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Abstract

The kappa opioid receptor (KOR) is a G protein-coupled receptor (GPCR) that
can signal through multiple signaling pathways. KOR agonists are known to
relieve pain and itch, as well as induce dysphoria, sedation, hallucinations, and
diuresis. As is the case with many other GPCRs, specific signaling pathways
downstream of the KOR have been linked to certain physiological responses
induced by the receptor. Those studies motivated the search and discovery of a
number of KOR ligands that preferentially activate one signaling pathway over
another. Such compounds are termed functionally selective or biased ligands, and
may present a way of inducing desired receptor effects with reduced adverse
reactions. In this chapter, I review the molecular intricacies of KOR signaling and
discuss the studies that have used biased signaling through the KOR as a way to
selectively modulate in vivo physiology.
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1 Introduction: Biased Signaling and the Kappa Opioid
Receptor

The kappa opioid receptor (KOR) is a G protein-coupled receptor (GPCR) which is
the main target of the endogenous opioid peptides dynorphins (Chavkin and
Goldstein 1981). GPCRs are seven-transmembrane domain proteins that can activate
multiple signaling pathways (Hanson and Stevens 2009; Lefkowitz and Shenoy
2005). From a drug discovery perspective, GPCRs (also termed seven-
transmembrane domain receptors — 7TMRs) are extremely relevant, given that
over one third of all FDA-approved drugs directly target a member of the GPCR
protein superfamily (Santos et al. 2017). Moreover, a number of other therapies
target GPCRs indirectly. Reuptake inhibitors, for instance, indirectly target GPCRs
by increasing the availability of endogenous ligands of the receptors (Price and Brust
2019).

As indicated by the nomenclature, GPCRs activate heterotrimeric G proteins,
which are composed of Ga, Gf, and Gy subunits (Birnbaumer 2007; Wootten et al.
2018). Activation of G proteins happens once the GPCR is activated, which causes a
conformational change in the receptor that is transmitted to the G proteins (Nygaard
et al. 2013; Venkatakrishnan et al. 2013). This leads to the replacement of guanosine
diphosphate (GDP) by guanosine triphosphate (GTP) in the Ga subunit (Goricanec
et al. 2016). Subsequently, G and the Gfy dimer interact with their cellular targets
(Rankovic et al. 2016; Birnbaumer 2007). Following G protein activation, the
receptor is phosphorylated by G protein-coupled receptor kinases (GRKs) and
other kinases that are activated by downstream signaling (such as protein kinase C
[PKC] and protein kinase A [PKA]), events that allow for the recruitment of arrestin
to the receptor (Komolov and Benovic 2018; Wootten et al. 2018; Yang et al. 2017).
Arrestin recruitment to the GPCR causes receptor internalization and can lead to
receptor degradation, recycling, or additional signaling events (Peterson and Luttrell
2017; Rankovic et al. 2016).

GPCRs can activate a number of different signaling pathways. Even within the
same class of immediate receptor interacting partners there is room for an enormous
heterogenicity of signaling responses. For instance, there are sixteen Ga, five Gp,
and thirteen Gy subunits, in addition to four arrestins (in this chapter we focus on
Parrestin2), PDZ-domain-containing scaffolds and numerous A kinase anchoring
proteins (AKAPs) that directly interact with GPCRs (Dupre et al. 2009; Khan et al.
2013; Wootten et al. 2018). Notably, decades ago inconsistencies between molecular
efficacies and functional physiological responses for GPCR ligands were reported
(Jim et al. 1985; Portoghese 1965). And even though these types of inconsistencies
can sometimes be explained by pharmacokinetic factors, it was later hypothesized
(and since shown a number of times) that it was possible to design GPCR ligands
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that would selectively activate certain pathways over others (Kenakin et al. 1991;
Rankovic et al. 2016; Roth and Chuang 1987). Those studies formed the basis for
what we now know as biased signaling or functional selectivity.

Ligands that upon interaction with a GPCR favor activity in one signaling
pathway over another are termed biased or functionally selective (Rankovic et al.
2016; Kenakin 2011). Numerous studies have suggested that activation of certain
signaling pathways downstream of a GPCR may be related to desired therapeutic
effects, while activation of other signaling pathways may be related to undesired
adverse effects (Kenakin 2019). The therapeutic potentials of biased ligands are
based on the hypothesis that these compounds can favor GPCR signaling towards a
desired pathway over an undesired pathway and, therefore, improve therapeutic
efficacy and reduce adverse effects (Kenakin 2018). In fact, a number of studies
have suggested that to be indeed the case (Grim et al. 2020; Schmid et al. 2017;
DeWire et al. 2013; Brust et al. 2016; Allen et al. 2011; DeWire and Violin 2011;
Violin et al. 2010, 2014; Kenakin 2018; Luttrell et al. 2015). However, we are yet to
see the full benefits of these compounds reflected clinically.

An important step in the discovery of biased ligands is determining how to
identify such compounds. Considerations on this range from selecting the appropri-
ate system (cell line, tissue, etc.) to choosing a method to quantify (or qualify) bias.
Several different methods of quantifying ligand bias have been developed, com-
pared, and reviewed in detail (Brust et al. 2015b; Kenakin 2014; Kenakin and
Christopoulos 2013a, b; Kenakin et al. 2012; Rajagopal et al. 2011; Rankovic
et al. 2016; Stahl et al. 2015; Hoare et al. 2020; Gundry et al. 2017; Zhu et al.
2019). The most commonly used methods of quantifying ligand bias compare the
ability of a ligand to activate one signaling pathway over another, to that of a
reference compound and result in a bias factor (Kenakin and Christopoulos 2013b;
Rankovic et al. 2016). Therefore, ligand bias is relative to the reference compound
used for the comparison. Some of the most used methods of quantifying ligand bias
use the Black and Leff operational model to calculate transduction coefficients
(Black and Leff 1983; Kenakin and Christopoulos 2013b; Kenakin et al. 2012;
Rankovic et al. 2016). The transduction coefficients calculate the intrinsic ligand
efficacy and the dissociation constant of agonist-receptor-signal transducer complex
from functional data to generate bias factors that are independent of signal amplifi-
cation and receptor reserve (Black and Leff 1983; Kenakin and Christopoulos
2013b). Bias factors can be used in drug discovery efforts to compare the levels of
bias of different test ligands. This approach also allows for incorporation of structure
activity relationship studies and molecular modeling approaches to pursue potent
biased ligands (Lovell et al. 2015; Manglik et al. 2016; McCorvy et al. 2018).

As discussed below, biased signaling at the KOR has been studied in cell models,
primary neurons, and animals. The KOR has been pursued as a target in therapies for
treating pain and pruritus (itch) (Cowan et al. 2015; Kivell and Prisinzano 2010).
However, adverse effects such as dysphoria, sedation, and diuresis have generally
precluded the clinical use of these compounds (Brust et al. 2016; Knoll and Carlezon
2010; Mercadante and Arcuri 2004; Pfeiffer et al. 1986). Nalfurafine is the only
KOR-selective agonist that is currently in clinical use for the treatment of pruritus
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(Kumagai et al. 2010). Notably, compared to opioid analgesics that target the mu
opioid receptor for pain relief, KOR agonists are generally devoid of addictive and
life-threatening side effects, such as respiratory depression (Bruijnzeel 2009; Brust
et al. 2016). In this chapter I review the signaling pathways downstream of the KOR
and the available studies on biased signaling at this receptor.

2 Signaling Cascades Downstream of the Kappa Opioid
Receptor

2.1 G Proteins

The KOR is coupled to inhibitory Gay, subunits (Fig. 1) (Meng et al. 1993; Simonin
et al. 1995). The most studied effect of these subunits is the inhibition of adenylyl
cyclases (Sunahara and Taussig 2002; Syrovatkina et al. 2016), which are enzymes
that catalyze the conversion of adenosine triphosphate (ATP) into cyclic adenosine
monophosphate (cAMP) (Price and Brust 2019). Therefore, KOR agonists generally
lead to a reduction in cellular cAMP production. Even though specific consequences
of KOR-induced decrease in cAMP levels have not yet been fully unveiled, certain
adenylyl cyclase isoforms have functions that overlap with physiological roles that
are attributed to the KOR. For instance, adenylyl cyclase 1 (AC1) has a role in pain
perception and adenylyl cyclase 7 (AC7) appears to play a role in anxiety and
depressive disorders (Brust et al. 2017; Price and Brust 2019).

A better understanding of how the KOR modulates the activity of different
adenylyl cyclase isoforms may enhance our predictions of desired functional

ANALGESIC? SEDATION?

ANTIPRURITIC? DYSPHORIA?
ANHEDONIA?

Fig. 1 Summary of the signaling pathways downstream of the KOR. Activation of the KOR leads
to signaling events through heterotrimeric G proteins (G) and Parrestins (BARR). The figure depicts
the pathways discussed in the chapter: G protein-mediated activation of GIRK, ERK, and JNK, and
inhibition of adenylyl cyclases (AC), and Parrestin-mediated activation of ERK, JNK, and p38
MAPK, which inhibits JNK and increases membranous expression of the serotonin transporter
(SERT). As noted in the figure, G protein activation downstream of the KOR has been linked to the
receptor’s analgesic and antipruritic properties, while Parrestin recruitment to the KOR has been
related to the sedative, dysphoric, and anhedonic properties of the receptor. Biased ligands are able
to favor the activation of certain pathways over others
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responses downstream of the KOR. Especially as some adenylyl cyclase isoforms
are not inhibited by Gay/, and are conditionally activated by Gy subunits (AC2,
AC4, and AC7) (Price and Brust 2019). KOR action on these isoforms would be
expected to increase cAMP levels. Moreover, AC1, AC3, and AC8 are inhibited by
Gpy subunits, providing an additional layer of biased receptor modulation of tissue-
specific cAMP signaling (Price and Brust 2019). The length of KOR activation is
also crucial for determining the outcome of KOR modulation of cAMP production.
Many studies have shown that through sensitization of adenylyl cyclase (also
referred to as cAMP overshoot, heterologous sensitization, superactivation, or
supersensitization of adenylyl cyclase), prolonged KOR activation followed by an
antagonist can cause a robust increase in cAMP production, a phenomenon that adds
a temporal aspect to KOR modulation of the cAMP pathway (Brust et al. 2015a;
Nakagawa et al. 1999; Avidor-Reiss et al. 1995; Li et al. 2003; Wang et al. 2003).
Therefore, KOR modulation of the cAMP signaling pathway is tissue and time-
dependent, resulting in paradoxical inhibitory and excitatory responses.

The process of G protein activation also causes Gy subunits to become active.
Gpy subunits can lead to multiple signaling events, including modulation of adenylyl
cyclase isoforms, activation of phosphoinositide 3 kinase, phosphorylation of extra-
cellular signal-regulated kinase (ERK), activation of phospholipase C, activation of
G protein-coupled inwardly rectifying potassium (GIRK) channels, modulation of
calcium channels, and stabilization of microtubules (Dupre et al. 2009; Khan et al.
2013; Wootten et al. 2018). Activation of the KOR has classically been associated
with GPy-mediated activation of GIRK and inhibition of voltage-gated calcium
channels (Ho et al. 2018; Luscher and Slesinger 2010; Ikeda et al. 2002). These
mechanisms would cause an overall inhibition of neurotransmission. We have also
shown an enhancement of AC2 activity in cell lines that is consistent with the effects
of GPy subunits (unpublished observations).

2.2 Barrestin2 Activation

Activation of the KOR leads to phosphorylation of the receptor by GRKs, an event
that allows arrestin recruitment to the receptor (Bruchas and Chavkin 2010).
Arrestins are proteins that were originally thought to serve only to terminate G
protein signaling (Shenoy and Lefkowitz 2011). By interacting with the receptor,
arrestins can first sterically prevent G proteins from coupling to the receptor
(Gurevich and Gurevich 2019). Second, arrestins can internalize the receptor and
remove it from the membrane, an event that can prevent additional agonist
interactions with the GPCR (Gurevich and Gurevich 2019; Goodman et al. 1996).
And third, arrestins can recruit phosphodiesterases and diacylglycerol kinases to the
cellular membrane, proteins that act by degrading GPCR second messengers (Nelson
et al. 2007; Perry et al. 2002). These actions would justify the name of arrestins and
suggest an overall inhibitory role for arrestins on GPCR signaling.

It is now well understood that arrestins interact with a number of proteins that
have important cellular signaling functions, such as components of the
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mitogen-activated protein kinase (MAPK) cascades, the Src family tyrosine kinases,
and Akt (Chavkin et al. 2014; Luttrell et al. 1999; McLennan et al. 2008; Schmid and
Bohn 2010). Arrestins appear to act as scaffolding proteins, bringing together several
signaling proteins and facilitating their interactions (Gurevich and Gurevich 2019;
Lefkowitz and Shenoy 2005). Therefore, in addition to “arresting” GPCR signaling,
arrestins can also lead to GPCR-mediated signaling events. Downstream of the
KOR, ERK phosphorylation can be induced through G proteins and Parrestin2 in
immortalized astrocytes (McLennan et al. 2008). Sequestration of Gfy subunits with
BARKct (C terminus of GRK2), inhibition of G protein signaling with pertussis, and
knockdown of Parrestin2 with siRNA, all reduce ERK phosphorylation (McLennan
et al. 2008). Moreover, the proportion of G protein-dependent versus Parrestin2-
dependent activation of ERK is ligand-dependent, indicating a role for signaling bias
(McLennan et al. 2008). Another well-studied signaling pathway downstream of the
KOR is the phosphorylation of p38 MAPK. Previous studies have shown that
Parrestin2 recruitment to the receptor is required for KOR agonist-induced p38
MAPK phosphorylation (Schattauer et al. 2019; Bruchas et al. 2006). Inhibition of
GRK3-mediated phosphorylation of the KOR or knockdown of Parrestin2 prevents
p38 MAPK phosphorylation in neurons and astrocytes (Bruchas et al. 2006).

KOR agonists also cause c-Jun N-terminal kinase (JNK) phosphorylation
(Jamshidi et al. 2016; Schattauer et al. 2019; Bruchas et al. 2007b). In cell lines,
this process occurs in two distinct phases. Early JNK phosphorylation happens in an
arrestin-independent fashion and involves G protein-mediated activation of PKC and
the small G protein RAC (Schattauer et al. 2019). The late phase JNK phosphoryla-
tion happens through Parrestin2 and also involves the activation of RAC in addition
to the RHO effector ROCK1 (Schattauer et al. 2019). Whereas the early phase JNK
phosphorylation leads to the formation of reactive oxygen species (ROS) through
peroxiredoxin 6 (PRDX6), the late phase does not induce significant ROS generation
in cell lines (Schattauer et al. 2019). Notably, JNK is inhibited by p38 MAPK and
inhibition of KOR-mediated phosphorylation of p38 MAPK causes an increase of
KOR agonist-induced ROS generation (Schattauer et al. 2019).

3 Physiological Implications of Signaling Pathways
Downstream of the Kappa Opioid Receptor

Studies with genetically modified animals and biased ligands at the KOR have
helped to uncover the physiological functions of the different signaling pathways
downstream of the receptor. Several studies have correlated the Parrestin2 pathway
downstream of the KOR with the aversive and dysphoric properties (Bruchas et al.
2006, 2007a; Brust et al. 2016). This pathway involves the phosphorylation of the
KOR by GRK3 followed by the recruitment of Parrestin2 and subsequent phosphor-
ylation of p38 MAPK (Fig. 1). As a way of assessing aversive and dysphoric effects,
many of these studies made use of animal models that are commonly used to mirror
depressive and aversive states. For instance, repeated swim stress is a method that
assesses stress-coping strategies and has been used for identifying compounds that
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can treat depression (Commons et al. 2017). In one study, repeated swim stress in
mice was correlated with KOR phosphorylation and a KOR-dependent increase of
p38 MAPK phosphorylation in GABAergic neurons of the nucleus accumbens of
mice by immunohistochemistry and in the striatum by immunoblotting (Bruchas
et al. 2007a). Notably, inhibition of p38 MAPK attenuates stress-induced immobility
in mice, suggesting a reduction of depressive-like symptoms in the animals (Bruchas
et al. 2007a).

The conditioned place aversion (CPA) is another model that is commonly
employed to determine the aversive motivational properties of drugs (Cunningham
et al. 2006). In this model the animal becomes conditioned to associate the experi-
ence elicited by the drug (or other stimulus) with the environment where the
experience happened. As the animal is presented with a chance to choose between
the drug- or vehicle-associated environment, it will avoid the environment where
unpleasant experiences took place (Cunningham et al. 2006). KOR agonists cause
aversion in this model and inhibition of p38 MAPK prevents KOR agonist-mediated
CPA (Bruchas et al. 2007a). KOR-induced phosphorylation of p38 MAPK is
dependent on the expression of GRK3 (Bruchas and Chavkin 2010). Therefore, it
is not surprising that in GRK3 knockout mice, KOR agonist-induced CPA and swim
stress-induced immobility were significantly decreased (Bruchas et al. 2007a). As
KOR-induced phosphorylation of p38 MAPK is dependent on the recruitment of
Parrestin2 to the receptor, these results indicate that KOR agonist-induced mouse
behaviors that reflect aversion and dysphoria are mediated by the Parrestin2 pathway
(Bruchas et al. 2006). However, in stark contrast with these data, KOR agonists still
induce CPA in Parrestin2 knockout mice (White et al. 2015).

Dopamine neurons have long been associated with the rewarding and aversive
properties of drugs (Volman et al. 2013). KOR activation causes a decrease in
dopamine release in the nucleus accumbens, which receives dopaminergic input
from the ventral tegmental area (VTA) (Crowley and Kash 2015; Karkhanis et al.
2016; Knoll and Carlezon 2010; Rose et al. 2015; Brust et al. 2016). This phenome-
non has traditionally been linked to the aversive and dysphoric properties of the
receptor (Knoll and Carlezon 2010). Notably, conditional deletion of the genes for
the KOR or p38 MAPK in dopaminergic neurons prevents KOR agonist-induced
CPA in mice (Ehrich et al. 2015). In addition, conditional expression of the KOR in
VTA dopaminergic neurons of KOR knockout mice rescues KOR agonist-induced
CPA, but expression of a mutant form of the KOR (KSA, which is not
phosphorylated by GRK3 at serine 369) does not (Ehrich et al. 2015). Interestingly,
while genetic or pharmacological inhibition/disruption of p38 MAPK prevents KOR
agonist-induced CPA, it does not affect KOR agonist-induced reduction in dopa-
mine release in the nucleus accumbens (Ehrich et al. 2015). These findings suggest
that at least part of the aversive properties of KOR agonists may be independent of
KOR-mediated inhibition of dopamine release.

The serotonergic system is also closely related with depressive symptoms and is
commonly targeted in therapies to treat depressive disorders (Price and Brust 2019).
Serotonin and its targets have also been implicated in the dysphoric and aversive
effects that result from KOR activation (Schindler et al. 2012; Land et al. 2009). One
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study showed that conditional knockout of the KOR in serotonergic neurons blocks
KOR agonist-induced CPA in mice (Ehrich et al. 2015). Another study showed that
repeated forced swim stress increases membrane expression of the serotonin trans-
porter (SERT) in a GRK3 and p38 MAPK-dependent manner in mice (Schindler
et al. 2012). In addition, conditional expression of the KOR in serotonergic neurons
of KOR knockout mice rescues KOR agonist-induced CPA (Land et al. 2009).
Notably, the KOR antagonist norbinaltorphimine (norBNI) or KOR knockout
prevents stress-induced increases in membranous SERT (Schindler et al. 2012). A
number of antidepressant agents aim at increasing serotonin concentration at synap-
tic terminals, many of them act by inhibiting SERT (Price and Brust 2019). There-
fore, increased membranous expression of SERT is consistent with depressive and
dysphoric symptoms. Furthermore, KOR agonist-induced CPA is inhibited by the
selective serotonin reuptake inhibitor (SSRI) citalopram and KOR agonist treatment
increases serotonin uptake in whole brain samples from mice (Bruchas et al. 2011).

In contrast to the Parrestin2 pathway, the G protein pathway downstream of the
KOR has been associated with antinociceptive and antipruritic properties (Fig. 1).
Pertussis toxin causes ADP ribosylation of Gay;, subunits, resulting in an inhibitory
effect on G protein signaling (Mangmool and Kurose 2011). In the tail flick assay,
which is used as a measure of thermal nociception, intracerebroventricular (ICV)
pertussis toxin treatment completely inhibits KOR agonist-induced antinociception
in mice (Goicoechea et al. 1999). In rats, intrathecal pertussis toxin treatment also
abolishes KOR agonist-induced antinociception in the tail flick assay (Hernandez
et al. 1995; Przewlocki et al. 1987). Moreover, KOR agonists retain their
antinociceptive properties in Parrestin2 knockout mice, indicating that the farrestin2
pathway is not necessary for KOR-induced pain relief (White et al. 2015). Notably,
intrathecal injections with a cell-permeable cAMP analog (dibutyryl-cAMP) had no
effects on KOR agonist-induced antinociception in the tail flick assay (Hernandez
et al. 1995), suggesting that Ga;,,-mediated inhibition of the cAMP pathway is not
involved in the antinociceptive properties of KOR agonists. This is consistent with
studies showing that while inhibition of certain adenylyl cyclase isoforms relieves
inflammatory and neuropathic pain, it has no effects on thermal nociception (Brust
et al. 2017; Wang et al. 2011). KOR-mediated inhibition of ACI1 has also been
recently linked to a mechanism to mask postoperative latent pain sensitization in
rodents (Custodio 2019).

G protein activation by the KOR has also been linked to the antipruritic
properties. KOR agonists are antipruritic and KOR antagonists cause pruritus
(Morgenweck et al. 2015). While Parrestin2 knockout in mice reduced slightly the
pruritic effects of KOR antagonists, it did not affect the antipruritic effects of KOR
agonists (Morgenweck et al. 2015). These data suggest that Pfarrestin2 recruitment to
the KOR is not required for the antipruritic effects. In addition, the relative potencies
of KOR agonists for activating G proteins ([*S]GTPyS binding assay) and for
receptor internalization correlate with their antipruritic potencies (Wang et al.
2005). However, as discussed below, the use of biased KOR ligands indicates a G
protein-mediated mechanism. KOR agonists also induce diuresis and hallucinations
(Mercadante and Arcuri 2004; Pfeiffer et al. 1986). KOR-induced diuresis happens
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through the suppression of antidiuretic hormone (ADH or vasopressin) release from
the posterior pituitary gland (Kapusta 1995). However, the precise molecular
mechanisms underlying KOR-induced diuretic and psychotomimetic effects still
remain to be fully detailed.

4 Biased Ligands at the Kappa Opioid Receptor

Several groups have reported biased KOR ligands. Here I will discuss the in vitro
and in vivo data available for the compounds that displayed the largest bias factors
(Fig. 2) (Mores et al. 2019; Gupta et al. 2016; Schmid et al. 2013; Rives et al. 2012;
Zheng et al. 2017; Kivell et al. 2018; Zhou et al. 2013; White et al. 2014; Schattauer
etal. 2017; Spetea et al. 2017; Bedini et al. 2020). Important factors to be considered
when interpreting the results from those studies are the systems used to report bias,
the methods used for quantifying bias, and the pharmacological effects of those
compounds in vivo. The last of these factors may also be dependent on the pharma-
cokinetic properties and the route of administration.

Triazole 1.1 (2-(4-(furan-2-ylmethyl)-5-((4-methyl-3-(trifluoromethyl)benzyl)
thio)-4H-1,2,4-triazol-3-yl)pyridine) is a G protein-biased ligand at the KOR that
retains potency and efficacy for activating G proteins in the [*>’S]GTPyS binding
assay and is considerably less potent for recruiting Parrestin2 to the receptor in
comparison with reference ligands (U50,488 and U69,593) in cell lines (Brust et al.
2016; Zhou et al. 2013). Upon ligand bias quantification, triazole 1.1 had a bias
factor of 28 for [*>S]GTPyS binding over Parrestin2 recruitment in comparison with
U50,488 using the transduction coefficient method (Brust et al. 2016). This bias
profile was maintained in transfected primary striatal neurons when comparing [*°S]
GTPyS binding to KOR internalization, with the apparent difference of triazole 1.1
being a partial agonist for KOR internalization in neurons versus the full efficacy for
Barrestin2 recruitment in cell lines (Ho et al. 2018). Triazole 1.1 also presents a
significant bias (factor equal to 23) for [35 S]GTPyS binding over inhibition of cAMP
accumulation in Chinese hamster ovary (CHO) cells (Ho et al. 2018). In addition, the
compound displays a bias factor of 26 for GIRK activation over cAMP accumulation
in cell lines. These data would suggest a bias among G proteins (Gpy over Ga), a
phenomenon that has been observed for other GPCRs (Brust et al. 2015c; Ho et al.
2018). However, this bias was absent in neuronal cells, further highlighting the
importance of choosing an appropriate cell model in studies of functional selectivity
(Ho et al. 2018). These results also demonstrate that ligands that appear biased in cell
lines may not be biased endogenously.

In vivo, triazole 1.1 reaches the brain of rodents when administered subcutane-
ously or intraperitoneally (Brust et al. 2016). The compound also displays similar
antinociceptive and antipruritic properties to U50,488 in the tail flick assay and to
relieve chloroquine phosphate-induced scratching in mice, respectively (Brust et al.
2016). However, in contrast to U50,488, triazole 1.1 does not reduce locomotor
activity or decrease dopamine release in the nucleus accumbens of mice. The
compound also does not decrease intracranial self-stimulation (ICSS) in rats, a
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method that is used to measure anhedonia (Brust et al. 2016). In addition to
compounds that induce anhedonia and dysphoric states, acute pain can also disrupt
ICSS. Notably, triazole 1.1 is able to recover visceral pain-induced (through intraperi-
toneal lactic acid injection) decreases in ICSS. The effects of triazole 1.1 were also
examined in rhesus monkeys (Huskinson et al. 2020). In that study, a series of
behaviors were evaluated in response to the KOR agonists triazole 1.1, U50,488,
salvinorin A, and nalfurafine. All compounds decreased scratching, however, in
contrast to the other KOR agonists tested, triazole 1.1 did not decrease species-
typical activity, increase passive visual (immobility), cause lip droop (muscle relaxa-
tion), or induce rest/sleep postures (Huskinson et al. 2020). It should be noted that all
compounds were more potent for reducing scratching than for inducing any other
behavior studied, indicating some level of separation of desired and undesired effects
even for the reference ligands (Huskinson et al. 2020). Moreover, from the KOR
agonists tested, triazole 1.1 was the least potent for reducing scratching (Huskinson
et al. 2020). Together, these results indicate that at the doses tested, triazole 1.1 retains
the antinociceptive and antipruritic properties of KOR agonists, but lacks the sedative
and anhedonic characteristics that are commonly associated with these ligands.
RB-64 (22-thiocyanatosalvinorin A) is another G protein-biased ligand at the
KOR (White et al. 2014, 2015). Compared to U69,593 and salvinorin A, RB-64
retains potency for G protein activation (luciferase-based cAMP assay) and is less
potent for the recruitment of Parrestin2 in cell lines (White et al. 2014). RB-64
presents a bias factor of 35 for cAMP inhibition over Parrestin2 recruitment in
comparison to salvinorin A using the transduction coefficient method (White et al.
2014). In mice, RB-64 is antinociceptive in the hotplate assay (used to measure
thermal nociception), but the compound also induces CPA. Notably, RB-64 does not
impair performance in the rotarod assay nor does it affect novelty-induced locomotor
activity in mice. In ICSS studies in mice, RB-64 (1 mg/kg) also caused a small
rightward shift in the rate-frequency curve, but did not diminish the maximal
response rate compared to vehicle. These data also provide evidence that a G
protein-biased ligand at the KOR is antinociceptive and does not induce sedation
or as much anhedonia as reference compounds. However, the study also indicates
that KOR ligands that are G protein-biased in cell lines still retain the aversive
properties of the receptor, a finding that is consistent with the presence of
KOR-induced CPA in Parrestin2 knockout mice (White et al. 2015). It is noteworthy
that the method used to measure G protein activation for RB-64 was inhibition of
cAMP accumulation, which is in contrast to [>>S]GTPyS binding that was used for
triazole 1.1 (White et al. 2014; Brust et al. 2017). The fact that triazole 1.1 was biased
against inhibition of cAMP in cell lines indicates that RB-64 may engage the
receptor in a different way and responses that are downstream of the immediate
receptor effectors may differ between those two compounds (Ho et al. 2018).
Nalfurafine, the only selective KOR ligand that is clinically used, has also been
reported to be biased. The compound is more potent for inducing ERK phosphory-
lation than for p38 MAPK phosphorylation in cell lines (Schattauer et al. 2017).
Nalfurafine has a bias factor equal to 300 for ERK phosphorylation over p38 MAPK
phosphorylation in comparison to U50,488 using the transduction coefficient
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method (Schattauer et al. 2017). Defining bias using downstream phosphorylation
cascades is a valuable strategy that may lead to a more specific correlation with
physiological effects. However, as ERK phosphorylation can be mediated both by G
protein and arrestin pathways, this bias may not represent a G protein bias (Bruchas
and Chavkin 2010; Lovell et al. 2015; McLennan et al. 2008). As the study timepoint
for measuring ERK phosphorylation was 5 min, a Gfy-mediated mechanism would
be predicted. However, later studies found that nalfurafine is not biased for G protein
([>>SIGTPYS binding) over Parrestin2 recruitment to the KOR in comparison to
U50,488, or even that nalfurafine is biased for Parrestin2 recruitment over [35 S]
GTPyS binding in comparison to U69,593, both using the equiactive comparison
(Liu et al. 2019; Dunn et al. 2019). This method of quantifying bias uses ratios of
relative efficacies by potencies from standard four-parameter Hill equations to
generate a bias factor, which is comparable to the transduction coefficients (Brust
et al. 2015b; Ehlert 2008; Griffin et al. 2007). These discrepancies may be reconciled
if nalfurafine induces bias among G proteins. In fact, nalfurafine has been shown to
be biased for cAMP inhibition over Parrestin2 recruitment in comparison to U50,488
using the equiactive comparison (Kaski et al. 2019). In addition to the different
methods used to measure G protein activity ([35 S]GTPyS binding vs. cAMP inhibi-
tion), these studies also used different cell lines to assess KOR signaling. These cell
lines likely present a distinct repertoire of G protein subunit and adenylyl cyclase
isoforms, which should also have an impact on the calculated bias factors.

In vivo, nalfurafine is antipruritic and analgesic (formalin-induced inflammatory
pain) and (at antipruritic and analgesic doses) does not induce CPA, decrease
locomotor activity, or change the baseline threshold of ICSS in mice (Liu et al.
2019). In rhesus monkeys nalfurafine increases passive visual, causes lip droop, and
induces rest/sleep postures at doses that are higher than those required for its
antipruritic effects (Huskinson et al. 2020). Together, these studies show an interest-
ing correlation of the compound’s bias against p38 MAPK phosphorylation and the
lower potency for causing aversive effects in animals. It also shows how the
activation of downstream signaling pathways may differ from the commonly
assessed immediate receptor effectors. The different assay- and cell line-dependent
bias factors are also noteworthy, and once more highlight the importance of
choosing the appropriate model in studies of functional selectivity. It would be
interesting to determine if the bias against p38 MAPK phosphorylation is a feature
shared by other biased KOR ligands, as that may be a valuable strategy for screening
for aversive properties of KOR ligands.

Additional G protein-biased KOR ligands, HS665 (3-(2-((Cyclobutylmethyl)
(phenethyl)amino)ethyl)phenol) and HS666 (3-(2-((cyclopropylmethyl)(phenethyl)-
amino)ethyl)phenol) display bias factors equal to 389 and 62, respectively ([°>°S]
GTPyS binding over Parrestin2 recruitment to the KOR in cell lines), in comparison
to U69,593 using the transduction coefficients method (Spetea et al. 2017). These
compounds have the distinction of being partial agonists. In cell lines, HS665 is a
partial agonist for farrestin2 recruitment and a full agonist for [*>S]GTPyS binding
and HS666 is a partial agonist in both assays. In mice, these compounds were
administered ICV (thus circumventing certain potential pharmacokinetic issues)
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and caused antinociception in the tail flick assay, did not induce incoordination
(although, data for a positive control was not shown for this assay), and HS665, but
not HS666, induced CPA at the dose tested (Spetea et al. 2017). Another study tested
HS665 and found that the compound increases serum prolactin levels (a common
effect of KOR agonists) and that at 30 mg/kg it causes incoordination in mice (Dunn
et al. 2018). As partial agonists also behave as partial antagonists, it would be
interesting to determine if these compounds can inhibit KOR agonist-induced
adverse effects in vivo (such as sedation, anhedonia, and CPA). Especially as a
recent study that examined certain signaling pathways downstream of the KOR
made a correlation of KOR ligand efficacy for Parrestin2 recruitment with the
efficacy for causing incoordination (Dunn et al. 2019). In this context, KOR ligands
that are partial agonists for Parrestin2 recruitment would be desirable, particularly
those that retain full efficacy for G protein activation. However, as molecular
efficacy is system-dependent, it would be interesting to determine if G protein
over Parrestin2 bias factors correlate with improved therapeutic windows as previ-
ously reported for ligands of the mu opioid receptor (Schmid et al. 2017).

A recently discovered peptide-derived KOR agonist, LOR17 (c[Phe-Gly-(p-Ala)-
D-Trp]) displays a bias factor equal to 853 for inhibition of cAMP over Parrestin2
recruitment in comparison to US50,488 in cell lines using the transduction
coefficients method (Bedini et al. 2020). It should be noted that the efficacy of the
doses of LOR17 tested (up to 10 pM) for Parrestin2 recruitment to the KOR was very
low. Therefore, the extremely high bias factor calculated may not be accurate.
Another recently developed method could be used to provide a more accurate bias
factor for this compound (Stahl et al. 2019). Alternatively, higher compound doses
could be used to provide more accurate measures of transduction ratio and functional
affinity for the operational model. Nevertheless, the bias from LOR17 is evident
from the concentration response curves (Bedini et al. 2020). The compound also
displays differential kinase signaling. LOR17 induces early phase (15 min) ERK
phosphorylation, contrasting with U50,488, which induces ERK phosphorylation in
early and late phases in cell lines (15 and 60 min) (Bedini et al. 2020). Notably, an
increase in ERK phosphorylation at an even earlier time point of 5 min was only
observed for U50,488 in HEK293 cells (not in U87-MG cells or human astrocytes
and not for LOR17 in any of the cells tested). In contrast to U50,488, LOR17 induces
neither p38 MAPK phosphorylation nor astrocyte proliferation. Additionally,
LOR17 inhibits both U50,488-induced p38 MAPK phosphorylation and cell prolif-
eration (Bedini et al. 2020). In mice, LOR17 is antinociceptive in the tail flick assay,
relieves visceral pain in the writhing assay, and is more effective than U50,488 for
reducing thermal hypersensitivity caused by oxaliplatin-induced neuropathy.
Contrasting to U50,488, LOR17 did not cause incoordination in the rotarod test or
decrease exploratory activity in the hole-board test. The compound also did not
reduce locomotor activity or diminish mobility time in the forced swim test (Bedini
et al. 2020). As LOR17 inhibits U50,488-mediated p38 MAPK phosphorylation, it
would also be of interest to determine if the compound can also reduce KOR agonist-
mediated adverse effects, such as CPA, sedation, and anhedonia.
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5 Conclusions

Overall, there is good agreement between the studies using genetic manipulations
and the studies with biased ligands to suggest that G protein activation over Parrestin
recruitment to the KOR may be beneficial for therapies to treat pain and pruritus.
However, it is notable that Parrestin2 knockout mice still display CPA to KOR
agonists (White et al. 2015). This is in contrast to other studies that showed that
knockout of GSK3 (which allows for Parrestin2 recruitment to the KOR) and
inhibition (genetic and pharmacological) of p38 MAPK phosphorylation
(a signaling event that is downstream of Parrestin2 recruitment to the KOR) prevents
KOR agonist-induced CPA (Bruchas et al. 2006, 2007a, 2010). Perhaps those
studies could be reconciled if another arrestin (or other proteins) possesses a
compensatory function for the lack of Parrestin2 in the Parrestin2 knockout mice.
Nevertheless, the G protein-biased RB-64 still induces CPA in mice (White et al.
2015). In contrast, HS666, which is also G protein-biased does not induce CPA in
mice (Spetea et al. 2017). However, HS666 has the notable distinction of being a
partial agonist. It would be interesting to compare those two compounds (and others)
side by side for pathway activation and behavioral tests, as subtle differences in
methodological approaches may sometimes lead to different results. Testing addi-
tional doses of HS666 would also unveil the complete potential of that compound
causing aversion. It should also be noted that certain studies used [3SS]GTPyS
binding while others used inhibition of cAMP accumulation as an endpoint for G
protein activation. However, the two are not interchangeable and bias between the
two pathways has been observed (Ho et al. 2018). Moreover, the pharmacokinetic
profile of biased ligands should also be considered. As different compounds may
have distinct absorption and distribution rates, it would be of interest to test their
in vivo pharmacology at time points that reflect their peak plasma and brain
concentrations. The different protocols that are used for in vivo studies may result
in inappropriate time points for measuring behavior and, therefore, provide inaccu-
rate results. The pharmacokinetic properties may also be affected by ligand binding
kinetics. Different binding affinities and off rates are also likely to have an impact on
the timing for behavior monitoring as ligands may remain bound to the receptor for
different periods of time. This may also influence bias, as the kinetics of G protein
and Parrestin recruitment (as well as other signaling pathways) are different (Hoare
et al. 2020).

It is also desirable to find compounds that display the reverse type of bias
downstream of the KOR (Parrestin2-biased ligands). Those compounds would
help to confirm the role of G proteins and Parrestin2 for physiological responses of
the receptor. In a similar way to the studies recently done with the mu opioid
receptor, it would be interesting to determine if bias factors correlate with therapeutic
windows for KOR ligands (Schmid et al. 2017). Future studies should also test the
activation of pathways that are downstream of the KOR. Most studies focusing on
ligand bias through the KOR were bidimensional and compared G protein activation
(using the [*>S]GTPyS binding or cAMP inhibition) to Parrestin2 recruitment.
However, GPCR signaling is multidimensional and there are numerous signaling



Biased Ligands at the Kappa Opioid Receptor: Fine-Tuning Receptor Pharmacology 129

outcomes that may have physiological implications and may not be identified by G
protein vs Parrestin2 bias comparisons. Recent studies have started to shift in that
direction and present promising avenues for the discovery of new multidimensional
bias profiles (Bedini et al. 2020; Ho et al. 2018; Liu et al. 2019). And as discussed
above, it will also be important to consider the time variable for many of those
signaling pathways.

While promising, it is advisable to be conservative with the expectations regard-
ing the translational potential of these compounds, as this particular area of study is
still in its early years. As an example, for other GPCRs contrasting hypotheses and
results have been presented regarding the role of bias in improved therapeutic
windows and the specific function of signaling proteins (Bohn et al. 1999, 2000;
Raehal et al. 2005; Kliewer et al. 2019; Gillis et al. 2020). Nevertheless, the progress
described in this chapter is remarkable. It shows how hypotheses generated from
signaling studies can guide the pursuit of specific ligands, which present improved
pre-clinical outcomes. It is also noteworthy that for the studies discussed, the bias
observed in cell models appears to translate to a bias in in vivo pharmacological
responses. The use of primary tissue or techniques that measure signaling in vivo is
still very attractive and desired. Moreover, ligand binding kinetics and compound
pharmacokinetic properties are also expected to play an important role in in vivo
experimentation. The discovery of the pharmacological tools described in this
chapter is certain to be informative and guide the field. Considering (and pursuing)
ligand bias is becoming a norm in GPCR drug discovery and, hopefully, future
studies will enlighten us on the clinical potential of these compounds.
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