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Abstract

At one time, G protein-coupled receptors were envisioned to simply relay either inhibitory or
stimulatory binary signals through engaging particular G proteins. These receptors are now viewed
as complex, multidimensional triggers of a variety of potential signaling cascades. This review
will showcase current attempts to elucidate biased signaling and functional selectivity in tissues
and organs as well as in the whole animal. In addition, it will emphasize the challenges that are
inherent in attributing bias in a living system as well as offer opinions as to the manner in which
these problems may be approached.

Introduction

In the study of G protein-coupled receptors (GPCRs), the term functional selectivity has
been used to describe the context-dependent actions of distinct ligands at a particular
receptor [1,2,3,4,5,6,7]. In this regard, a receptor can assume multiple configurations that
are determined by the interplay of the chemical interface of the ligand binding and receptor
interactions with the immediate cellular environment, including binding of scaffolds,
components of membrane and potentially, interactions with other receptors. Most of the
examples of functional selectivity in vivo have been obtained in mouse models wherein
genetic deletion of key signaling elements has helped to delineate whether a receptor
responds differently to an agonist in the absence of the signaling element. One of the most
useful mouse lines for evaluating functional selectivity in vivo has been the parrestin
knockout mice. This may stand to reason as parrestins associate directly with GPCRs upon
agonist binding and therefore, represent a proximal point of potential ligand-directed signal
divergence. Thanks to heroic efforts in the laboratory of Robert Lefkowitz, mouse
embryonic fibroblasts lacking the individual as well as both Barrestin 1 and 2 have been
developed [8]. These tools have proven very useful, in addition to the knockout mice and the
tissues derived from them, in the validation and elucidation of Parrestin-dependent signaling
mediated by GPCRs.
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BArrestin1-KO mice

Mice lacking Parrestinl (Barrestin1-KO mice) were very useful in identifying the potential
for developing biased agonists at GPR109a receptors. Niacin (nicotinic acid), which
activates GPR109a receptors, has been used for the treatment of cardiovascular disease for
many years because it effectively aids in lowering triglyceride levels and raising high-
density lipoprotein (HDL) levels in blood [9]. However, its therapeutic use is limited by side
effect cutaneous flushing. The flushing response induced by niacin is alleviated in mice
lacking Parrestinl [10]. Moreover, further studies into the mechanism reveal that niacin-
activated GPR109a receptors signal through Barrestinl to activate phospholipase A2 (PLA2)
to increase arachidonic acid levels [11]. Although the cutaneous flushing is attenuated in the
Barrestin1-KO mice, niacin remains efficacious in its ability to reduce serum free fatty acid
levels. These in vivo studies suggest that biased ligands that activate GPR109a and yet do
not recruit Parrestinl could be useful in treating dyslipidemia while avoiding the adverse
side effect of cutaneous flushing [12]. The question remains, however, whether niacin’s
actions at GPR109a is the only means it has to lower serum fatty acid levels. A report by
Lauring et al. [13] showed that mice lacking GPR109a were still responsive to niacin’s lipid
lowering properties. This underscores the difficulty of knowing whether the effects of the
agonist are bifurcated at particular signaling points or if there are additional targets that are
not being accounted for when working in whole animal systems.

BArrestin2-KO mice

The Parrestin2-KO mice have proven to be very useful in identifying examples of functional
selectivity in vivo, particularly pathways that utilize Barrestin2 to promote GPCR-mediated
signaling. The first physiological phenotype observed reported for the parrestin2-KO mice
was their enhanced responsiveness to morphine-induced anti-nociception [14ee,15],
demonstrating a role for Barrestin2 in negatively modulating mu opioid receptor
responsiveness in vivo. Further studies showed that fentanyl and methadone did not reveal
enhanced response profiles in the arrestin2-KO mice [16¢], although fentanyl and
methadone were also known to mediate their analgesic effects through the mu opioid
receptor [17]. These early studies suggest that there is a ligand-directed bias at the MOR,
such that the activity of some agonists, such as morphine, is more influenced by the presence
of parrestin2 than others. Further studies in cell-based assays support these observations,
suggesting that agonists that promote more phosphorylation of the receptor can promote
recruitment of both Parrestinl and Barrestin2 while agonists such as morphine, which only
modestly promote receptor phosphorylation, are more dependent on Barrestin2 for regulation
as Parrestinl is not recruited [18,19,20].

Additional studies using morphine in the farrestin2-KO mice suggest the contextual
importance of receptor signaling. While morphine-induced antinociception is negatively
regulated by Parrestins, morphine-induced constipation, respiratory suppression and physical
dependence appear to involve Barrestin2 as these side effects are significantly diminished in
the Parrestin2-KO mice [17,21¢¢,22]. While these observations may imply a MOR-farrestin2
dependent signaling pathway, such a mechanism has yet to be mechanistically demonstrated
in vivo. The development of MOR agonists that are biased toward G protein signaling and
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against Parrestin2 recruitment may provide useful tools for ascertaining whether biased
signaling underlies the separation of the antinociceptive properties and side effects induced
by opiate narcotics. The first opioid agonist that was identified as a functionally selective
agonist is herkinorin [23¢] and while it has a limited bioavailability, it is antinociceptive
when injected into the paw in the rat formalin test without producing tolerance with repeated
dosing [24].

A recently developed biased agonist (TRV130) has shown promising efficacy in pre-clinical
studies. This compound is potent in G protein-mediated signaling but has minimal efficacy
for inducing Parrestin2 recruitment in cell-based assays. Importantly, in mouse and rat
models, TRV130 has analgesic potencies that are better than that of morphine, yet produces
less gastrointestinal transit delay and has less effect on respiratory parameters than
morphine. TRV130 serves as a proof of concept demonstrating that the effects of an agonist
that does not recruit farrestin2 can recapitulate the behaviors seen in morphine treated mice
that lack Parrestin2 and suggest that development of G protein signaling biased MOR
agonists may be a means to promote opioid analgesia while limiting certain side effects
[25¢°].

The parrestin2-KO mice have also been useful for evaluating serotonin 2A receptors (5-
HT2AR) function in vivo. Activation of 5-HT2ARs in mice produces a characteristic head
twitch response. BArrestin2-KO mice, however, display the response to certain amphetamine
agonists (DOI) and N-methyltryptamines, but not in response to serotonin. Using the mice
and cortical neuron cultures from these animals, serotonin was shown to activate the
receptor leading to assembly of a Parrestin2, Src and Akt complex and the signaling of this
complex was necessary to invoke the head twitch response [26+¢]. In contrast, endogenous
N-methyltryptamines, produced by tryptamines and serotonin methylation by N-methyl-
transferases, lead to head twitch in the absence of Parrestin2 and these signaling events.
Moreover, the N-methyltryptamines neither induce the recruitment of the parrestin2-Src-Akt
complex, nor require their activity to produce a head twitch in vivo. These findings suggest
that 5-HT2ARs signal very differently in response to serotonin versus the metabolites of the
tryptamines, and building on such differences in signaling may be important for directing 5-
HT2AR signaling toward a serotonin-like path.

The dopamine D2 receptor (DAD2R) has been shown to signal via Barrestin2 interactions as
well as through G protein-mediated mechanisms [27,28]. Using the anti-psychotic drug
aripiprazole as a chemistry scaffold, a number of Parrestin-biased agonists were developed.
When tested in mice using a phencyclidine (PCP)-stimulated locomotor activity model for
schizophrenic behaviors, these compounds suppressed the PCP-induced hyperlocomotion in
mice [29¢]. The locomotor-attenuating actions of the Barrestin2-biased DAD2R agonists,
however, were abolished in farrestin2-KO mice suggesting that the Barrestin2 pathway may
be therapeutically valuable for mediating the antipsychotic effects of targeting the DAD2R.

BArrestin2-KO mice have also been used to evaluate the effects of endogenous peptides and
truncated versions of these agonists at the parathyroid hormone receptor (PTHI1R) in
promoting bone formation. Parathyroid hormones act on osteoblast PTH1Rs to modulate
calcium homeostasis and bone remodeling [30]. The endogenous peptide for PTH1Rs,
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hPTH(1-34), behaves as a conventional agonist for both G protein coupling and parrestin
recruitment, whereas another peptide (D-Trp2 Tyr34)-PTH(7-34) was shown to function as
an antagonist for G protein signaling and as an agonist for Barrestin-dependent signaling
cascades [31]. In parrestin2-KO mice, bone formation induced by PTH(1-34) is attenuated
while it is not induced by treatment with the Barrestin-biased agonist PTH(7-34). While both
PTH(1-34) and PTH (7-34) induce bone formation in wild-type mice, PTH (7-34) does so
without producing hypercalcenemia or signs of bone resorption that are seen with PTH(1-
34) administration [32e¢,33].

Specific challenges in studying functional selectivity in vivo

Functional selectivity (or ligand bias) has been repeatedly demonstrated at heterologously
expressed receptors in cell-based assays [34]. The in vitro pharmacological profiles,
however, may not be reliable predictors of the manner in which a ‘biased’ agonist behaves
in vivo as multiple variables can impact on the physiological response resulting from
administration of a drug to an animal. The greatest challenge in evaluating functional
selectivity in vivo is in determining if physiological effects are due to a drug having ligand
bias at a particular receptor or if the differences the drug is producing are due to effects at
other receptors. A schematic outlining of these challenges is presented in Figure 1. In many
cases, apparent functional selectivity may simply be due to differences in agonist
‘selectivity.” In the whole animal, it is often difficult to determine if the response assessed is
due to the agonist per se acting directly at the receptor to engage unique signaling cascades,
or if it is due to the agonist acting at another receptor. If a compound acts at multiple targets
which in turn leads to the release or accumulation of additional neurotransmitters, the
response becomes even more difficult to trace back to the initial drug treatment. This could
be the case for the amphetamines, which act at transporters to raise biogenic amine levels
and also have high affinity for biogenic amine receptors [35,36,37]. If the transporter is
affected, then the levels of neurotransmitters will be modulated and this combined effect
reveals a ‘unique’ behavioral response that is not entirely due to an altered activation of the
receptor that is in question. In an equally complex scenario, the test compound may be
metabolized to derivatives with intrinsic pharmacological profiles of their own, acting in
such a way to generate off-target effects. Or conversely, the alternate targets or metabolites
of the reference compound may contribute to components of the physiological response that
are lost when a surrogate agonist that is more selective or not metabolized in the same
manner as the reference compound is used.

Approaches for evaluating functional selectivity in vivo

Since many of the limitations for evaluating downstream behavioral effects are that the
responses may be due to agonists acting nonselectively, there is a need to minimalize the
potential nonselective variables while maintaining the integrity of the endogenous system.
One manner of approaching this challenge is to begin to break down the system and adopt
isolated tissue preparations and primary cultures. While this approach does not eliminate
selectivity questions entirely, it does greatly narrow the potential for nonspecific
contributions by eliminating liver metabolism and the contribution of multiple sites of action
that may regulate the same response (such as certain brain regions versus the spinal cord, or
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the autonomic nervous system versus the enteric nervous system, for example). The greatest
challenge, however, is to determine the most appropriate biological system to study when
investigating the actions of a biased agonist, as functional selectivity is context specific.
Since a ligand may display bias in one cell type and not another, it is important to utilize a
biological system wherein the receptor’s actions have been highly attributed to the
physiological response observed in vivo. The next challenge come in elucidating receptor-
generated signaling events that are due primarily to the activation of the receptor and not to
downstream or off-target activations.

The most direct way to determine if two agonists differentially act at a receptor would be to
determine structural changes that occur upon receptor binding. Tremendous advances were
made during the crystallization of the $2 adrenergic receptor (32AR) which were assisted by
the development of nanobody-based approaches aided in stabilizing the receptor by
mimicking an active state [38+¢,39]. Nanobodies are single-domain antibodies lacking light
chain that naturally occur in camelid such as llama [40]. While these tools were useful in
studying purified receptor preparations, more recently they have been applied to studying
GPCRs in living cells. In this application, a nanobody (Nb80), was tagged with a green
fluorescence protein (Nb80-GFP) and used as a conformation-specific biosensor of activated
B2AR in live cells [41]. As a powerful tool for differentiating inactive vs. active state
receptors, the labeled-nanobody approach may hold promise for developing new sensors for
determining conformational states of GPCRs in native tissues if the sensor can be introduced
in a manner that does not disrupt the system.

A proximal approach that is currently used to determine if the ligand has a differential effect
on the receptor in question is to track the receptor’s movement. However, the primary
limitation of this approach is that the receptor may not be specifically recognized by the
antibody; further, antibodies that recognize epitopes in the regions that are involved in
binding to signaling and trafficking proteins upon ligand treatment may fail to detect the
relevant population of receptors that are indeed engaging in interactions with those
trafficking proteins. A potential approach for improving receptor trafficking is the
development of knock-in mice expressing fluorescent tags on the receptor behind the
endogenous promoter. Such an approach has been successfully used to visualize delta opioid
receptor internalization in response to agonists [42,43]. After confirming that the agonists to
the DOR mediated the biological effects of interest by showing the effects were absent in the
DOR-KO mice, the investigators showed that two DOR agonists (ADL5747 and ADL5859)
that produce antinociception without inducing hyperlocomotor activity also failed to
promote internalization of the DOR-GFP in neurons (spinal cord, dorsal root ganglion,
striatum and hippocampus). Since this is in contrast to the actions of conventional agonist,
which produces antinociception, hyperlocomotor activity, and internalizes DOR, it is
attractive to conclude that ADL5747 and ADL5859 are biased agonists that activate
pathways leading to antinociception while not activating pathways (involving
internalization) leading to hyperlocomotor activity [43,44,45].

Another early indicator of GPCR activation is receptor phosphorylation. There is significant
evidence that receptor phosphorylation at different sites will direct differential activation of
distinct signaling cascades. In this manner, different agonists might be expected to activate
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different kinases that result in the phosphorylation of the receptor at different sites,
producing a ligand-specific receptor phosphorylation ‘barcode’ [46,47]. These differences in
phosphorylation profiles for the GPCRs may be a key point in delineating functional
scaffolds as this post-translational modification may serve to facilitate or perturb interactions
with neighboring scaffolds. Therefore, the phosphorylation state of a receptor may represent
a reasonably proximal means for assessing differential actions at receptors in an endogenous
setting that could be used to predict downstream changes in the receptor’s function.

Recently, phosphosite-specific antibodies have been developed for detecting phosphorylated
residues serine 363, 375 (Ser363, Ser375) and, threonine 370 (Thr370) on the C-terminal of
MOR [48]. Using these antibodies, Doll et al. found a heirarchical role for agonist-induced
phosphorylation of the MOR, wherein S375 serves as the initial priming phosphorylation
site followed by phosphorylation at T376 and T379. The more phosphorylated the receptor
becomes, the more likely it is to internalize [49]. The researchers found that morphine
induces phosphorylation of S375 but not T370, whereas DAMGO causes the
phosphorylations on both Ser375 and Thr370 with a faster rate at Ser375. Ser375
phosphorylation was sufficient and required for morphine-induced desensitization of MOR
[20]. However, the differences in the phosphorylation ‘barcode’ can produce downstream
consequences (such as internalization) that reflect the nature of the agonist. Some of these
phosphorylation site-directed MOR antibodies have been shown to recognize MOR mouse
tissues and will likely prove useful in determining agonist-directed signaling profiles in the
endogenous setting [50]. The development of phosphorylation state antibodies again
introduces the question of selectivity; however, these limitations may be overcome by the
advances in developing highly sensitive phosphoproteomics methods that can distinguish
receptor active-state specific phosphorylation barcodes. These highly sensitive technologies
may serve as a means to determine differential receptor activity states induced by biased
ligands in the endogenous setting.

The further one gets from the receptor, the more difficult it is to attribute the observed
differences in signaling to the differential occupation of the receptor and not to off-target
effects of the ligand. A proximal approach to detect receptor-mediated signaling
downstream of differential ligand activation would be to trap the specific agonist-induced
receptor-scaffold complex in the absence and presence of ligand and to assess the changes in
complex composition using immunoprecipitation approaches [51]. However, this approach
again relies upon antibody selectivity and recognition and also requires that the composition
of the scaffold during sample preparation remains intact. Further, low numbers of receptors
can make it difficult to isolate sufficient proteins for analysis. However, this is a recurring
and intrinsic problem of studying receptor-mediated signaling events in vivo: it may only
take a few receptors, at the right place and the right time, to induce the physiological effect;
and this paucity of response may be extremely difficult to detect over the noise of the
system.

Moving away from the receptor, one can examine changes in downstream signaling
elements. While this approach introduces the confounding variable of non-selective
stimulation contributing to the responses observed, the signal will, in many cases, be easier
to detect. Moreover, upon identifying changes in proteins that are known to act as GPCR
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scaffolds, the process can serve as a means to evaluate receptor complexes with more
traditional means such as immunoprecipitation of the receptor and validation of the players
in the complex. While this may not necessarily be the most ideal approach, it remains one of
the few ways that such interactions can be investigated in lieu of modifying the signaling
components. Phosphoproteomics has been used to investigate drug-induced changes in
signaling cascades in tissues and primary cultures [52,53]. In conjunction with elaborate
bioinformatics signaling network analysis, mass spectroscopy (phospho)proteomics
approaches may provide a means for comparing the downstream consequences of engaging
diverse signaling pathways. Studies in HEK cells evaluating the angiotensin Ila receptor
demonstrate the bifurcation of downstream signaling when a Barrestin2-biased agonist is
used, demonstrating the potential utility of this approach [54]. The use of
phosphoproteomics has tremendous potential for investigating bias in vivo as well as for
determining physiologically relevant signaling pathways in vivo.

An approach that is perhaps the least proximal to the receptor involves monitoring changes
in mRNA transcription in response to agonist-induced changes. In this case, the assumption
is that the activation of a receptor by a ligand will promote a particular signaling cascade
that will result in a particular pattern of gene responsiveness, or a transcription signature.
This transcriptome approach has been used to dissect signaling mechanisms of functionally
selective ligands of PTH receptor in vivo [55]. Both hPTH(1-34), the conventional agonist
activating both G protein and parrestin signaling cascades, and (D-Trp2 Tyr34)-PTH(7-34),
an Parrestin-signaling biased agonist [32¢¢], promote bone formation in vivo. By comparing
the bone transcriptome profiles in wild-type or Barrestin2-null mice with long-term
treatment with either vehicle, hPTH(1-34), or (D-Trp2,Tyr34)-PTH(7-34), the authors
found signature patterns of gene clusters induced downstream of the Parrestin2-biased
agonist [55,56].

The realization that GPCRs can signal via different pathways that are determined by the
nature of the ligand binding to the receptor unveils a tremendous potential for new
approaches in developing therapeutics at these receptors. On that front, the development of
novel ligands that display functionally selective properties in cell-based assays is proving to
be plausible and proficient. The future challenge, however, is in determining how the
endogenous receptors, in the appropriate location, signal to control particular physiological
responses. As we move forward with comparing agonists in vivo and attempting to attribute
active signaling signatures to ligand-receptor interactions, the value of the classic tools of
pharmacology and physiology will surely become apparent.
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Figure 1.
The schematic depicts the predicted outcome of comparing a conventional drug to a biased

drug in vivo where the conventional agonist promotes ‘Response 1 while this response is
absent when the animal is treated with the biased agonist. To distinguish a biased agonist
from an inactive compound (or antagonist), both agonists should be similarly efficient at
promoting a different response attributable to the receptor’s activation (Response 2). An
example of biased agonism and alternative happenings are presented in the figure. (a) The
depiction of biased agonism wherein the conventional agonist (orange starburst) binds to the
receptor to induce Responses 1 and 2 and the biased agonist (blue star) only engages
signaling at the receptor that leads to Response 2. (b) Alternatively, the ‘biased agonist’
could have activity at another target that opposes the actions it has at the primary target
associated with Response 1. (c) This could also happen if the “biased agonist’ is metabolized
in vivo to form a new compound that does not preserve the pharmacology of the parent
compound (i.e. it could become an antagonist and competitively prevent Response 1.
Moreover, the metabolite could simply be less potent and efficacious than the parent
compound. (d) Additionally, if the ‘biased agonist™ has a different bioavailability profile
than the conventional agonist in vivo, then the lack of its activity in Response 1 could be
attributed to its inability to reach the target receptor that controls the response. In this
example, the ‘biased agonist’” does not cross the blood—brain barrier efficiently and
therefore, cannot reach the target receptor. In the examples of b—d, the ‘biased agonist’
would have non-selective effects rather than be considered functionally selective at the
target GPCR and therefore, not a ‘biased agonist’.
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