. Materials and methods common for aims 2 and 3

3.3.1. Chemicals

Stock solutions of 50 mM WIN 55,212-2 mesylate (WIN) (Tocris), 100 mM (9S)-HHC, and
100 mM (9R)-HHC were prepared in dimethyl sulfoxide (DMSO) and of 100 mM A°-
tetrahydrocannabinol (THC) was prepared in ethanol. THC, (9S)-HHC, and (9R)-HHC was
provided by Dr. Martin Kuchar, UCT Prague. The IUPAC names of hexahydrocannabinol
epimers (9S)-HHC and (9R)-HHC are (9S5)-6,6,9-trimethyl-3-pentyl-64,7,8,9,10,10a-
hexahydro-6H-benzo[c]chromen-1-0l and  (9R)-6,6,9-trimethyl-3-pentyl-6a,7,8,9,10,10a-
hexahydro-6H-benzo[c]chromen-1-ol, respectively. The stock solutions were further diluted in
their vehicles by the factor of 10 to obtain their concentrations in the range 0.001 nM - 10 mM
(102 M - 10° M). The stock solutions of met-enkephalin and carbamoylcholine chloride

(carbachol) (Sigma) were prepared in water.

3.3.2. Cell culture and transfection

HEK293 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) — high
glucose (Sigma) supplemented with 10% fetal bovine serum (Gibco) at 37 °C, 5% CO: in the
air, and 95% humidity. The cells were plated in the 96-well plates (Greiner BioOne, UK) at 50
000 cells per well and transfected with 150 ng of plasmid DNA per well using Lipofectamine
2000 (Invitrogen) according to the manufacturer's instructions. The transfected cells were tested

24 h after transfection.

3.3.3. Bioluminescence resonance energy transfer assay
Bioluminescence resonance energy transfer (BRET) assay was used to measure CBIR-
induced G protein dissociation and beta-arrestin interaction with CB1R, as described previously

(Hajkova et al., 2016; Gazdarica et al., 2021). To measure G protein dissociation, we transfected
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the cells with Gaii-Rluc8 or Gaoa-Rluc8, GBz-Flag, Gy.-EYFP, and SNAP-CBI1R plasmids in a
mass ratio of 1:1:1:2. To measure B-arrestin 2 interaction with CB1R, we transfected the cells
with B -arrestin2-Rluc and CB1R-YFP plasmids in a mass ratio of 1:2. To study GRK3-CB1R
interaction, the cells were transiently transfected with GRK3-Rluc8 and CB1R-YFP plasmids
(1:2 ratio). Before the measurements, the transfected cells were washed with PBS (137 mM
NaCl, 2.7 mM KCl, 8 mM Na;HPOj4, 1.8 mM KH>PO4) and incubated in Tyrode’s solution (137
mM NacCl, 0.9 mM KCI, 1 mM MgCl,, 1 mM CaClz, 11.9 mM NaHCO3, 3.6 mM NaH;POs,
5.5 mM D-glucose, 25 mM HEPES, pH 7.4) at 37 °C for at least 30 min. Next, we added
coelenterazine h (NanoLight) at a final concentration of 5 uM to the cells, followed by the
addition of increasing concentrations of compounds (9S)-HHC, (9R)-HHC, THC, WIN, or their
vehicles. The BRET donor and acceptor emission was measured 12 minutes after the addition
of the compounds using Mithras LB940 plate reader (Berthold Biotechnologies, Germany). For
enhanced bystander BRET measurements, we transfected the cells with rGFP-CAAX and
Rlucll-tagged cannabinoid receptor 1 (CB1R), p opioid receptor (MOR), and muscarinic
acetylcholine M3 receptor (M3R) in a mass ratio of 6:1. Next, we added coelenterazine Prolume
Purple (NanoLight) to a final concentration of 1 uM, and the transfected cells were stimulated
with 1 pM WIN 55,212-2 (WIN), 10 uM met-enkephalin, or 10 uM carbachol, respectively.
The BRET donor and acceptor emission was measured for 1 hour after the addition of the

compounds using the Spark microplate reader (Tecan).

3.3.4. BRET data analysis

The BRET ratio was obtained by dividing the acceptor emission (540 + 20 nm) by the donor
emission (480 + 10 nm). After subtracting the BRET ratio of the vehicle addition from the BRET
ratio of the compounds, we obtained deltaBRET (ABRET). Data analysis was performed using
GraphPad Prism 9.3.1 for Windows (GraphPad Software, USA). The dose-response curves were
fitted using the non-linear regression function. The model used for fitting the data was
Y=Bottom + (Top-Bottom)/(1+10"((LogEC50-X))), assuming the Hill slope of 1.0. The radar
charts were created in R 4.0.5 in R studio 1.4.1106 for Windows using the fmsb package.
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4. RESULTS

4.1. The effect of Sgip1 on chronic pain processing

4.1.1. Induction of chronic pain model in mice

We previously found that Sgip/ deletion reduces acute nociception and increases the
potency of analgesics in acute pain (Dvorakova et al., 2021). We then asked if Sgip/ deletion
modifies chronic nociception. The nociception pathways may become altered due to
overstimulation in chronic pain, which may alter the effect of Sgip1 on nociception. To test the
effect of Sgip! deletion on chronic nociception, we induced chronic inflammatory pain in the
hind paw of wild-type and Sgip! knock-out mice and evaluated the mechanical sensitivity in
these mice. Inflammation was induced by carrageenan injection in the hind paw, which caused
edema, hyperalgesia, and mechanical allodynia. Hyperalgesia is an increased sensitivity to a
painful stimulus, and mechanical allodynia is an increased sensitivity to a mechanical stimulus
(such as touch) that normally does not cause pain. We measured the sensitivity of the mice to
mechanical stimulation by applying the rigid tip of the electronic von Frey apparatus.

To evaluate the changes in mechanical nociception in the mice after the carrageenan
injection, we applied the following scheme. On day -1, we measured the baseline responses in
all the mice. On day 0, we injected carrageenan or vehicle (saline) in one hind paw and measured
the mechanical sensitivity 2 h after the injection. We then repeated the measurements until 3
days after the injection to monitor the course of inflammation.

Carrageenan injection caused a decrease in the withdrawal threshold of the paw, reflecting
increased sensitivity to the mechanical stimulation 2 h after the injection. This decrease in paw
withdrawal threshold persisted for two days after the injection, which is characteristic of
carrageenan-induced inflammation. Vehicle injection did not affect the mechanical sensitivity.
In male mice, the paw withdrawal threshold of Sgip/ knock-out mice was significantly lower (p
= 0.0317 on Day 1 after the carrageenan injection) than that of wild-type mice, and this
difference persisted throughout the course of the inflammation (Figure 7A).

Because vehicle injection did not affect the paw withdrawal threshold of the male mice, we
injected the female mice with carrageenan only. We found that in the female mice, the paw
withdrawal threshold of Sgip/ knock-out mice was not different from that of wild-type mice

(Figure 7B).
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There were no differences between Sgip/ knock-out and wild-type mice before inducing the
inflammation (on Day -1) or at the end of the experiment (on Day 3). In sum, we detected the

nociceptive effect of Sgip/ deletion in male but not in female mice.
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Figure 7. The effect of Sgip/ deletion on mechanical sensitivity in male (A) and female (B)
mice. The baseline mechanical sensitivity of the left hindpaw of wild-type (WT) and Sgip!
knock-out (KO) mice was determined on day -1, and carrageenan (CAR) was injected into the
left hindpaw on day 0. Mechanical thresholds of the left hindpaw were measured on days 0, 1,
2, and 3. Each point is the mean + SEM of 5 (male) or 14 (female) mice. The statistical analysis
of the data is presented in Table 3. * p <0.05.

4.1.2. The effects of cannabinoids on chronic pain sensitivity in Sgip! knock-out and
wild-type mice

Injections of cannabinoids WIN 55,212-2 (WIN) and A’-tetrahydrocannabinol (THC)
increased the paw withdrawal threshold in carrageenan-treated wild-type and Sgip/ knock-out
mice. However, the antinociceptive effect of the drugs varied depending on the genotype, sex,
and drug.

WIN injection in males increased the threshold of Sgip/ knock-out mice by 77% and that of
wild-type mice by 91%. The threshold of WIN-treated Sgip/ knock-out males was significantly
lower (p = 0.0232) than that of wild-type males (Figure 8 A). WIN injection in females increased
the threshold of Sgip! knock-out mice by 75% and that of wild-type mice by 96%. However,
the threshold of WIN-treated Sgip! knock-out females was similar to that of wild-type females
(Figure 8B).

After THC injections, the mechanical thresholds of male mice followed a pattern similar to

the WIN injections. THC in males led to a 63% increase in the threshold of Sgip/ knock-out
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mice and a 55% increase in wild-type mice. The threshold of THC-treated Sgip/ knock-out
males was significantly higher (p = 0.00376) than that of wild-type males (Figure 9A). THC
treatment of females led to a 60% increase in the threshold of Sgip/ knock-out mice and only a
28% increase in wild-type mice. As a result, the threshold of THC-treated Sgip!/ knock-out
females was significantly higher (p = 0.00935) than that of wild-type females (Figure 9B). In
sum, while the antinociceptive effect of WIN was lower in Sgip/ knock-out mice, the effect of

THC was higher in Sgip/ knock-out mice.
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Figure 8. The effect of WIN 55,212-2 (WIN) and the deletion of Sgip/ on mechanical
sensitivity in male (A) and female (B) mice. The baseline mechanical sensitivity of the left
hindpaw of wild-type (WT) and Sgip/ knock-out (KO) mice was determined on day -1,
carrageenan (CAR) was injected into the left hindpaw on day 0, and 10 mg/kg WIN or vehicle
(VEH) was injected i.p. on day 1. Mechanical thresholds of the left hindpaw were measured on
days 0, 1, 2, and 3. Each point is the mean = SEM of 10 mice. The statistical analysis of the data
is presented in Table 3. * p <0.05, ** p <0.01.

WIN is a cannabinoid that can activate both CB1R and CB2R. CBIR expression is restricted
to neuronal tissues, and CB2R expression is often associated with peripheral tissues and
inflammation. Therefore, both CBIR and CB1R may mediate nociception. We thus tested
whether CB2R affects chronic pain sensitivity by application of CB1R-specific reverse agonist
rimonabant. We found that rimonabant injection, but not the vehicle, completely abolished the
antinociceptive effect of WIN in wild-type and Sgip/ knock-out mice (Figure 10). These data
indicate that the antinociceptive effect of cannabinoids on chronic nociception is mediated

through activation of CBIR.
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Figure 9. The effect of A’-tetrahydrocannabinol (THC) and the deletion of Sgipl on
mechanical sensitivity in male (A) and female (B) mice. The baseline mechanical sensitivity of
the left hindpaw of wild-type (WT) and Sgip! knock-out (KO) mice was determined on day -1,
carrageenan (CAR) was injected into the left hindpaw on day 0, and 10 mg/kg THC or vehicle
(VEH) was injected i.p. on day 1. Mechanical thresholds of the left hindpaw were measured on
days 0, 1, 2, and 3. Each point is the mean + SEM of 11 mice. The statistical analysis of the data
is presented in Table 3. * p <0.05, ** p <0.01, *** p <0.001.
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Figure 10. The effect of rimonabant (RIM) application on WIN-induced antinociceptive
effect in Sgip/ knock-out and wild-type female mice. Baseline mechanical sensitivity of the left
hindpaw of wild-type (WT) and Sgip/ knock-out (KO) mice was determined on day -1,
carrageenan (CAR) was injected into the left hindpaw on day 0, rimonabant (10 mg/kg) or
vehicle (VEH) was injected i.p. 1 h before WIN injection (10 mg/kg) on day 1. Mechanical
thresholds of the left hindpaw were measured on days 0, 1, 2, and 3. Each point is the mean +

SEM of 4 mice.
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Table 3. Results of statistical tests performed with the data presented in Figures 7-9. Output
of Analysis of Variance of Aligned Rank Transformed data and post hoc tests.
Figure 7A

ANOVA of ART data

Error Df Df.res F value Pr (>F)
1 treatment id 1 16 68.2657 3.6398e-07 ***
2 genotype id 1 16 3.7308 0.0713282 .
3 time Withn 4 64 14.2906 2.1713e-08 **x*
4 treatment:genotype id 1 16 3.3837 0.0844735 .
5 treatment:time Withn 4 64 46.5620 < 2.22e-16 ***
6 genotype:time Withn 4 64 4.1854 0.0045024 *+*
7 treatment:genotype:time Withn 4 64 1.9877 0.1069830

Post hoc Wilcoxon Tests

time treatment .y. groupl group?2 nl n2 statistic p p.signif

1 day-1 car threshold ko wt 5 5 12 1 ns
2 day-1 veh threshold ko wt 5 5 18 0.31 ns
3 day0 car threshold ko wt 5 5 1 0.0212 *
4 day0 wveh threshold ko wt 5 5 6 0.206 ns
5 dayl car threshold ko wt 5 5 2 0.0317 *
6 dayl wveh threshold ko wt 5 5 12.5 1 ns
7 day2 car threshold ko wt 5 5 1 0.0159 *
8 day2 veh threshold ko wt 5 5 10.5 0.753 ns
9 day3 car threshold ko wt 5 5 8.5 0.451 ns

10 day3 wveh threshold ko wt 5 5 9 0.528 ns

Figure 7B

ANOVA of ART data

Error Df Df.res F value Pr (>F)

1 treatment id 1 16 68.2657 3.6398e-07 ***

2 genotype id 1 l6 3.7308 0.0713282 .

3 time Withn 4 64 14.2906 2.1713e-08 **x*

4 treatment:genotype id 1 16 3.3837 0.0844735 .

5 treatment:time Withn 4 64 46.5620 < 2.22e-16 ***

6 genotype:time Withn 4 64 4.1854 0.0045024 **

7 treatment:genotype:time Withn 4 64 1.9877 0.1069830

Post hoc Wilcoxon Tests
time treatment .y. groupl group?2 nl n2 statistic p p.signif

1 day-1 car threshold ko wt 14 14 114. 0.489 ns

2 day0 car threshold ko wt 14 14 108. 0.645 ns

3 dayl car threshold ko wt 14 14 81.5 0.46 ns

4 day2 car threshold ko wt 14 14 45 0.0156 *

5 day3 car threshold ko wt 14 14 110 0.596 ns

Figure 8A

ANOVA of ART data

Error Df Df.res F value Pr (>F)

1 treatment id 1 36 24.73302 1.6304e-05 #*x*

2 genotype id 1 36 38.65262 3.5666e-07 ***

3 time Withn 3 108 139.15365 < 2.22e-16 ***

4 treatment:genotype id 1 36 1.41088 0.242688

5 treatment:time Withn 3 108 44.15148 < 2.22e-16 ***

6 genotype:time Withn 3 108 2.62320 0.054289

7 treatment:genotype:time Withn 3 108 0.41406 0.743239
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Post hoc Wilcoxon Tests

time treatment
1 day-1 veh
2 day-1 win
3 day0 wveh
4 day0 win
5 dayl veh
6 dayl win
7 day2 veh
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Figure 8B
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Figure 9B

ANOVA of ART data

Error Df Df.res F wvalue Pr (>F)
1 treatment id 1 40 28.7161 3.7521le-06 ***
2 genotype id 1 40 2.2449 0.141908
3 time Withn 3 120 81.3262 < 2.22e-16 **x*
4 treatment:genotype id 1 40 4.9335 0.032067 *
5 treatment:time Withn 3 120 20.6899 7.1433e-11 **x*
6 genotype:time Withn 3 120 3.6419 0.014763 *
7 treatment:genotype:time Withn 3 120 2.0983 0.104051

Post hoc Wilcoxon Tests

time treatment .y. groupl group2 nl n2 statistic p p.signif
1 day-1 thc threshold ko wt 11 11 64 0.843 ns
2 day-1 veh threshold ko wt 11 11 42 0.236 ns
3 day0 thc threshold ko wt 11 11 54 0.693 ns
4 day0 wveh threshold ko wt 11 11 54 0.693 ns
5 dayl thc threshold ko wt 11 11 100. 0.00935 **
6 dayl wveh threshold ko wt 11 11 60.5 1 ns
7 day2 thc threshold ko wt 11 11 75 0.357 ns
8 day2 wveh threshold ko wt 11 11 57.5 0.869 ns

4.2. Identification and characterization of Sgip! splice variants in the brain

4.2.1. Expression patterns of Sgip1 in the brain

Several Sgipl protein isoforms have been reported in different studies to date. These
isoforms likely result from the alternative splicing of the Sgip/ gene. The Sgip1 isoforms include
proteins containing 806 aa, 854 aa (termed Sgipla), 826 aa, and 660 aa (termed Sgip1p) (Li et
al., 2011; Hajkova et al., 2016; Lee et al., 2019; Fletcher-Jones et al., 2023). We discriminate
Sgip1 splice isoforms by their amino acid length, resulting in isoforms Sgipl 806, Sgipl 854,
Sgip1 826, and Sgipl 660. These variants were studied separately from other variants, and only
one study attempted to compare two of the variants (Lee et al., 2021). The relative abundances
of the variants in the brain are unknown. In addition, a classification of Sgip/ splice variants is
needed due to the gradual discovery of other Sgip/ splice variants.

In our previous experiments, the anti-Sgip1 antibody stained two immunoreactive bands in
the immunoblot of different brain samples. We therefore analyzed samples prepared from the
mouse prefrontal cortex (PFC), hippocampus (HC), and cerebellum (CB) by immunoblotting
that employs the anti-Sgip1 antibody. The anti-Sgip1 antibody recognized two immunoreactive
bands in the PFC and HC samples and one band in the CB sample (Figure 11A). The upper
immunoreactive band was intensively stained and corresponded to a molecular weight of
approximately 130 kDa. The bottom band was weakly stained and corresponded to 110 kDa.

The staining intensity of the bottom band varied between the samples and was undetectable in

54



the CB sample. The equal protein loading was confirmed by the anti-tubulin antibody. The two
bands in the immunoblot results represent specific Sgipl binding because the anti-Sgipl
antibody does not stain samples from the brain of Sgip/ knock-out mice (Dvorakova et al.,
2021). Post-translational modifications, such as phosphorylation and ubiquitination, may distort
the migration pattern of proteins. Dephosphorylation of the protein sample altered the migration
pace of Sgipl (Figure 12A), but ubiquitin did not precipitate with Sgipl from the detergent-
soluble fraction of the PFC tissue (Figure 12B). These results indicate that in the brain, Sgipl
protein is phosphorylated but is not ubiquitinated.
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Figure 11. Expression patterns of Sgip/ in the mouse brain. (A) The samples from the mouse
prefrontal cortex (PFC), hippocampus (HC), and cerebellum (CB) were resolved in the SDS-
PAGE and probed with the anti-Sgipl antibody. (B) The full-length Sgip/ sequence was
amplified in the RT-PCR using RNA obtained from the PFC, HC, and CB and resolved in an
agarose gel. Similar to the western blot pattern in Figure 11A, the PCR products were
concentrated in two bands. 1 - no PCR template control, 2 - no RT control. (C) The mouse Sgip/
gene contains 27 exons, several of which allow in-frame deletion, preserving the reading frame
when these exons are omitted during splicing. These exons allow the expression of Sgip! splice

variants, and these exons are marked with an asterisk (*).
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Figure 12. Post-translational modifications of Sgipl. (A) The sample from the prefrontal
cortex (PFC) was treated with shrimp alkaline phosphatase (SAP), resolved in SDS-PAGE, and
probed with the anti-Sgip1 antibody. The dephosphorylation substantially altered the migration
pace of Sgipl. (B) Sgipl was immunoprecipitated from the detergent-soluble fraction of the
PFC tissue from Sgip! knock-out (KO) and wild-type (WT) mice, resolved in the SDS-PAGE,
and probed with the in-house-developed monoclonal anti-Sgip1 antibody (left panel) or anti-

ubiquitin antibody (right panel).

Next, we investigated the pattern of the transcripts of the Sgip/ gene. For this purpose, we
obtained RNA samples from the same brain regions (PFC, HC, and CB) and synthesized cDNA.
We then amplified the full-length Sgip/ sequence by employing primers annealing to the first
and last exons of the Sgip/ gene. The PCR was used to detect Sgip/ transcripts in a qualitative
manner. Amplification of Sgip/ cDNA resulted in products concentrated in two bands in the
agarose gel (Figure 11B). This amplification pattern is similar to the immunoblot pattern
presented in Figure 11A. However, unlike in the immunoblot of the sample derived from the
CB, the bottom band was still detectable after the amplification of cDNA from this region.

Based on the immunoblot and amplification patterns of Sgip/, it is possible that at least two
Sgipl splice variants are present in the mouse brain: the longer, more abundant variant and the
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shorter, less abundant one. These two splice variants may constitute the two bands that we
detected in our samples. According to the NCBI Gene and Ensembl databases, the mouse Sgip/
gene contains 27 exons, 12 of which do not create a frameshift mutation when omitted from the
transcript (Figure 11C). The combinations of these 12 exons may potentially lead to the
production of numerous isoforms of Sgip1. It is important to note that some splice variants may
contain alternative exons or different numbers of exons, but they may still have similar or
identical lengths. In this way, more than one splice variant may constitute one band in our
results. Large exons have a more pronounced effect on migration patterns. Deletion of large
exons, such as exon 16 of Sgip/, may cause a substantial difference in the mobility of the protein

or DNA in the gel.

4.2.2. Cloning and identification of Sgip! splice variants

To clone the Sgip! transcripts from the brain, we first isolated RNA from the mouse brain
and performed RT-PCR using an anchored oligo(dT)2o primer for cDNA synthesis and primers
annealing to the first and last exons of the Sgip/ gene. This primer combination allows
amplification of the full-length Sgip/ coding transcripts (Figure 13A-B). Next, we purified the
RT-PCR products from the two bands in the agarose gel and ligated the purified products with
the pGEM-T Easy vector. As a result, we created a library of Sgip! transcripts (Figure 13C).
After the transformation of the E.coli cells and screening by restriction analysis, we obtained 15
unique non-redundant clones that can be discriminated by enzymatic digestion by EcoRI and
Xagl enzymes (Figure 13D). These 15 unique clones were further sequenced. In total, we
analyzed 63 clones, and the numbers of clones containing each splice variant are provided in
Table 4. The longest Sgip! transcript contained 27 exons (876 aa in length), and the shortest
transcript contained only 20 exons (527 aa). Most Sgip/ transcripts contained variations in exon
composition within the N-terminal (exons 4-5) and central (exons 16, 20) regions (Figure 14).
Some Sgip! splice variants resulted from alternative splicing by skipping exons 9-10, 15-19, or
19, which was often unique for the particular splice variant, and only one splice variant retained
exon 19 (Figure 14). Due to the large number of the detected Sgip/ splice variants, we indicate
each Sgip/ transcript with its length. In addition to the described 15 clones, we also detected

five mis-spliced transcripts that contain premature termination codons.
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Figure 13. Cloning and identification of Sgip/ spice variants. (A, B) The RNA from the
mouse brain was used in RT-PCR employing an anchored oligo(dT)2o primer and primers
binding to the first and the last exon of the Sgip/ gene. 1 - no PCR template control, 2 - no RT
control, 3 - RT-PCR products. (C) The purified PCR products (dashed rectangle in Figure 13B)
were ligated with the pGEM-T Easy vector. (D) The colonies were screened by enzymatic
digestion with EcoRI and Xagl, and unique non-redundant clones were sequenced. Enzymatic
digestion revealed patterns of bands unique for each splice variant. Sgip/ splice variants are
marked with their amino acid length (527-876).
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Table 4. Numbers of the Sgip/ splice variants among all of the detected clones. The total
number of analyzed clones is 63.
Sgipl splice variant Number of clones

Sgipl 876 1
Sgipl 853
Sgipl 833
Sgipl 687
Sgipl 668
Sgipl 826
Sgip1 806
Sgipl 660
Sgip1 640
Sgipl 632
Sgipl1 802
Sgipl 782
Sgipl 636
Sgipl 616
Sgipl 527

2
2

(o I B Y Y = N B e B \S I

[, T

Transcripts containing
premature translation-

termination codons

We detected Sgip! splice variants that result from numerous exon combinations during
alternative splicing by the exon skipping type. Most of the skipped exons are relatively short
(12 to 84 bp), and because of this small difference in length, the splice variants have similar
sizes. On the other hand, the deletion of exon 16 (498 bp in size) results in a considerable change
in the size of the splice variants. Therefore, the presence or absence of exon 16 may affect the

localization of the splice variant to the upper or the bottom bands in our results.
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Figure 14. Schematic representation of the exon composition of the detected Sgip/ splice
variants. We detected 15 Sgip! splice variants, which are marked with their amino acid length
(527-876). The variations in exon composition occur in the regions that correspond to two
regions of the Sgipl protein: the MP domain and the proline-rich region. The domain structure
of Sgip1 is represented by: MP - membrane phospholipid-binding domain, APA - AP2 activator
domain, PR - proline-rich region, uHD - p homology domain. The antibody (Ab) epitope
indicates the recognition site of the polyclonal anti-Sgipl antibody that we used in the study.
The primers used in the PCR within the study are marked with arrowheads and letters A-J. The

estimated molecular weights of the proteins coded by the splice variants are provided in kDa.

To check if the cloned splice variants represent all of the Sgip/ mRNA transcripts in the

brain, we used the following approach to amplify regions of the Sgip/ sequence that undergo
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alternative splicing. We designed primers flanking regions of the Sgip/ sequence within specific
exons (primers A-J, as in Figure 14) and performed RT-PCR using combinations of these
primers. Then, we compared the sizes of amplification products of the brain cDNA to the sizes
of amplification products of the cloned splice variants (which served as controls). In result, the
primer combinations produced patterns indicating the presence of the transcripts that we
detected by cloning (Figure 15).

Using primer pair A+B, we amplified the cDNA within exons 1-6 of Sgip/ and obtained
amplicons of three sizes (Figure 15, A+B, lane 3), indicating that, within this region, one or two
exons can be omitted. Specifically, exons 4 or 5 can be skipped because the tree amplicons are
similar in size to the detected control splice variants (Figure 15, A+B, lanes 4-6). The predicted
sizes of amplification products using different primer combinations in this study are provided
in Table 5. Similarly, we found multiple bands in the PCR results analysis when we used primer
pairs E+F, G+H, and E+H, and the sizes of these bands corresponded to those of the control
splice variants. However, in the E+H pair, the upper and bottom bands, characteristic of splice
variants Sgip! 876 and Sgipl 527, respectively, were not present after amplification of the brain
sample (Figure 15, E+H, lane 3, compared to lane 4 and 9), which may indicate low abundancy
of the splice variants containing exon 19 and lacking exons 15-19. However, the upper band,
corresponding to the presence of exon 19, was detected when we used primer pair G+H (Figure
15, G+H, lane 3). Splice variant lacking exons 9 and 10 was not detectable in the brain sample
as well using primer pair C+D (Figure 15, C+D, lane 3). Lastly, using primer pair I+J, we
confirmed that no exon is omitted at the C-terminal part of Sgip1 that corresponds to exons 21-

27 (Figure 15, I+], lane 3).
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Figure 15. Amplification of various regions of Sgip/. We performed RT-PCR of the RNA
sample using an anchored oligo(dT)20 primer and primers binding to different exons of Sgip/
(A-J, as shown in Figure 14). Primers A-J flank variable and constant regions of the Sgip/
sequence. The sizes of amplification products of the brain cDNA correspond to the sizes of
amplification products of the cloned splice variants (which served as controls). 1 - no template
control, 2 - no RT control, 3 - cDNA amplification products, lane 4 and the following - positive
controls that contain or lack specific exons. The calculated sizes of amplification products using

different primer combinations in this study are provided in Table 5.

Table 5. Calculated sizes of amplification products shown in Figure 15.

Primer Exon composition of the template and size of amplification

pair products in bp
A+B Ex4 + - -
Ex5 + + -
292 211 138
C+D Ex9,10 + -
520 496
E+F Ex16 + -
792 294
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G+H Ex19 + - -
Ex20 + + -
244 178 118

E+H Ex15 + + +* + + -
Ex16 + + + - - -
Ex17 + + + s s -
Ex18 + + + + + -
Ex19 + - - - - -
Ex20 + + - + - +

1082 1016 956 518 458 191
I+J Ex21-21 +
790

To evaluate which Sgipl isoform is present in the mouse brain at detectable levels, we
analyzed the brain homogenate and Sgipl immunoprecipitate from the brain by mass
spectrometry (MS). After trypsin digestion of the brain homogenate sample, we detected 33
peptides. Most of the peptides did not cover regions of exon junctions, or the peptides covered
the regions of the Sgip/ sequence that are present in all splice variants. We centered the analysis
on the splice variants Sgip! 853, Sgipl 826, Sgip! 806, and Sgip! 833 because they most likely
constitute the upper bands in the immunoblot results (Figure 11A). Two detected peptides were
unique for splice variants Sgip/ 853 and Sgipl 826: AESTSSISSTNSLSAATTPTVENE-
QPSLVWEFDR and FYLTFEGSSR because they indicate a fusion of exons 18 and 20 for the
former sequence and fusion of exons 20 and 21 for the latter sequence. We did not detect
peptides that cover the N-terminus of Sgipl, which corresponds to exons 1-5, in the brain
sample. Then, to enrich the sample, we immunoprecipitated Sgipl from the SDS-soluble
fraction of the brain using the polyclonal anti-Sgipl antibody. The mass spectrometry analysis
identified 33 peptides, including AESTSSISSTNSLSAATTPTVGSSR, specific for Sgip/ 806
and Sgip/ 833 splice variants because it indicates fusion of exons 18 and 21, and peptide
DGMQPSPHEPPYHSK, specific for Sgip! 806 and Sgip/ 826 splice variants because it
indicates fusion of exons 3 and 5 (Figure 16). Other detected peptides were common for all

splice variants.
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Figure 16. Sgipl-specific peptides detected by mass spectrometry analysis. The detected
peptides (in orange) were aligned to the exons of the Sgip/ gene (in green). The peptides
indicating the presence of specific Sgipl isoforms contain fusions of exons: 1) 3 and 5,
indicating Sgip1 806 and Sgipl 826 variants; 2) 18 and 20, indicating Sgipl 853 and Sgip1 826
variants; 3) 18 and 21, indicating Sgip1 806 and Sgip1 833 variants; and 4) 20 and 21, indicating
Sgipl 853 and Sgip1 826 variants. Peptides that do not cover exon junction regions or that cover
the common regions of the Sgipl sequence (in light orange) are drawn not to scale. The Sgip1-
specific peptides likely reflect the presence of Sgipl isoforms Sgipl 826 and Sgipl 806 in the
brain. MP - membrane phospholipid-binding domain, APA - AP2 activator domain, PR -

proline-rich region, utHD - p homology domain.

4.2.3. Characterization of the Sgip!I splice variants

We found that most Sgip/ transcripts are alternatively spliced within the N-terminal (exons
4, 5) and central (exons 16, 20) regions of the Sgip1 protein. The variations in these regions may
substantially affect the protein’s properties. To test this possibility, we chose a subset of Sgip/
splice variants that have various combinations of exons 4, 5, 16, and 20, namely Sgip! 853,
Sgipl 826, Sgipl 806, Sgipl 802, Sgipl 660, and Sgip! 640 (Figure 17A), and tested the
expression of these splice variants by fluorescent microscopy.

We transfected HEK293 cells with the EYFP-tagged Sgip!/ splice variants to assess their
intracellular distribution by microscopy. We found that the splice variants were represented by
a major pool of the protein located in the cytoplasm (Figure 17B), and a fraction of the proteins
formed puncta at the plasma membrane (Figure 17B, insets). Except for the Sgipl 853 splice
isoform, there were no apparent differences in the localization patterns between the Sgipl

isoforms, and this pattern was in line with the previous reports regarding the intracellular

64



distribution of Sgip1 (Uezu et al., 2007; Wilhelm et al., 2014). However, in approximately half

of the cells transfected with the Sgip1 853 isoform, we found an accumulation of the protein in

the cytoplasm in the form of vesicles or inclusion bodies (Figure 17B’).

A

1234667 8 512131416

Exons
17 1819202122 23 24 25 26 27

B,

Figure 17. Characterization of Sgip!/ splice variants in HEK293 cells. (A) The subset of the

Sgip1 splice variants chosen for testing, extracted from Figure 14. By comparing these splice

variants, we can determine the effect of deletion of single exons. Splice variants Sgip/ 853,

Sgip1 826, and Sgip! 802 differ in the MP domain composition. Splice variants Sgip/ 826, Sgipl

806, Sgipl 660, and Sgip 1 640 differ in the composition of the proline-rich region. Note that the

Sgipl 826 variant is depicted twice for comparison. (B) The Sgip! splice variants were cloned
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into the pRKS-EYFP vector, transfected in HEK293 cells, and analyzed under the confocal
microscope. Some of the cells transfected with the Sgipl 853 variant showed accumulation of
the protein in the cytoplasm (B’). The images are maximal intensity projections of the Z-stacks
taken every 0.3 um. Insets show membrane planes of the cells with enhanced brightness and
contrast. All of the tested isoforms showed an association with the plasma membrane, observed
as punctate distribution, which is the best visible in the membrane planes of the cells. Scale bars
represent 10 um. PFC - the prefrontal cortex, MP - membrane phospholipid-binding domain,
APA - AP2 activator domain, PR - proline-rich region, uHD - p homology domain.

4.2.4. Specificity of the effect of SGIP1 on the CB1R internalization

To monitor the internalization of CBIR and MOR, we adapted the enhanced bystander
BRET-based system (Namkung et al., 2016). This system is composed of the receptor, fused
with the BRET donor (Rlucll), and the BRET acceptor (rGFP), fused with the plasma
membrane-targeting sequence (CAAX). When the receptor is located in the plasma membrane,
the proximity of the BRET donor and acceptor results in a high BRET ratio (Figure 18A).
During internalization, the receptor is removed from the plasma membrane, so the BRET donor
and acceptor separate, causing a decrease in the BRET ratio.

First, we tested the internalization of the CB1R-Rlucll construct that we developed for this
internalization assay. Application of WIN resulted in the progressive internalization of CB1R,
which started to be evident 15 min after stimulation. Expression of SGIP1 inhibited the
internalization of CBIR, resulting in the internalization rate about twice as low as that of CBIR
alone (Figure 18B).

To test the specificity of the effect of SGIP1 on internalization, we used p opioid receptor
(MOR) and muscarinic acetylcholine M3 receptor (M3R). Application of MOR agonist met-
enkephalin and M3R agonist carbachol resulted in the rapid and massive internalization of the
receptors. SGIP1 expression did not affect the internalization rates of MOR and M3R (Figure
18C-D). Overall, our results demonstrate that SGIP1 is a specific inhibitor of CB1R endocytosis.
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Figure 18. The effect of SGIP1 on internalization of cannabinoid receptor 1 (CB1R), p
opioid receptor (MOR), and muscarinic acetylcholine M3 receptor (M3R). The cells were
transfected with rGFP-CAAX and Rlucll-tagged CBIR, MOR, or M3R. Then, we cells were
stimulated with the respectable agonists: 1 pM WIN 55,212-2 (WIN), 10 uM met-enkephalin,
or 10 uM carbachol. (A) Schematic representation of the enhanced bystander BRET-based
system used in the study (Namkung et al., 2016). During internalization of the receptor, the
BRET donor (Rlucll) and acceptor (rGFP) separate, resulting in a decrease in the BRET ratio.
(B) SGIP1 inhibits CBI1R internalization. (C) SGIP1 does not affect MOR internalization. (D)
SGIP1 does not affect M3R internalization. The data are presented as means = SEM from five

independent experiments.
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4.3. Pharmacodynamic studies of the hexahydrocannabinol effect on CB1R

4.3.1. Effects on G protein activation

CBIR elicits its primary effect on cell signaling by activating G proteins. Various ligands
modulate the activity of CBIR and, therefore, its effect on signaling. We employed the BRET-
based G protein activation assay to measure the dissociation of a and By subunits of the G protein
upon its activation by CBIR. We evaluated the G protein activation elicited by the
hexahydrocannabinol (HHC) epimers (9S)-HHC and (9R)-HHC and compared their effects to
those elicited by THC and WIN.

Application of all of the tested ligands led to the activation of Gi; and Goa proteins, but their
pharmacological activity differed (Figure 19). (9S)-HHC had lower potency (logEC50 =-6.597)
and efficacy than (9R)-HHC (logEC50 = -7.650) in the Gi; activation assay (Figure 19A and
Table 6). The lower potency of (9S)-HHC indicates its lower affinity to CB1R. The potency and
efficacy of (9R)-HHC were similar to those of THC (logEC50 = -7.876). The potency of (9S)-
HHC was similar to that of WIN (logEC50 = -6.818), but the efficacy of (9S)-HHC was much
lower than that of WIN (Figure 19A).

In the Goa activation assay, the potency (logEC50 = -6.633) and efficacy of (9S)-HHC were
lower than those of (9R)-HHC (logEC50 = -7.623) (Figure 19B and Table 7). The potency and
efficacy of (9R)-HHC were similar to those of THC (logEC50 = -8.069) and WIN (logEC50 =
-7.223). Overall, the results indicate that the effect of (9R)-HHC epimer on the G protein

activation is similar to that of THC, and (9S)-HHC has much lower pharmacological activity.
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Figure 19. G protein activation induced by CB1R agonists. HEK293 cells were transfected
with Ggil-Rluc8 or Geoa-Rluc8, Gpz-Flag, Gy2-EYFP, and SNAP-CBI1R. The cells were then
stimulated with increasing concentrations of (9S)-HHC, (9R)-HHC, THC, WIN, or their
vehicles. The BRET donor and acceptor emissions were measured 12 minutes after the
stimulations. A) Dose-response relationship of Gii activation after CB1R stimulation. B) Dose-
response relationship of Goa activation after CB1R stimulation. The data are presented as means
+ SEM from three independent experiments. The statistical analysis of the data is presented in

Tables 6 and 7.
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Table 6. Statistical analysis of the dose-response data of CBIR-induced Gi; activation,
presented in Figure 19A. LogEC50 and EC50 represent the potency of the ligands, and Top
represents the efficacy of the ligands.

Compound (9S)-HHC (9R)-HHC THC WIN

Best-fit values

Bottom -0.008036 -0.02847 -0.02623 -0.01680

Top -0.06988 -0.1214 -0.1137 -0.1664

LogEC50 -6.597 -7.650 -7.876 -6.818

EC50 2.532e-007 2.238e-008 1.330e-008 1.522e-007

Span -0.06184 -0.09290 -0.08749 -0.1496

95% CI (profile

likelihood)

Bottom -0.01980 to -0.05146 to -0.04467 to -0.03316 to
0.003972 -0.004468 -0.007311 -0.0002765

Top -0.08842 to -0.1484 to -0.1339 to -0.1921 to
-0.05251 -0.09620 -0.09491 -0.1434

LogECS0 -7.327 to -8.599 to -8.648 to -7.336 to
-5.928 -6.712 -6.966 -6.229

EC50 4.705e-008 to  2.515e-009 to  2.248e-009 to  4.612e-008 to
1.179e-006 1.943e-007 1.081e-007 5.905e-007

Goodness of Fit

Degrees of Freedom 24 24 24 24

R squared 0.6062 0.5710 0.6702 0.8489

Sum of Squares 0.01192 0.03509 0.02047 0.01982

Sy.x 0.02229 0.03824 0.02921 0.02874

Table 7. Statistical analysis of the dose-response data of CBIR-induced Goa activation,

represents the efficacy of the ligands.

presented in Figure 19B. LogEC50 and EC50 represent the potency of the ligands, and Top

Compound (9S)-HHC (9R)-HHC THC WIN

Best-fit values

Bottom -0.0007050 -0.009940 -0.01025 -0.01486

Top -0.1031 -0.1330 -0.1255 -0.1498

LogEC50 -6.633 -7.623 -8.069 -7.223

EC50 2.329e-007 2.381e-008 8.529¢-009 5.986e-008

Span -0.1024 -0.1230 -0.1153 -0.1349

95% CI (profile

likelihood)

Bottom -0.008361to  -0.01821 to -0.01768 to -0.02691 to
0.007019 -0.001553 -0.002737 -0.002565

Top -0.1148 to -0.1423 to -0.1329 to -0.1654 to
-0.09178 -0.1238 -0.1182 -0.1345

LogEC50 -6.911 to -7.884 to -8.298 to -7.611 to
-6.357 -7.357 -7.846 -6.872

70



EC50 1.228e-007to 1.307e-008 to  5.036e-009 to 2.447e-008 to
4.393e-007 4.397e-008 1.425e-008 1.341e-007
Goodness of Fit

Degrees of Freedom 24 24 24 24

R squared 09117 0.9496 0.9581 0.9015
Sum of Squares 0.004908 0.004340 0.003158 0.01042
Sy.x 0.01430 0.01345 0.01147 0.02084

4.3.2. Effects on GRK3 and p-arrestin signaling

The signaling of CBIR is regulated in a process known as desensitization, which involves
GRK3-mediated phosphorylation of the receptor and its binding by B arrestins. We employed
the BRET-based interaction assays to measure the association of GRK3 and CBIR during
phosphorylation of the receptor and the interaction of B-arrestin 2 and the phosphorylated CB1R.
We tested the GRK3-CBIR and p-arrestin 2-CBIR interactions elicited by the
hexahydrocannabinol epimers (9S)-HHC and (9R)-HHC and compared their effects to the
effects elicited by THC and WIN.

The ability of the tested ligands to elicit the responses varied. (9S)-HHC, (9R)-HHC, and
THC had a low ability to stimulate the interactions, as opposed to WIN, which had the highest
potency and efficacy (Figure 20). (9S)-HHC had lower potency (logEC50 = -4.983) and efficacy
than (9R)-HHC (logEC50 = -6.172) in the GRK3-CBI1R interaction assay (Figure 20A and
Table 8). The potency of (9R)-HHC was similar to those of THC (logEC50 = -6.250) and WIN
(logEC50 =-6.712), but (9R)-HHC had lower efficacy than WIN and higher potency than THC.

In the B-arrestin 2-CBI1R interaction assay, (9S)-HHC and THC did not induce the
interaction efficiently at the tested concentrations. The potency (logEC50 = -5.284) and efficacy
of (9R)-HHC were lower than those of WIN (logEC50 = -6.344) (Figure 20B and Table 9).
Overall, the results indicate that (9R)-HHC epimer stimulates GRK3-CB1R and B-arrestin 2-
CBIR interactions more effectively than THC, and the (9S)-HHC epimer, similar to THC, has

a low ability to stimulate the interactions that result in desensitization of CB1R.
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Figure 20. GRK3-CBI1R and B-arrestin 2-CBIR interactions induced by CB1R agonists.
HEK293 cells were transfected with CBIR-EYFP and B-arrestin 2-Rluc or GRK3-Rluc8. The
cells were then stimulated with increasing concentrations of (9S)-HHC, (9R)-HHC, THC, WIN,
or their vehicles. The BRET donor and acceptor emissions were measured 12 minutes after the
stimulations. A) Dose-response relationship of GRK3 recruitment to CBIR after CB1R
stimulation. B) Dose-response relationship of B-arrestin 2 recruitment to CB1R after CB1R
stimulation. The data are presented as means + SEM from three independent experiments. The

statistical analysis of the data is presented in Tables 8 and 9.
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Table 8. Statistical analysis of the dose-response data of GRK3-CBIR interaction, presented
in Figure 20A. LogEC50 and EC50 represent the potency of the ligands, and Top represents the

efficacy of the ligands.

Compound (9S)-HHC (9R)-HHC THC WIN

Best-fit values

Bottom -0.002394 0.001923 -0.0004729 0.005882

Top 0.02599 0.03543 0.01409 0.06538

LogEC50 -4.983 -6.172 -6.250 -6.712

EC50 1.041e-005 6.731e-007 5.624e-007 1.940e-007

Span 0.02838 0.03351 0.01456 0.05950

95% CI (profile

likelihood)

Bottom -0.006911to  -0.001247to  -0.003035to  1.282e-005 to
0.001333 0.005034 0.001880 0.01166

Top 0.01168 to 0.02976 to 0.009846 to 0.05691 to
0.5234 0.04153 0.01960 0.07450

LogEC50 -7.057 to -6.690 to -7.324 to -7.163 to
-2.711 -5.700 -5.146 -6.245

EC50 8.780e-008 to  2.044e-007 to 4.737e-008 to  6.872e-008 to
0.001943 1.997e-006 7.138e-006 5.690e-007

Goodness of Fit

Degrees of Freedom 24 24 24 24

R squared 0.5735 0.8513 0.6729 0.8692

Sum of Squares 0.001474 0.0008500 0.0004568 0.002604

Sy.x 0.007837 0.005951 0.004363 0.01042

Table 9. Statistical analysis of the dose-response data of B-arrestin 2-CB1R interaction,

represents the efficacy of the ligands.

presented in Figure 20B. LogEC50 and EC50 represent the potency of the ligands, and Top

Compound (9S)-HHC (9R)-HHC THC WIN

Best-fit values

Bottom -0.002803 -0.005400 0.0005880 0.0008429

Top 0.01618 0.01657 0.004772 0.03307

LogEC50 -4.165 -5.284 -6.765 -6.344

EC50 6.846e-005 5.200e-006 1.717e-007 4.526e-007

Span 0.01899 0.02197 0.004184 0.03223

95% CI (profile

likelihood)

Bottom -0.004790 to  -0.007917to  -0.001292to  -0.001783 to
-0.0008480 -0.002964 0.002402 0.003441

Top 0.004019 to 0.009883 to 0.002288 to 0.02875 to
ND 0.02542 0.009830 0.03762

LogEC50 -5.513to ND  -6.082 to -10.35to -6.687 to

-4.612 -3.970 -6.013
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ECS0

Goodness of Fit
Degrees of Freedom
R squared

Sum of Squares
Sy.x

3.070e-006 to
ND

24

0.4298
0.0004427
0.004295

8.281e-007 to
2.444e-005

24

0.7050
0.0006098
0.005041
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4.417e-011 to
0.0001070

24

0.2390
0.0002752
0.003386

2.056e-007 to
9.701e-007

24

0.8877
0.0005947
0.004978



S. DISCUSSION

5.1. The effect of Sgip1 on chronic pain processing

We found that deletion of Sgip/ in mice affects the reaction to stimuli within the chronic
inflammatory pain model, and this effect is sex-specific. Sgip/ knock-out male mice had
increased responses, but Sgip/ knock-out female mice did not show a change in nociception
compared to wild-type mice. Injections of WIN or THC to males had antinociceptive effects,
but Sgipl knock-out males still had a lower withdrawal threshold than wild-type males. After
WIN injection in females, the mechanical sensitivity of Sgip/ knock-out females was not
different from that of wild-type females; however, after THC injection, Sgip/ knock-out females
were less sensitive to pain in the von Frey test than wild-type females.

Our current and previous results suggest that Sgip1 is involved in the regulation of acute and
chronic inflammatory pain. The effect of Sgipl on pain perception could be explained by its
interaction with CBIR, which is an essential component in the regulation of pain perception.
The interaction of Sgipl and CBIR affects the signaling of CBIR and, notably, inhibits the
internalization of the receptor. Because of the inhibition of internalization, neuronal trafficking
of CB1R may be altered, and CB1R may be retained at particular compartments, such as the
axonal or synaptic plasma membrane. Indeed, several reports suggest that the mobility or
trafficking of CBIR is restricted to particular neuronal compartments (McDonald et al., 2007,
Mikasova et al., 2008; Simon et al., 2013). Sgip1 may stabilize such CBIR at axonal or synaptic
compartments and, by means of that, optimize CBIR signaling and availability. Consequently,
Sgipl deletion would liberate CB1R, impair its polarized trafficking, and compromise its effects
on neuronal circuits and, therefore, on behavior. In our previous study, we observed signs of
altered CB1R activity in Sgip/ knock-out mice, such as decreased anxiety-like behaviors and
acute nociception, facilitated fear extinction to tone, and higher sensitivity to analgesics
(Dvorakova et al., 2021).

Long-term WIN incubations (for 16-17 h) result in a complete loss of CB1R surface staining
in neuronal cultures (Coutts et al., 2001; McDonald et al., 2007). This observation might suggest
the transient interaction of Sgipl with CB1R, which ceases after prolonged stimulation of the
receptor. CB1R may be persistently stimulated as a result of sensitization of the nervous system

during chronic pain; therefore, the effect of Sgipl on the receptor may be lost or altered. The
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increased sensitivity to chronic pain in the absence of Sgip1, which we observed in the current
study, may result from this transient effect of Sgipl on CBIR.

Other effects potentially explaining the differences in the tests assessing acute and chronic
nociception are pre-activation of the endocannabinoid system and altered endocannabinoid
levels in the brain. Handling of animals during an experiment may result in the mobilization of
endogenous cannabinoids and produce antinociception (Hohmann et al., 2005). Unlike the tail-
flick test, which involves animal handling and is often used to assess acute pain, the von Frey
test minimizes animal handling to prevent unintentional effects of endocannabinoid system
activation. Endocannabinoid levels are regulated by feedback mechanisms, which are partly
dependent on CB1R activity (Pacher et al., 2013). CB1R signaling and activity are likely to be
altered in Sgip! knock-out mice, which may result in altered endocannabinoid levels.
Endocannabinoid levels in mice lacking Sgipl is an important issue that needs to be addressed
in future experiments.

As opposed to the nociceptive effect of Sgip! deletion in the male mice, Sgip/ deletion did
not alter nociception in the female mice. Animal performance in tests assessing the
endocannabinoid system may be affected by multiple sex-specific factors, such as differences
in metabolism, cannabinoid receptor expression, sensitivity to cannabinoids, and the influence
of hormones, which might stimulate the endocannabinoid system (Blanton et al., 2021).
Approaches minimizing the effect of sex differences, such as determining the phase of the
estrous cycle in females or ovariectomy, should be considered in future experiments.

Systemic intraperitoneal application of cannabinoids, besides causing factual
antinociception through activation of the endocannabinoid system, might also produce central
sedation and inhibition of locomotor activity, which influence the outcomes of behavioral tests
assessing nociception (Craft et al., 2013). Local application of cannabinoids into the inflamed
paw or application of peripherally-restricted cannabinoids may help to overcome the potential
effects of the systemic action of cannabinoid drugs.

Given the non-desirable central effects of cannabinoids, such as sedation and psychotropic
action, the ongoing cannabinoid research aims to unravel allosteric sites in CB1R and to develop
the allosteric regulators as well as peripherally-restricted orthosteric ligands. Deciphering the
complete cascade of CB1R signaling, including the role of CB1R-interacting proteins, will help
to understand the effects of cannabinoid application and select better candidates for ortho- or

allosteric binding sites of CBIR. Apart from Sgip/ knock-out mice, several animal models that
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target CB1R-related function have been described, such as GASP1 knock-out mice (Martini et
al., 2010), BiP knock-out mice (Costas-Insua et al., 2021), B-arrestin knock-out mice (Breivogel
et al., 2008; Nguyen et al., 2012), CB1R S426A/S430A mice (Morgan et al., 2014; Nealon et
al., 2019), and S426A/S430A x beta-arrestin 2 double knock-out mice (Piscura et al., 2023).
Sgipl knock-out mice will supplement the tools available for studying CB1R and the

endocannabinoid system and potentially improve developments in therapeutics.

5.2. Identification and characterization of SgipI splice variants in the brain

Expression patterns of Sgip1 in the brain

The patterns of Sgip! expression screened by immunoblotting and RT-PCR experiments
predicted the presence of splice variants of Sgip/ in the brain. We disregarded the possibility
that the expression patterns of Sgip/ result from unspecific binding of the antibody and
phosphorylation or ubiquitination of Sgipl. The large number of exons that allow in-frame
deletion in the Sgip/ gene is likely responsible for this versatility of alternative splicing of Sgip 1.

In the immunoblot, we detected two fractions of Sgipl protein, corresponding to bands of
approximately 130 and 110 kDa. The intensively-stained 130-kDa band, which represents most
of the protein in the brain, has a larger molecular weight than the predicted weight of the longest
Sgipl isoform (Sgipl 876, 94.4 kDa). This discrepancy between the apparent and theoretical
molecular weight of Sgipl has been documented by other groups (Lee et al., 2019; Fletcher-
Jones et al., 2023). The difference in mobility of Sgipl in SDS-PAGE may result from post-
translational modifications of Sgip1, such as phosphorylation or ubiquitination. Sgip1 contains
multiple potential phosphorylation sites that are located predominantly at the proline-rich
region, and Sgipl was shown to be highly phosphorylated (Craft et al., 2008; Huttlin et al.,
2010). To test the effect of dephosphorylation on Sgip1 mobility in SDS-PAGE, we treated the
protein sample from the PFC with SAP. Dephosphorylation of the PFC sample substantially
increased the migration pace of Sgipl, and the Sgipl-immunoreactive bands corresponded to
approximately 120 and 80 kDa. Each phosphorylation of serine, threonine, or tyrosine adds 80
Da to the protein molecular weight (Yu et al., 2021). Sgipl 806 contains 86 serines, 58
threonines, and 15 tyrosines. Therefore, the maximal shift of Sgipl mobility in SDS-PAGE is
12.72 kDa. The dephosphorylation results suggest that most of Sgip1 is phosphorylated in the
brain. While most of the residues might be constantly phosphorylated to maintain the charge of

Sgipl, some phosphorylation sites, such as Ser-149, Ser-169, and Thr-409, were shown to be
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dephosphorylated in vivo after nerve terminal depolarization (Munton et al., 2007; Craft et al.,
2008). These phosphorylation sites may be directly involved in Sgipl’s functions in the
presynaptic compartment.

Ubiquitination of Sgipl may explain the residual shift in the mobility of the protein in SDS-
PAGE. Ubiquitination of the tHD domain was reported for the Sgipl homolog, FCHO2 protein
(Uezu et al., 2011). We did not detect ubiquitin when Sgipl was immunoprecipitated from the
detergent-soluble fraction of the PFC tissue. Therefore, ubiquitination does not affect the
migration pace of Sgipl. Other post-translational modifications, such as glycosylation,

myristoylation, methylation, acetylation, and SUMOylation, might affect the Sgip1’s mobility.

Cloning and identification of Sgip! splice variants

We detected 15 Sgip! splice variants resulting from the Sgip/ gene alternative splicing in
the mouse brain, four of which have been described previously (Table 10). The remaining 11
detected Sgip! splice variants were predicted in silico. Due to the large number of the detected
Sgip1 splice variants, we indicate each Sgip!/ transcript with its length. We propose that Sgip/
splice variants are indicated with their amino acid length, and this should be clearly stated in the
scientific works to avoid misidentification of the Sgip/ variants.

Sgipl domain architecture contains the membrane phospholipid-binding (MP) domain, AP2
activator (APA) domain, proline-rich region, and p homology domain (uHD) (Reider et al.,
2009; Hollopeter et al., 2014). Sgip! variants arise from alternative splicing within the N-
terminal (exons 4, 5) and central (exons 9, 10, 15-20) regions (Figure 14). The alternative
splicing pattern of Sgip! follows the domain structure of the Sgip1 protein. Spliced exons 4 and
5 lie within the MP domain, and spliced exons 9, 10, 15-20 lie within the proline-rich region.
Exons 1-3 are present in all of the detected Sgip! splice variants, which indicates that any splice

variant can be detected using our anti-Sgip1 antibody.
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Table 10. Detected Sgip! splice variants compared to the variants published or listed in the
NCBI Gene, UniProt, and Ensembl databases. The splice variants are indicated by their length.
Only variants containing C-terminus are included in the table. Protein variants that differ in one
amino acid due to the NAGNAG acceptor motif are considered identical.

Detected Sgipl NCBI Uniprot Ensembl Original Reference

splice variant name
Sgipl 876
Sgipl 853 854 854 SGIPla  (Uezu et al., 2007)
Sgipl 833 834
Sgipl 687 688
Sgipl 668 668
Sgipl 826 826 826 826 SGIP1 (Lietal., 2011)
Sgipl 806 806 806 806 SGIP1 (Henne et al., 2010)
Sgipl 660 659 659 659 SGIP1B  (Fletcher-Jones et al.,
2023)
Sgipl 640 639 639 639
Sgipl 632 632, 631
Sgipl 802 802
Sgipl 782 782
Sgipl 636 636
Sgipl 616
Sgipl 527
608 608
856
848
654
652
630
628
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Exons within the APA and pHD domains do not undergo alternative splicing (Figure 14).
The APA domain was shown to interact with and activate the AP-2 complex (Hollopeter et al.,
2014). The pHD interacts with endocytic adaptors and other proteins, such as EPS15 (Uezu et
al., 2007) and CBIR (Hajkova et al., 2016). The absence of alternative splicing at the APA and
uHD domain-coding exons underlines their functional importance because these domains
preserve high homology between species and supports the notion that protein-protein interaction
surfaces tend to be protected from exon removals (Colantoni et al., 2013).

The Sgip! 853 splice variant is one amino acid shorter than the previously reported Sgipla,
containing 854 aa. This difference may be explained by the presence of the NAGNAG tandem
acceptor motif at the 5° end of exon 5. The NAGNAG motif creates two potential 3’ splicing
acceptor sites (Hiller et al., 2004). This process is likely responsible for the loss of one
glutamine-coding codon in exon 5 of Sgip!.

Based on our immunoblot and RT-PCR results, we may speculate that Sgip/ splice variants
containing exon 16 prevail in the brain because they constitute the upper intensively-stained
bands in the results. The mass spectrometry analysis supports the presence of Sgipl isoforms
that contain fusions of exons 3 to 5, 18 to 20, and 18 to 21. The Sgip! variants that lack exons
9, 10 (Sgipl 632), lack exon 15 (Sgipl 527), or contain exon 19 (Sgipl/ 876) presumably
constitute a minor fraction of Sgip/ transcripts because they were detected in single clones.
These confinements describe Sgipl isoforms Sgipl 806 or Sgipl 826. We obtained a higher
number of clones that have the Sgip/ 826 variant. Therefore, it is likely that both Sgip/ variants
Sgipl 806 and Sgip! 826 predominate or that Sgip/ 826 variant is the major Sgip/ splice variant
expressed in the mouse brain.

The presence of multiple splicing regulators ensures fidelity of splicing because splice
variants of a protein often have different properties or tissue localization. The brain is a tissue
in which splicing is active at superior levels compared to other tissues (Yeo et al., 2004).
Variations in splicing have been observed between brain regions (Schreiner et al., 2014) and
sexes (Trabzuni et al., 2013). From numerous reports, a few examples of the role of splicing in
the regulation of synaptic transmission can be found herein (Ahn et al., 1995; Kennedy, 1997;
Berthele et al., 1998; Kumpost et al., 2008). Splicing in the brain has also been linked to the
regulation of neurogenesis (Vuong et al., 2016), and variability in splicing has been associated
with neurological disease states (Tollervey et al., 2011). From these examples, it is evident that

splicing is associated with the signaling diversity of the brain.
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The expression of Sgip! splice variants can be affected by multiple factors, such as tissue,
brain region, or neuronal compartment localization, the developmental stage, and variations in
translation efficiency between cells or tissues. Sgip/ splice variants may differ in the neuronal
localization and trafficking, the strength and specificity of lipid binding, the protein interaction
profile, or the effect on the internalization of other molecules. Alternatively, the presence of
multiple Sgip! splice variants may result from the high abundance of Sgip1, which constitutes
0.431% of total synaptic proteins (Wilhelm et al., 2014). In this way, the high rate of Sgip/

expression would lead to the production of minimal amounts of its splice variants.

Characterization of the SgipI splice variants

We tested various Sgip! splice isoforms to evaluate the effect of deletions of certain protein
regions that are coded by the variable exons. The variable exons 4 and 5 are located within the
MP domain (Figure 14). The MP domain binds negatively-charged membrane phospholipids
and deforms membranes (Trevaskis et al., 2005) by an undescribed mechanism. This mechanism
may involve positively charged lysine, arginine, or histidine residues, which mediate
interactions with membrane lipids in membrane-binding domains (Lemmon, 2008). In this
study, we detected five Sgip splice variants that contain exon 4, five that lack exon 4 but contain
exon 5, and five that lack both exons 4 and 5. Splice variants with the different exon
compositions of the MP domain formed puncta at the plasma membrane, indicating their
membrane association. Our results suggest that the MP domain formed by exons 1-3 and a part
of exon 6, containing eight lysine and four arginine residues, may be sufficient to mediate Sgipl
binding to the plasma membrane. Therefore, exon variations in the MP domain do not limit
Sgipl interactions with plasma membrane lipids; however, these variations may affect the
strength and specificity of the lipid binding or have a direct effect on protein interactions or
dimerization.

The Sgip1 853 isoform showed an accumulation in the cytoplasm in the form of vesicles or
inclusion bodies in about half of the transfected cells. The Sgip1 853 isoform differs from Sgipl
826 isoform only in the presence of exon 4; therefore, exon 4 may cause the unusual pattern of
Sgipl 853 expression. Exon 4 encodes a stretch of three lysine residues that may cause an
increase in the propensity of the protein to aggregate and form the intracellular bodies. Besides
lysines, exon 4 encodes a cysteine residue that is followed by two aromatic residues. These

amino acid motifs are conserved across species. The cysteine may either be post-translationally
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modified or may form a sulfur bridge with a cysteine from the same peptide or another peptide,
promoting homodimerization. Because exon 4 codes a sequence located within the MP domain,
the MP domain may define the intracellular distribution of Sgip1.

We detected Sgip! splice variants with various exon combinations within the proline-rich
region. Variations in exons 16 and 20 within the proline-rich region did not affect the protein's
stability and localization. The proline-rich region of Sgipl contains multiple potential
phosphorylation sites (Craft et al., 2008; Edbauer et al., 2009), SH3- and WW-domain binding
domains (Zarrinpar et al., 2003). Among the phosphorylation sites, the Ser-149, Ser-169, and
Thr-409 were demonstrated in vivo to be dephosphorylated upon depolarization of nerve
terminals (Munton et al., 2007; Craft et al., 2008). Hyperphosphorylation of Sgip1 was found in
the Huntington’s disease mice (Mees et al., 2022). Sgip]l was shown to be a substrate of MAP
kinases (Edbauer et al., 2009), and its phosphorylation may therefore be physiologically
significant. The mechanisms by which these sites mediate or regulate Sgipl’s function or

interaction with other endocytic proteins are unknown.

Specificity of the effect of SGIP1 on the CBIR internalization

We demonstrated that SGIP1 is a specific inhibitor of CB1R internalization, because SGIP1
did not affect the internalization of MOR and M3R. The internalization rate of the CB1R-Rlucll
construct was similar to that of the previously published results (Hajkova et al., 2016). Our
results are also in line with our recent finding demonstrating that SGIP1 splice variants do not
affect MOR internalization (Durydivka et al., 2023a).

Our findings demonstrate that SGIP1 is an endocytic regulator of CBIR. However, SGIP1
was shown to affect the internalization of receptors that do not belong to GPCR, such as
transferrin and epidermal growth factor receptors (Uezu et al., 2007). The physiological
consequences of the SGIP1 effect on these receptors are unknown, and the Sgip/ knock-out
mice have a phenotype that indicates impairments of CBIR and the endocannabinoid system.

The enhanced bystander BRET system is a versatile tool that can be adapted for various
applications. While we monitored the receptor internalization from the plasma membrane, this
system can be used for monitoring receptor trafficking in early endosomes, lysosomes,
mitochondria, Golgi apparatus, or other intracellular compartments. For these purposes, the

BRET acceptor rGFP is targeted to the corresponding intracellular compartment. The CBIR-
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Rlucll construct can be used for these applications, which allows precise evaluation of the

intracellular distribution of CB1R.

5.3. Pharmacodynamic studies of the hexahydrocannabinol effect on CB1R

The pharmacological activity of receptor ligands can be characterized by the potency and
efficacy, among other measures. We evaluated signaling profiles of the ligands that act on CB1R
by measuring the G protein activation, GRK3-CBI1R interaction, and B-arrestin 2-CB1R
interaction. The tested ligands were (9S)-HHC, (9R)-HHC, THC, and WIN. We found that the
HHC epimers differed in their signaling outcomes.

In the G protein activation assay, the potency and efficacy of (9R)-HHC were similar to
THC, as opposed to (9S)-HHC, which had low potency and efficacy in this assay (Figure 21).
These data demonstrate that (9S)-HHC has a lower affinity to CB1R than (9R)-HHC, and the
affinity of (9R)-HHC is similar to that of THC. Similarly, the biological activity of (9S)-HHC
is lower than that of (9R)-HHC, and the activity of (9R)-HHC is close to that of THC (Russo et
al., 2023).

In the GRK3 and B-arrestin 2 interaction assays, THC had very little efficacy (Figure 21),
which makes the calculated potency value meaningless; therefore, we excluded THC from the
comparison. The potency of (9S)-HHC was lower than that of (9R)-HHC; however, (9S)-HHC
and (9R)-HHC had similar efficacies. These data demonstrate that (9S)-HHC has a lower
affinity to CB1R than (9R)-HHC, but (9S)-HHC and (9R)-HHC have similar biological activity.
However, because the signaling output of (9S)-HHC did not reach saturation, the calculated
efficacy values for (9S)-HHC might not be entirely accurate (Tables 8 and 9).

Based on all the assays, (9S)-HHC has a lower affinity to CBIR than (9R)-HHC, and (9S)-
HHC has a lower effect on G protein signaling than (9R)-HHC. However, in GRK3 and B-
arrestin 2 signaling, the effects of (9S)-HHC and (9R)-HHC are similar.

83



Potency Efficacy

Gi1 Gi1
@ (9S)-HHC @ (9S)-HHC
® (9R)-HHC @ (9R)-HHC
THC THC
® WIN ® WIN
BARR2 GoA GoA
GRK3 GRK3

Figure 21. Potencies and efficacies of the tested ligands. The EC50 values reflecting the
potency and maximal response values reflecting the efficacy were plotted on the x and y axes.
The axes indicate signaling pathways: Gil, GoA, GRK3, B-arrestin 2 (BARR2), and the

normalized EC50 or maximal response values of the indicated ligands are plotted on these axes.

Our results correspond to the previous findings demonstrating the higher affinity of (9R)-
HHC to CBIR than that of (9S)-HHC (Reggio et al., 1989). (9R)-HHC was shown to be more
potent in cannabinoid-related tests in mice than (9S)-HHC. (9R)-HHC significantly affected two
behaviors of the cannabinoid tetrad test: hypolocomotion, reflecting reduced spontaneous
movements, and analgesia, reflecting pain relief (Russo et al., 2023). However, the ability of
(9R)-HHC to affect mouse behavior was lower than that of THC. These findings suggest that
(9R)-HHC, but not (9S)-HHC, may have a CB1R-mediated psychotropic effect.

While we tested the pharmacological activities of the highly pure preparations of the HHC
epimers, the HHC available in the market usually contains a mix of two epimers. Because these
two epimers differ in potency and efficacy, the proportion of (9R)-HHC and (9S)-HHC defines
the overall biological activity of such preparations. The proportions of HHC epimers greatly
depend on the way of synthesizing, but they can also have batch-to-batch variation. For example,
hydrogenation of THC using platinum catalyst produces (9S)-HHC and (9R)-HHC in
approximately 1:2 ratio. In contrast, when A3-THC is used in the same conditions, the
production of (9S)-HHC is favored, and the ratio of (9S)-HHC to (9R)-HHC is 3:1 or 3:2 (Gaoni
et al., 1966; Archer et al., 1970; Turner et al., 1973). Thus, the ratio of the HHC epimers may
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indicate the way of its synthesis. Moreover, the ratio affects the biological activity, so the epimer
ratio should be determined for every preparation.

The emergence of new semi-synthetic cannabinoids represents an exciting frontier in
cannabinoid research and drug development. These cannabinoids may have improved stability
and therapeutic effects, making them promising candidates for a range of applications. They
may substitute the currently available drugs targeting CB1R due to their facile production and
potentially improved chemical stability. Alternatively, they can facilitate the development of
new synthetic cannabinoids and the optimization of their chemical composition and structure.
The currently available pharmaceuticals that target CB1R, such as dronabinol, nabilone, and
nabiximols, have shown efficacy in various therapeutic conditions, including pain management,
appetite stimulation, and nausea control, but often come with a suite of side effects that can be
problematic for patients. Semi-synthetic cannabinoids could offer a more targeted and
controlled approach to CBIR modulation, potentially reducing the incidence and severity of
side effects.

The clinical applications of cannabinoids are limited by their psychoactive action. This
limitation has impelled ongoing research efforts to develop cannabinoids that offer therapeutic
benefits without unwanted psychoactive effects. The currently available drugs acting on CB1R
can have a range of side effects, from cognitive impairment to mood alterations and even
addiction, making the clinical use of these drugs challenging and less desirable for certain
patients. By selectively targeting CB1R-mediated therapeutic pathways while reducing
activation in regions associated with euphoria and intoxication, researchers aim to create
medications that offer the benefits of cannabinoids without their drawbacks. Thus, the new
cannabinoids may offer a more controlled approach to the modulation of CBIR and the
endocannabinoid system with minimized side effects.

Currently, there are no studies on the pharmacological and behavioral effects of HHC in
humans, and only the consumers indicate that its effects are similar to those of THC. Due to this
fact, the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) closely
monitors HHC as a new psychoactive substance through the European Union Early Warning
System (EWS) (Ujvary et al., 2023).

The data on the safety of HHC is scarce. In one study, no toxic effects of HHC were observed
up to HHC concentration of 50 uM, and HHC produced potential cytotoxic effects only when it
exceeded the concentration of 10 mM (Collins et al., 2022). These findings indicate that safe
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possible human consumption of THC 1is feasible without complications. However,
contamination of HHC preparations with extraction residues or synthetic byproducts could pose
unforeseen risks. Therefore, the HHC and other cannabinoid products on the market should be
under close control of the authorities to ensure their quality and safety. In addition, more in vitro

and in vivo studies are necessary to properly understand the effects of HHC on cell signaling

and organism functions.
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6. CONCLUSIONS

In this work, we studied the mechanisms influencing the signaling of cannabinoid receptor
1 (CB1R) on the molecular level and on the level of the organism. To study the role of SGIP1
in pain sensitivity, the alternative splicing of SGIP1, and the effect of minor cannabinoid
hexahydrocannabinol (HHC) on CB1R, we employed various molecular biology and animal
behavior approaches. These approaches included the behavioral testing of mechanical
sensitivity, immunoblotting and PCR analysis, molecular cloning, light microscopy, and
bioluminescence resonance energy transfer (BRET) assays.

First, we provide evidence that SGIP1 is an important player in inflammatory pain
perception. Deletion of Sgip/ resulted in the increase in chronic pain sensitivity in male but not
in female mice during carrageenan-induced inflammation. After WIN or THC injections, Sgip/
knock-out males preserved the increased nociception. The female mice had comparable pain
thresholds after WIN application, but Sgip/ knock-out female mice had higher pain thresholds
after THC application than wild-type mice (Hypothesis 1, Aim 1).

Next, we cloned 15 Sgip! splice variants from the mouse brain. These splice variants result
from alternative splicing of exons encoding the MP domain (exons 4 and 5) and proline-rich
region (exons 9, 10, 15-20) of Sgip1 protein. Alterations within the MP domain or proline-rich
region do not affect the stability of most Sgip1 splice isoforms and their subcellular localization
(Hypothesis 2, Aim 2).

Further, we demonstrated that SGIP1 is a specific endocytic inhibitor of CB1R. SGIP1
inhibits CBI1R internalization but do not affect internalization of other receptors, such as p-
opioid receptor and muscarinic acetylcholine M3 receptor.

Last, we evaluated the effects of HHC epimers (9S)-HHC and (9R)-HHC on CBI1R
signaling. We found that the potency and efficacy of (9R)-HHC to activate G proteins is higher
than that of (9S)-HHC. However, the efficacy to cause GRK3 and B-arrestin 2 interactions with
CBI1R is similar for both (9R)-HHC and (95)-HHC. Moreover, the pharmacological profile of
(9R)-HHC is closer to that of THC (Hypothesis 3, Aim 3).

Taken together, we demonstrate that SGIP1 is a specific CB1R-interacting protein, involved
in CBIR-mediated chronic pain sensitivity. SGIP1 modulates pain processing pathways,
resulting in decreased chronic pain sensitivity. The presence of multiple splice variants of SGIP1

suggests that expression of certain SGIP1 splice variants might be tailored to specific functions.
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The pharmacological activity of (9R)-HHC epimer, but not (9S)-HHC epimer, approximates
that of THC. Due to the limited number of studies on HHC, its pharmacological potential should

be assessed in future studies on its safety and biological action.
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7. SUMMARY

7.1. The effect of Sgip1 on chronic pain processing

We tested the chronic nociception in Sgip/ knock-out and wild-type mice. We found that
Sgip1 deletion results in an increase in chronic nociception in male but not in female mice. The
increased chronic nociception persisted in Sgip/ knock-out male mice even after cannabinoid
drug injections. Therefore, the effect of Sgipl on CBIR results in decreased chronic pain

sensitivity.

7.2. Identification and characterization of Sgip! splice variants in the brain

We addressed the discrepancies regarding the use of different Sgip/ splice variants present
in the literature. We cloned 15 Sgip! splice variants from the mouse brain and found that exons
that undergo alternative splicing encode portions of the MP domain (exons 4 and 5) and proline-
rich region (exons 9, 10, 15-20) of the Sgip1 protein. While most of Sgip! splice variants had
similar properties, the intracellular localization of Sgip/ variants containing exon 4 was
distorted, and this variant accumulated in the intracellular vesicles or bodies.

We also tested the effect of SGIP1 on internalization of CBIR, p-opioid receptor, and
muscarinic acetylcholine M3 receptor. We found that SGIP1 is a specific endocytic inhibitor of
CBI1R, as SGIP1 does not affect internalization of p-opioid receptor and muscarinic

acetylcholine M3 receptor.

7.3. Pharmacodynamic studies of the hexahydrocannabinol effect on CB1R

We measured the CBI1R-related G protein, GRK3, and p-arrestin 2 signaling of
hexahydrocannabinol (HHC) epimers. We found that (9R)-HHC epimer has the
pharmacological activity higher than that of (9S)-HHC in the G protein activation. However,
(9R)-HHC and (9S)-HHC have comparable effects on GRK3- and B-arrestin 2-related signaling.
Overall, the potency and efficacy of (9R)-HHC is similar to that of THC.
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