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Increasing evidence indicate that GPCR signaling is dictated by the nature of the ligand. In vivo, this
so-called ligand biased agonism can be achieved through binding of various endogenous ligands. In
addition, receptor heteromers formed by physical association of two different GPCRs exhibit distinct
ligand and signaling properties and significantly contribute to biased signaling. Both mechanisms
concur to modulate GPCR activity and subsequent impact on cell physiology.

G protein-coupled receptors (GPCRs) are integral membrane proteins forming the fourth largest
superfamily in the human genome. Many of these receptors play key physiological roles and
several pathologies have been associated with receptor functional abnormalities. GPCRs therefore
represent important goals for drug design in pharmaceutical companies since they constitute the
target of about one third of the drugs currently on the market. However, endogenous GPCRs
are most often difficult to study because of a lack of tools to target them specifically and single
out their response to physiological or drug-elicited stimulations. Hence, studies mostly focused
on recombinant receptors expressed in a variety of cellular models that do not always closely
reflect the receptor natural environment and often deal with levels of expression exceeding by
far physiological ranges. Recent technological developments combining for example genetically
modified animals and advanced imaging approaches have improved our ability to visualize
endogenous GPCRs. To date, trailing receptor activation, subsequent intracellular redistribution,
changes in signaling cascade up to integrated response to a drug-elicited stimulation is at hand
though the impact of a physiological challenge on receptor dynamics remains a major issue.
Data however suggest that the receptor may embrace a different fate depending on the type of
stimulation in particular if sustained or repeated. This suggests that current drugs may only
partially mimic the genuine response of the receptor and may explain, at least in part, their
secondary effects. Commonalities and specificities between physiological and drug-induced
activation can thus represent valuable guidelines for the design of future drugs.

Citation: Massotte, D., ed. (2015). Monitoring Endogenous GPCRs : Lessons for Drug Design.
Lausanne: Frontiers Media. doi: 10.3389/978-2-88919-651-7
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G protein-coupled receptors (GPCRs) are integral membrane proteins forming the fourth largest
superfamily in the human genome. Many of these receptors play key physiological roles and
several pathologies have been associated with receptor functional abnormalities. GPCRs therefore
represent important goals for drug design in pharmaceutical companies since they constitute the
target of about one third of the drugs currently on the market. However, endogenous GPCRs
are most often difficult to study because of a lack of tools to target them specifically and single
out their response to physiological or drug-elicited stimulations. To date, studies mostly focused
on recombinant receptors expressed in a variety of cellular models that do not always closely
reflect the receptor natural environment and often deal with levels of expression exceeding by far
physiological ranges. Recent technological developments have improved our ability to visualize
endogenous GPCRs and to address their signaling properties. Data suggest that the receptor
may embrace a different fate depending on the ligand. This so-called biased signaling is getting
growing importance in the GPCR field. Similarly, increasing attention is given to the concept of
heteromerization that corresponds to the physical association of two receptor types resulting in new
signaling properties. Investigating endogenous receptor activation and subsequent intracellular
redistribution or addressing changes induced by drug-elicited stimulation from molecular and
cellular events to integrated response is thus crucial for the development of new pharmacological
tools and strategies. In this topic, timely overview as well as original reports present new tools,
including genetically modified animals, and techniques available to track expression and signaling
of endogenous GPCRs.

Brogi et al. (2014) review novel approaches in medicinal chemistry for class A GPCRs that all
aim at more efficacy with less side effects. They are ranging from in silico studies for increased
ligand selectivity and affinity to new orientations in ligand development including biased agonists
that favor specific signaling cascades such as G protein or beta-arrestin dependent pathways,
allosteric modulators or bivalent ligands that target heteromers. Thompson et al. (2014) illustrate
the concept of biased agonism at the level of the endogenous somatostatin and opioid systems in
the gut. In the case of opioid receptors, biaised agonism could be achieved through heteromer
formation. In this context, Gonzalez-Maeso (2014) provides a brief overview of the techniques
currently available to establish physical proximity between receptors in vivo, which represents
the first criterion to postulate heteromer formation. In the same line, Gomes et al. (2014)
introduce the generation of heteromer selective antibodies by substractive immunization strategy
and discuss their use to get insight into class A heteromer-specific signaling in vivo. Moving to
genetically modified animals, Ceredig and Massotte (2014) review the contribution of knock-
in mice that express fluorescent proteins to neuroanatomy. The authors highlight the role of
knock-in animals expressing fluorescent receptors for linking receptor trafficking, desensitization
and behavioral output and for mapping receptor neuronal co-expression as a first hint toward
in vivo heteromers. Knock-out animals on the opposite are deficient for a given receptor but
proved powerful to decipher the specific role of a given GPCR in various physiopathological
conditions. This is exemplified by Befort (2015) who reviews the relative contribution
of opioid and cannabinoid receptors and their interactions in the context of reinforcing
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behaviors and discusses the limitations of the approach.
Genetically modified animals are also powerful tools to address
GPCR signaling. As an example, GCaMP transgenic mice
express engineered proteins containing Ca?t binding motifs
within a circularly permutated variant of the green fluorescent
protein that undergo a conformational change upon elevation of
intracellular Ca®*. Partridge (2015) reviews the use of this Ca?*
sensor to monitor in vivo activation of Gq/11 coupled GPCRs
in response to pharmacological stimulation. Alternatively, Bagley
(2014) reports an original study that illustrates the utility
of classical approaches such as electrophysiology as another
powerful tool to identify the specific impact of a given
receptor on neuronal activity. She addresses the identity of
the Gi/o coupled receptor responsible for protein kinase A
(PKA)-dependent increase of the GABA transporter GAT-1 in
the periaqueductal gray, a phenomenon underlying increased
GABAergic neuronal excitability and synaptic GABA release
during opiate withdrawal. Combining perforated patch recording
with selective pharmacological stimulation, Bagley «clearly
demonstrates that PKA dependent increase in GAT 1 is promoted
by opioid receptor activation and not GABAg receptors possibly
due to differential subcellular distribution of the two receptors
within the neuron. Chen et al. (2014) also report a novel approach
to monitor PKA activity in brain tissue by fluorescence lifetime
imaging microscopy (FLIM) using two-photon microscopy using
their newly developed PKA sensor FLIM-AKAR. FLIM-AKAR
can be transfected or virally encoded for in vivo expression.
The latter can be controlled by cre-dependent elements to target
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specific neuronal populations. This sensor reports the balance
of PKA and phosphatase activity with less pH sensitivity and
a broader dynamic range. Moreover, FLIM-AKAR being highly
diffusible enables monitoring of PKA activity in dendritic spines.
Finally, two reviews broach the functional role of endogenous
opioid receptors. Cahill et al. (2014) expand our knowledge of
the role of the kappa opioid receptor and its endogenous ligand
dynorphin. The authors review evidence of the implication of
the kappa-dynorphin system in the negative aspects related to
pain, highlighting possible contribution in the high comorbidity
of mood disorders associated with chronic neuropathic pain.
Allouche et al. (2014) review the various mechanisms by which
opioid receptors desensitize including aspects related to biased
agonism and discuss their impact on the development of opiate
tolerance.

Altogether, the topic covers various conceptual and technical
approaches at the molecular, cellular or integrated level that can
be generalized to challenge the functional role of endogenous
class A GPCRs and to gather critical insight for novel therapeutic
strategies.
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G protein-coupled receptors (GPCRs) are seven integral transmembrane proteins that are
the primary targets of almost 30% of approved drugs and continue to represent a major
focus of pharmaceutical research. All of GPCR targeted medicines were discovered by
classical medicinal chemistry approaches. After the first GPCR crystal structures were
determined, the docking screens using these structures lead to discovery of more novel
and potent ligands. There are over 360 pharmaceutically relevant GPCRs in the human
genome and to date about only 30 of structures have been determined. For these reasons,
computational techniques such as homology modeling and molecular dynamics simulations
have proven their usefulness to explore the structure and function of GPCRs. Furthermore,
structure-based drug design and in silico screening (High Throughput Docking) are still the
most common computational procedures in GPCRs drug discovery. Moreover, ligand-based
methods such as three-dimensional quantitative structure—selectivity relationships, are the
ideal molecular modeling approaches to rationalize the activity of tested GPCR ligands and
identify novel GPCR ligands. In this review, we discuss the most recent advances for the
computational approaches to effectively guide selectivity and affinity of ligands. We also
describe novel approaches in medicinal chemistry, such as the development of biased
agonists, allosteric modulators, and bivalent ligands for class A GPCRs. Furthermore, we
highlight some knockout mice models in discovering biased signaling selectivity.

Keywords: G protein-coupled receptors, GPCR, homology modeling, high throughput docking, biased agonists,

biased signaling, allosteric modulators, bivalent ligands

INTRODUCTION

G protein-coupled receptors (GPCRs) use canonical (G protein-
mediated) and non-canonical (G protein-independent, B-arrestin
dependent) signaling pathways to assert their biological functions
(Luttrell etal., 1999; Beaulieu et al., 2005; Letkowitz and Shenoy,
2005; Abbas and Roth, 2008).

The ligands can bind to receptor either competitively (orthos-
terically) by interacting with the same receptor-binding site as the
endogenous agonist or allosterically by exerting effects through a
distinct binding site. Ligands binding at the orthosteric sites have
been classified as agonists, antagonists, and/or inverse agonists
based on their ability to mainly modulate G protein signaling. The
ligands can directly stabilize the “active” receptor conformations
via a non-standard binding site (known as allosteric agonism) or
modulate the binding of orthosteric ligands (known as allosteric
modulation). Those ligands acting outside the orthosteric hor-
mone binding sites can selectively engage subsets of signaling
responses as “functional selectivity” or “ligand-biased signaling”
(Khoury etal., 2014).

Several studies have shown that multivalent ligands, but not a
monovalent ligands bind to the extracellular domains of receptors
and trigger intracellular signaling by ligand-promoted receptor
clustering (Sigalov, 2012). Ligands can be monovalent or bivalent,

targeting specific GPCR dimers that may provide drugs with
enhanced potency, selectivity, and therapeutic index. Biased lig-
ands at GPCRs preferentially stimulate one intracellular signaling
pathway over another (Violin etal., 2014). This functional selec-
tivity of the ligands is extremely useful for elucidating the signal
transduction pathways for both the therapeutic actions and the
side effects of drugs. There is growing interest in developing biased
GPCR ligands to yield safer, better tolerated, and more effective
drugs.

Here, we discuss the discovery of GPCR ligands includ-
ing biased agonists, allosteric modulators, and bivalent ligands
and biased signaling selectivity for the class A GPCRs focusing
on structure-based drug design (SBDD) and in silico screening
(High Throughput Docking), medicinal chemistry, and genetic
loss-of-function strategies.

STRUCTURE-BASED DRUG DESIGN AND /N SILICO
SCREENING (HIGH THROUGHPUT DOCKING) IN GPCRs DRUG
DISCOVERY

Computational methods represent invaluable tools in medicinal
chemistry, including drug discovery step. Concerning the lig-
and discovery in GPCRs field, different techniques have been
applied for selecting potential and selective chemical derivatives
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that bind to GPCRs (Andrews etal., 2014). Homology modeling
and ligand screening, utilizing structure-, and/or ligand-based
approaches represent the most common approaches to discover
in silico novel ligands. Recently, fragment-based protocols have
also been used. The impact of computational techniques in
GPCR drug discovery has been relevant, due to the extreme
difficulties for obtaining experimental high-resolution structural
information on the active and inactive state of GPCRs. After the
crystallization of the first mammalian GPCR (bovine rhodopsin;
Palczewski etal., 2000; Figure 1), homology-modeling tech-
nique has been extensively adopted to predict structures and
functions of different GPCRs and also to perform in silico
screening.

In fact, sequence analysis suggested that family A GPCRs
share the same arrangement, showing a high sequence similarity
of the seven transmembrane helices, confirming the suitabil-
ity of rhodopsin as a template (Li etal., 2010). During the last
decade, we have seen a dramatic improvement in crystalliza-
tion methods. Indeed, after about 7 years from the first solved
structure of a mammalian GPCR, several three-dimensional struc-
tures have been published. The second crystallized GPCR was
B2-adrenergic receptor (B2AR; Cherezov etal., 2007; Rasmussen
etal.,2007) and then the B; AR (Warne etal., 2008). Subsequently,
an exponential growth of crystallized GPCR structures in the
protein data bank was observed. Actually, the three dimensional
structures available of class A GPCRs comprise: the adenosine
Ajp receptor (Jaakola etal., 2008), the D3 dopamine receptor
(Chien etal., 2010), the chemokine receptors CXCR1 (Park et al.,
2012), CXCR4 (Wu etal.,, 2010), and CCR5 (Tan etal., 2013)
the histamine H; receptor (Shimamura etal., 2011), the sph-
ingosine 1 phosphate receptor (Hanson etal., 2012), the M,
and M3 muscarinic receptors (Haga etal.,, 2012; Kruse etal,
2012), the p, k, and 8 opioid receptors (Manglik etal., 2012;
Wu etal., 2012; Fenalti etal., 2014) as well as the nociceptin

receptor (NOP; Thompson etal., 2012), bovine opsin receptors
(Park etal., 2008; Scheerer etal., 2008), neurotensin receptor
(White etal., 2012), the serotonin 5HT;p and 5HT,p receptors
(Wacker etal., 2013; Wang et al., 2013a), protease-activated recep-
tor 1 (PAR1; Zhang etal., 2012), the smoothened receptor (SMO;
Wang etal., 2013b), and P2Y12 receptor (Zhang etal., 2014). Very
recently, also a crystal structure of class B and C GPCRs such as
glucagon receptor (Siu etal., 2013), corticotropin-releasing fac-
tor 1 (CRF)) receptor (Hollenstein etal., 2013) and metabotropic
glutamate receptor 5 (Dore etal., 2014) respectively, have been
reported.

These achievements are largely attributable to the application
of high-throughput methods for lipidic cubic phase (LCP) crystal-
lography (Cherezov etal., 2004) and protein engineering with the
generation of GPCR-T4 lysozyme (Rosenbaum etal., 2007) and
GPCR-BRIL fusion proteins (Chun et al.,2012). Thermo stabiliza-
tion (Serrano-Vega et al., 2008) methods represent another useful
tool appropriate to GPCRs crystallization. Notably, these tech-
niques can be generally applicable to structurally diverse GPCRs.
Moreover, a relevant number of receptors have been solved with
both bound antagonists and agonists.

The availability of numerous different GPCR templates offers
diverse options in GPCR modeling. In particular, the applica-
tion of multiple templates to the homology modeling protocols
has been demonstrated to improve the reliability of the computa-
tional models including GPCRs (Fernandez-Fuentes etal., 2007;
Mobarec etal., 2009; Sokkar etal., 2011; Cappelli etal., 2013;
Gemma etal., 2014b).

In conclusion, the availability of a relevant number of crys-
tal structures improves results of homology modeling procedures
by using novel methodology such as multiple-templates based
alignment for building the structure of GPCRs as well as the
three-dimensional structure of any type of proteins (Cappelliet al.,
2013; Gemma etal., 2014a; Giovani etal., 2014). Moreover, the

A
EC side
\"]

B VVOOREEEEVYEREEEDEM® N-terminal

EC side

Vil

EC-lI
DBOGS

PESORROSRODOD)

IC side

FIGURE 1 | Structure of rhodopsin. (A) Crystal structure of bovine rhodopsin covalently linked with retinal adapted from PDB file 1F88. (B) Snake-like diagram
for the bovine rhodopsin highlighting extracellular (EC) and intracellular (IC) loops.
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accessibility of GPCR crystal structures unlocked opportunities
to use alternative methods for GPCR drug discovery, mainly
SBDD. SBDD approaches are extensively used in drug discovery
of novel compounds based on three dimensional protein struc-
tures using various computational methods. The impact of GPCR
crystal structures on SBDD has been instantaneous and has led
to the discovery of novel ligands for different GPCRs (Kooistra
etal., 2013). Furthermore, as above mentioned the increase of
GPCR determined structures assures a large number of poten-
tial available templates, guaranteeing an improvement of quality
of GPCR homology models for virtual screening. Indeed, virtual
screening has become a routine tool for selecting putative lead
compounds and identifying potential drug candidates for a given
target (Brogietal.,2009,2011,2013; Castelli et al.,2012). Although
ligand-based methods were found to be useful for structurally
non-characterized targets, high throughput docking is clearly the
most popular approach used in receptor based virtual screening
using both experimental and theoretical sources (Abagyan and
Totrov, 2001). In this review, we will present an overview of the
most relevant structure-based approaches for identifying novel
ligands, targeting allosteric, and/or orthosteric binding sites, for
some of the class A GPCRs.

DRUG DESIGN AND DISCOVERY IN CARDIOVASCULAR DISEASES
B-adrenergic receptors

The selectivity of compounds for B;- and f,-(AR) is an impor-
tant issue to take into account in current adrenoreceptor drug
design. A structure-based design approach using protein-ligand
crystal structures of the B;AR is the first example of GPCR
crystallography with ligands derived from fragment screening.
In fact, the structures of the stabilized B;AR in complex with
two ligands were determined at resolutions of 2.8 and 2.7 A,
respectively (Christopher etal., 2013). A very elegant work has
been recently carried out by Christopher etal. (2013) using
biophysical fragment screening of a thermostabilized B;AR.
They also applied surface plasmon resonance (SPR) to iden-
tify moderate affinity, high ligand efficiency (LE) arylpiperazine
hits. Subsequent hit to lead follow-up confirmed the activity
of the chemotype. Vilar etal. (2010) evaluated the applicabil-
ity of ligand-based and structure-based models to quantitative
affinity predictions and virtual screening for ligands of the
B,AR.

The crystal structure of ;AR has been used by Kolb et al. (2009)
to investigate the advantages and limitations of the structure-based
approach in ligand discovery. The authors docked about 1,000,000
commercially available compounds against the f,AR structure.
Twenty five hits have been selected and submitted to biologi-
cal evaluation. Six compounds were active with binding affinities
<4 wM, with the best molecule that showed a Ki of 9 nM. More-
over, five of these molecules have been found as inverse agonists
(Kolb et al., 2009).

Sabio etal. (2008) and Topiol and Sabio (2008) performed
a high-throughput docking with proprietary and commercial
databases to investigate the usefulness of crystal structure for
discovery of novel chemical classes acting as B,AR inhibitors.
These findings were further validated using X-ray structures of
B2AR/Timolol (Hanson etal., 2008), via in silico high-throughput

docking of proprietary and commercial databases. This study
resulted in the identification of ligands with relevant affinity for
B2AR (Sabio et al., 2008; Topiol and Sabio, 2008).

More recently, Weiss etal. (2013) reported a prospective,
large library virtual screen of 3.4 million molecules, yield-
ing four full agonists and two partial agonists. The explo-
ration of features that confer selectivity to the designed com-
pounds has also been investigated by Xing etal. (2009). The
authors developed a selective pharmacophore model based on
a series of selective B,AR agonists, presenting the first study
using a ligand-based computational approach to generate spe-
cific three-dimensional pharmacophore hypotheses for the f,AR
from its selective agonists. The best pharmacophore hypoth-
esis consisted of five chemical features (one hydrogen-bond
acceptor, one hydrogen-bond donor, two ring aromatic, and
one positive ionizable feature). The result was in accordance
with the reported interactions between the B,AR and agonists.
Interestingly, the pharmacophore hypothesis can perfectly dif-
ferentiate B,-agonists from f;-agonists, providing a valuable
tool for virtual screening to find selective compounds against
B,AR.

Endothelin receptors

In mammals, endothelins (ETs) are potent regulators of vessel
functions involved in the pathophysiology of cancer, congestive
heart failure, cardiovascular, proteinuria, and glomerulosclerosis.
These peptides (ET;_3) exert their biological effects via activa-
tion of four ET receptors, ETy, ETg;, ETpy, and ETc. Activation
of the ETy receptor is associated with pronounced vasoconstric-
tion whereas ETp receptor occupation is linked to vasodilation. In
addition, other subtypes of the ETp receptor exist, one medi-
ating vasodilation (ETp;) and the other eliciting constriction
(ETg2). An additional receptor subtype, ETc, has been identi-
fied although its physiological significance is uncertain (Pollock
etal., 1995)

Funk etal. (2004) applied a pharmacophore model of
endothelin-A (ET,) selective receptor antagonists for screening
a chemical database and identified two structurally novel lead
compounds with satisfactory affinity for ET receptor.

Angiotensin receptors

Angiotensins are oligopeptides that exert their biological actions
through the binding to specific angiotensin receptors (AT, AT»,
AT3, and AT, receptors). It has been demonstrated that these
receptors could be targeted for developing novel effective drugs for
the treatment of hypertension, cardiovascular disorders, diabetic
nephropathy, atherosclerosis (Goodfriend etal., 1996).

A series of symmetrically bis-substituted imidazole analogs
has been designed based on docking studies, utilizing for the
first time an extra hydrophobic binding cleft of the modeled
AT receptor (Agelis etal., 2013). Four of the synthesized com-
pounds showed high binding affinity to the AT receptor and high
antagonistic activity (potency) similar or even superior to that of
Losartan.

In an attempt to identify new AT| receptor antagonists Pal
and Paliwal (2012) developed a pharmacophore-based virtual
screening protocol, which led to the identification of two active
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AT receptor antagonists with diverse structures (Pal and Paliwal,
2012).

DRUG DESIGN AND DISCOVERY IN NEUROLOGICAL DISORDERS AND
PAIN

Dopamine receptors

Dopamine exerts its function via five different receptors (D, D5,
D3, Dy, and Ds receptors). This system plays a pivotal role in cen-
tral nervous system and has been demonstrated to be involved in
a series of neurological and psychiatric diseases such as Parkin-
son’s disease, schizophrenia, bipolar disorder, drug addiction,
and Huntington’s disease (Pivonello etal., 2007; Beaulieu and
Gainetdinov, 2011). The discovery of ligands able to modulate
the dopaminergic system remains challenging and a lot of compu-
tational efforts were carried out for selecting potent and selective
ligands.

In 2010, the crystal structure of D3 receptor was solved, which
definitely confirmed the utility of homology models in GPCRs
drug discovery (Chien etal., 2010). Indeed, Carlsson etal. (2011)
docked over 3.3 million molecules against a homology model,
and 26 of the highest ranking were tested for binding. Six had
affinities ranging from 0.2 to 3.1 wM. Subsequently, the crystal
structure was used and the docking screen repeated. Of the 25
compounds selected, five showed affinities ranging from 0.3 to
3.0 wM. One of the new ligands from the homology model screen
was optimized reaching an affinity to 81 nM. The paper clearly
demonstrated the feasibility of high throughput docking using
modeled GPCRes.

The solved crystal structure of D3 receptor with a D,/D3
selective antagonist provides an opportunity to identify subtle
structural differences between closely related GPCRs that can
be exploited for novel drug design. In an elegant work Lane
etal. (2013) performed virtual screening for orthosteric and
putative allosteric ligands of D3 receptor using two optimized
crystal-structure-based models. The authors employed in the
computational protocol a receptor with an empty binding pocket
(D3 receptor-APO), and a receptor in complex with dopamine
(D3 receptor-Dopa). Potential hits retrieved by using the two
models were submitted to biological evaluation and functional
characterization. Pharmacological studies showed 14 novel ligands
with a binding affinity better than 10 wM in the D3 receptor-
APO candidate list (56% hit rate), and eight novel ligands in
the D3 receptor-Dopa list (32% hit rate). Most ligands in the
D3 receptor-APO model spanned both orthosteric and extended
pockets and behaved as antagonists at D3 receptor. Among the
identified ligands, one compound showed the highest potency
of dopamine inhibition (ICsp = 7 nM). In contrast, compounds
identified by the D3 receptor-Dopa model were predicted to bind
an allosteric site at the extracellular extension of the pocket.
Such compounds showed a variety of functional activity pro-
files. In fact, at least two compounds were non-competitive
allosteric modulator of dopamine signaling in the extracellular
signal-regulated kinase and B-arrestin recruitment assays. The
high affinity and LE of the chemically diverse hits identified in this
mentioned study evidently demonstrated the utility of structure-
based screening in targeting allosteric sites of GPCRs (Lane etal.,
2013).

Very recently, Vass et al. (2014) reported a prospective structure
based virtual fragment screening on D3 and the Hy receptors.
Representative receptor conformations for ensemble docking were
obtained from molecular dynamics (MD) trajectories. Biological
evaluation confirmed hit rates ranged from 16 to 32%. Hits had
high LE values in the range of 0.31-0.74 and also acceptable
lipophilic efficiency, demonstrating that the X-ray structure, the
homology model, and structural ensembles were all found suit-
able for docking based virtual screening of fragments against these
GPCRs.

Muscarinic receptors

The muscarinic acetylcholine receptors (M;—Ms) are promising
targets for the treatment of chronic obstructive pulmonary disease,
urinary incontinence, and diabetes. Unfortunately, the lack of sub-
type specificity has remained a major obstacle to develop clinically
useful muscarinic ligands. Very recently, Kruse etal. (2013) used
the crystal structure of the M, and M3 receptors as a template to
identify, by means of structure-based docking, novel muscarinic
ligands. Interestingly, one compound was a partial agonist at the
M3 receptor without measurable M, agonism that was able to
stimulate insulin release from a mouse B-cell line (Kruse etal.,
2013).

Cannabinoid (CB) receptors

The cannabinoid 1 receptor (CB1 receptor) and the cannabi-
noid 2 receptor (CB2 receptor) are members of the GPCR family
(Matsuda etal., 1990). Agonists of both cannabinoid receptor
subtypes produce strong antinociceptive effects in animal mod-
els of chronic, neuropathic, and inflammatory pain and are
intensively investigated as potential new analgesic and antiinflam-
matory agents. CB1 antagonists are clinically established to be
effective in treating obesity, obesity-related cardio-metabolic dis-
orders, and substance abuse, but there are currently no marketed
CBI antagonists. The relevance of CB2-mediated therapeutics is
well established in the treatment of pain, neurodegenerative, and
gastrointestinal tract disorders (Di Marzo, 2008; Brogi etal., 2011;
Pasquini et al., 2012).

Pandey etal. (2014) used homology model and high through-
put docking to discover new chemical classes of CB1 antagonists
that may serve as starting point for drug development. The
authors developed and validated a homology model of CB1 based
on a bovine rhodopsin template, which led to the discovery of
seven compounds with an inhibitory potency >50% at 10 uM
(Pandey etal., 2014). Wang etal. (2008) identified a novel class
of azetidinones as CB1 antagonists by also using virtual screen-
ing methods. Meng etal. (2010) reported the identification of the
benzhydrylpiperazine scaffold as a potential scaffold to develop
novel CB1 receptor modulators using a privileged structure-based
approach. The authors identified a highly potent and selective
CB1 receptor inverse agonist that was able to reduce body weight
in diet-induced obese Sprague—Dawley rats.

A recent work carried out by Renault etal. (2013) highlighted
the importance related to crystallization of class-A GPCRs in a
range of active states, identifying specific anchoring sites for CB2
agonists retrieved in an agonist-bound homology model of CB2
receptor. Docking-scoring enrichment tests of a high-throughput
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virtual screening of 140 compounds led to 13 hits within the pM
affinity range. Interestingly, a relevant number of selected hits
behaved as CB2 agonists, among them two novel unrelated full
agonists were identified. Notably, the exclusive discovery of ago-
nists illustrated the reliability of this agonist-bound state model
in the discovery of GPCR ligands with desired behavior (Renault
etal., 2013).

Recently, some of us described a three-dimensional quan-
titative structure-selectivity relationships (3D-QSSR) study for
selectivity of a series of structurally diverse ligands character-
ized by a wide range of selectivity index values for cannabinoid
CB1 and CB2 receptors (Brogi etal., 2011). 3D-QSSR explo-
rations were expected to provide design information for the design
of selective CB2 ligands. The computational model proved to
be predictive, with 7> of 0.95 and Q> of 0.63. In order to get
prospective experimental validation, the selectivity of an external
data set of 39 compounds reported in the literature was pre-
dicted by means of 3D-QSSR model (r> = 0.56). Subsequently,
a quinolone derivative predicted to be a selective CB2 ligand
was synthesized and found to be an extremely selective CB2 lig-
and displaying high CB2 affinity (Ki = 4.9 nM), while being
devoid of CB1 affinity (Ki > 10,000 nM). This finding confirmed
that the ligand-based tool represent a valuable complementary
approach to docking studies performed on homology models of
GPCRs.

Opioid receptors

Opioids are key medications for the treatment of pain.The
p-opioid receptors (MORs), 3-opioid receptors (DORs), k-opioid
receptors (KORs), and nociceptin-opioid receptor (NOP) have
been isolated and cloned. The receptors were found through-
out the peripheral and central nervous system. Their important
role in mediating pain, drug addiction, and depression has been
established. Very recently crystal structures of all classes of opi-
oid receptor have been solved (Granier etal., 2012; Manglik et al.,
2012; Thompson etal., 2012; Wu etal., 2012; Fenalti etal., 2014).
Below is reported one of the first computational efforts using the
crystal structure of the KOR.

Negri etal. (2013) applied a structure-based computational
protocol using the crystal structure of KOR receptor, discovering
a selective novel KOR agonist, exhibiting analgesic effects with-
out activating reward pathways. Remarkably, the novel derivatives
have been identified as novel pharmacological tools to study the
involvement of KOR in the etiology of drug addiction, depression,
and pain (Negri etal., 2013).

ALLOSTERIC MODULATORS AND BIVALENT LIGANDS
ALLOSTERIC MODULATORS

The binding site of the endogenous agonist is qualified as orthos-
teric. In general, antagonists, and inverse agonists typically occupy
also this site, which is usually buried at the core of the receptor
or located at its extracellular N-terminal end. In addition, exist
allosteric sites that bind synthetic drugs or endogenous mineral
cations, such as sodium, calcium, zinc, and magnesium, which can
also modulate the activity of the receptor (Christopoulos, 2002).
More specifically, allosteric ligands may promote or reduce the
binding of orthosteric ligands. Their effects on receptor activation

could be in a positive, negative, or neutral manner. Allosteric
modulators offer several advantages over classical approaches.
Allosteric modulator can modulate affinity via conformational
coupling between the orthosteric and allosteric binding sites or
modulate efficacity by altering the functional response of the
receptor to orthosteric ligand binding. These mechanisms can be
dominant for a particular allosteric drug candidate and have signif-
icant value in the drug development process. Allosteric modulators
can have a chemical structure unrelated to that of competitive ago-
nist or antagonist drugs, offering a novel class of small molecule
drug candidates.

The orthosteric binding sites within A class GPCR family are
highly conserved due to the evolutionary pressure to retain amino
acid sequences necessary for binding of the endogenous ligand.
In contrast, allosteric modulator binding sites have much greater
structural diversity than endogenous ligand binding sites, display-
ing a very high selectivity for a receptor subtype (Mohr etal,
2013).

Negative allosteric modulators (NAMs) bind at the allosteric
binding site to inhibit the efficacy or affinity to the orthosteric
binding site of the agonists while they have no intrinsic agonist
efficacy. Two mechanisms can be invoked: the NAMs may stabilize
an inactive conformation of the receptor that lowers the affinity of
the agonists, or alternatively they raise the energy barrier necessary
to activate the receptor activation, which diminishes the intensity
of the output response (Figure 2, Burford etal., 2011).

On the very opposite, the binding of positive allosteric modu-
lators (PAMs) to their allosteric binding site promotes the binding
of the agonists at the orthosteric site or lower the barrier of energy
involved in the shift to the active conformation of the receptor
(Burford etal., 2011). The major drawback with this class of
drugs is that they do not display any pharmacological effect in
the absence of the endogenous (or exogenous) orthosteric ago-
nist. Hence, a PAM in combination with an orthosteric agonist
can increase the efficacy of the orthosteric compound. The PAM
can allow a decrease in the dose administered, thereby improving
the overall side-effect profile (Figure 2).

Silent allosteric modulators (SAMs) are neutral allosteric lig-
ands. They have no effect on orthosteric agonist affinity or efficacy.
However, SAMs can act as competitive antagonists at the same
allosteric site, blocking PAM or NAM activity. SAMs can be
effective tools to show that presumed PAM or NAM effects are
receptor-mediated (Burford etal., 2013).

Interestingly, minor structural modifications are sufficient
to transform a NAM into a PAM. Such a subtle effect have
not been reported yet with class A GPCRs, even though it is
likely that it will be found in a close future, due to the grow-
ing importance of this field of research. A striking example of
this phenomenon concerns allosteric ligands of metabotropic
glutamate receptors (mGluR5), class C family of the GPCRs,
(Figure 2). While compound 1 is a partial NAM that only par-
tially block mGluR5 signaling, introduction of a mere methyl can
convert this compound to a full NAM or PAM (Williams etal.,
2010).

Already two NAMs and one PAM have been approved for
clinical use: Maraviroc (Celsentry), plerixafor (Mozobil), and
Cinacalcet (Mimpara; Figure 3). Maraviroc is a high-affinity
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FIGURE 2 | Functional responses of allosteric modulators. Positive and negative allosteric modulators (positive allosteric modulators and negative allosteric
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FIGURE 3 | Selected examples of mGIuR5 allosteric ligands illustrating
how a minimal structural variation can deeply affect the allosteric
profile.

NAM of the CCR5 receptor that blocks the interaction of
the HIV-glycoprotein 120 with this receptor (Fatkenheuer etal.,
2005). It was approved in 2007 for the treatment of HIV in
combination with antiretroviral agents. Plerixafor is a NAM of
the chemokine receptor CXCR4. This medicine is used to pro-
mote the release stem cells into the bloodstream after autologous
stem cell transplantation (Scholten etal., 2012).

Cinacalcet is a PAM of the calcium-sensing receptor (CaSR)
of parathyroid hormone (PTH) producing cells. In a feedback
mechanism, activation of CaSR by cinacalcet inhibits PTH release.

This medicine was approved in 2004 for the treatment of secondary
hyperparathyroidism in patients with chronic kidney disease on
dialysis, and hypercalcaemia in patients with parathyroid cancer
(Torres, 2006).

MONOVALENT LIGANDS SPECIFIC FOR GPCR HETERODIMERS

It is now well established that GPCRs may form homodimers, het-
erodimers, or oligomers. Even though their physiological function
is not fully apprehended, these dimerizations and oligomeriza-
tions have major repercussions on ligand binding, activation
of signaling pathways and cellular trafficking. Therefore, tar-
geting specific GPCR dimers may provide drugs with enhanced
potency, selectivity, and therapeutic index. Two types of such
drugs that are specific for a specific GPCR dimer have been
described (Figure 4). The first type concerns monovalent drugs,
such as 6’-guanidinonaltrindole (6'GNTI), NNTA or SKF83959,
that bind to only one receptor at a time. The second one con-
cerns bivalent drugs that bind to two receptors at the same time
(Figures 4 and 5).

Waldhoer etal. (2005) found that 6’-GNTI behaves as an
extremely potent agonist in cells expressing both DORs and MORs
and established that this drug selectively activates the SOR-kOR
heterodimer (Waldhoer etal., 2005). In vivo, 6/-GNTI induces
a potent analgesia when administered intrathecally. This SOR—
kKOR heterodimer was found to be expressed in a tissue selective
fashion suggesting that such a drug may induce less side effects
than classical OR agonists. Similarly, NNTA selectively activates

FIGURE 4 | Structure of approved allosteric modulators.
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FIGURE 5 | Binding mode of monovalent, bitopic orthosteric/allosteric, and bivalent orthosteric/allosteric ligands of GPCRs.

bivalent orthosteric/orthosteric ligand

the pOR—kOR heterodimer to induce a potent antinociceptive
response devoid of physical dependence in mice (Yekkirala etal.,
2011).

Another interesting example is provided by SKF83959 that
selectively targets the D;—-D, dopaminergic heterodimer to
increase intracellular calcium levels through activation of Gg/11
(Rashid etal., 2007). Interestingly, this drug does not activate
adenylyl cyclase, which is normally induced by the signaling of
D; or D, receptors.

BIVALENT LIGANDS

Different domains of GPCRs such as intracellular loops (ICL),
extracellular loops (ECL), and transmembrane domains (TM)
are known to participate in ligand recognition and receptor
dimerization. Many GPCRs can form oligomers with conforma-
tional rearrangements of the receptors that impact their signaling
(Percherancier et al., 2005).

Bivalent ligands are composed of two pharmacophoric units
connected through a linker (while monovalent drugs encom-
pass only one pharmacophoric unit). The pharmacophores may
be identical (and in that case, the ligand is termed as homo-
bivalent) or different in the case of heterobivalent ligands.
These pharmacophoric units may either bind to the orthos-
teric site and an allosteric site within the same receptor or to
two orthosteric binding sites located on two different receptors
(Figure 6).

Often the large size and molecular weight of bivalent ligands
severely reduce their bioavailability and hinder their use in in vivo
studies. However, these limitations are not irretrievable and few
bivalent ligands have shown interesting in vivo pharmacologi-
cal activities, even though none of them entered a clinical trial
(Figure 7).

Portoghese and colleagues have conjugated a | agonist
(oxymorphone) to a § antagonist of opioids receptors (naltrindole)
through a 21-atom linker (Daniels et al., 2005). The resulting com-
pound, MDAN-21, was able to cross the blood brain barrier to
induce antinociception. Impressively, this drug was 50 times more
potent than morphine, and did not induce tolerance or physical
dependence after chronic treatment.

In another example, Halazy and colleagues dimerized a 5-HT 5
agonist, sumatriptan, through a linker to obtain an orally
active drug that induced a stronger hypothermia than suma-
triptan itself (Perez etal., 1998). It is remarkable that such a
drug could cross the blood-brain barrier in spite of its elevated
molecular weight, polar surface area, and number of hydrogen-
bond donors, suggesting that an active transport is probably
involved.

SR141716 is another interesting bivalent drug that combines
two units of a cannabinoid CB1 receptor antagonist/inverse
agonist (Zhang etal., 2010). This compound was found to effi-
ciently cross the blood—brain barrier to inhibit the antinociceptive
effects of a cannabinoid agonist.

6'GNTI

FIGURE 6 | Structure of monovalent drugs acting on GPCR dimers.
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FIGURE 7 | Structure of bivalent ligands that display in vivo pharmacological activities.

VCP171

Very recently, Christopoulos and colleagues conjugated
adenosine to VCP171, a PAM of the adenosine A1 receptor (AjzR;
Valantetal., 2014). The obtained compound, called VCP746 binds
to both the orthosteric and allosteric sites and behaves as a biased
agonist (Figure 7). Importantly, it protects in vitro cardiomy-
oblasts and cardiomyocytes against simulated ischemia, but in
contrast to classical AjoR agonists it does not perturb rat atrial
heart rate in vivo.

BIASED-SIGNALING SELECTIVITY

G protein-coupled receptors ligands are described by their efficacy
(agonist, antagonist, partial agonist, or inverse agonist) and target
(receptor type and subtype). Recently, great attention has been
devoted to functional selectivity of GPCR ligands for the develop-
ment of better therapeutic drugs with potentially fewer off-target
and/or side effects. Ligand bias has been described based on their

functional selectivity that preferentially signal through either G
protein- or B-arrestin-mediated pathways.

Allosteric ligands can induce biased G protein signaling, thus
representing interesting opportunities for drug discovery. More-
over, biasing B-arrestin-dependent signaling has also been shown
to be potentially beneficial in heart diseases.

To delineate the contributions of G proteins and B-arrestins
to GPCR function several approaches have been used including
targeted genetic deletion of GRKs or B-arrestins, RNA silenc-
ing of G protein and B-arrestin, and small-molecule inhibitors
of specific signal transduction pathways (DeWire etal., 2007).
An important approach to investigate whether GPCR ligands
are G protein-biased or B-arrestin-biased agonists is the use of
B-arrestin knockout mice (Rominger etal., 2014). Indeed, the
recapitulation of improved pharmacology in B-arrestin KO mice
by a ligand demonstrates that this ligand is a G-protein biased
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ligand and may be particularly sensitive to the acute desensitization
effects of B-arrestin. Inversely, minor pharmacological effects in
B-arrestin KO mice indicate that B-arrestin is required for the
specific intracellular signaling pathways of these B-arrestin-biased
ligands.

Biased ligands that selectively activate B-arrestin signaling
pathways over Gq Gj and Gs-coupled GPCRs have already been
reported (Violin and Lefkowitz, 2007; Gesty-Palmer etal., 2009).
Biased signaling can also results from mutation of receptors (Leach
etal,, 2012; Sbai etal., 2014; Figure 8).

Another advanced approach is receptor activated solely by syn-
thetic ligand” (RASSLs). The chemical genetic approach involves
the expression of a mutant form that can be activated by syn-
thetic drugs but not by the endogenous ligands. For example
a specifically mutated muscarinic receptor can be activated by
clozapine-N-oxide (CNO), but not by acetylcholine (Armbruster
etal., 2007). This approach has been utilized to determine GPCR
signaling pathways important in B-islet function (Guettier etal.,
2009), neuronal networks involved in neurological responses such
as locomotion learning and memory (Garner etal., 2012), limbic
seizures, and metabolism (Kong etal., 2012).

G PROTEIN-BIASED MORPHINE .-OPI0ID RECEPTOR (MOR) LIGANDS
Both MOR and DOR are involved in analgesic effect of opi-
oids. Thermal nociception is primarily modulated by MORs
while mechanical nociception is primarily mediated by DOR
(Scherrer etal., 2009), suggesting that these receptors are
expressed in distinct circuits. Opioids cause postoperative nau-
sea and vomiting, constipation, and sedation, giving significant
patient discomfort, and can prolong hospital stay (Anastas-
sopoulos etal., 2011). The respiratory suppression also limits
opioid dosing, leaving many patients in pain during recupera-
tion (Dahan, 2007). The classical | opioid morphine increases
efficacy and duration of analgesic response with reduced gas-
trointestinal dysfunction, and less respiratory suppression in
B-arrestin-2 knockout mice compared to wild-type mice. This
data clearly suggested that G protein-biased MOR agonists
would be more efficacious with reduced adverse than current
opioids.

The G protein-biased MOR agonist TRV130 has robust G
protein signaling, with less B-arrestin recruitment and receptor
internalization. TRV130 increases analgesia with reduced CNS
depression and reduced gastrointestinal dysfunction compared
with morphine. Thus TRV130 may provide a marked improve-
ment over current opioids in postoperative care. It also holds great
promise for chronic pain management, where constipation is a
severe and often dose-limiting adverse event. TRV130 has been
currently evaluated in human clinical trials for the treatment of
acute severe pain (Chen etal., 2013). TRV130 displays broad dose
margins between MOR-mediated pharmacology and intolerance
in healthy volunteers (Soergel etal., 2014).

Similarly, a B-arrestin—-MAPK pathway mediates stress and
aversion-associated effects of kappa opioid receptor agonists, sug-
gesting that biased kappa opioid ligands could provide analgesia
without the dysphoric effects associated with classic kappa opioid
agonists (Bruchas etal., 2010).

B-ARRESTIN-BIASED DOPAMINE D; LIGANDS

Dopamine plays a major role in reward-motivated behavior and
motor control. The physiological actions of dopamine are medi-
ated by five distinct but closely related GPCRs that are divided
into two major groups: the D; and D, classes of dopamine
receptors (Vallone etal., 2000). This classification is generally
based on the original biochemical observations showing that
dopamine is able to modulate adenylyl cyclase (AC) activity.
Non-canonical modes of dopamine D, receptor (D,R) sig-
naling via P-arrestin is important for the therapeutic actions
of both antipsychotic and antimanic agents. Aripiprazole, a
FDA-approved atypical antipsychotic drug, was one of the first
functionally selective D,R ligands identified (Urban etal., 2007;
Mailman and Murthy, 2010). However, aripiprazole could behave
as a full agonist, a partial agonist, or an antagonist at DR
depending on the cell type (Shapiro etal., 2003; Urban etal,
2007).

It was found that the antipsychotic action of an aripiprazole
analog, UNC9975, was attenuated in the B-arrestin-2 knockout
mice. UNC9975 also represents unprecedented f-arrestin—biased
ligands for a Gj-coupled GPCR. Significantly, UNC9975 is an
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FIGURE 8 | Signaling of biased agonists. G-protein biased agonists preferentially activate G-protein signaling. p-arrestin biased agonists activate p-arrestin
signaling, and mutation mediated biased signaling may modify the G protein coupling.
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antagonist of Gj-regulated cAMP production and partial ago-
nist for D,R/B-arrestin-2 interactions. Importantly, UNC9975
displayed potent antipsychotic-like activity without inducing
motoric side effects in vivo (Masri etal., 2008). This B-arrestin—
biased ligand shows a potent ability to suppress both d-
amphetamine and phencyclidine-induced hyper locomotion in
mice, indicating that it possesses antipsychotic activities in vivo.
B-arrestin—biased ligands induce a lack of internalization. Thus,
we can assume that drugs that induce internalization would ulti-
mately foster tachyphylaxis and receptor down-regulation (Allen
and Roth, 2011).

MISSENSE MUTATION GPCR LEADING BIASED SIGNALING IN
DISEASES

Many biased signaling are due to the ligand (Whalen etal., 2011),
but few examples of biased signaling induced by a mutation of
receptors have also been reported (Rajagopal etal., 2010).

A natural mutation leading to biased signaling has been iden-
tified in the thyroid stimulating hormone (TSH) receptor gene.
The mutant TSH receptor still couples to G5 and activates cAMP
but completely loses G4-mediated inositol phosphate production.
This mutation on TSH receptor causes euthyroid hyperthy-
rotropinemia with increased radioiodine uptake (Grasberger et al.,
2007).

Another example is the natural mutations in the human cal-
cium sensing receptor that activate both G4-dependent production
of inositol phosphate and the G4- and G;/,-dependent phospho-
rylation of ERK (Leach etal., 2012; Nygaard etal., 2013). It is
generally assumed that biased signaling is an intrinsic property
of a given ligand-GPCR complex, whereby a GPCR exists in sev-
eral conformations, each of which is preferentially stabilized and
activated by selective ligands (Nygaard etal., 2013). Likewise, the
mutations leading to biased signaling are supposed to affect the
equilibrium between the different receptor conformations.

The mutations in the GPCRs can lead to biased downstream
signaling and may induce pathogenic and, in some cases, protective
roles.

Prokineticins are anorexigenic and angiogenic hormones
that couple to two GPCRs, PKR1, and PKR2 (Nebigil, 2009;
Dormishian etal., 2013; Szatkowski etal., 2013). Mutations in
the prokineticin receptor 2 (PKR2) have been found in 10%
of patients with Kallmann syndrome that is characterized by
hypogonadotropic hypogonadism. To date, 21 missense mutations
of PKR2 have been identified in Kallmann syndrome patients.
Some of these mutations are related with the Gg-dependent
signaling pathway (Sinisi etal., 2008; Abreu etal., 2012; Sbai
etal., 2014). However, certain mutations on this receptor affect
B-arrestin recruitment (R80C) or the G4 and G signaling pathways
(R164Q) with normal G signaling. The G4-dependent signal-
ing defect of the R164Q receptor makes this mutation most
likely pathogenic. The mutation R268C affecting a residue in
the third intracellular loop of the receptor selectively impairs
Gj/o-dependent signaling of the receptor and is considered non-
pathogenic (Sbai etal., 2014). It remains unclear whether the
B-arrestin-dependent signaling defect for the R80C mutation
on PKR2 has a pathogenic effect with respect to Kallmann
syndrome.

BIASED LIGANDS IN DISEASES

Two GPCRs, the angiotensin IT (AnglI) type 1 receptor (AT R) and
the B-ARs are targets of widely used cardiovascular drugs. They
are now potential therapeutic targets for biased ligands (DeWire
and Violin, 2011).

The peptide hormone angiotensin II (Angll) is a vaso-
pressor that regulates salt and fluid homeostasis, modulating
vasoconstriction, and aldosterone secretion, as well as thirst
and inflammation (Benigni etal., 2010). Angiotensin-converting
enzyme inhibitors that lower Angll levels and angiotensin recep-
tor blockers are widely used in treating hypertension and other
cardiovascular diseases. The AT R couples primarily to Ggq
signaling, leading to phosphatidylinositol bisphosphate hydrol-
ysis, generating diacylglycerol, mobilizing calcium, and acti-
vating signaling enzymes such as protein kinase C. ATR is
also involved in P-arrestin—dependent signals, activation of
epidermal growth factor receptor transactivation, Src, and
JAK/STAT (Saito and Berk, 2001; Wei etal., 2003; Oliveira
etal., 2007). One body of evidence for distinct AT|R signaling
came from receptor mutagenesis. AT R effects can be divided
into distinct G-protein—dependent and G-protein—independent
signals in vivo. Reduction or elimination of B-arrestin-1 or f-
arrestin-2 expression with siRNA in vitro or genetic deletion
in vivo showed that cardioprotective effect of AT|R is medi-
ated by B-arrestin-2 signaling. TRV120027, a selective and
B-arrestin—biased AT{R ligand blocks Angll-dependent hyper-
tension while increasing cardiomyocyte contractility, promoting
cytoprotective, or antiapoptotic signals and preserving kid-
ney function to provide a great benefit in acute heart fail-
ure (Monasky etal., 2013). TRV120027 is now in clinical
trials for the treatment of acute heart failure (Soergel etal,
2014).

Endothelins play a key role in vascular homeostasis. ETs and
AT receptor antagonists both lower blood pressure in hyperten-
sive patients. Accordingly, a dual ET and AT receptor antagonist
may be more efficacious antihypertensive drug than current
medicines.

Epinephrine binds to cardiac ;AR and stimulates inotropy
through G-protein signals, resulting in increased heart rate,
blood pressure, and metabolic stress, promoting cardiomyocyte
apoptosis. Several studies demonstrated that B;AR G-protein
and B-arrestin pathways normally strike a balance between
apoptosis associated with prolonged inotropy and counteract-
ing cardioprotection. When this balance is disrupted in the
absence of P-arrestin signaling, apoptosis increases and car-
diac function decreases. Activation of B-arrestin scaffolded
calcium/calmodulin-dependent kinase II by the B;AR requires
cAMP, thus the net effect of a B-arrestin—biased ligand is cardio-
protective.

A biased ligand for B;AR, carvedilol activates the cardio-
protective p-arrestin—mediated epidermal growth factor receptor
transactivation-signaling pathway. Carvedilol has shown poten-
tially superior clinical efficacy over other p-blockers in terms
of cardiovascular events after myocardial infarction (Kopecky,
2006) and perhaps mortality (Poole-Wilson etal., 2003). The
contributions of function of GRK/B-arrestin to the clinical efficacy
of carvedilol remain unclear.
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Collectively, substantial data suggest that biased ligands
will have distinct and perhaps more beneficial effects than
unbiased agonists. Biased signaling is proposed to be useful in
several diseases, including heart failure (B-ARs), hypertension
(a-ARs), neuropsychiatric and/or neurodegenerative disorders
(histamine H; receptors), schizophrenia, Parkinson’s disease
(dopamine receptors), psychosis and depression (serotonin recep-
tors), hypothyroidism (TSH receptor), hyperlipidemia (nicotinic
acid receptor), diabetes (GLP1). However, it is possible that biased
signaling could be associated with undesirable side effects and even
contribute to disease. For example, the bacterium Neisseria menin-
gitidis interacts in a biased and allosteric manner with the f,AR
to initiate signaling cascades that facilitate meningeal colonization
(Brissac etal., 2012).

CONCLUSION

A substantial increase in our understanding of GPCR pharmacol-
ogy has provided an array of ligands that target both orthosteric
and allosteric sites of GPCRs as well as ligands that have prop-
erties of bias stimuli. The recent identification of a PAM and
NAM binding site, together with the synthesis of in vivo effec-
tive ligands, represents a novel, and likely more favorable, option
for pharmacological manipulations of the GPCRs. Biased ligands
offer safer, better-tolerated, and more efficacious drugs. However,
in some cases a path to successful drug development for targets that
have been abandoned because of on-target adverse pharmacology
in the clinical proof-of-concept studies due to additional recep-
tor signaling and regulatory mechanisms rather than p-arrestin
pathway.

The complexity of GPCR signaling requires a synergistic role
for experimental and computational methods in producing novel
therapeutics with maximal clinical efficacy and lowest toxicity.
Combining computational methods with sophisticated transgenic
and chemical genetic animal models, the next generation of GPCR
ligands will unquestionably employ rational design principles to
deliver GPCR ligands with minimal side-effects.
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This review focuses on the existence and function of multiple endogenous agonists
of the somatostatin and opioid receptors with an emphasis on their expression in the
gastrointestinal tract. These agonists generally arise from the proteolytic cleavage of
prepropeptides during peptide maturation or from degradation of peptides by extracellular
or intracellular endopeptidases. In other examples, endogenous peptide agonists for the
same G protein-coupled receptors can be products of distinct genes but contain high
sequence homology. This apparent biological redundancy has recently been challenged
by the realization that different ligands may engender distinct receptor conformations
linked to different intracellular signaling profiles and, as such the existence of distinct
ligands may underlie mechanisms to finely tune physiological responses. \We propose that
further characterization of signaling pathways activated by these endogenous ligands will
provide invaluable insight into the mechanisms governing biased agonism. Moreover, these
ligands may prove useful in the design of novel therapeutic tools to target distinct signaling
pathways, thereby favoring desirable effects and limiting detrimental on-target effects.
Finally we will discuss the limitations of this area of research and we will highlight the
difficulties that need to be addressed when examining endogenous bias in tissues and in
animals.

Keywords: biased agonism, enteric nervous system, G protein-coupled receptor, somatostatin, somatostatin

receptor, opioid, opioid receptor

ENDOGENOUS BIASED AGONISM

The last decade has witnessed the experimental confirmation of
previous theoretical concepts demonstrating that GPCRs exist
in many temporally related micro-conformations (Deupi and
Kobilka, 2010). Mechanistically, this inherent plasticity is in line
with recent biophysical studies indicating that GPCRs can adopt
multiple active states that can be differentially stabilized by chem-
ically distinct classes of ligands (Hofmann etal., 2009; Bokoch
etal., 2010). Such plasticity allows GPCRs to mediate a spectrum
of acute signaling and longer-term regulatory behaviors that can be
activated in a ligand-specific manner. Indeed, it is now established
that different agonists do not uniformly activate all cellular signal-
ing pathways linked to a given receptor. Rather, different ligands
binding to the same receptor stabilize distinct receptor confor-
mations linked to different signaling pathways and physiological
outcomes. This paradigm whereby different ligands, binding to
the same GPCR in an identical cellular background, promote dis-
tinct receptor conformational states linked to a different functional
outcome has been termed biased agonism or functional selectiv-
ity. Therapeutically, biased agonism provides new avenues for the
development of drugs that are not only receptor-specific but also
‘pathway-specific.” As such it has opened the field to the discovery
of ligands that selectively activate signaling pathways mediating
desired physiological effects whilst minimizing ‘on-target’ side-
effects that are elicited by activation of other signaling pathways
via the same receptor.

To date, most descriptions of biased agonism have focused
on the differential effects of synthetic drugs. However, there
are several functionally important GPCR families that bind to
multiple endogenous agonists [for example chemokine, somato-
statin (SST), and opioid receptors (ORs)]. Although this has been
traditionally attributed to the redundancy of some biological sys-
tems, biased agonism could represent an added layer of control
to engender finely tuned physiological responses. Indeed, recent
reports have already highlighted the potential for functional selec-
tivity across the chemokine receptor family (Rajagopal et al., 2013;
Zweemer et al., 2014).

In this focused review we provide an overview of the exist-
ing literature regarding two of these GPCR families with multiple
endogenous peptide ligands, opioids and SST, in the context of the
gastrointestinal tract (GIT). The opioid system is a prototypical
example of potential biological redundancy, and it also represents
one of the first examples where functional selectivity of synthetic
drugs has been reported in the context of gut physiology. On the
other hand, SST receptors are therapeutic targets in treating GI
disease (e.g., diarrhea, bleeding varices, neuroendocrine tumors)
and SSTs and related peptides also represent a well-characterized
system where multiple endogenous ligands of the same recep-
tor exist within the GIT (Zhao etal., 2013). Importantly, these
two receptor systems also reveal different mechanisms that can
explain distinct physiological outcomes derived from activation of
the same receptor by different ligands.
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THE SOMATOSTATIN SYSTEM OF THE GUT

There are five members of the SST receptor family (SSTR; _5) and
their distribution in the GIT has been recently reviewed (Van Op
den Bosch etal., 2009).

Somatostatin, originally known as somatotropin release-
inhibiting factor (SRIF), was first identified and characterized as a
cyclic tetradecapeptide (Brazeau etal., 1973). It was predicted that
SST-14 was a product of a larger peptide precursor and that other
forms with potential biological activity were likely to exist. Indeed,
itis now known that SST arises from maturation of preprosomato-
statin (PPSST), and that all PPSST derivatives originate from the
SST gene. The removal of a 24 amino acid signal sequence forms
prosomatostatin (PSST), which is further C-terminally cleaved to
form the biologically active peptides SST-14, SST-25, and SST-28
(Bohlen et al., 1980; Esch et al., 1980; Brazeau et al., 1981). SST-28,
the longest peptide, was identified and characterized as an N-
terminally extended variant of SST-14 (Pradayrol et al., 1978, 1980;
Bohlen etal., 1980) and biological conversion of SST-28 to SST-14
was later confirmed (Zingg and Patel, 1983). Other cleavage prod-
ucts arising from PSST processing include PSST(1-32; Schmidt
etal., 1985) and PSST(1-64; Bersani etal., 1989), for which little
information regarding function and expression is available.

N-terminal cleavage of PSST also occurs, but the resulting pep-
tides do not contain the SST-14 sequence and are therefore not
considered to be SSTs (Benoit etal., 1990). These include SST-
28(1-12) and antrin, which contains amino acids 1-10 of PSST
[PPSST(25-34)]. Antrin, first identified in the gastric antrum
(Benoit etal., 1987), is present in all SST-producing tissues. How-
ever, a functional role for this peptide has yet to be ascribed.
Most recently, a bioinformatics approach predicted the exis-
tence of a novel 13mer PPSST cleavage product [PPSST(31-43)],
which was subsequently confirmed by immunoaffinity purifica-
tion and called neuronostatin (Samson et al., 2008). Neuronostatin
is encoded by PSST and is highly conserved across vertebrates.
Unlike SST and cortistatin (CST, see below), neuronostatin is not
cyclic and is amidated at the C-terminus.

Biological activity of SST variants is conferred through a com-
mon Phe-Trp-Lys-Thr (FWKT) motif within the C-terminus
(amino acids 7-10; Patel and Srikant, 1997). This sequence is
also present in non-SST peptides that share a high-degree of
sequence homology with SST. These include CST and thrittene.
CST and SST are encoded by distinct genes, and genetic dele-
tion of SST has no effect on the expression of CST. CST is a
derivative of the 112 amino acid preproCST (PPCST) precur-
sor (de Lecea etal., 1996), which is converted to proCST by
signal peptide cleavage, resulting in the formation of hCST17
and hCST29 (Puebla etal., 1999). CST shares 11 amino acids
in common with SST-14 including residues required for inter-
action with SSTRs and two key cysteines that enable formation of
the cyclic peptide structure (Francis etal., 1990). Although they
share sequence homology, structure, and affinity for SSTRs, there
are clear differences in the ability of CST and SST-14 to stimu-
late SSTR2 endocytosis and signaling (Liu etal., 2005). Notably,
CST is significantly less effective at inhibiting cAMP production
and promoting SSTR2 endocytosis. Furthermore, CST does not
exclusively interact with SST receptors and can also activate the
MrgX2 and GHS-R1a receptors. Whether there are CST variants

or a CST-specific GPCR is unknown. Another endogenous pep-
tide that shares extensive sequence homology with SST is thrittene
[SST28(1-13)]. As with CST, thrittene is not derived from PSST
and is a product of a distinct gene, as supported by the presence of
thrittene-like immunoreactivity in PSST deficient mice (Ensinck
etal., 2003). Moreover, thrittene and SST are expressed by distinct
cell populations and their release is triggered in response to dif-
ferent stimuli (Ensinck etal., 2002). With the exception of these
initial studies nothing is known of the functional role of thrit-
tene, nor if thrittene plays an analogous or discrete role to that
of SST. A summary of SST and SST-like peptides is presented in
Table 1.

DISTRIBUTION OF ENDOGENOQUS SSTR LIGANDS IN THE GI TRACT

The GIT is the major source of SST and SST is a regulator of many
digestive functions. SSTRs are an important therapeutic target in
the treatment of digestive disease. In addition to its established role
as a neurotransmitter, SST also acts in a hormonal and paracrine
manner to regulate gut function (Low, 2004; Van Op den Bosch
etal., 2009).

Somatostatin is expressed by D-cells of the stomach and plays
a well-defined role in the control of acid secretion. SST negatively
regulates gastrin release from antral G cells and histamine release
from enterochromaffin-like cells, and acts directly on parietal cells
leading to an SSTR2-dependent inhibition of acid release (Walsh,
1988; Lloyd etal., 1997; Low, 2004). SST-14 within the intesti-
nal wall is mainly expressed by enteric neurons and potentially
by extrinsic primary spinal afferents (Traub etal., 1999), although
this is still debated (Keast and De Groat, 1992). SST-14 is also
produced by macrophages during infection or inflammation as
part of an immunoregulatory circuit with SSTR2 (Weinstock and
Elliott, 2000). SST-28- distribution appears to be more restricted
and is primarily expressed by enteroendocrine D-cells (Ravazzola
etal., 1983; Baskin and Ensinck, 1984), consistent with the pre-
dominant release of SST-28 from the mucosa (Baldissera etal.,
1985).

Myenteric SST-immunoreactivity is localized to a subclass of
descending inhibitory interneuron, where it is co-expressed with
choline acetyltransferase (Portbury etal., 1995; Song etal., 1997).
Physiologically, SST is involved in the migrating myoelectric
complex in the jejunum (Abdu etal., 2002) and propagating con-
tractions of the colon (Grider, 2003). These actions are mediated
through the SSTR2 receptor, which is expressed by NOS-positive
inhibitory motor neurons or descending interneurons (Allen et al.,
2002). SST is also an inhibitor of gastric emptying and of gall
bladder contractility. SST is expressed by submucosal choliner-
gic secretomotor/ non-vasodilator neurons (Mongardi Fantaguzzi
etal.,, 2009) and hyperpolarizes submucosal neurons (Shen and
Surprenant, 1993) probably via SSTR1 and SSTR2 (Foong etal.,
2010). In the human intestine SST is expressed by putative intrinsic
primary afferent neurons of the submucosal plexus (Beyer etal.,
2013).

There is limited information regarding the distribution of ‘non-
SST’ peptides in the gut. Relatively high mRNA expression for
CST has been detected through the human GIT (Dalm etal,
2004). However, it should be noted that with the exception of
pancreatic delta islet cells (Papotti etal., 2003) and potentially
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Table 1 | Endogenous somatostatin (SST) peptide sequences (*sequence not confirmed).

Precursor Peptide Sequence
Prosomatostatin (PSST)  SST-28 Ser-Ala-Asn-SerAsn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-
Lys-ThrPhe-Thr-Ser-Cys
SST14 Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-ThrPhe-Thr-SerCys-OH

Neuronostatin (PPSST(31-43))
Antrin (SST-25-34)
SST-25

Thr-Ser-Cys
SST-28(1-14)
SST-28(1-12)
PPST 1-64

Leu-Arg-GIn-Phe-Leu-GIn-Lys-SerLeu-Ala-Ala-Ala-Ala-NH2
Ala-Pro-Ser-Asp-Pro-Arg-Leu-Arg-GIn-Phe-OH
Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-

Ser-Ala-Asn-SerAsn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys
Ser-Ala-Asn-SerAsn-Pro-Ala-Met-Ala-Pro-Arg-Glu
Ala-Pro-Ser-Asp-Pro-Arg-Leu-Arg-GIn-Phe-Leu-GIn-Lys-Ser-Leu-Ala-Ala-Ala-Ala-Gly-Lys-GIn-Glu-

Leu-Ala-Lys-Tyr-Phe-Leu-Ala-Glu-Leu-Leu-SerGlu-Pro-Asn-GIn-Thr-Glu-Asn-Asp-Ala-Leu-Glu-
Pro-Glu-Asp-Leu-Ser-GIn-Ala-Ala-Glu-GIn-Asp-Glu-Met-Arg-Leu-Glu-Leu-GIn-Arg

PSST 1-32

Ala-Pro-Ser-Asp-Pro-Arg-Leu-Arg-GIn-Phe-Leu-GIn-Lys-Ser-Leu-Ala-Ala-Ala-Ala-Gly-Lys-GIn-Glu-

Leu-Ala-Lys-Tyr-Phe-Leu-Ala-Glu-Leu

Preprocortistatin Cortistatin-14 (rat)
Cortistatin-17 (human)

Cortistatin-29

Pro-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Ser-SerCys-Lys
Asp-Arg-Met-Pro-Cys-Arg-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Ser-Ser-Cys-Lys
H-Glu-Gly-Ala-Pro-Pro-GIn-GIn-Ser-Ala-Arg-Arg-Asp-Arg-Met-Pro-Cys-Arg-Asn-Phe-Phe-Trp-

Lys-ThrPhe-SerSer-Cys-Lys-OH

Unknown Thrittene (SST28(1-13))

Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg*

activated inflammatory cells (Gonzalez-Rey etal., 2006), the dis-
tribution of CST within the gut remains unknown. Thrittene-like
immunoreactivity has been detected in enteroendocrine cells and
enteric neurons and this distribution is distinct to that for SST-
14 and SST-28 (Ensinck etal., 2002). This is supported by the
differential release of thrittene and SST in response to feeding
(Ensinck etal., 2003). Antrin expression was originally believed
to be restricted to gastric D-cells, where it is localized to SST-
28(1-12) containing secretory granules (Ravazzola etal., 1989;
Benoit etal., 1990). However, this was contradicted by Rabbani
and Patel (1990), who demonstrated comparable expression of
antrin in the jejunal mucosa and pancreas by radioimmunoassay
and HPLC.

EVIDENCE FOR DIFFERENCES IN FUNCTION

At present there is little evidence for significant differences in
the effects of endogenous SSTs on GI function, although this
may reflect the limited endpoints that have been assayed. Expo-
sure of enteric neurons to SST results in activation of inwardly
rectifying K™ currents and to hyperpolarization, leading to inhi-
bition of contractile and secretory activity (Van Op den Bosch
etal., 2009). Direct electrophysiological recordings demonstrate
no apparent difference in the acute effects of SST-14 and SST-28
on submucosal neurons, with exposure to either agonist lead-
ing to hyperpolarization and to rapid desensitization of responses
(Shen and Surprenant, 1993). Similarly, there was no significant
difference in the SST-14, SST-25, and SST-28 mediated inhibition
of contractile activity. These agonists cross-desensitized responses
to each other, but not to acetylcholine, suggesting actions at the

same receptor (McIntosh etal., 1986). However, there is evidence
for differences in the in vivo effects of SST-14 and SST-28 on
both the stomach and intestine. For example, studies examin-
ing the direct effects of SSTR activation on gut function showed
that SST-14 is significantly more potent at inhibiting gastric acid
secretion than SST-28, despite the longer plasma half-life of SST-
28 (Hirst etal., 1982; Seal etal., 1982). Zhao etal. (2013) recently
demonstrated that although SST-14 and SST-28 both stimulated
endocytosis of SSTR2A in myenteric neurons, there were clear dif-
ferences in receptor recycling. The apparent retention of SSTR2A
following treatment of neurons with SST-28 was attributed to the
greater resistance of this peptide to degradation by the endoso-
mal endopeptidase endothelin-converting enzyme 1 (ECE-1). This
study did not determine the consequences of this retention or pro-
longed endosomal SSTR2A signaling on gut function. Moreover,
the possible biological activity of SST cleavage products result-
ing from ECE-1 activity was not examined. Intermediate products
of both SST-14 (SST-1-10) and SST-28 (SST-1-24) retained the
Phe-Trp-Lys-Thr motif at the extreme N-terminus and may rep-
resent novel SSTR agonists produced locally within endosomes.
However, absence of a key N-terminal Cys residue suggests that
these peptides lack the cyclopeptide structure characteristic of
SSTs.

The existence of endogenous ligand bias has been examined at
the SSTR2A. Comparison of the responses of SST-14, SST-28 and
cortistatin has not showed any evidence of functional selectivity
at this receptor. However, potential ligand bias has been suggested
for the small molecule ligands that bind SSTR2A, albeit the quan-
tification of this bias is lacking (Nunn et al., 2004; Liu et al., 2008;
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Cescatoetal.,2010). More recently, we have shown that SST-14 and
SST-28 show distinct profiles of receptor trafficking upon internal-
ization (Zhao etal., 2013). After incubation with SST-14, SSTR2A
recycled to the plasma membrane, which required the activity of
the endosomal peptidase ECE-1, and an intact Golgi. In contrast,
SSTR2A activated by SST-28, octreotide, lanreotide, or vapreotide
was retained within the Golgi and did not recycle. Although ECE-1
rapidly degraded SST-14, SST-28 was resistant to degradation, and
ECE-1 did not degrade the synthetic SST analogs. Thus, although
no apparent bias was observed at the level of receptor signaling
events, SST-14 and SST-28 differ in the trafficking of the receptor
upon internalization. The differential regulation of SSTR2A may
explain the different physiological effects of endogenous agonists
and could account for the long-lasting therapeutic actions and side
effects of clinically used agonists.

THE OPIOID SYSTEM IN THE GUT

Opioids and opiates are agonists of the mu, delta and kappa ORs
(MOPr, DOPr, and KOPr). The nociceptin receptor (NOPr) was
the last ORs to be cloned and is grouped with the ORs based on
their high degree of sequence homology and its low level bind-
ing of opioids. The pharmacology and function of ORs has been
reviewed extensively and will not be covered in detail in this review
(Waldhoer etal., 2004). All receptors are expressed by enteric neu-
rons and other cell types in the GIT and are major regulators of
gut function (Wood and Galligan, 2004; Galligan and Akbarali,
2014)

The endogenous ligands for ORs are a large family of at least
20 different small peptides. The endogenous peptides have been
detected throughout the central and peripheral nervous system
as well as in other tissues, with similar distribution to the ORs.
They are involved in numerous physiological processes including
nociception, reward processing, and GIT motility and secretion.
The distribution and physiological effects of endogenous opioids
in the GIT have been the most extensively studied. However,
identifying regions where endogenous opioids are expressed and
released under normal physiological conditions has been challeng-
ing due to the high susceptibility of the peptides to degradation.
Additionally, most studies have used antibody-based methods
that may not reliably distinguish between different opioid pep-
tides due to their high structural similarity, or HPLC-based
methods which provide no detail of the specific cell types that
express these peptides. Further complications arise due to inter-
specific differences and region-dependent variations in expression
along the GIT. Nonetheless, most of the endogenous opioids
are present in the GIT, and in some cases the distribution and
release from discrete regions of the GIT has been thoroughly
characterized.

There are three major classes of endogenous opioids
(enkephalins, dynorphins, and endorphins), which are synthesized
by proteolytic cleavage of precursor proteins; pro-enkephalin, pro-
dynorphin, and pro-opiomelanocortin (POMC), respectively. The
peptides range from 5 to 30 amino acids in length, and share
a common N-terminal tetrapeptide sequence Tyr-Gly-Gly-Phe,
with either a Leu or Met in the fifth position. These peptides
have varying affinities for all three ORs, but none are highly
selective for one receptor subtype (Mansour etal., 1995; Janecka

etal., 2004). There are also two additional putative endogenous
peptides; endomorphin-1, and endomorphin-2, which are struc-
turally unrelated to the typical opioid peptides and are most
selective and potent for MOPr (Zadina etal., 1997). The gene
or genes encoding the precursor proteins of endomorphins are
unknown (Terskiy etal., 2007), although a de novo synthesis
mechanism has been proposed as an alternative source (Ronai
etal., 2009). The presence of endomorphins in the GIT has
not been reported and will not be discussed further in this
review.

DISTRIBUTION OF ENDOGENOQUS OPIOID RECEPTOR LIGANDS IN THE
GI TRACT

Screening of the longitudinal muscle-myenteric plexus of the
guinea pig ileum by HPLC identified expression of enkephalins
(enk: Leu-enk, Met-enk, Met-enk-Arg-Gly-Leu, Met-enk-
Arg-Phe, Metorphamide, and BAM-18) and dynorphins [a-
neoendorphin, B-neoendorphin, dynorphin A(1-8), and dynor-
phin B]. No detectable beta endorphin was present in these
preparations (Corbett etal., 1988).

Enkephalins
The enkephalins have been the most widely studied opioid pep-
tides in the GIT. Pro-enkephalin contains four copies of Met-enk
and one each of Leu-enk, Met-enk-Arg-Phe, and Met-enk-Arg-
Gly-Leu, and several additional opioid peptides may be formed
by partial processing of the precursor protein (see Table 2; Noda
etal., 1982). Expression of at least four enkephalin peptides (Leu-
enk, Met-enk, Met-enk-Arg-Phe, and Met-enk-Arg-Gly-Leu) in
the GIT has been confirmed (Hughes etal., 1977; Linnoila etal.,
1978; Tang etal., 1982; Giraud etal., 1984). Immunohistochem-
ical studies demonstrate expression throughout the human GIT,
with highest levels detected in the muscularis externa (Polak etal.,
1977; Ferri etal., 1986, 1988). A similar expression pattern has
been observed in rodents (Keast etal., 1985). Enkephalin-derived
peptides are mainly found in the cell bodies of myenteric neurons
and in nerve fibers within the myenteric plexus and circular muscle
(Elde etal., 1976; Jessen etal., 1980; Schultzberg etal., 1980; Fur-
ness etal., 1983). There is evidence that immunoreactivities for
Leu-enk and Met-enk are expressed by distinct neuronal popu-
lations within the enteric nervous system (Linnoila etal., 1978;
Larsson etal.,, 1979; Larsson and Stengaard-Pendersen, 1982).
The morphology and distribution of Enk-containing myenteric
neurons has been examined in detail. Approximately 23% of
myenteric neurons express Enk-immunoreactivity (Furness etal.,
1983). These are morphologically Dogiel Type I inhibitory or exci-
tatory motor neurons and are also immunoreactive for ChAT and/
or substance P (Furness etal., 1983; Bornstein etal., 1984; Costa
etal., 1985; Pfannkuche etal., 1998). Leu-enk-positive myenteric
neurons of the human intestine have been described morpholog-
ically as ‘stubby neurons’ and are proposed to represent motor
neurons or ascending interneurons (Brehmer etal., 2005). Exam-
ples of OR and enkephalin labeling in the intestine are presented
in Figure 1.

There are a small number of neurons that express enkephalin-
immunoreactivity in the submucosal plexus and fibers in the
mucosa (Furness etal., 1985; Keast etal., 1985; Pfannkuche
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Table 2 | Endogenous opioid peptide sequences.

Precursor

Peptide

Sequence

Pro-Enkephalin

Pro-Dynorphin

Leu-enkephalin
Met-enkephalin
Met-enkephalin-Arg-Phe
Met-enkephalin-Arg-Gly-Leu
Metorphamide

BAM 12

BAM 18

BAM 22

Peptide E

Peptide F

Dynorphin A
Dynorphin B
Big Dynorphin (Dyn A/B 1-32)

Dynorphin A 1-13
Dynorphin A (1-8)
Dynorphin A (1-6)

Leumorphin

Tyr-Gly-Gly-Phe-Leu

Tyr-Gly-Gly-Phe-Met

TyrGly-Gly-Phe-Met-Arg-Phe

Tyr-Gly-Gly-Phe-Met-Arg-Gly-Leu

Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val

Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-Asp-Tyr-Gin
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-Asp-Tyr-GIn-Lys-Arg-Tyr-Gly
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-Asp-TyGlIn-Lys-Arg-Tyr-Gly-Gly-
Phe-Leu
Tyr-Gly-Gly-Phe-Met-Lys-Lys-Met-Asp-Glu-Leu-TyrPro-Leu-Glu-Val-Glu-Glu-Glu-Ala-Asn-Gly-Gly-
Glu-Val-Leu-Gly-Lys-Arg-Tyr-Gly-Gly-Phe-Met
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-GIn
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-GIn-Phe-Lys-Val-Val-Thr
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-GIn-Lys-Arg-Tyr-Gly-Gly-Phe-
Leu-Arg-Arg-GIn-Phe-Lys-Val-Val-Thr

TyrGly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys

TyrGly-Gly-Phe-Leu-Arg-Arg-lle

TyrGly-Gly-Phe-Leu-Arg
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-GIn-Phe-Lys-Val-Val-Thr-Arg-Ser-GIn-Glu-Asp-Pro-Asn-Ala-Tyr- Ty

Glu-Glu-Leu-Phe-Asp-Val

a-neoendorphin
B-neoendorphin
Pro-Opiomelanocortin -~ a-endorphin
B-endorphin
Unknown

Endomorphin 1 Tyr-Pro-Trp-Phe

Endomorphin 2 Tyr-Pro-Phe-Phe

Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys

Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro
Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-SerGIn-ThrPro-Val-Thr-Leu
Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-SerGIn-ThrPro-Val-Thr-Leu-Phe-Lys-Asn-lle-lle-Lys-Asn-Ala-
Tyr-Lys-Lys-Gly-Glu

etal., 1998), and in enteroendocrine cells (Mimoda etal., 1998).
However, it is possible that the enkephalin detected in these
regions is due to detection of dynorphins or dynorphin derived
Leu-enk which is highly expressed in these regions as dis-
cussed later in this review. Expression of other enkephalin
derivatives including Met-enk-Arg-Phe (Bu'Lock et al., 1983) and
Met-enk-Arg-Gly-Leu (Wang and Lindberg, 1986) by enteric
neurons has also been demonstrated. Other sites where pre-
proenkephalin and its derivatives are expressed include enteroen-
docrine cells (Bu'Lock etal., 1983; Nihei and Iwanaga, 1985;
Kokrashvili etal., 2009), extrinsic afferents (Steele and Costa,
1990) and immune cells including CD4+ T cells (Boue etal,,
2014).

Dynorphins

There is good evidence that opioid peptides derived from
pro-dynorphin (dynorphins), are present in the GIT. Pre-pro-
dynorphin mRNA is expressed in the myenteric and mucosal layers

to varying levels throughout the GIT (Yuferov etal., 1998). Pro-
dynorphin contains three opioid peptides, dynorphin A, dynor-
phin B, and a-neoendorphin, which can all be further processed to
shorter opioid peptides including Leu-Enk (see Table 2; Horikawa
etal.,, 1983). Dynorphins have been detected in the GIT of various
species, including the full length Dyn A (1-17), Dyn A (1-13), Dyn
A (1-8), Dyn B, and a-neoendorphin (Vincent et al., 1984; Wolter,
1986; Steele etal., 1989; Murphy and Turner, 1990; Spampinato
etal., 1992). Dynorphins are present in all layers of the gut wall
throughout the entire human GIT, although information regard-
ing cellular sites of expression is lacking (Spampinato et al., 1988).
Immunohistochemistry studies performed mainly in guinea pigs
indicate that dynorphins are widely expressed by submucosal and
myenteric neurons (Vincent etal., 1984; Wolter, 1986; Steele and
Costa, 1990). Dynorphins are co-expressed with enkephalins in a
subpopulation of Dogiel type I myenteric neurons (Costa etal.,
1985; Furness etal., 1985; Steele and Costa, 1990). It is possible
that this may reflect conversion of dynorphin to Leu-enk in these
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/MENK/NOS/Hu

MOPr/

FIGURE 1 | Expression of opioid receptors (ORs) and enkephalin in the
enteric nervous system. (A,B) Distribution of the delta opioid receptor
(DOPr, green), met-enkephalin (MENK, red), nitric oxide synthase (NOS,
blue), and the pan-neuronal marker HuC/D (Hu, magenta) in the myenteric
plexus (arrows) and circular muscle nerve fibers (arrowheads) of the mouse
distal colon. (C) Example of a DOPrpositive submucosal neuron (arrow) and
association with mENK-immunoreactive nerve varicosities (arrowheads) in
the mouse distal colon. (D) Overlap between immunoreactivities for the
Mu opioid receptor (MOPT, red) and proenkephalin (proENK, green) in
myenteric neurons of the guinea pig ileum. Images have been modified
using Imaris 74.2 software (Bitplane). Scale bars are as indicated.

neurons rather than co-expression of pro-enkephalin. There are
also reports of dynorphin expression by enterochromaffin cells
(Cetin, 1988).

Endorphins

The endorphins are formed from the precursor peptide POMC,
which also contains several other non-opioid peptide hormones
(Eipper and Mains, 1978). POMC contains only one opioid pep-
tide, B-endorphin, which can be cleaved to form a-endorphin.
Although B-endorphin has been detected in the GIT (Orwoll and
Kendall, 1980; DeBold etal., 1988), the localization of endorphin
expression still remains uncertain. There is some evidence of f-
endorphin expression, and of other POMC peptides, by myenteric
neurons, nerve fibers within the circular muscle and enteroen-
docrine cells (Schultzberg et al., 1980; Leander et al., 1984; Wolter,
1985b; Kokrashvili et al., 2009; Miller and Hirning, 2010). Another
major source of B-endorphin in the gut are immune cells, particu-
larly those associated with inflammatory bowel disease or irritable
bowel syndrome (Verma-Gandhu et al., 2006; Hughes et al., 2013).
It should be noted that the distribution of B-endorphin in the
GIT is controversial, as the specificity of the antisera used in
many of these studies has been questioned (Sundler etal., 1981).

Hence whilst there is certainly B-endorphin present in the GIT, the
question of its origin remains unresolved.

Other OR agonists are also produced endogenously in the GIT.
These include morphine and codeine-like compounds (Schulz
etal., 1977; Laux-Biehlmann et al., 2013) and the pre-dermorphin
derivatives dermorphin and dermenkephalin (Mor etal., 1989,
1990).

Even though the distribution of the different classes of endoge-
nous opioids in the GIT has been fairly well established, there is
very little known about individual levels of the different peptides
within each class. The expression of proteases that synthesize and
degrade endogenous opioids may have varying levels of expression
in different cell types, which would result in different production
and degradation rates. As such, the mixture of opioid peptides
derived from the same precursor will be variable in different cell
populations. Differential proteolytic processing of pro-enkephalin
and pro-dynorphin peptides occurs in various regions of the brain
and other tissues, leading to variations in the relative proportions
of peptides derived from the same precursors (Cone etal., 1983;
Zamir et al., 1984; Yakovleva et al., 2006). Differential processing of
precursors may also occur in the different cell populations within
the GIT. In rat duodenum, specific antisera against Dyn A (1-17)
and Dyn A (1-8) stain two distinct populations of neurons, one
which contains both peptides and one with only Dyn A (1-8),
indicating that Dyn A (1-8) may be synthesized via distinct pro-
teases or at varying rates in distinct neuronal populations (Wolter,
1985a).

FUNCTION OF ENDOGENOUS OPIOID RECEPTOR LIGANDS IN THE Gl
TRACT

Endogenous opioids play an important regulatory role in normal
gut physiology, primarily through activation of ORs on enteric
neurons (Wood and Galligan, 2004). When applied exogenously,
the physiological effects of endogenous opioids are the same as
the effects of other opioids, they hyperpolarize enteric neurons
leading to inhibition of GIT motility and secretion and ulti-
mately cause constipation (Miller and Hirning, 2010). On the
other hand, the effects of endogenous peptides when released
intrinsically under normal physiological conditions are unclear.
Release of enkephalin- and dynorphin-derived peptides has been
detected in intestinal tissue preparations during peristalsis or
after electrical stimulation. These include Leu-enk, Met-enk,
Met-enk-Arg-Phe, Met-enk-Arg-Gly-Leu, metorphamide (Schulz
etal., 1977; Corbett etal., 1991), a-neoendorphin (Majeed etal.,
1987) and Dyn A (Kromer etal., 1981; Donnerer etal., 1984).
In addition, studies using opioid antagonists, mainly nalox-
one, have shown that inhibition of opioid activity increases
non-propagating intestinal motility (Sanger and Tuladhar, 2004).
Altogether, this shows that endogenous opioids play a subtle
but important role in control of GIT motility by suppressing
activity. There is also evidence that the endogenous peptides
either contribute to, or protect against, the development of
pathophysiological conditions. Levels of endogenous opioids in
the GIT have been shown to increase under pathological con-
ditions, including inflammatory bowel disease, and not only
inhibit gastrointestinal motility, but also provide visceral antinoci-
ception. B-endorphin levels have been shown to increase in a
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model of chronic inflammatory bowel disease in mice, suppress-
ing inflammation-associated hyperexcitability of colonic primary
spinal afferents (Hughes etal., 2013; Valdez-Morales etal., 2013).
In addition, T Lymphocytes can release p-endorphin and induce
expression of B-endorphin in the myenteric plexus in mice with
immunodeficiency-related visceral hyperalgesia (Verma-Gandhu
etal., 2006, 2007). Surgical intervention has also been shown
to increase dynorphin expression in the dorsal root ganglia of
mice (Romero etal., 2012), and stimulate release of opioid pep-
tides from enteric neurons after abdominal surgery in guinea
pigs (Patierno etal., 2005). This may contribute in part to
post-operative ileus, although sympathetic pathways are likely
to play a more significant role. A greater understanding of the
involvement of endogenous opioids in GIT pathophysiology is
important as the opioid system is not only a potential target for
treatment, but the enhanced production and release of endoge-
nous opioids may also alter the effectiveness of opioid-based
therapeutics.

Although the global physiological effects of endogenous opi-
oids in the GIT have been widely studied, the role of individual
peptides in the control of normal GIT functions or pathophys-
iological conditions in discrete regions is still not clear. There
are specific distributions of endogenous opioids throughout the
GIT. However, since all endogenous opioids can activate all ORs,
the specific ORs through which endogenous opioids exert their
actions or the specific signaling mechanisms behind these func-
tions is unknown. The physiological significance of such diversity
and structural organization of opioid peptides suggests that indi-
vidual endogenous peptides may serve distinct physiological roles.
The diversity in physiological effects can in part be achieved by
activation of the different ORs. However, as there are far more
endogenous opioids than there are receptors and little recep-
tor selectivity, it is probable that the diversity in endogenous
opioids exists to fine tune OR-mediated effects through biased
agonism.

BIASED AGONISM AT THE OPIOID RECEPTORS

Opioid receptors are prototypical GPCRs where biased agonism
displayed by synthetic and exogenous ligands has been widely
explored. Indeed, this reflects the extensive knowledge of opi-
oid physiology and the desire to generate opioid-based analgesics
devoid of limiting side effects such as respiratory depression or
constipation.

In addition to the ideal separation of therapeutic and clini-
cally limiting side effects, two key observations in the actions of
morphine at MOPr have sparked the search for biased agonists at
this receptor. First, morphine is relatively poor at inducing MOPr
internalization, in spite of its efficacy in mediating G-protein
activation, and second, morphine-induced respiratory depres-
sion and constipation were attenuated in a B-arrestin knock-out
mouse, while analgesia was enhanced. Altogether these reports
have sparked the search for potentially different signaling mech-
anisms that mediate the diverse physiological actions of ORs.
Similarly, reports of biased agonism by exogenous ligands have
also been described for the other OR subtypes, DOPr (Charfi
etal., 2014), and KOPr (Melief etal., 2010). However, the poten-
tial for endogenous bias at the OR family has not received much

attention. This is despite the fact that, as highlighted above, there
is significant biological redundancy in the opioid system. In a
systematic approach to evaluate biased agonism at the mu-OR,
McPherson etal. (20105 Rivero etal., 2012) examined the sig-
naling bias of a wide range of ligands including endogenous
opioid peptides and synthetic opioids. In these and subsequent
studies, endomorphin-2 as well as endomorphin-1 showed statis-
tically significant bias toward B-arrestin2 recruitment and away
from G protein activation. However, as neither the gene nor the
precursor protein of endomorphinl and two has yet been identi-
fied, their classification as endogenous opioids is still a matter of
debate.

Opioid receptors have also been reported to form homo-
and hetero-dimers. Importantly, it has been suggested that these
dimers may indeed form a new signaling entity where the intra-
cellular signaling resulting from the activation of heterodimers
may be different from that elicited by the individual protomers
or homodimers (Waldhoer etal., 2005; Rozenfeld and Devi, 2007;
Gomes etal., 2013). Moreover, some of these dimers have been
demonstrated to exist in vivo (Massotte, 2014). Although such
mechanisms of engendering distinct intracellular signals would
not fall into the definition of biased agonism, it is another
paradigm to take into account in the context of the differential
actions of endogenous opioid peptides.

IDENTIFICATION AND QUANTIFICATION OF BIASED
AGONISM: CHALLENGES AND LIMITATIONS

Although biased agonism offers the potential of safer and more
effective therapeutics, there are still significant limitations for its
detection, quantification and, importantly, its translation into
differential physiological responses.

QUANTIFICATION OF BIASED AGONISM

Analytical tools for the detection and quantification of biased
agonism are necessary in order to effectively inform future drug
development efforts aimed in this direction. The majority of
studies to date on biased agonism have used largely qualitative
observations, such as reversals in agonist potency orders or max-
imal agonist effects between different pathways. However, such
approaches are not optimal. The potency of a ligand is deter-
mined by both its affinity for the receptor state coupled to that
particular pathway as well as its intrinsic efficacy for generating
a response in that pathway. In contrast, the maximal effect of a
ligand at saturating concentrations is only determined by intrinsic
efficacy. In addition, contributors to system bias, signal ampli-
fication, and receptor expression need to be taken into account
as they have markedly different effects on potencies and effica-
cies of differently efficacious ligands. Therefore, the observed
response of an agonist at a given pathway is not only the result
of unique ligand-induced receptor conformations, rather it is
affected by “system bias,” which reflects the differing coupling
efficiencies of the receptor to a given signaling pathway, and by
“observation bias,” which results from differing assay sensitivity
and conditions (Kenakin etal., 2012; Kenakin and Christopou-
los, 2013a). It is the bias imposed by the ligand on the receptor
that is the only source of bias that allows the signaling bias
profiles of ligands in different cell types to be compared. It is
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therefore important to quantify signaling bias in such a way
that it excludes system and observation bias, in order to reveal
the unique signaling profile that is induced by the different
ligands.

Several analytical approaches have been described to quantify
biased agonism (reviewed by Kenakin and Christopoulos, 2013b).
The relative transduction ratio (Kenakin etal., 2012) is one of the
most robust and widely applicable methods for bias quantifica-
tion. This method applies the operational model of agonism first
derived by Black and Leff (1983) to concentration-response curves
and estimates a “transduction coefficient” which is comprised of
the functional equilibrium dissociation constant (a measure of
the affinity for the receptor coupled to a particular effector pro-
tein or signaling pathway) and the intrinsic efficacy of the agonist
in activating a particular signaling response and receptor den-
sity. This coefficient is thus an overall measure of the relative
‘power’ of an agonist to induce a response. In order to elimi-
nate the effects of system and observation bias, normalization to a
reference agonist is required. Finally, these normalized transduc-
tion coefficients can be compared across two signaling pathways
for a given agonist to obtain the “relative transduction ratio” as
measures of agonist bias. It is, however, important to highlight
that key factors need to be considered [reference ligand, cellu-
lar content and pluridimensionality of efficacy, (Thompson etal.,
2014)] which influence the identification and quantification of
biased agonism and that need to be taken into account when
interpreting information obtained from studying biased signaling
in vitro.

EXAMINATION OF ENDOGENOUS BIAS IN A PHYSIOLOGICAL SETTING
Potentially insurmountable difficulties may prevent the exami-
nation of endogenous ligand bias in tissues and in vivo. First
and foremost, multiple agonists for the same receptor exist, and
these may be coexpressed (e.g., enkephalins), precluding differ-
ential release protocols. Selective stimulation of release may be
possible in cases where agonists are expressed by distinct cells
or neuronal subtypes (e.g., enteric neurons vs. enteroendocrine
cells). Peptides may differ with respect to their susceptibility to
degradation, complicating interpretation of studies of duration
or magnitude of effects. Furthermore, these peptides may vary
in their relative affinities to receptors of interest. The endpoints
that are measured are often indirect and result from activation
of complex reflex pathways involving a number of transmitters.
For example, suppression of electrically evoked intestinal con-
tractions, such as occurs in response to OR agonists (Wood and
Galligan, 2004) may not reveal subtle agonist-dependent differ-
ences. Most of the current descriptions of biased agonism rely
on direct measurements from cells (e.g., pERK1/2, cAMP accu-
mulation, B-arrestin-recruitment), which are difficult to assay in
enteric neurons. Moreover, the effects of exogenous agonist appli-
cation may not reflect what occurs physiologically, as location
of receptors and ligands may mean that such interactions never
occur.

Other factors to consider when translating data derived from
heterologous cell lines to enteric neurons, tissues, or in vivo stud-
ies include not only species, but also regional differences, and
the relative expression of key regulatory proteins in the cellular

environment examined. These factors are most apparent in the
case of the ORs. The distribution of ORs in the gut differs between
species. For example, there is limited evidence for functional DOPr
expression in the guinea pig ileum (Johnson etal., 1987), whereas
there is prominent DOPr expression in the mouse ileum (Poole
etal.,2011). There may also be differences in the regional distribu-
tion of ORs with respect to both the relative numbers of positive
neurons and in the neuronal types that express these receptors, as
we have previously demonstrated for the DOPr (Poole et al.,2011).
Interestingly, this does not appear to be the case for MOPr expres-
sion in the guinea pig ileum and colon where similar neuronal
populations express the receptor (Poole etal., unpublished). It is
worth noting that these differences in distribution are unlikely to
have an effect in the detection of bias, as measurements are likely
to be performed in the same tissue preparation. However, species
and regional differences in OR expression will affect the potential
for heterodimerization of ORs, which may influence the pharma-
cological profiles of any responses to agonists (Rozenfeld and Devi,
2007). Perhaps of greater importance is the relative expression of
key modulatory proteins including B-arrestins and GRKs, which
influence OR signaling in enteric neurons. This is highlighted
by a number of recent studies using knockout mice. B-arrestin
2 deficient mice exhibit reduced constipatory effects of mor-
phine and loperamide based on assays of fecal output and colonic
transit (Raehal etal., 2005). Similarly, GRK6~/~ mice also dis-
play significantly diminished opiate-induced inhibition of colonic
transit relative to wildtype mice (Raehal etal., 2009). Deletion
of either B-arrestin 2 or GRK6 did not affect morphine-induced
inhibition of small intestinal transit, suggesting region-dependent
regulation of neuronal MOR. B-arrestins are also integral to the
development of opiate tolerance in the intestine, with deletion
of B-arrestin 2 promoting acute morphine tolerance in the colon
(Maguma etal., 2012; Akbarali etal., 2014). These studies high-
light that OR regulation and physiological function can differ
markedly between regions of the GIT and the difficulty in trans-
lating data obtained from model cell systems to the physiological
setting.

In summary, we have provided an overview of the expression
and distribution of endogenous ligands for two major therapeu-
tically relevant classes of GPCRs in the GIT. We have provided
evidence for functional selectivity of these ligands and have dis-
cussed potential issues related to translation of cell line-derived
data to the organ and whole animal levels. Therapeutically, the
targeting of selective release of endogenous peptides is probably
not a realistic goal. However, understanding the fundamental basis
for ligand bias and determining whether differences in the expres-
sion and release of endogenous ligands underlie the development
and maintenance of disease may be more promising avenues to
address and to provide mechanistic insight for the development
of safer therapies.
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INTRODUCTION

G protein-coupled receptors (GPCRs)
were assumed to exist and function in the
plasma membrane as monomeric proteins
that became activated by binding of one
agonist ligand to one receptor molecule
(Bourne et al., 1990). However, although
previous findings based on rather indirect
measures such as radioligand binding had
suggested a direct interaction of two recep-
tors with each other (Limbird et al., 1975;
Ferre et al., 1991), it was the application
of a protein-protein interaction assay by
bioluminescence resonance energy trans-
fer (BRET) that revealed the phenomenon
of molecular proximity between beta2-
adrenergic receptors in living cells (Angers
et al, 2000). Since then, this topic has
been a major subject of research and
numerous in silico and in vitro stud-
ies have suggested expression of family A
GPCRs as homodimers and higher-order
homomers in heterologous expression sys-
tems. However, the demonstration that
reconstitution of a single beta2-adrenergic
receptor molecule into lipoprotein par-
ticles leads to efficient activation of G
proteins raised concerns about the func-
tional significance of family A GPCR
homomers (Whorton et al., 2007), and
this is currently a controversial topic (for
an extensive review on GPCR homod-
imers/homomers, see Milligan, 2013; see
also Bouvier and Hebert, 2014; Lambert
and Javitch, 2014).

Another fundamental yet relatively
independent question is that related to
expression of different GPCR subtypes
as heteromers. It is well accepted that
the family C GABAp receptor needs two
protomers (GABAp-R1 and GABAg-R2)
to reach the plasma membrane as a
functional dimeric receptor (Jones et al.,

1998; Kaupmann et al., 1998; White et al.,
1998). On the other hand, although multi-
ple lines of evidence indicate that family A
GPCR heteromers may exist, particularly
in tissue cultures (Gonzalez-Maeso, 2011;
Ferre et al., 2014), only relatively recent
studies started to test this formulation in
whole animal models.

FAMILY A GPCR HETEROMERS IN
WHOLE ANIMAL MODELS

One of the main limitations of the clas-
sical techniques used to define GPCR
heteromeric formation is the trans-
lation of findings obtained in cellulo
into physiological or behavioral assays
in whole animal models. In this con-
text, co-immunoprecipitation is an
approach commonly used to examine
protein-protein interaction in native
tissue (Milligan and Bouvier, 2005).
GPCR antibodies are wusually neither
specific nor sensitive and therefore val-
idation assays in knockout mice are
often required (Fribourg et al, 2011;
Moreno et al., 2012). Considering this,
it is also clear that demonstration of
co-immunoprecipitation in native tis-
sues does not imply the existence of a
heteromeric assembly, as they may form
part of same protein complex through for
example PDZ domain-binding motifs at
the end of the C-terminal tails of both
receptor types together with adaptor pro-
teins (Magalhaes et al., 2010). Remarkably,
there are only a few studies that have inves-
tigated GPCR heteromeric formation in
living animals, and due to the lack of
biophysical methods applicable to study
protein-protein interactions in preclinical
models, their experimental approaches
were mostly focused on signaling and
behavioral outcomes rather than on the

existence of molecular proximity between
different GPCR subtypes.

Although it does not measure molec-
ular proximity, an attractive approach
to define whether heteromeric formation
is involved in behavioral phenotypes is
the use of peptides that disrupt recep-
tor complex formation. These peptides
tested in vivo are usually selected accord-
ing to findings previously obtained in
heterologous expression systems. As an
example, it was demonstrated that the
Gs-coupled dopamine D receptor and the
Gi/o-coupled dopamine D; form a recep-
tor complex that induces Ca?* release via
a Ggy11-dependent pathway (Lee et al,
2004), and that the region of Met-257—
Glu-271 (intracellular loop 3; D2113-29-2)
but not Asn-243—Ile-256 (intracellular
loop 3; D2j13-29-1) of the dopamine D,
receptor can pull-down the dopamine
D, receptor. Based on a Tat-tagged pep-
tide approach, it was shown that intrac-
erebroventricular administration of the
peptide D2113-29-», which disrupts het-
eromeric formation between dopamine
D; and D, receptors in vitro, induces
antidepressant-like effects in rats (Pei et al.,
2010). More recent findings using serial
deletions and point mutations further
demonstrate that dopamine D; receptor
carboxyl tail residues Glu-404 and Glu-405
are critical in mediating the interaction
with the D, receptor, and that admin-
istration of a disrupting peptide Tat-D1
modulates depression-like behavior in rats
such as forced swim test (Hasbi et al.,
2014). A similar approach was used to
block the association as a GPCR heteromer
between the mu-opioid receptor isoform
MORID and the gastrin-releasing peptide
receptor (GRPR) in the spinal cord (Liu
et al., 2011). The authors demonstrated
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that the C-terminus of MORID is crit-
ical for MORID-GRPR heteromeric for-
mation. Using a Tat-fusion peptide, they
also found that a motif consisting of seven
amino acids of the MORID C-terminus
(RNEEPSS) attenuates morphine-induced
scratching, but not morphine-induced
analgesia.

The question of whether GPCR het-
eromers exist ex vivo has been addressed
using time-resolved Forster resonance
energy transfer FRET (TR-FRET) in
plasma membrane preparations of mouse
brain. It was found that the dopamine
D, receptor and the ghrelin receptor
(GHSRI1a) co-localize in mouse stria-
tum, hippocampus and hypothalamus
(Kern et al., 2012). When membrane
preparations from hypothalamus were
incubated with red-ghrelin (acceptor
fluorophore) and an anti-D, recep-
tor antibody together with a europium
cryptate-labeled  secondary antibody
(donor fluorophore), a significantly
TR-FRET signal was observed. Although
TR-FRET signal is eliminated in hypotha-
lamic membrane preparations of GHSR1a
knockout mice, which supports speci-
ficity, these findings were observed ex vivo
in plasma membrane preparations and
further investigation will be necessary
to confirm the existence of GHSR1a-D,
heteromeric formation in hypothalamus
in vivo.

Another indirect approach to test
whether GPCR heteromeric formation
affects behavioral phenotypes is the use
of chimeric constructs that according
to biophysical assays in tissue culture
do not form heteromeric complexes.
Examples include the 5-HT,a-mGlu2
heteromeric receptor complex (Gonzalez-
Maeso et al., 2008) and the MT{-MT,
melatonin heteromeric receptor complex
(Baba et al., 2013). Serotonin 5-HT;a
and metabotropic glutamate 2 (mGlu2)
receptors have been shown to form a
GPCR heteromeric complex in HEK293
cells. Using chimeric constructs, it was
demonstrated that three residues located
at the intracellular end of TM4 of mGlu2
are necessary to form a complex with
the 5-HT,s receptor (Ala-6774+40, Ala-
681444, Ala-685448) (Fribourg et al., 2011;
Moreno et al., 2012). Head-twitch is a
rodent behavior model induced by hallu-
cinogenic 5-HT4 agonist such as lysergic

acid diethylamide (LSD) and DOI (Hanks
and Gonzalez-Maeso, 2013). This behav-
ior requires expression of 5-HT,a receptor
in cortical pyramidal neurons (Gonzalez-
Maeso et al., 2007) and is absent in mGlu2
knockout mice (Moreno et al., 2011),
which supports that mGlu2 is necessary
for 5-HT,5-dependent behavioral events.
Using a virally-mediated (HSV) over-
expression approach, it was demonstrated
that the head-twitch response induced
by the hallucinogenic 5-HT;5 recep-
tor agonist DOI was rescued in mGlu2
knockout mice over-expressing wild-type
mGlu2 in frontal cortex, and that this
did not occur in mGlu2 knockout mice
over-expressing ~ mGlu2deltaTM4N—a
mGlu2/mGlu3 chimeric construct that
according to previous findings in vitro
and in cellulo does not form the 5-HT)4-
mGlu2 receptor heteromer (Moreno et al.,
2012). A similar approach was used to
investigate function of the MT;-MT,
melatonin heteromeric receptor com-
plex in vivo in mouse (Baba et al., 2013).
The electroretinogram (ERG), consist-
ing mainly of an a-wave and a b-wave,
is commonly used to assess retinal func-
tion. Using transgenic mice that express
MT,-P95L (mutant that does not form the
MT;-MT; heteromeric receptor complex
in HEK293 cells), it was shown that con-
trol mice responded to melatonin injection
with an increase in the amplitude of the
a-wave and b-wave, whereas MT,-P95L
did not.

Although these events have been pro-
posed to represent a demonstration of
GPCR heteromeric expression, thereby
suggesting a new target for drug design,
their conclusions in animal models were
based largely on indirect approaches that
measured phenotypes affected by manipu-
lations such as chimeric constructs or Tat-
tagged peptides that impact heteromeric
organization in vitro. Consequently, it
remains unclear as to whether different
GPCR subtypes exist in close molecular
proximity in vivo in whole animal models,
or alternatively if these phenotypes result
of signaling mechanisms that are inde-
pendent of GPCR heteromeric formation.
Detailed measurement of such molecular
proximity in vivo, as well as the processes
that control GPCR heteromerization in
whole animal models, will require further
study.

LIMITATIONS, FUTURE DIRECTIONS,
AND CONCLUDING REMARKS

Although a wealth of data from in vitro
and in cellulo models have established
the important role of GPCR heteromers
in mediating precise and distinct roles
in signaling cascades, their influence in
the establishment of complex behav-
ioral phenotypes remains to be fully
elucidated. For instance, certain physi-
ological and behavioral outcomes could
conceivably be altered in the presence
of peptides that according to in vitro
or in cellulo assays disrupt GPCR het-
eromeric assembly. Similarly, the use of
viral-mediated over-expression or trans-
genic animals could translate into animal
models previous findings with receptor
mutants that do not form heterocomplexes
in vitro or in cellulo. However, a more
precise understanding of such structural
assembly obtained in rodent models will
be necessary to fully define whether GPCR
heteromers exist and function in vivo.
Some of these strategies include the use
of FRET (McGinty et al., 2011) of BRET
(Dragulescu-Andrasi et al., 2011) imaging
of protein-protein interactions in living
mice.

An important challenge in the fields
of GPCR research and molecular pharma-
cology is to develop an integrated under-
standing of how various mechanisms
communicate with each other to ulti-
mately orchestrate the formation of het-
eromeric complexes between some but not
all GPCR subtypes. Potential mechanisms
that are critical for this interaction speci-
ficity include specific pairs of residues that
govern heteromeric formation, clustering
of GPCRs in membrane microdomains,
and crosstalk between receptors and a
plethora of multidomain scaffolding pro-
teins. Another important question to be
addressed by future research is the molecu-
lar basis through which GPCR heteromers
affect G protein function. For example, it
has been shown that drugs that activate
the Gg11-coupled 5-HT>4 receptor induce
both Gg/11- and G;/o-dependent signal-
ing in HEK293 cells co-expressing 5-HT,4
and the Gj/o-coupled mGlu2 receptor
as a GPCR heteromer (Gonzalez-Maeso
et al., 2008). Although findings in knock-
out mice suggest that co-expression of
5-HT,p and mGlu2 receptors is neces-
sary to activate Gg/11 and Gi/o by 5-HT24
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agonists in mouse frontal cortex mem-
brane preparations (Fribourg et al., 2011),
whether heteromeric formation is needed
in living mice for this signaling crosstalk
remains unknown. Similarly, more work
is required both in cellulo and in animal
models to solve whether Gg/11 and Gjo
simultaneously or sequentially couple to
the 5-HT,4-mGlu2 heteromeric receptor
complex upon agonist binding to one of
the two promoters.

Another significant limitation to our
current understanding of GPCR het-
eromeric function is the lack of knowl-
edge about physical stability of family
A GPCR heteromers in animal models.
Previous findings in HEK293 cells con-
vincingly demonstrate that the alphalB-
adrenergic receptor forms higher-order
oligomers, and that receptor oligomeriza-
tion is required for receptor maturation
and plasma membrane delivery (Lopez-
Gimenez et al, 2007). On the other
hand, results based on an experimental
approach that recruits beta2-adrenergic
receptors into artificial domains on the
surface of living HEK293 cells suggest
that the components of family A GPCR
homomers interact transiently (Fonseca
and Lambert, 2009; Gavalas et al., 2013).
A similar conclusion has been reached
using total internal reflection fluorescence
microscopy (TIRFM) to visualize individ-
ual molecules in isolated CHO cells—the
authors observed a transient association
and dissociation of muscarinic M; recep-
tor dimers in real time (Hern et al., 2010).
Much further work is needed to character-
ize where along the pathway from synthesis
to maturation and degradation do GPCR
heteromers form. It also remains uncer-
tain the stability of family A GPCR het-
eromers both in vitro and in whole animal
models. Many studies examining homo-
meric GPCR interfaces report that residues
of both TM1 and TM4 form symmetri-
cal interfaces that lead to higher order
species in heterologous expression systems
(Guo et al., 2005, 2008), and this has been
supported further by a number of recent
crystal structures (Wu et al., 2012; Huang
et al.,, 2013). However, it remains to be
fully elucidated whether different homo-
meric and heteromeric organizations (e.g.,
squares and/or parallelograms) might exist
in native tissue. These are all key questions
that require further technical advances.

In conclusion, although a range of
approaches has been applied and this
has led to a general appreciation that
GPCR heteromers affect receptor traffick-
ing, pharmacology and function in cellulo,
much more work is needed to probe the
role of GPCR heteromerization in vivo.
These advances in GPCR heteromeric
research are now occurring at a rapid pace
and promise to greatly contribute to the
future of molecular medicine.
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Over the last decade an increasing number of studies have focused on the ability
of G protein-coupled receptors to form heteromers and explored how receptor
heteromerization modulates the binding, signaling and trafficking properties of individual
receptors. Most of these studies were carried out in heterologous cells expressing epitope
tagged receptors. Very little information is available about the in vivo physiological role of
G protein-coupled receptor heteromers due to a lack of tools to detect their presence in
endogenous tissue. Recent advances such as the generation of mouse models expressing
fluorescently labeled receptors, of TAT based peptides that can disrupt a given heteromer
pair, or of heteromerselective antibodies that recognize the heteromer in endogenous
tissue have begun to elucidate the physiological and pathological roles of receptor
heteromers. In this review we have focused on heteromerselective antibodies and
describe how a subtractive immunization strategy can be successfully used to generate
antibodies that selectively recognize a desired heteromer pair. We also describe the
uses of these antibodies to detect the presence of heteromers, to study their properties
in endogenous tissues, and to monitor changes in heteromer levels under pathological
conditions. Together, these findings suggest that G protein-coupled receptor heteromers

represent unigue targets for the development of drugs with reduced side-effects.

Keywords: G protein-coupled receptor, dimerization, heteromerization, opioid, cannabinoid, angiotensin

INTRODUCTION

Since the first report showing that metabotropic GABAg recep-
tors, members of the family C of G protein-coupled receptors
(GPCRs), form constitutive heteromers (White et al., 1998; Kuner
et al.,, 1999; Pin et al,, 2009) an increasing number of studies
have provided evidence suggesting that other GPCRs, particu-
larly those belonging to family A, also heteromerize (Albizu et al.,
2010; Gomes et al., 2013a; Hiller et al., 2013; Szafran et al., 2013).
However, most of the studies reporting GPCR heteromerization
were carried out in heterologous cells co-expressing differentially
epitope tagged recombinant receptors. Concerns that heteromer-
ization in heterologous cells could be due to over-expression
of individual receptors and that the unique signaling reported
for a given heteromer is due to receptor cross-talk via down-
stream signaling rather than direct receptor-receptor interactions
led investigators in the field to propose a set of criteria to be ful-
filled in order to consider that a GPCR pair forms an heteromer
in endogenous tissue (Ferre et al., 2009): (i) both receptors can
be detected in the same subcellular compartment in a cell; (ii)
close proximity between the two receptors for direct interactions
can be demonstrated through the use of either proximity ligation
assays, ligand-based FRET, or heteromer-selective probes such as
antibodies only in wild-type tissue; (iii) the receptors can be co-
immunoprecipitated from wild-type but not from tissue lacking
one of the receptors; (iv) the heteromer pair exhibits a “bio-
chemical fingerprint” in wild-type tissue that matches that seen

in heterologous cells co-expressing both receptors but not cells
expressing only one of the receptors; and (v) heteromer formation
can be disrupted by agents such as TAT peptides and this leads to
alterations in the “biochemical fingerprint” to one that resembles
that of individual receptor protomers (Ferre et al., 2009).

In order to detect and map the presence of a GPCR heteromer
in endogenous tissue, sensitive and selective tools are needed.
Such tools could help not only to monitor heteromer levels under
physiological and pathological conditions but also to tease apart
the contribution of receptor homomers and heteromers to a
given physiological response. In order to address this need our
laboratory undertook the challenge to generate monoclonal anti-
bodies that selectively recognize a given heteromer pair. Since
monoclonal antibodies recognize a single epitope and are highly
specific, they would not only facilitate detection of the targeted
heteromer in endogenous tissue but would also permit studies to
elucidate the contribution of the heteromer to signaling in tis-
sues/membranes expressing both receptors. In general it is easy
to generate antibodies to immunodominant and abundant epi-
topes; however this task is more challenging when using epitopes
that are likely to be rare or less immunodominant. This would be
the case with “heteromer-selective” epitopes where very little is
known about the “heteromer” interface. We therefore decided to
use a subtractive immunization strategy to improve our changes
of raising such antibodies. This strategy has been successfully used
in the cancer field to generate monoclonal antibodies that can
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specifically block metastasis but not proliferation of cancer cells
(Brooks et al., 1993), antibodies that can discriminate proteins
that have a similar sequence (Sleister and Rao, 2002), or anti-
bodies that could be used as diagnostic tools in certain types of
cancer (Trefzer et al., 2000; Yasumoto et al., 2012). In this review
we describe the strategy used to generate and characterize anti-
bodies selective to either wOR-80OR, OR-kOR, §OR-CBIR, and
AT1R-CBIR heteromers (Table 1).

GENERATION OF HETEROMER-SELECTIVE ANTIBODIES
USING A SUBTRACTIVE IMMUNIZATION STRATEGY

An important requirement to generate antibodies that can selec-
tively recognize a given GPCR heteromer is the immunogen. An
ideal immunogen would be a synthetic peptide that mimics the
heteromeric region between two GPCRs since the latter would
be distinct and unique compared to the homomeric regions.
However, not much is known about the heteromer interface or
a unique region shared by heteromers. Hence we used mem-
branes from cells expressing the heteromer pair of interest as the
immunogen. Given the likelihood that the heteromeric epitopes
would be of very low abundance and of low immunogenicity,
thereby preventing their detection by antibody producing cells,
direct immunization with such membranes would have a low
probability of successfully generating heteromer-selective anti-
bodies. Therefore in order to improve our chances of generating
heteromer-selective antibodies we used a subtractive immuniza-
tion strategy (Salata et al., 1992; Sleister and Rao, 2001, 2002)
that involves two major steps: (i) tolerization of mice to unwanted
epitopes, and (ii) immunization with membranes expressing the
heteromer pair of interest. Tolerization to unwanted epitopes can
be achieved by immunizing mice with an emulsion of membranes
from cells used to express the heteromer pair in combination with
complete Freund’s adjuvant (Gomes et al., 2013b); these cells can
be CHO or HEK-293 cells that are usually used in GPCR co-
expression studies as well as cells that endogenously express one of
the receptor protomers (Gomes et al., 2013b). The mice are then
treated for the next 3 days with cyclophosphamide to kill acti-
vated antibody producing cells (Gomes et al., 2013b). Every 15
days mice are administered with booster injections comprised of
membrane emulsions in Freund’s incomplete adjuvant followed
by the 3 day treatment with cyclophosphamide (Gomes et al.,
2013b). Booster injections are repeated until a consistently low
titer is observed by ELISA with the membranes used for the toler-
ization step (Gomes et al., 2013b). Once animals are tolerized they
are immunized with membranes expressing the heteromer pair
of interest (Gomes et al., 2013b). Booster injections are repeated
until a high titer is obtained by ELISA (using membranes that co-
express both receptors). Animals are killed and individual spleens
used to generate monoclonal antibodies using standard protocols
(Gomes et al., 2013b). Once monoclonal antibodies are obtained,
individual clones are tested for heteromer selectivity by ELISA,
immunofluorescence or Western blot analysis using (i) cells that
express individual receptors; (ii) cells that co-express both of the
protomers of interest; (iii) cells that co-express one of the recep-
tor protomers with a different partner GPCR; and (iv) tissues
from wild-type and from animals lacking each of the receptor
protomers (Gomes et al., 2013b). An antibody is considered to

be heteromer-selective only if it gives a signal with cells or tissues
co-expressing both of the protomers of interest. It is to be noted
that heteromer selectivity may be observed with one screening
procedure such as ELISA but not with another such as Western
blotting or immunofluorescence since either heat denaturation
of membrane proteins (as in the case of Western blot analysis)
and/or tissue fixation (in the case of immunofluorescence stud-
ies) could mask the epitope identified by the antibody. Thus one
needs to be careful about selecting the screening technique to
allow for detection of the antigen under the assay of choice. Using
this subtractive immunization strategy we successfully generated
antibodies selective for either wOR-80OR, SOR-kOR, 3OR-CBIR,
or ATIR-CBIR heteromers (Gupta et al., 2010; Rozenfeld et al.,
2011; Berg et al., 2012; Bushlin et al., 2012). In the following sec-
tions we describe these heteromer pairs and the studies carried
out using heteromer selective antibodies.

iOR-30R HETEROMERIZATION
A number of early studies proposed heteromerization between
ILOR and 8OR based on interactions between these receptors. For
example, pharmacological studies showed that morphine (a wOR
agonist) shifted competitive radiolabeled leucine-enkephalin
displacement curves by unlabeled leucine-enkephalin (a 8OR
agonist) into non-competitive curves (Rothman and Westfall,
1982). In addition behavioral studies showed that SOR agonists
(endogenous peptides or synthetic agonists) could potentiate
LOR-mediated antinociception while potent SOR antagonists
attenuated not only morphine-mediated antinociception but also
the development of tolerance to this drug (reviewed in Fujita
et al., 2014a). Furthermore studies showed that chronic treat-
ment with morphine increases surface expression of SOR in either
cultured cortical or dorsal root ganglion neurons and in the dor-
sal horn of the spinal cord of wild-type but not in mice lacking
(WOR (Cahill et al., 2001; Morinville et al., 2003; Gendron et al.,
2006). Studies with animals lacking either wOR or 8OR further
support interactions between these receptors. These studies indi-
cate that 3OR-mediated antinociception requires the presence
of functional wOR (Matthes et al., 1996, 1998) and that 3OR
contributes to the development of tolerance to morphine (Zhu
et al., 1999). The latter observation is also supported by stud-
ies using antisense oligonucleotides to decrease SOR expression
in the brain (Sanchez-Blazquez et al., 1997). In addition, it has
been reported that treatment with a selective 3OR antagonist, nal-
triben, reduces the rewarding effects of morphine as measured
using the morphine conditioned place preference test and this
is accompanied by increases in 8OR levels at the post-synaptic
density fraction (Billa et al., 2010). Taken together these studies
suggested receptor-receptor interactions between L OR and 8OR.
A major requirement for two receptors to directly interact
with each other is that they be localized not only to the same
cell but also to the same subcellular compartment. Early evi-
dence for the presence of LOR and 3OR in the same cell came
from electrophysiological and radiolabeled binding studies using
either neurons or neuroblastoma cell lines (Egan and North, 1981;
Zieglgansberger et al., 1982; Yu et al., 1986; Kazmi and Mishra,
1987; Baumhaker et al., 1993; Palazzi et al., 1996). In addition,
a number of immunohistochemical studies showed that both
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receptors were present in the same subcellular compartment in
the brain and spinal cord by using receptor-selective antibod-
ies (Arvidsson et al., 1995; Cheng et al., 1997; Wang and Pickel,
2001). Controversy arose about the co-localization of WOR and
30OR in the dorsal root ganglions of the spinal cord primar-
ily due to data with mice with a knockin of eGFP-tagged SOR
that showed that both receptors were segregated from each other
(<5% neurons showed receptor colocalization) with pOR being
expressed in small peptidergic neurons where it was involved
in inhibition of pain induced by noxious heat while 30OR was
expressed in medium-sized non-peptidergic and large myelinated
neurons where it was involved in inhibition of pain induced by
mechanical stimuli (Scherrer et al., 2009). However, previous and
recent observations questioned the lack of wOR and 30OR colo-
calization. For example, support for colocalization came from
(i) studies using either immunogold electron microscopy (Cheng
et al., 1997), single-cell PCR, in situ hybridization or immunos-
taining to demonstrate the presence of pOR and 3OR in small
peptidergic DRG neurons (Wang et al., 2010); (ii) studies show-
ing that myc-tagged dOR is present in CGRP-containing large
dense core vesicles while eGFP-tagged 30R is present at the cell
surface when expressed in small DRGs (Zhang and Bao, 2012)
suggesting that the C-terminal GFP might affect receptor traf-
ficking; (iii) studies treating peptidergic nociceptors expressing
LOR and 3OR with selective agonists that prevent substance
P release induced by formalin or capsaicin treatment and this
could be blocked by receptor selective antagonists (Beaudry et al.,
2011); (iv) studies using electrophysiological recordings from a
wide range of neurons in the spinal trigeminal nucleus of anes-
thetized animals showing that activation of either LOR or §OR
relieves both thermal- or mechanical induced pain with same
potency (Normandin et al., 2013); and (v) studies showing co-
localization of wOR and 3OR in the plasma membrane of a small
population of CGRP-containing neurons in eGFP-tagged OR
knockin mice (Bardoni et al., 2014). Additional support for co-
localization comes from mice expressing eGFP-tagged 8OR and
mCherry-tagged |WOR. These mice show that ~40% of eGFP-
tagged 3OR positive and ~30% of mCherry-tagged |LOR positive
DRGs co-express the two receptors (Erbs et al., 2014). In addition,
these mice show colocalization of W OR and 3OR in neurocir-
cuits involved in survival, pain regulation, as well as food intake,
water consumption and sexual behavior (Erbs et al., 2014). In the
hippocampus co-expression of eGFP-tagged 3OR and mCherry-
tagged WOR is detected in GABAergic interneurons and for-
mation of POR-80R interacting complexes was demonstrated
by co-immunoprecipitation studies (Erbs et al., 2014). Taken
together these results demonstrate substantial co-localization of
(LOR or 8OR in the brain and spinal cord.

In order to detect the presence of fOR-3OR heteromers in
endogenous tissue our laboratory generated heteromer-selective
antibodies (Table 1) using a subtractive immunization strategy
(Gupta et al., 2010). ELISA with these antibodies show that
they detect an epitope present only in cells co-expressing LOR
and dOR and not in cells expressing individual receptors or
co-expressing either LOR or 8OR in combination with other
GPCRs (Gupta et al., 2010). Moreover, the signal obtained in
ELISA is reduced when the antibodies are pre-incubated with

membranes co-expressing LWOR and 8OR but not with mem-
branes expressing individual receptors (Gupta et al., 2010). In
addition, these antibodies recognize an epitope present only in
membranes from wild-type mice but not from mice lacking either
OR or 30R (Gupta et al., 2010). Furthermore, the heteromer-
selective antibodies showed better recognition of co-expressed
wild-type receptors compared to co-expressed chimeric receptors
where regions of LOR were substituted with 3OR and vice-versa
(Gupta et al., 2010). Taken together these results indicate that the
antibodies selectively recognize the fOR-8OR heteromer.

The LOR-30R heteromer-selective antibodies can be used for
immunohistochemical studies to detect the presence of these het-
eromers in endogenous tissue or primary DRG cultures (Gupta
et al., 2010). An interesting finding with these antibodies is that
chronic treatment with escalating doses of morphine under con-
ditions that lead to the development of antinociceptive tolerance
leads to an increase in WOR-30OR heteromers in select brain
regions from wild-type but not from mice lacking either wOR
or 3OR (Gupta et al., 2010). These regions include the medial
nucleus of the trapezoid body (MNTB), an auditory relay nucleus
and the rostral ventral medulla (RVM), a key relay nucleus
involved in pain perception (Gupta et al., 2010). Similar increases
in LwOR-80R heteromers were also observed in the cell bodies
and dendrites of primary DRG neurons following 48 h treatment
with morphine (Figure 1). More recently tOR-3OR heteromer-
selective antibodies were used to detect the presence of these
heteromers in ileal tissue (Fujita et al., 2014b).

Another criteria that a WOR and 3OR heteromer has to fulfill
is that both receptor protomers have to be in close enough prox-
imity to directly interact. Co-immunoprecipitation studies using
either antibodies to epitope tags or to endogenous receptors show
that wOR and 8OR form interacting complexes only in spinal cord
membranes from wild-type (but not from mice lacking one of the
receptors) as well as in cells co-expressing both receptors (George
et al., 2000; Gomes et al., 2000, 2004). In addition we find that
the WOR-30R heteromer-selective antibodies can immunopre-
cipitate the heteromer from primary dorsal root ganglion (DRG)
neurons as well as from cells co-expressing both receptors (Gupta
etal, 2010). That wOR and 8OR are in close proximity to directly
interact was further supported by proximity based assays showing
that the two receptors are <1004 in live cells co-expressing both
receptors (Gomes et al., 2004; Hasbi et al., 2007).

A third criteria that the wtOR-8OR heteromer has to fulfill is
that it exhibits a unique “biochemical fingerprint” that is seen
only in cells/tissues expressing both receptors. The “biochemi-
cal fingerprint” for L OR-3OR heteromers consists of changes in
ligand binding and signaling properties. These include (i) the
binding affinity of selective synthetic agonists is decreased while
that of endogenous peptidic agonists is increased (George et al.,
2000); (i) occupancy of a receptor protomer allosterically mod-
ulates the binding and signaling profile of the partner protomer
(Gomes et al., 2000, 2004, 2011); (iii) the pOR-30R heteromer
signals via either pertussis toxin insensitive Gaz (George et al.,
2000; Fan et al., 2005; Hasbi et al., 2007), pertussis toxin sensitive
Ca™? signaling (Charles et al., 2003), or B-arrestin2 (Rozenfeld
and Devi, 2007) compared to individual receptor homomers that
signal via pertussis sensitive Gai. A related point supporting
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FIGURE 1 | Detection of LOR-30R heteromers in primary dorsal root
ganglion neurons using heteromer-selective antibodies. (A-D) Primary
dorsal root ganglion neurons (DRGs) from embryonic rats were treated
without (A,C) or with 10 wM morphine (B,D) for 48 h. L.OR-3OR heteromers
were visualized in the cell bodies (A,B) or in dendrites (B,D) using
heteromer-selective antibodies (red). (E,F) Primary DRGs from adult rats
were treated without (E) or with 10 wM morphine (F) for 48 h and wOR-5OR
heteromers visualized using heteromer-selective antibodies (red). Morphine
treatment increases pOR-80R heteromer levels. Blue color represents
nuclear DAPI staining.

receptor-receptor interactions is changes in maturation, endo-
cytosis and degradation. For example, a study showed that co-
expression of LWOR and SOR leads to retention of the heteromer
in the Golgi and that increased cell surface expression of LOR-
3OR heteromers requires the expression of a chaperone protein,
receptor transport protein-4 (Decaillot et al., 2008). Moreover,
the presence of receptor transport protein-4 protects the tOR-
dOR heteromer from ubiquitination and degradation (Decaillot
et al., 2008). Another study showed that morphine and the opi-
oid antagonists naltrexone and naltriben could serve as chemical
chaperones that increase the cell surface expression of LOR-30R
heteromers (Gupta et al., 2010). With regards to heteromer inter-
nalization one study used cells that expressed wOR and where
3OR expression was induced by treatment with ponasterone A
treatment to show that the receptor protomers internalized inde-
pendently from each other (Law et al., 2005). However, other
studies showed that treatment with some ptOR or 3OR agonists

(DAMGO, methadone, Deltorphin II, SNC80) but not others
(morphine, DPDPE, DSLET) could induce tOR-30R heteromer
internalization (Hasbi et al., 2007; He et al., 2011; Milan-Lobo
and Whistler, 2011). Interestingly, internalized heteromers are
degraded (He et al., 2011; Milan-Lobo and Whistler, 2011) while
internalized receptor homomers are recycled to the cell surface
(Milan-Lobo and Whistler, 2011). Taken together these stud-
ies indicate that wOR-8OR heteromers exhibit unique properties
compared to individual receptor homomers.

A final and important criteria for a pOR-80OR heteromer is
the development of unique reagents that selectively target or dis-
rupt the biochemical fingerprint of the heteromer. Several such
reagents have been generated including (i) TAT fused peptides
that disrupt L OR-8OR heteromerization in vitro as well as in vivo
(He et al, 2011; Kabli et al.,, 2014); (ii) bivalent ligands that
are more potent than morphine and without significant devel-
opment of tolerance and dependence (Daniels et al., 2005); (iii)
heteromer-selective antibodies that block tOR-30OR heteromer-
mediated signaling (Gupta et al., 2010); and (iv) a small molecule
ILOR-30R biased agonist, CYM51050, that is as potent as mor-
phine but with lower development of tolerance (Gomes et al.,
2013c¢). In the case of TAT fused peptides, a peptide fused to
the transmembrane domain 1 of LOR disrupted the formation
of WOR-80R heteromers both in heterologous cells and in the
spinal cord (He et al., 2011). Disruption of pOR-30OR heteromers
in the spinal cord, in turn, led to an increase in morphine-
mediated analgesia (He et al., 2011). Another peptide that could
disrupt the formation of wOR-30R heteromers in heterologous
cells comprised of a TAT peptide fused to a sequence correspond-
ing to the distal carboxyl terminal tail of SOR (Kabli et al., 2014).
Interestingly, intra-accumbens administration of this TAT pep-
tide attenuated the antidepressant and antianxiolytic effects of the
3OR agonist UFP-512 (Kabli et al., 2014). In the case of bivalent
ligands a compound comprising a SOR antagonist that is sep-
arated from a pOR agonist by a 21-atom spacer arm has been
synthesized and named MDAN21 (Daniels et al., 2005). Studies
show that MDAN21-mediated antinociception is 100 times more
potent than that of morphine and that chronic administration of
this compound does not lead to the development of tolerance and
dependence (Daniels et al., 2005). In addition, MDAN21 prevents
the internalization of LOR-8OR heteromers probably by occupy-
ing both protomers and immobilizing the heteromer at the cell
surface (Yekkirala et al., 2013). Other bivalent ligands consist-
ing of high-affinity pOR ligands (oxymorphone or naltrexone)
linked by a spacer arm to low-affinity §OR ligands (ENTI or DM-
SNCB80 respectively) have also been synthesized (Harvey et al.,
2012); however not much is known about the analgesic effects
of these ligands and whether their administration leads to side-
effects. In the case of monoclonal wOR-30R heteromer-selective
antibodies studies show that they can block the ability of low con-
centrations of a 30R selective antagonist, TIPP{;, to potentiate
the binding and signaling by DAMGQO, a selective )t OR agonist
(Gupta et al., 2010). More recently, a small molecule wOR-30R
biased agonist, CYM51050, was identified by high-throughput
screening of a small molecule library using a B-arrestin recruit-
ment assay (Gomes et al., 2013c¢). Studies with CYM51010 show
that it is more efficacious at activating G-proteins and recruiting
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B-arrestin in cells expressing the wOR-8OR heteromer compared
to cells expressing either pOR or 8OR homomers (Gomes
et al., 2013c¢). In addition, while the antinociceptive activity of
CYM51010 is similar to that of morphine, chronic administration
of this biased agonist results in lower antinociceptive tolerance
compared to morphine (Gomes et al., 2013c). That the signaling
and antinociceptive effects of CYM51010 are mostly mediated via
LOR-30R heteromers is supported by the observation that they
can be partly but significantly blocked by wOR-30R heteromer-
selective antibodies (Gomes et al., 2013c). Taken together, these
unique heteromer targeting reagents show that tOR-8OR het-
eromers occur in vivo and that the heteromer-selective antibodies
are useful not only in detecting the presence of an heteromer
in endogenous tissue under normal and pathological conditions
but also to study the properties of the heteromers and to identify
heteromer selective ligands.

kOR-30R HETEROMERIZATION

Localization studies examining heteromerization between SOR
and k opioid receptors (kOR) found them to be expressed in
the same neuroblastoma cell line (Baumhaker et al., 1993) and
co-expressed in axons of the dorsal horn of the spinal cord
(Wessendorf and Dooyema, 2001). Co-immunoprecipitation
studies using lysates from cells expressing differentially epitope
tagged receptors (Jordan and Devi, 1999) or from peripheral sen-
sory neurons (Berg et al., 2012) show that 30OR and kOR form
interacting complexes. That these two receptors are in close prox-
imity for direct receptor-receptor interactions was demonstrated
through the use of bioluminescence resonance energy transfer
assays (BRET) (Ramsay et al., 2002). Signaling studies in cells
co-expressing 3OR and kOR show a unique “biochemical finger-
print” in vitro compared to cells expressing individual receptors
(Jordan and Devi, 1999) since they report (i) a decrease in the
binding affinity of 8OR or kOR agonists; (ii) an increase in the
binding affinity of a combination of 3OR and kOR agonists or
antagonists; (iii) an increase in signaling with a combination of
dOR and kOR agonists; and (iv) that etorphine is not able to inter-
nalize OR; etorphine internalizes OR in cells expressing only
this receptor (Jordan and Devi, 1999). However, it is not known
whether this “biochemical fingerprint” observed for 3OR-kOR
heteromers in heterologous cells co-expressing epitope-tagged
receptors is also observed in endogenous tissue. Studies with
unique reagents targeting SOR-kOR heteromers show that a biva-
lent ligand, KDN-21, made up of a kOR antagonist, 5'-GNTI,
that is joined by a spacer arm to a 30R antagonist, naltrindole,
exhibits antagonistic activity but has no antinociceptive activity
(Bhushan et al., 2004). Another reagent, 6'-guanidinonaltrindole
(6’-GNTI) was initially identified as a 3OR-kOR selective agonist
that exhibits antinociceptive activity when administered intrathe-
cally (i.t.) but not intracerebroventricularly (i.c.v) (Waldhoer
et al., 2005). However, recent studies have reported that 6'-GNTI
exhibits biased agonistic activity for kOR both in heterologous
cells and striatal neurons (Rives et al., 2012; Schmid et al.,
2013). This brings into question the selectivity of this compound
for 3OR-kOR heteromers. Finally, a SOR-kOR heteromer selec-
tive antibody has been generated and characterized (Table 1).
Although not much is known about the ability of this antibody

to block heteromer-mediated binding and signaling, it has been
useful in demonstrating a role for 3OR-kOR heteromer func-
tion in vivo (Berg et al., 2012). Administration of the 3OR-kOR
heteromer selective antibody into the hind paw of rats poten-
tiated the antinociceptive response of a subthreshold dose of
DPDPE such that the latter now gave nearly the maximal possible
antinociceptive response required to inhibit the thermal allody-
nia produced by PGE2 (Berg et al., 2012). Since, treatment with
the kOR antagonist, nor-BNI, also increases the antinociceptive
response of a subthreshold dose of DPDPE although not to the
same extent as the JOR-kOR heteromer selective antibody (Berg
et al., 2012), these results suggest that either drugs targeting the
3OR-kOR heteromer or a combination of the heteromer-selective
antibody with DPDPE would be more effective in the treatment
of thermal allodynia.

30R-CB1R HETEROMERIZATION

A number of early studies suggested interactions between 3OR
and CBI1 cannabinoid receptors (CB1R). These included (i)
additive effects on signaling in N18TG neuroblastoma cells
by a combination of opioid and cannabinoid ligands (Shapira
et al., 1998); (ii) release of leucine-enkephalin during A°-THC-
mediated antinociception (Welch and Eads, 1999); (iii) signal
cross-desensitization between CB1R and 8OR (Shapira et al.,
1998); (iv) the anxiolytic effects of the CBIR agonist, A°-THC,
could be blocked by the 3OR antagonist, naltrindole (Berrendero
and Maldonado, 2002); (v) increases in the levels and activity of
CBIR in some brain regions of 3OR knockout mice (Berrendero
et al., 2003); and (vi) increases in 3OR activity in CB1R knockout
mice (Uriguen et al., 2005). Co-localization studies demonstrated
the presence of CBIR and 8OR in the same neuroblastoma cell
line (Shapira et al., 1998) and within the cell bodies and processes
of primary cortical neurons (Rozenfeld et al., 2012). Moreover,
co-immunoprecipitation studies detect the formation of interact-
ing CB1R-30R complexes only in cells that co-express both recep-
tors (Rozenfeld et al., 2012) and proximity based assays show that
both receptors are in close proximity for direct receptor-receptor
interactions in live cells (Rios et al., 2006). Examination of unique
signaling showed that the 3OR-CB1R heteromer exhibits a dis-
tinct biochemical fingerprint in heterologous cells in that (i) the
presence of OR or low concentrations of 3OR ligands decreases
the signaling potency of a CB1R agonist in heterologous cells and
this is not seen in cells with a knockdown of SOR levels (Rozenfeld
etal.,, 2012); (ii) the activity of CB1R is increased in cortical mem-
branes from 8OR knockout mice (Rozenfeld et al., 2012); (iii) in
the presence of OR a CB1R agonist activates a pathway involv-
ing phospholipase C (PLC) and B-arrestin2 while in the absence
of 8OR it activates Gai/o-mediated signaling (Rozenfeld et al,,
2012); (iv) in cells co-expressing CB1R and 3OR activation of
CB1R leads to accumulation of phosphorylated ERk1/2 in centro-
somes (Rozenfeld et al., 2012); (v) activation of CBIR promotes
increased cell survival only in cells co-expressing CB1R and 30OR
(Rozenfeld et al., 2012); and (vi) treatment with a CB1R antag-
onist decreases the survival of primary cortical neurons from
wild-type but not from 3OR knockout mice (Rozenfeld et al.,
2012). Additional studies supporting heteromerization between
30R and CBIR include those examining the maturation and
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trafficking of the two receptors. These studies show that co-
expression of 30OR changes the localization of CBIR from an
intracellular compartment to the cell surface and this involves
increased association with the adaptor protein AP-2 (Rozenfeld
et al., 2012) and, reducing 8OR levels in F11 cells that co-express
CBIR and 30R leads to a decrease in the surface expression of
CBIR (Rozenfeld et al., 2012).

To date reagents that selectively disrupt the SOR-CBIR het-
eromer or ligands targeting this heteromer have not been devel-
oped. However, antibodies that selectively recognize 3OR-CBIR
heteromers have been generated and characterized (Table 1). The
dOR-CBIR heteromer-selective antibody was used to examine
the regulation of the heteromer during neuropathic pain. We
detected changes in heteromer levels 14 days after induction of
neuropathic pain. Specifically, the antibody detected significant
increases in JOR-CBIR heteromer levels in cortex, hypotha-
lamus and midbrain of animals exhibiting neuropathic pain
(Bushlin et al., 2012). This antibody was also useful in deter-
mining the heteromer-selective fingerprint in that it could block
CBIR agonist-mediated increases in 3OR activity and this was
seen only in membranes from animals with neuropathic pain
(Bushlin et al., 2012). Taken together, these studies indicate that
the 3OR-CBIR heteromer could be a novel therapeutic target
in the treatment of neuropathic pain. Moreover, the SOR-CB1R
heteromer-selective antibody could also be a potential therapeu-
tic for the treatment of neuropathic pain given that it could block
heteromer- mediated signaling.

CB1R-AT1R HETEROMERIZATION

Studies showing an increase in CBIR levels in liver cells that
also express AT1 angiotensin receptors (AT1R) suggested pos-
sible interactions between these receptors (Teixeira-Clerc et al.,
2006; Mallat and Lotersztajn, 2008; Siegmund and Schwabe,
2008; Lanthier et al., 2009). Co-localization of CB1R with AT1R
has been demonstrated in hepatic stellate cells activated in
response to chronic ethanol administration (Rozenfeld et al.,
2011). Furthermore, co-immunoprecipitation studies show that
CBIR and ATIR form interacting complexes in these cells
(Rozenfeld et al., 2011). Examination of the biochemical pro-
file of the CBIR-ATIR heteromer shows that the AT1R agonist
induces a rapid and robust increase in ERK1/2 phosphorylation
via Gy; instead of Gyq in cells co-expressing both receptors, and
this is reduced either by decreasing the levels of CBIR using
siRNA, or by inhibiting the activity of diacylglycerol lipase, the
enzyme involved in the synthesis of the endocannabinoid 2-
arachidonoylglycerol (Rozenfeld et al., 2011). In addition, CBIR
ligands modulate AT1R-mediated increases in ERK1/2 phospho-
rylation with agonists potentiating and antagonists blocking sig-
naling (Rozenfeld et al., 2011). Moreover, in cells co-expressing
CBIR and ATIR phosphorylation of ERK1/2 by a CBIR ago-
nist is only detected in the presence of a very low non-signaling
dose of an AT1R agonist (Rozenfeld et al., 2011). Another inter-
esting feature of cells co-expressing CB1R and ATIR is that
although CBIR activation does not lead to increases in intra-
cellular Ca™? levels, activation of ATIR induces increases via
Ggq but this requires the presence of CBIR since it is attenu-
ated following siRNA-mediated knockdown of CB1R (Rozenfeld

et al., 2011). Additional support for direct interactions between
CBIR and ATIR comes from studies examining the maturation
of these receptors. These studies show that the expression of AT1R
changes the localization of CB1R from an intracellular compart-
ment to the plasma membrane in Neuro 2A cells (Rozenfeld et al.,
2011).

Although reagents that selectively disrupt CBIR-AT1R het-
eromers and ligands that selectively target this heteromer
pair have not as yet been generated, antibodies that selec-
tively recognize this heteromer have (Table 1). The CBIR-AT1R
heteromer-selective antibody was used to examine the heteromer
signaling fingerprint. The antibody can block angiotensin II-
mediated ERK1/2 phosphorylation only in cells expressing the
heteromer but not when CBIR levels are reduced in these
cells by siRNA treatment; this indicates that ERK1/2 phos-
phorylation by angiotensin II is mediated via the CBIR-AT1R
heteromer (Rozenfeld et al., 2011). In addition, the antibody
can block the secretion of fibrogenic proteins including o-
SMA from activated hepatic stellate cells obtained from rats
chronically treated with ethanol (Rozenfeld et al., 2011). This
together with observations indicating that the profibrogenic
activity of ATIR in ethanol induced liver fibrosis requires the
presence of CBIR (Rozenfeld et al., 2011) suggest that the
CBI1R-AT1R heteromer represents a novel therapeutic target for
the treatment of liver fibrosis and that the CBIR-AT1R het-
eromer by its ability to block the secretion of fibrogenic pro-
teins could potentially be used as a therapeutic to treat liver
fibrosis.

CONCLUSIONS

In this review we describe how a subtractive immunization
strategy can be successfully used to generate monoclonal anti-
bodies that are selective for a given heteromer pair and that
can be useful for examination of endogenous heteromers. Even
though the procedure is time consuming, and requires a num-
ber of controls during screening procedures for determining the
heteromer-selectivity of the antibodies, there are many advan-
tages to developing the heteromer selective antibodies. These
include the fact that they recognize a unique epitope that is
present only in cells/tissues expressing the heteromer of interest,
and thus they could be used to map the targeted heteromer in
endogenous tissue and to monitor changes in heteromer levels
during pathological conditions. In addition, heteromer-selective
antibodies are also useful to discriminate the contribution of the
heteromer from individual receptor homomers for a given signal-
ing response. Finally, in select cases heteromer-selective antibod-
ies have been useful to block a biological response. In this case
the antibodies could be used as therapeutic targets in pathologi-
cal conditions where heteromer levels are upregulated in addition
to being useful in the identification of heteromer-selective/biased
ligands. Thus, heteromer-selective antibodies represent unique
and invaluable tools that would help in our understanding
of the physiological roles of GPCR heteromers in endogenous
tissues.
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G protein-coupled receptors (GPCRs) modulate most physiological functions but are also
critically involved in numerous pathological states. Approximately a third of marketed drugs
target GPCRs, which places this family of receptors in the main arena of pharmacological
pre-clinical and clinical research. The complexity of GPCR function demands comprehensive
appraisal in native environment to collect in-depth knowledge of receptor physiopathologi-
cal roles and assess the potential of therapeutic molecules. Identifying neurons expressing
endogenous GPCRs is therefore essential to locate them within functional circuits whereas
GPCR visualization with subcellular resolution is required to get insight into agonist-induced
trafficking. Both remain frequently poorly investigated because direct visualization of
endogenous receptors is often hampered by the lack of appropriate tools. Also, monitoring
intracellular trafficking requires real-time visualization to gather in-depth knowledge. In this
context, knock-in mice expressing a fluorescent protein or a fluorescent version of a GPCR
under the control of the endogenous promoter not only help to decipher neuroanatomical
circuits but also enable real-time monitoring with subcellular resolution thus providing
invaluable information on their trafficking in response to a physiological or a pharmacological
challenge. This review will present the animal models and discuss their contribution to the
understanding of the physiopathological role of GPCRs. We will also address the drawbacks
associated with this methodological approach and browse future directions.

Keywords: G protein-coupled receptors, fluorescent protein, knock-in, mouse model, drug design, biased agonism,

receptor trafficking

INTRODUCTION
G protein-coupled-receptors (GPCRs) are proteins composed
of seven transmembrane alpha helices with an extracellular
N-terminus and an intracellular C-terminus (Rosenbaum etal.,
2009). They represent one of the largest gene families in mam-
mals and humans (Lagerstrom and Schioth, 2008, and references
therein). GPCRs can respond to various stimuli such as pho-
tons, ions, lipids, peptides, odorants, nucleotides, hormones, or
neurotransmitters (Congreve etal., 2014). There are five human
GPCR families: Rhodopsin, Secretin, Adhesion, Glutamate, and
Frizzled/Taste2 with the rhodopsin receptor family being the
largest. More than half of the 800 human GPCRs are classified
as chemosensory taste or olfactory receptors (Lagerstrom and
Schioth, 2008; Heng etal., 2013). The remaining human GPCRs
-roughly 370- may be involved in pathophysiological processes
and are therefore potentially drugable targets. Indeed, metabolic,
inflammatory, infectious or neurodegenerative diseases as well as
cancer all involve a plethora of GPCRs (Heng etal., 2013). As
many GPCRs belong to neuromodulatory systems (van den Pol,
2012), a large number of them are targeted by drugs in the context
of nervous system disorders such as pain, drug addiction, anxi-
ety, depression, sleep disorders, and neuroendocrine deregulation
(Heng etal., 2013). Altogether, GPCRs represent the targets of
about one third of marketed drugs (Overington etal., 2006).
Understanding the roles of GPCRs requires both in depth
small scale investigation and overview. Indeed, GPCR expression,

function, modulation, and trafficking properties remain difficult
to fathom and reflect the complex, highly regulated pathways in
which they are involved. The study of GPCRs in physiology and
disease therefore requires integrative and functional systems. This
is especially true when considering the central nervous system
(CNS) where neuronal networks are complex and intermingled.
It is therefore of utmost importance to identify and delineate cells
that express the GPCR of interest. In the majority of studies, map-
ping GPCR expression was overcast by poor antibody specificity.
The measure of this limitation was only fully appreciated when
genetically modified mice which were deficient for the GPCR of
interest became available, emphasizing the insufficient specificity
of the commonly used antibodies, thereby prompting the search
for new technologies to monitor receptor trafficking, decipher
activated intracellular signaling cascades or investigate functional
outcomes of GPCR activation in integrated systems, and particu-
larly in neuronal networks (Marder, 2012). Among the options
which were being explored, fluorescent proteins (FPs) isolated
from natural organisms attracted special interest as they appeared
to be very promising tools to achieve these goals. There are many
advantages to using fluorescent molecular tags; the inherent fluo-
rescence is directly visible, chemically resistant to fixation and can
be used in time-course studies in living cells for tracking receptor
trafficking events (Kallal and Benovic, 2000).

The Green FP (GFP) was the first FP used in biology. This pro-
tein is composed of 238 amino acids (roughly 27 kDa) and was
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isolated from the jellyfish Aequorea victoria (Shimomura etal.,
1962, for review see Tsien, 1998). A mutant form of GFP called
enhanced GFP (eGFP) was later generated, with improved quan-
tum yield efficiency and higher solubility, making eGFP a popular
reporter molecule (Cormack etal., 1997). The additional mutants
that were created offer a large palette of fluorescence, ranging
from violet to far red, thus opening new perspectives, includ-
ing the possibility of co-expressing two or more FP in the same
cell, whereby protein interactions could be investigated (Heim
and Tsien, 1996). Likewise, this can be achieved by simultane-
ously expressing eGFP and mcherry, a stable monomeric mutant
derived from the red fluorescent protein (RFP) DsRed, the latter
was isolated from the coral Discosoma sp. (Campbell etal., 2002;
Shaner etal., 2004). Additional variants derived from the GFP or
DsRed were also generated and possess fast maturation, improved
pH stability and photostability (reviewed in Shaner etal., 2007;
Subach etal., 2009). The development of these FPs has been par-
alleled by technological advances in the field of live cell imaging
that have brought high quality approaches for analysis of biolog-
ical processes in a time- and space-dependent manner (Nienhaus
and Nienhaus, 2014).

Validation of drug targets and pharmacological mechanisms
cannot be achieved without in vivo preclinical studies for which
mouse models provide a mammalian background and genetic
tools of great value (Doyle etal.,, 2012; Bradley etal,, 2014). In
order to address GPCR function in vivo, tracking endogenous
receptors with FPs therefore represents indisputable added value.
In the following sections, we will review and comment on the use
of FPs that has helped to shed light on endogenous GPCR function
in vivo.

IN VIVO EXPRESSION OF FP UNDER GPCR PROMOTER

FROM TRANSGENIC TO KNOCK-IN MOUSE LINES

Transgenic mouse lines expressing FPs under the control of pro-
moters for a GPCR or an endogenous peptide were created. A
number of reporter mice generated using bacterial artificial chro-
mosomes (BACs) were part of a project called gene expression ner-
vous system atlas (GENSAT) http://www.gensat.org/index.html
(Gong etal., 2003) that produced an important set of data relative
to gene expression which could be used for deciphering the devel-
opmental implications and network dynamics of selected genes
of interest. On the account that specific CNS genes are most
often expressed in a particular cell population or anatomically
defined structure, tandem dimer Tomato (td-Tomato), a RFP, or
eGFP-labeling of these cells renders analysis of the anatomical,
physiological and biomolecular properties of a chosen subtype
of neurons accessible. Overall, transgenic reporter mouse lines
have proven to be extremely useful for the precise mapping of
GPCR and endogenous ligands expression in the nervous sys-
tem, and are suitable for analysis of cell populations (Heintz,
2001).

The shortcomings of the transgenic mouse models are, how-
ever, manifold (Haruyama et al., 2009). (1) Transgenic expression
results in overexpression compared to wild type animals. (2)
Low efficiency of transmission to offspring may be caused by
mosaic expression of the transgene in founder animals. Indeed,
high copy number insertion of transgenes is more vulnerable

to epigenetic silencing, which reduces the transgene expression
level in successive generations. (3) Expression in unexpected
tissues or timeframes may result from transgene insertion in
genomic regions containing an endogenous promoter or enhancer.
(4) Silencing or ectopic expression can be caused by positional
effects. Transgene insertion can take place into transcriptionally
inactive regions of the genome, or can be affected by neigh-
boring repressor sites. Transgene insertion being, in essence,
random, the possibility of disrupting the normal genome is
very high. As a consequence, the erratic nature of the trans-
gene insertion may result in unpredicted and/or detrimental
phenotypes and off-target effects. As an example, many groups
used BAC transgenic mice expressing eGFP driven by the pro-
moter for either D; or D, receptors, the dopamine receptor
1 or 2, respectively (Lee etal., 2006; Bertran-Gonzalez etal.,
2008; Valjent etal., 2009; Tian etal., 2010; Kramer etal., 2011;
Chan etal, 2012). Mainly, work published using these two
BAC transgenic mice successfully identified neurons expressing
dopamine receptors and delineated dopaminergic connectivity
in the CNS. However, Kramer etal. (2011) brought evidence of
molecular and behavioral alterations in Drd2-eGFP BAC trans-
genic mice comprising novel environment hyperactivity, reduced
locomotor response to cocaine, and D, receptor agonist hyper-
sensitivity. These effects were presumably due to unfortunate
insertion of the BAC, which caused receptor overexpression
(Kramer etal., 2011).

KNOCK-IN MICE: TOWARD MORE SPECIFIC MODELS

To overcome the limitations associated with the use of trans-
genic mice, efforts were made to generate knock-in animals in
which a FP is introduced at the locus of interest by homologous

STOP
A ﬁPromoterH Exon 1 H Exon 2 * Exonn *
STOP
B G
Truncated STOP
C qPromoterH Exon 1 I FP
IRES STOP
D -|PromoterH Exon 1 H Exon 2 % Exonn m FP
STOP
E w{Promoterl Exon 1 H Exon 2 * Exonn W FP *

FIGURE 1 | Schematic diagram of genetic constructions of knock-in
mice expressing a fluorescent protein (FP) under the control of an
endogenous GPCR promoter. (A) Endogenous GPCR gene layout.

(B) Knock-in FP expressed under the control of the endogenous GPCR
promoter: the endogenous GPCR gene is replaced by the FP coding
sequence. (C) The FP coding sequence is knocked into the truncated gene
coding for the native GPCR, resulting in genetic invalidation of the receptor.
(D) Insertion of an internal ribosomal entry site (IRES) downstream of the
endogenous GPCR gene, ahead of the FP coding sequence. Native GPCR
expression is maintained, and the FP is also expressed under the control of
the endogenous GPCR promoter. (E) The FP sequence is inserted in frame
in place of the stop codon in the endogenous GPCR gene giving rise to a
fluorescent fusion protein in which the FP is fused to the C-terminus of the
functional GPCR in conditions of native expression.
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recombination. Several strategies are used (see Figure 1). Mod-
els in which an FP is expressed either under the control of an
endogenous GPCR promoter are valuable and reliable tools for
localization and characterization of cell population which express
the GPCR of interest. However, such strategies present a signifi-
cant drawback since the GPCR is non-functional following partial
or total replacement of its coding sequence by the FP coding
one. The FP is thus expressed in appropriate cells, but the pre-
cise subcellular localization and function of the receptor cannot
be examined and the final outcome, in the case of homozygous
animals, is the absence of the functional GPCR, equivalent to a
knock-out phenotype. This limitation can be circumvented by the
introduction of an internal ribosomal entry site (IRES) sequence,
whereby expression of the endogenous GPCR is maintained and
the chosen FP is expressed under control of the endogenous
promoter.

Chemokine receptors

Jung etal. (2000) published the first knock-in mouse in which
an FP was expressed under a GPCR promoter. The aim was to
track cells which expressed the Fractalkin (CX3C) chemokine
receptor CX3CR1, using a GFP knock-in strategy by replac-
ing the first 390 bp of exon 2 of the CX3CRI gene that
encodes the receptor N-terminus by a eGFP-coding sequence,
enabling direct identification of peripheral blood cells and brain
microglia expressing CX3CR1 (see Table 1). In heterozygous
animals, CX3CR1 expression remained detectable because these
CX3CR17/SFP heterozygous animals possess one allele for flu-
orescence visualization of cells expressing the GPCR of interest
and one allele for expression of the functional receptor. Since
CX3CR1 and its ligand Fractalkin play a role in immunological
and inflammatory processes, this model was used to investi-
gate microglia proliferation during early embryonic spinal cord
invasion (Rigato etal., 2012) neuron-glia interactions in the con-
text of nerve injury or neuroinflammation (Garcia etal., 2013)
and in neurodegenerative diseases such as Alzheimer’s disease
(Fuhrmann etal., 2010), or Parkinson’s disease (Virgone-Carlotta
etal., 2013).

A follow-up to this knock-in mouse was published in 2010.
In their paper, Saederup etal. (2010) designed a mouse with
another single FP, RFP (a DsRed variant) replacing the first
279 base pairs of the open reading frame coding for the
chemokine receptor type 2 (CCR2), and crossed the heterozy-
gous CCR2T/RFP and homozygous CCR2RFP/RFP knock-in ani-
mals with the previously published CX3CR1%F?/GFP homozygous
animals, in order to obtain heterozygous double knock-in ani-
mals CX3CR1T/SFPCCR2T/RFP | The two chemokine receptors
are expressed by distinct monocyte populations, therefore the
red and green FPs constitute an elegant “two-colored” mouse
model which was ideally suited for immunological studies (see
Table 1). Indeed, because the immune system is constituted
of cells that circulate in blood and lymph vessels, mature cells
do not constitute a solid organ and are not restricted by con-
nective tissue, therefore immune cell tracking is essential. Both
the double heterozygous knock-in animals and the first mouse
line (CX3CR1T/GFP knock-in), were used to study and ade-
quately quantify macrophage and monocyte population dynamics

in a model of autoimmune tissue inflammation (experimental
autoimmune encephalomyelitis), which recapitulates an animal
model of multiple sclerosis (MS). In a subsequent study, the
same group unveiled myeloid lineage and microglial chemokine
receptor changes at embryonic stages 8.5-13.5, monitored CNS
colonization by cells of interest, during development and in an
MS model using adult mice (Mizutani etal., 2012). The knock-in
models thus yielded exciting and fundamental results relative to
the identification of cells expressing the designated GPCRs, and a
fine description of cellular population changes in various disease
paradigms.

Oxytocin receptors

Yoshida etal. (2009) engineered a mouse line in which a 5’
fragment of exon 3 of the oxytocin receptor (OTR) gene was
replaced by a sequence coding for Venus FP, a yellow FP vari-
ant (Nagai etal.,, 2002). The recombined allele did not encode
functional OTR but heterozygous animals retained radiolabelled
oxytocin binding patterns through the intact allele, while enabling
direct visualization of Venus in oxytocin expressing cells (Yoshida
etal., 2009). Immunohistochemical analysis of brain sections
from these animals revealed that there was a high expression
of Venus (hence OTR) in monoaminergic areas of the brain
in agreement with in situ hybridization (ISH) studies (Vaccari
etal., 1998). However, the approach provided more sensitive
detection of OTR expression by identifying additional areas and
cells expressing Venus fluorescence among which serotoninergic
ones. This study was the first to show evidence for interac-
tion between oxytonergic and serotonergic systems in a pathway,
which modulates anxiety. In a following study, these knock-
in mice were used to map OTR expression in the spinal cord;
shedding light on the modulatory role of oxytocinergic networks
involved in spinal cord functions, such as nociception (Wrobel
etal.,2011).

Taste receptors

Sensing of the chemical categories which are responsible for sweet,
sour or umami taste is specifically encoded by GPCRs expressed
on primary taste neurons (Liman etal., 2014). The taste recep-
tor family 1 (Taslr) belongs to class C GPCRs and function as
obligatory heteromers, meaning that two GPCRs of different sub-
types are associated and interact to form a functional entity. The
taste receptor family 2 (Tas2r), on the other hand, are currently
classified among class A GPCRs (Alexander, 2013).

In order to study the distribution of taste receptors in the
mouse gustatory tissue, Voigt and collaborators engineered two
knock-in mouse lines which they subsequently crossed in order to
obtain double knock-in animals in which the open reading frame
encoding the receptor was replaced by the sequence coding for
the mcherry or humanized Renilla (hr)GFP under the control of
Taslrl (umami taste receptor) or Tas2r131 (bitter taste receptor)
promoters, respectively (Voigt et al., 2012). This approach permit-
ted identification of cells expressing mcherry under the control
of the Taslrl promoter in the lingual papillae, soft palate, fungi-
form and foliate papillae, confirming previous findings (Hoon
etal., 1999; Stone etal., 2007) but also in extra-gustatory tissues
(lung epithelium, testis, thymus) which had not been investigated
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Table 1 | Knock-in mice expressing fluorescent proteins under the control of G protein-coupled receptor (GPCR) endogenous promoters.

Targeted GPCR Fluorescent Identified Model Therapeutic potential Reference
protein cell type
Insertion of FP sequence at the GPCR gene locus
Chemokine CX3CR1  eGFP Immune cells Peritonitis Neuroinflammation Jung etal. (2000)
Nerve injury Neurodegenerative
diseases
Microglia Population dynamics in Rigato etal. (2012)
embryonic development
Microglia Neurodegeneration Alzheimer Fuhrmann etal. (2010)
Microglia Neuroinflammation Parkinson Virgone-Carlotta etal. (2013)
Chemokine CCR2 RFP Immune cells Experimental autoimmune  Neuroinflammation Saederup etal. (2010)
encephalomyelitis Neurodegenerative
diseases
Chemokine CX3CR1  eGFP Immune cells Experimental autoimmune Neuroinflammation Saederup etal. (2010)
X encephalomyelitis Neurodegenerative
Chemokine CCR2 RFP diseases
Myeloid cells Experimental autoimmune  Population dynamics in Mizutani etal. (2012)
Microglia encephalomyelitis embryonic development
Oxytocin Venus Brain distribution Anxiety related Psychiatric disorders Yoshimura etal. (2001)
Spinal cord distribution Nociception/pain Wrobel etal. (2011)
Mrgprd eGFPf Sensory projections to Nociception/pain Zylka etal. (2005)
epidermis
Sensory projections to tooth Nociception/dental pain  Chung etal. (2012)
pulp
Taste TasR1 mcherry Taste cells in taste buds and - Voigt etal. (2012)
peripheral tissue
Taste Tas2R131 hrGFP Taste cells in taste buds and - Voigt etal. (2012)
peripheral tissue
Taste TasR1 mcherry Taste cells in taste buds and - Voigt etal. (2012)
X peripheral tissue
Taste Tas2R131 hrGFP
GPCR-IRES-FP expression
Mas-related Mrgprd ~ eGFPf Sensory projections to Nociception/pain Zylka etal. (2005)
epidermis
Cannabinoid CB1 Td-Tomato Neurons Chronic cocaine injection  Drug addiction Winters etal. (2012)

before (Voigt etal., 2012). Expression of hrGFP under the control
of Tas2r131 promoter was in accordance with previously find-
ings describing taste receptor distributions (Behrens etal., 2007),
showing abundant hrGFP expression in taste buds of the pos-
terior tongue, vallate palate and foliate palate. In addition, it
uncovered, for the first time, expression restricted to only half
of the bitter sensor cells (Voigt etal., 2012). Double knock-in ani-
mals lacked both taste receptors, but expressed FPs in the targeted
cells [verified by reverse transcription polymerase chain reaction
(RT-PCR), ISH and immunohistochemistry]. This genetic label-
ing technique served for population distribution studies, which

was until then unachievable, given the fact that Tasr expres-
sion is sparse in cells, and that the available antibodies lack
specificity. The double knock-in animals yielded a valuable and
detailed cartography of taste receptors in the mouse, and revealed
that distinct chemosensory cell populations mediate specific and
non-overlapping taste qualities.

Mas-related-G-protein coupled receptors

Mas-related-G-protein coupled receptor member D (Mrgprd)
belongs to a GPCR family of approximately 50 members, related
to MaslI (oncogene-like MAS), called Mrgs. Mrgs are suspected to
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be involved in development, regulation and function of nocicep-
tive neurons or nociceptors (Dong etal., 2001) and are expressed
in a subset of nociceptors, which are small diameter primary sen-
sory neurons in dorsal root ganglia (DRG) directly involved in
processing nociceptive stimuli, especially itch (Liu etal., 2012).

Zylka etal. (2005) observed similar expression patterns of the
eGFPf (a farnesylated form that anchors the FP to the cytoplas-
mic leaflet of the lipid bilayer) in nociceptors, and projections
of the sensory neurons to the epidermis using knock-in mice in
which the open reading frame coding for Mrgprd is replaced by the
sequence encoding the eGFPf or knock-in animals in which the
eGFPf sequence is inserted behind an IRES element downstream
of the mouse Mrgprd gene (Zylka et al., 2005). This demonstrates
that both strategies can be equally used for cellular mapping. In
addition, similar projection profiles in the epidermis validated
the eGFPf knock-in mouse for axonal tracing by comparison
with the widely used human placental alkaline phosphatase teth-
ered to the extracellular surface of the plasma membrane by a
glycophosphatidylinositol linkage.

In a later study, the knock-in mouse model expressing eGFPf
at the Mrgprd locus was used to identify non-peptidic nociceptive
neurons of trigeminal ganglia innervating tooth pulp (Chungetal.,
2012). This opens future application of this model to study the role
and function of the targeted GPCR in dental pain.

Cannabinoid receptors

The endocannabinoid system plays roles in memory, appetite,
stress and immune processes, as well as motivation and emo-
tional responses and modulates the effects of some drugs of
abuse (Pertwee, 2006; Tan etal., 2014). In the nucleus accum-
bens (NAc), a brain structure which has a crucial role in reward
processing and a decisive influence on emotional and motivational
responses, cannabinoid receptor 1 (CB1) expression is limited but
nevertheless essential for cocaine-induced reward in mice (Mar-
sicano and Lutz, 1999). In order to further identify and delineate
the cellular and electrophysiological properties of CB1 recep-
tor expressing cells in the NAc, Winters etal. (2012) designed a
knock-in mouse line in which an IRES element ensures expres-
sion of both CB1 receptors and td-Tomato under the control of
the CB1 promoter. Importantly, this mouse line still expressed
functional CB1 receptors. Neurons expressing CB1 receptors were
readily visualized in the NAc and their distribution was in accor-
dance with previous data on CB1 receptor localization using ISH
or immunohistochemistry (Mailleux and Vanderhaeghen, 1992;
Tsou etal., 1997). This mouse line enabled to identify of cells and
to explicitly demonstrate biochemical and signaling properties of
a particular neuronal population of fast-spiking interneurons in
the NAc which impacts on the NAc projections and connectiv-
ity. Results also revealed functional impact of cocaine on these
neurons (Winters etal., 2012).

GPCR-FP FUSION FOR /N VIVO FUNCTIONAL AND MAPPING
STUDIES

INITIAL VALIDATION OF GPCR-FP FUSIONS IN HETEROLOGOUS
SYSTEMS

Fusions between a GPCR and an FP as tools to monitor the
GPCR subcellular localization and trafficking were first studied

in heterologous systems. Two fusion options were considered:
either the FP at the N-terminus or at the C-terminus. A vast
majority of GPCRs do not have cleavable N-terminus signal
sequences that target them to the plasma membrane. Intro-
duction of a foreign sequence ahead of their N-terminus has
been shown to disrupt surface addressing, and correct mem-
brane targeting and insertion therefore requires introduction
of an additional foreign signal sequence in front of the fusion
construct (McDonald etal., 2007). If proper cell surface expres-
sion is indeed restored, introduction of such a signal sequence
nonetheless strongly impacts on the relative ratio between surface
expression and intracellular distribution by substantially increas-
ing the amount of protein at the cell surface (Dunham and
Hall, 2009, and references therein). Hence, such fusion pro-
teins are not well suited to mimic the responses of endogenous
GPCRs to agonist stimulation and were not used for in vivo
studies.

Concerns have also been raised regarding in frame insertion of
the FP at the C-terminus of the GPCR by substitution of the stop
codon. The presence of a 27 kDa beta barrel at the intracellular
extremity of the GPCR could indeed interfere with intracellular
scaffold partners and modify signaling or internalization pro-
cesses thus defeating the object when studying GPCR signaling
properties. However, many studies performed in mammalian cells
on a large number of GPCRs strongly suggest that addition of
GFP at the C-terminus does not significantly affect subcellu-
lar distribution in the basal/unstimulated state, ligand binding
or agonist-induced receptor phosphorylation and internalization,
(for review Kallal and Benovic, 2000). McLean and Milligan (2000)
expressed P1- and P,-adrenergic receptors fused to a C-terminal
eGFP mutant in human embryonic kidney (HEK 293) cells. These
authors concluded that the presence of the eGFP did not influence
ligand binding but decreased the agonist-induced internalization
kinetics without affecting the intracellular fate of the receptor.
Trafficking of the fusion protein was qualitatively maintained,
but was quantitatively slightly modified compared to native pro-
teins. This study therefore supports the use of such fusions to
monitor endogenous receptor subcellular localization. Similarly,
the genetic construction encoding the delta opioid (DOP) recep-
tor fused with eGFP protein at the C-terminus was expressed in
transfected HEK 293 cells, and the fusion did not alter opioid
ligand binding affinity or signaling (Scherrer etal., 2006). This
construct was later successfully used to express a functional DOP-
eGFP fusion in mice by knocking the modified sequence into
the endogenous DOP receptor locus (Scherrer etal., 2006, see
below).

In some cases, however, FP fusion at the GPCR C-terminus
had deleterious effects. Defective targeting to the cell surface was
reported for the melanocortin 2 receptor fused to the GFP in HEK
293 cells (Roy etal., 2007) and no recycling was observed for the
muscarinic M4 receptor fused to a C-terminal red variant of GFP
in neuroblastoma/glioma hybrid cells (NG108-15 cells; Madziva
and Edwardson, 2001). In both cases, impairment was more likely
to be due to gross overexpression rather than fusion of the FP to
the C-terminus. High levels of expression of a GPCR in a non-
native environment can indeed artificially elicit properties and
interactions that would not occur in vivo. Moreover, cell lines
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used for heterologous expression may provide different intracel-
lular machinery for complex protein folding or post-translational
modifications compared to naturally producing cells. This repre-
sents an additional limitation to the study of GPCR functions and
prompted to develop in vivo approaches.

FROM TRANSGENIC TO KNOCK-IN MOUSE LINES

Papay etal. (2004) reported a transgenic mouse model of a fluo-
rescent tagged GPCR. The construct they described was composed
of a 3.4 kb fragment of the mouse endogenous a1B adrenocep-
tor promoter, the human a1B adrenoceptor coding sequence with
C-terminal fusion eGFP sequence. The resulting founder lines
were characterized, and high expression levels were observed in
all tissues that naturally express alB adrenoceptors by fluores-
cence microscopy. Binding affinities and internalization profiles
were similar to those of endogenous receptors. With this study,
Papay etal. (2004) reported the first mouse model expressing a
GPCR tagged with eGFP as a transgenic approach for in vivo
GPCR localization studies. The generation of knock-in animals
represented a further improvement by enabling for the first time
to track down endogenous receptors, which has opened a new era
for pharmacological research.

KNOCK-IN HUMANIZED RHODOPSIN FUSED WITH A FLUORESCENT
PROTEIN (hRho-eGFP)

Chan etal. (2004) mouse lines expressing human rhodopsin-
eGFP were engineered using different knock-in strategies. All
mouse lines showed decreased expression levels of the fusion pro-
tein relative to the endogenous mouse rhodopsin. Comparing
the different homozygote mouse lines enabled to correlate the
decrease in human rhodopsin—eGFP expression to the increased
rate of retinal degeneration, providing a model of human dis-
eases. More recently, using a human mutant rhodopsin allele
[proline-to-histidine change at codon 23 (P23H) rhodopsin]
which induces mislocalization and degradation of the human
protein, the research group generated a knock-in mouse line
which modeled a common cause of autosomal dominant retini-
tis pigmentosa (Price etal., 2011). In humans, mutation Q344X
is responsible for a severe early onset form of retinitis pigmen-
tosa. The Q344X mutation introduces a premature stop codon
that prevents GFP expression in the human rhodopsin-eGFP con-
struct. Knock-in animals expressing this mutant construct were
used to monitor eGFP fluorescence recovery as an index of the
frequency and timing of somatic mutations in the rhodopsin gene
(Sandoval etal., 2014). These mouse lines provided substantial
and valuable data concerning rhodopsin distribution in the retina
(for references, also see Table 2), and were advantageously imple-
mented for non-invasive measurement by illuminating the mouse
retina in live animals with blue light (Wensel etal., 2005). They
will provide a means to assess the impact of future gene-targeting
treatment strategies for retinal degeneration (Gross etal., 20065
Sandoval etal., 2014).

OPIOID RECEPTORS

The opioid system modulates a wide range of physiological states,
of which nociception, reward, mood, stress, neuroendocrine phys-
iology, immunity, autonomic functions such as gastro-intestinal

transit (Kieffer and Evans, 2009; Walwyn etal., 2010; Chu Sin
Chung and Kieffer, 2013; Lutz and Kieffer, 2013). Opioid recep-
tors are members of the class A GPCR family, mu (MOP), delta
(DOP) and kappa (KOP) opioid receptors couple to inhibitory
heterotrimeric inhibitory G protein, and have high sequence
homology (Akil etal., 1998).

Mapping of receptor expression with neuronal resolution

Scherrer etal. (2006) generated a DOP-eGFP knock-in mouse line
by homologous recombination in which the coding sequence for
the DOP receptor fused to its C-terminus to the eGFP was inserted
at the Oprd1 locus.

Delta opioid-eGFP knock-in mice proved very helpful to map
DOP receptors in the nervous system and remedy the lack of
highly specific antibodies (see Table 2). In the peripheral ner-
vous system, DOP-eGFP receptors were detected in cell bodies
of specific peripheral sensory neuronal populations which pro-
cess sensory stimuli, namely mostly in large diameter myelinated
(Neurofilament 200 positive), and in small diameter unmyelinated
non-peptidergic (Isolectin B4 positive) neurons (Scherrer etal.,
2009; Bardoni etal., 2014). The expression pattern of DOP-eGFP
receptors was also reported in mechanosensory organs in the skin
(Bardonietal.,2014). Another study focused on the distribution of
DOP-eGFP in enteric neurons with DOP-eGFP expression mainly
in secretomotor neurons of the submucosal plexus of the digestive
tract (Poole etal., 2011). The observed distribution reflects func-
tional roles of DOP receptors in inhibition of intestinal motility
and absorption.

In the CNS, DOP-eGFP mapping was performed in the brain
and spinal cord (Erbs etal., 2014). Detailed DOP-eGFP expres-
sion was also reported in the hippocampus, where functional
DOP-eGFP was found to be mainly expressed in GABAergic
interneurons, mostly parvalbumin-positive ones (Erbs et al., 2012;
Rezai etal., 2013). The DOP-eGFP knock-in mice also enabled
to resolve the debate concerning the presence of DOP receptors
in principal cells. The absence of colocalization with calbindin
(Erbs etal., 2012) and presynaptic expression restricted to affer-
ents to glutamatergic principal cells established that no functional
DOP receptors are expressed under basal conditions in those cells
(Rezai etal., 2012). These results are consistent with a modulation
of principal cell activity in the hippocampus by DOP receptors,
and therefore an impact of the receptors in learning and memory.

More recently, a knock-in mouse line expressing a MOP recep-
tor fused with a RFP at the C-terminus, MOP-mcherry, was
generated by Erbs etal. (2014). At the Oprml locus, mcherry
c¢DNA was introduced into exon 4 of the MOP gene in frame
and 5’ from the stop codon. This FP is monomeric and highly
photostable, and the strong red signal of MOP-mcherry fusion
protein enabled direct identification of neurons expressing MOP
in the nervous system (Erbs et al., 2014). The authors compiled the
DOP-eGFP and MOP-mcherry distributions in a neuroanatomical
atlas available at http://mordor.ics-mci.fr

Several studies in heterologous systems or cell culture had
suggested that MOP and DOP receptors may interact to form
heteromers (van Rijn etal., 2010; Rozenfeld etal., 2012; Stock-
ton and Devi, 2012) but their existence in vivo remains debated.
Co-immunoprecipitation studies performed on tissue from spinal

Frontiers in Pharmacology | Neuropharmacology

January 2015 | Volume 5 | Article 289 | 51


http://mordor.ics-mci.fr
http://www.frontiersin.org/Neuropharmacology/
http://www.frontiersin.org/Neuropharmacology/archive

Ceredig and Massotte

Fluorescent knock-in mice

Table 2 | Knock-in mice expressing GPCR-fluorescent protein fusions.

Fusion construct

Biological readout

Reference

hRhodopsin-eGFP

P23H-hRhodopsin-eGFP

Q344X-hRhodopsin-
eGFP

Retinal degeneration kinetics

(model of recessive retinitis pignmentosa)

Distribution, membrane structure, and trafficking of rhodopsin
(model of retinitis pigmentosa)

Degeneration and degradation kinetics of rhodopsin

(model of common cause of autosomal dominant retinitis
pigmentosa)

DNA repair in photoreceptors cells during retinogenesis

(degeneration and degradation kinetics in a model of severe

Chan etal. (2004)

Gross etal. (2006)

Price etal. (2011)

Sandoval etal. (2014)

early-onset of retinitis pigmentosa)
DOP-eGFP Receptor distribution:
- central nervous system
— hippocampus
— dorsal root ganglia
— mechanosensors in the skin

— myenteric plexus

Correlation between behavioral desensitization and receptor

internalization
Biased agonism at the receptor
— pharmacological drugs

— endogenous opioid peptides

Behaviorally controlled receptor subcellular distribution

MOP-mcherry
MOP-mcherry
X

DOP-eGFP

MOP-DOP neuronal co-expression in the brain

Receptor distribution in the central and peripheral nervous systems

Scherrer etal. (2006, 2009), Erbs etal. (2014)
Erbs etal. (2012), Rezai etal. (2012, 2013)
Scherrer etal. (2009), Bardoni etal. (2014)
Bardoni etal. (2014)

Poole etal. (2011)

Scherrer etal. (2006), Pradhan etal. (2009, 2010)

Pradhan etal. (2009, 2010)

Faget etal. (2012)

Faget etal. (2012), Bertran-Gonzalez etal. (2013), Laurent
etal. (2014)

Erbs etal. (2014)

Erbs etal. (2014)

cord or DRGs also hinted at close physical proximity between
the two receptors in these areas (Gomes etal., 2004; Xie etal.,
2009). In addition, MOP-DOP heteromers had been detected in
some brain areas using specific antibodies (Gupta etal., 2010).
Recently, extensive mapping of MOP-DOP neuronal colocal-
ization using double knock-in mice co-expressing DOP-eGFP
and MOP-mcherry provided sound data to investigate MOP-
DOP physical proximity and functional interactions. In the
hippocampus, a brain area where the two receptors are highly
co-expressed, co-immunoprecipitation experiments using anti-
bodies raised against the FPs indeed confirmed physical proximity
(Erbs etal., 2014). These animals will now be useful to address
MOP-DOP specificities in ligand binding, signaling and traffick-
ing as well as functional output and to investigate the potential of
MOP-DOP heteromers as a novel therapeutic target.

In vivo trafficking, desensitization and behavioral output

The DOP-eGFP mouse line is the first example of the
use of a knock-in line to study GPCR functions in vivo
(Scherrer etal.,, 2006). DOP agonist-induced internalization

was observed in vivo upon activation by the alkaloid [(+)-
4-[(alphaR)-alpha-((2S,5R)-4-allyl-2,5- dimethyl-1-piperazinyl)-
3-meth oxybenzyl]-N,N-diethylbenzamide] (SNC-80) and the
endogenous peptide Met-enkephalin (Scherrer etal., 2006). The
two agonists induce receptor internalization in heterologous sys-
tems with receptor phosphorylation as the first step of a cascade
of events leading to termination of G protein dependent signaling,
receptor removal from the cell membrane and trafficking to intra-
cellular compartments (Ferguson etal., 1996; von Zastrow and
Williams, 2012; Walther and Ferguson, 2013). DOP-eGFP mice
revealed that these agonists also induce receptor phosphorylation,
internalization via clathrin coated pits in vivo and degradation
in the lysosomal compartment in the brain (Scherrer etal., 20065
Pradhan etal., 2009; Faget etal., 2012) and peripheral nervous
system in the myenteric plexus (Poole etal.,, 2011) and DRGs
(Scherrer etal., 2009). Moreover, these animals prove to be instru-
mental to decipher molecular mechanisms underlying receptor
desensitization leading to a loss of responsiveness of the receptor
upon stimulation by an agonist. Scherrer etal. (2006) were indeed
able, for the first time, to establish the correlation between receptor
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trafficking in vivo and the behavioral response: namely that the
receptor internalization induced by acute administration of the
agonist SNC-80 was responsible for the observed locomotor desen-
sitization. This paper was followed by additional studies exploring
the consequences of receptor pharmacological stimulation in more
detail, in particular the concept of biased agonism.

G protein-coupled receptors have a flexible and highly dynamic
nature (Moreira, 2014) which enables a given ligand to show
functional selectivity, that is, preferential activation of sig-
nal transduction pathways, otherwise termed biased agonism
(Ostrom and Insel, 2004; Giguere etal., 2014; Kenakin, 2014).
DOP-eGFP mice offer the possibility of addressing this con-
cept in vivo and to link it to a functional response. DOP-eGFP
mice were used to analyze the properties of two DOP recep-
tor agonists possessing similar signaling potencies and efficacies
but with different internalization profiles (Pradhan etal., 2009).
SNC-80 and N,N-diethyl-4-(phenyl-piperidin-4-ylidenemethyl)-
benzamide (AR-M100390), with high and low internalization
properties respectively, were systemically administered to mice,
and receptor trafficking was correlated to induced anti-allodynic
effect in the context of inflammatory pain (Pradhan etal,
2009). As expected, acute SNC-80 administration resulted in
receptor phosphorylation, decreased G protein coupling and
receptor degradation in the lysosomal compartment, leading to
desensitization with loss of anti-allodynic properties. On the
other hand, acute injection of AR-M100390 did not result in
receptor phosphorylation, did not reduce G protein coupling,
did not induce receptor internalization or desensitization but
retained analgesic properties. This study demonstrated that DOP
receptor localization determines its function in vivo and high-
lights the importance of receptor tracking in order to extricate
behavioral and cellular correlates of specific agonist properties
(Pradhan et al., 2009).

In a following study, DOP-eGFP mice were used to assess
the physiological impact of distinct signaling pathway recruit-
ment and/or adaptive responses upon chronic administration
of two DOP receptor agonists (Pradhan etal., 2010). Chronic
administration of SNC-80, which has high internalization prop-
erties, led to marked receptor downregulation and degradation
in SNC-80-tolerant animals. Receptor internalization prevented
any additional activation through physical disappearance from
the cell surface leading to general desensitization, as assessed
by thermal and mechanical analgesia, locomotor activity and
anxiety-related behavior. On the other hand, chronic admin-
istration of AR-M100390, with weak internalization properties,
did not cause changes in DOP-eGFP localization and induced
tolerance restricted to analgesia, with no effect on locomotor
activity or anxiolytic responses. These data show that a selective
internalization-independent tolerance was elicited and suggest the
occurrence of adaptative mechanisms that are network dependent.
These findings reinforce the importance of understanding ago-
nist specific signaling underlying biased agonism and tolerance.
Considering that drug design has focused on offering orthosteric
or allosteric modulators of GPCRs (Bradley etal., 2014), research
groups need to explore the downstream signaling cascades of these
drugs in more detail in order to understand and target the molecu-
lar events which underlie their efficacy. This is an essential progress

for the understanding of drug action and opens new possibilities
for drug design.

Direct visualization of the receptor also permitted to deci-
pher the functional role of delta receptors in neuronal networks
and to understand the complex relation between behavior and
receptor subcellular distribution. Of particular interest is the
observation that DOP subcellular distribution is modified in two
brain areas involved in the processing of information associated
with emotional value or predicted outcome. The CAl area of
the hippocampus is known to operate as a coincidence detec-
tor that reflects association of the context with strong emotional
stimuli of positive or aversive value (Duncan etal., 2012). Accord-
ingly, increased c-Fos immunoreactivity revealed activation of this
region in a drug-context association paradigm, and DOP-eGFP
internalization in this area therefore suggested a modulatory role
of the receptor in behavioral responses linked to context-induced
withdrawal (Faget etal., 2012). Along the same line, persistent
increase of DOP-eGFP expression at the cell surface of choliner-
gic interneurons was induced by conditioned training in the NAc
shell, which is involved in decision making and predictive reward
evaluation upon pavlovian conditioning (Bertran-Gonzalez et al.,
2013; Laurent etal., 2014).

Finally, the knock-in strategy revealed that the DOP-eGFP
internalization profile in response to endogenous opioid release is
distinct from what is observed upon pharmacological stimulation
(Faget etal., 2012). Indeed, only part of the receptor population
present at the cell surface underwent internalization under physio-
logical conditions. This observation further highlights the need to
take into account the extent of changes that drug administration
induces in receptor cellular distribution.

Methodological improvements

Interestingly, DOP-eGFP knock in mice also bring useful techni-
cal insight. During the process of acute brain slice preparation for
electrophysiological recordings, DOP-eGFP revealed spontaneous
receptor internalization (Rezai etal., 2013). This event was likely
due to high glutamatergic activity in the hippocampus upon slic-
ing that leads to exitoxicity. Direct visualization of the receptor
therefore revealed a bias associated with previously unrecognized
receptor trafficking that can now be addressed by initiating opti-
mization of slice preparation conditions for electrophysiological
recording (Rezai etal., 2013). This observation may be of partic-
ular relevance when addressing cellular responses elicited by drug
application.

CONCERNS ABOUT THE USE /N VIVO OF GPCR-FP FUSIONS
FOR FUNCTIONAL STUDIES

Despite the undeniably wide advances which have been and will
be brought by genetically engineered mice encoding fluorescent
endogenous GPCRs, concerns were raised regarding the inherent
consequences of genetic manipulation. The possibility that the
observed localization does not entirely reflect the wild type recep-
tor distribution appears irrelevant since both MOP-mcherry and
DOP-eGFP receptor distributions in the brain are in full agreement
with reports in mice and rats based on ligand binding (Kitchen
etal., 1997; Slowe etal., 1999; Goody etal., 2002; Lesscher etal.,
2003), GTPyS incorporation (Tempel and Zukin, 1987; Pradhan
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and Clarke, 2005) or mRNA detection [George etal., 1994; Man-
sour etal., 1995; Cahill etal., 2001; for a review see (LeMerrer
etal.,2009)]. Also, in a more detailed study, DOP-eGFP expression
in the hippocampus, mainly in parvalbumin-positive GABAergic
interneurons (Erbs etal., 2012), was corroborated by ISH studies
on DOP receptors (Stumm etal., 2004).

In the peripheral nervous system, despite previous reports sug-
gesting SP-dependent trafficking of DOP receptors to the cell
membrane (Guan etal., 2005), Scherrer etal. (2009) reported
that DOP-eGFP almost never co-localized with substance P (SP)
in peripheral sensory neurons (Scherrer etal.,, 2009), a find-
ing that was debated by others (Wang etal., 2010). A more
recent study addressed this discrepancy by comparing DOP-
eGFP cellular distribution to that of the native DOP receptor
using an ultrasensitive and specific ISH technique, which can
detect single mRNA molecules (Bardoni etal., 2014). Patterns
of DOP-eGFP distribution and Oprdl mRNA expression were
found to be very similar and detectable in the same neuronal
populations, namely mostly in large diameter myelinated cells
(Neurofilament 200 positive), and in small diameter unmyeli-
nated non-peptidergic neurons (isolectin B4 positive; Bardoni
etal., 2014). These data unambiguously confirm that the expres-
sion profile of the fluorescent constructs mimics the endogenous
one and that fluorescent knock-in mice can be reliably used
for mapping receptors in the central and peripheral nervous
system.

Regarding functional aspects, there has been no evidence so
far of any overt phenotypical or behavioral differences between
the DOP receptor knock-in strain and wild type animals (Scher-
rer etal.,, 2006; Pradhan etal., 2009, 2010; Rezai etal., 2013),
despite a twofold increase in mRNA and protein levels as well
as increased G protein activation compared to wild type ani-
mals (Scherrer etal., 2006). However, the possibility that the
subcellular distribution of the fluorescent fusion does not reca-
pitulate that of the native untagged receptor is still debated.
Indeed, high surface expression of DOP-eGFP is observed under
basal conditions in several brain regions, particularly in the hip-
pocampus (Scherrer etal., 2009; Erbs etal., 2012, 2014; Faget
etal,, 2012). This does not correlate with previous studies on
wild type receptors using electron microscopy or fluorescent lig-
ands that indicated a predominant intracellular localization under
basal conditions and surface recruitment upon chronic mor-
phine or chronic pain condition (Cahill etal., 2001; Morinville
etal, 2004; Gendron etal., 2006; for review see Cahill etal,
2007; Gendron etal., 2014). Surface expression of DOP-eGFP,
however, varies across CNS regions and neuronal type whereas
high fluorescence is always visible within the cytoplasm (Erbs
etal.,, 2014). Accordingly, high surface expression appears to be
restricted to some neuronal types such as GABAergic interneurons
in the hippocampus or large proprioceptors in DRGs (Scher-
rer etal,, 2006; Erbs etal.,, 2014). In many areas where DOP
receptors are highly expressed such as the striatum, the basal
ganglia, the amygdala or the spinal cord, DOP-eGFP is not
readily detected at the cell surface (Erbs etal., 2014) suggesting
that DOP-eGFP intracellular localization is predominant in those
neurons. Importantly, surface expression of DOP-eGFP can be
augmented under physiological stimulation (Bertran-Gonzalez

etal, 2013; Laurent etal., 2014; see above) or increased upon
chronic morphine treatment as previously reported for wild type
receptors (Erbs etal., unpublished data), strongly supporting that
the fused FP does not impact on the native subcellular distribution
of the receptor and that the latter can be modulated accord-
ing to the physiological state or modified upon pharmacological
treatment.

In the case of MOP-mcherry knock-in mice, the red flu-
orescent signal is stronger inside the cell than at the plasma
membrane (Erbs etal., 2014). This distribution reflects actual
receptor intracellular distribution, as evidenced by comparison
with MOP-specific immunohistochemistry in heterozygous mice,
which confirms that the fusion protein does not cause defec-
tive receptor localization or surface trafficking (Erbs etal., 2014).
Importantly, MOP-mcherry retained unchanged receptor density
as well as [D-Ala?, N-MePhe?, Gly-ol]-enkephalin (DAMGO)
binding and efficacy and agonist-induced internalization com-
pared to MOP. Moreover, behavioral effects of morphine in
knock-in mice were similar to wild type animals: acute and
chronic thermal analgesia, physical dependence, sensitization and
rewarding properties revealed no significant differences with wild
type animals (Erbs etal., 2014). These data suggest that pre-
dominant intracellular localization of MOP-mcherry receptors
with low expression at the cell surface indeed reflect endogenous
wild type receptor subcellular distribution under basal condi-
tions, as observed in enteric neurons (Poole etal., 2011). In
addition, internalization kinetics of MOP-mcherry upon activa-
tion by the agonist DAMGO in hippocampal primary neuronal
cultures (Erbs etal., 2014) were similar to those reported for
DAMGO promoted internalization of endogenous wild type
receptors in the rat spinal cord (Trafton etal., 2000) and in
organotypic cultures of guinea pig ileum (Minnis etal., 2003) or
to Fluoro-dermorphin-induced sequestration in rat cortical pri-
mary neurons (Lee etal., 2002). This supports once again the
use of fluorescent knock-in mice to study endogenous receptor
trafficking. Of note, DAMGO promotes Flag-MOP receptor inter-
nalization with similar kinetics in transfected striatal primary
neurons (Haberstock-Debic etal., 2005), in adenovirus infected
primary cultures from DRG (Walwyn etal., 2006) or in neurons
of the locus coeruleus in brain slices from transgenic FLAG-MOP
receptor mice (Arttamangkul and Quillinan, 2008).

CONCLUSIONS AND IMPACT FOR DRUG DESIGN

Fluorescent knock-in mice represent a substantial technical
improvement in basic science. Precise identification and local-
ization of the neurons expressing the GPCR of interest and
reliable monitoring of receptor subcellular localization are both
essential in understanding the physiopathological roles of endoge-
nous GPCRs. This was greatly anticipated, given the difficulties
encountered by many on the grounds of poor specificity of the
available antibodies for GPCR targeting. The main surprising
finding is maybe that the presence of the FP at the C-terminus
of the GPCR does not significantly alter the behavioral out-
put: this observation fully validates the technology. However,
fluorescent knock-in animals available to date target a hand-
ful of class A GPCRs only. The potency of the model being
now clearly established, one would expect rapid expansion to
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other receptors, in particular those with critical roles in human
pathologies. Forefront candidates include class C GABAg and
metabotropic glutamate receptors, both of which are involved
in a wide range of neurological disorders such as schizophre-
nia, neuropathic pain, cerebral ischemia, mood disorders and
substance abuse (Benes and Berretta, 2001; Delille etal., 2013;
Kumar etal., 2013). Fluorescent knock-in animals would enable
to revisit heterodimerization mechanisms, membrane targeting
and cellular distribution patterns of these obligatory heterodimers
in vivo. Furthermore, the relation between multimer scaffold
composition, in particular GABAp auxiliary subunits, and neu-
ronal or synaptic functions could also be readily examined to
refine our current understanding of the variations in pharma-
cological and functional responses mediated by native receptors
(Gassmann and Bettler, 2012).

The knock-in mice bearing GPCR-FP fusions already con-
tributed to understanding the fundamental concepts of distinct
signaling or regulatory responses recruited by different agonists
of the same GPCR. These essential aspects of biased agonism
are a growing central concern in drug discovery in the hope of
developing strategies that ally high efficacy with low or no side
effects. In addition, GPCR-FP fusions could bring considerable
knowledge regarding functional aspects of receptor activity and
internalization to evaluate the therapeutic potency of allosteric
modulators. This very active field of research is mainly target-
ing class C GPCRs with well identified allosteric and orthosteric
binding sites such as metabotropic glutamate or GABAp receptors
but relevance for class A GPCRs is attracting increasing attention
(Nickols and Conn, 2014). Direct visualization of the neurons of
interest, either by FP under the control of a GPCR promoter or
by expression of the GPCR fluorescent construct, also represents a
significant breakthrough by making subsequent targeted investi-
gations available. This includes electrophysiological recordings on
previously identified cell, cell isolation by fluorescence-activated
cell sorting for further biochemical (Western Blotting) and molec-
ular (RT-PCR) downstream analysis or highly specific and efficient
immunoprecipitation of the interacting partners. The presence of
the FP also gives access to imaging techniques with which receptor
population tracking within membranes can be achieved, by fluo-
rescence recovery after photobleaching or fluorescence resonance
energy transfer. The latter also opens ways to identify heteromer
formation between GPCRs or between a GPCR and a ligand-gated
channel and to investigate in vivo their intracellular fate and impact
on signaling cascades. All these technological developments will
undeniably contribute to deepening our current knowledge of
GPCR controlled molecular and cellular processes and ultimately
will benefit to drug design and screening.
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The opioid system consists of three receptors, mu, delta, and kappa, which are
activated by endogenous opioid peptides (enkephalins, endorphins, and dynorphins). The
endogenous cannabinoid system comprises lipid neuromodulators (endocannabinoids),
enzymes for their synthesis and their degradation and two well-characterized receptors,
cannabinoid receptors CB1 and CB2. These systems play a major role in the control of
pain as well as in mood regulation, reward processing and the development of addiction.
Both opioid and cannabinoid receptors are coupled to G proteins and are expressed
throughout the brain reinforcement circuitry. Extending classical pharmacology, research
using genetically modified mice has provided important progress in the identification of the
specific contribution of each component of these endogenous systems in vivo on reward
process. This review will summarize available genetic tools and our present knowledge on
the consequences of gene knockout on reinforced behaviors in both systems, with a focus
on their potential interactions. A better understanding of opioid—cannabinoid interactions
may provide novel strategies for therapies in addicted individuals.

Keywords: opioid, cannabinoid, G protein-coupled receptors, reward, genetically modified mice

INTRODUCTION

Drug abuse often leads to a complex pharmaco-dependent state
which is defined by the term addiction. Addiction is consid-
ered as a neuropsychiatric disease. It develops from an initial
recreational drug use, evolves toward compulsive drug-seeking
behavior and excessive drug-intake with the appearance of nega-
tive emotional states such as anxiety or irritability when the drug
is not accessible, and uncontrolled intake reaching a stage where
the drug interferes with daily activities, despite the emergence
of adverse consequences (Leshner, 1997; Everitt and Robbins,
2005; Robinson and Berridge, 2008; Koob, 2009). This patholog-
ical process develops in 15-30% of casual drug users and several
factors may explain individual’s vulnerability to addiction, includ-
ing genetic, psychological and environmental factors (Swendsen
and Le Moal, 2011; Belin and Deroche-Gamonet, 2012; Pattij
and De Vries, 2013; Saunders and Robinson, 2013). Addiction
is a major threat to public health and represents a societal prob-
lem especially in developed countries and the economic cost it
entails (investments in research, treatment and prevention) is
considerable (Gustavsson etal., 2011).

Abbreviations: 2-AG, 2-arachidonoylglycerol; AEA, anandamide, N-arachidonoyl-
ethanolamide; CB1, type 1 cannabinoid receptor; CB2, type 2 cannabi-
noid receptor; cKO, conditional knockout mice; CPA, conditioned place
aversion; CP 55,940, (1R,3R,4R)-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-
4-(3-hydroxypropyl)cyclohexan-1-ol; CPP, conditioned place preference; CPu,
caudate putamen; DA, dopamine; DAGL, diacylglycerol lipase; FAAH,
fatty acid amide hydrolase; G protein, guanine nucleotide binding pro-
tein; GABA, c-aminobutyric acid; GPCR, G protein coupled receptor;
KO, knockout; MGL, monoacylglycerol lipase; NAPE-PLD, N-acyl phos-
phatidylethanolamine phospholipase D; THC, Delta-9-tetrahydrocannabinol;
WIN 55,212-2, 2,3-dihydro-5-methyl-3-[(morpholinyl)methyl]pyrrolo[1,2,3-de]-
1,4-benzoxazin-yl-1-naphtalenylmethanone mesylate; WT, wild-type.

Among illicit drugs, opiate and cannabinoid derivatives are
highly abused in Europe. Morphine-like opiates are powerful
analgesics and currently represent the major therapeutic reme-
dies for the treatment of severe pain. They are also abused
for their recreational euphoric effects. In Europe, 1.3 million
people are addicted to heroin, the primary drug for which
treatment requests are sought. Cannabis is the most worldwide
consumed drug of abuse, with THC being the most abun-
dant active constituent found in the various preparations of
the drug. More than 73 million European citizens have used
cannabis in the last year and it is estimated that about 7% of
cannabis users has become dependent on this drug. There is also
a high prevalence of users who seek treatment for dependence on
it (http://www.emcdda.europa.eu/publications/edr/trends-develo
pments/2014). Interestingly, new derivatives of these abused drugs
are invading the market, notably through internet. Fentanyl
derivatives as new opioid drugs and synthetic cannabimimetics,
also known as “spices,” are becoming more and more popular
(Fattore and Fratta, 2011). These abusive substances interact with
two neuromodulator sytems, the opioid and the endocannabinoid
systems.

THE OPI0ID SYSTEM

The opioid system consists of endogenous opioid peptides
(enkephalins, endorphins, and dynorphins) from precursors
(Penk, Pdyn, and Pomc) which activate three opioid receptors,
namely mu, delta, and kappa (Kieffer, 1995). The three mem-
brane receptors, cloned in the early nineties (Evans etal., 1992;
Kieffer etal., 1992; Simonin et al., 1994, 1995; Mestek et al., 1995)
are GPCR with coupling to Gi/Go proteins, of which the 3D
structure was recently resolved (see Filizola and Devi, 2014).
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Opioid receptors and endogenous opioid peptides are largely
expressed throughout the nervous system, noticeably within areas
of the neurocircuitry of addiction associated with reward, motiva-
tion, or learning and stress (Mansour etal., 1995; Le Merrer et al.,
2009; Koob and Volkow, 2010; Erbs etal., 2014). Besides its key
role in many aspects of addition (Lutz and Kieffer, 2013a), the
opioid system also plays a part in a diverse range of physiological
functions including nociception, mood control, eating behavior,
or cognitive processes (Contet etal., 2004; Pradhan etal., 2011;
Stein, 2013; Bodnar, 2014; Nogueiras etal., 2014).

THE ENDOCANNABINOID SYSTEM

The endocannabinoid system is a neuromodulatory system con-
sisting of two well characterized transmembrane receptors coupled
to G protein (Gi/Go), CB1, and CB2 cloned in the 1990’s (Mat-
suda etal., 1990; Munro etal., 1993). The endogenous ligands
are lipid neuromodulators, the main ones being AEA and 2-AG.
Both are synthesized from phospholipid precursors and act locally
as retrograde regulators of synaptic transmission throughout the
central nervous system. These lipids are released by postsynaptic
neurons and mainly activate presynaptic cannabinoid receptors to
transiently or persistently suppress transmitter release from both
excitatory and inhibitory synapses (recently reviewed in Ohno-
Shosaku and Kano, 2014). Multiple pathways are involved in AEA
biosynthesis with several still not fully characterized enzymes.
AEA can be generated from the membrane phospholipid precur-
sor N-arachidonoyl phosphatidylethalonamine (NAPE) through a
two-step process with first a calcium-dependent transacylase fol-
lowed by a phospholipase D (NAPE-PLD) hydrolysis (Liu etal.,
2008). Phospholipase C (PLC) and DAGL are involved in 2-AG
synthesis (Ahn etal., 2008). Their degradation is conducted by
two specific enzymatic systems, the FAAH (Cravatt etal., 1996)
and the MGL (Dinh etal., 2002), for AEA and 2-AG, respectively
(Ahn etal., 2008). The endocannabinoid system plays a key role in

energy balance, modulation of pain response, with processing of
central and peripheral pain signals, learning and memory, reward
and emotions. It has also been shown to be involved in neuroge-
nesis and would play a neuroprotective role in some pathological
conditions (for recent reviews see Gardner, 2005; Solinas etal.,
2008; Maldonado etal., 2011; Zanettini etal., 2011; Panagis etal.,
2014; Piomelli, 2014). Distribution of the two receptors in the
central and peripheral system is rather different (Pertwee, 2010).
Indeed, CB1 is highly abundant in the central nervous system in
areas involved in reward, regulation of appetite and nociception
(see Figure 1) while CB2 was initially described as a peripheral
receptor (Maldonado etal., 2006, 2011; Mackie, 2008). Recent
studies have proposed a low but significant expression of this
receptor in several brain structures including striatum, hippocam-
pus, and thalamus (Wotherspoon etal., 2005; Gong etal., 20065
Onaivi etal., 2006) and more recently into ventral tegmental area
neurons (Zhang etal., 2014). Only few data are therefore available
for the CB2 receptor in central function but growing evidence sug-
gest a role in addictive processes, with an implication in cocaine,
nicotine, or ethanol effects (Xi etal., 2011; Ignatowska-Jankowska
etal., 2013; Navarrete etal., 2013; Ortega-Alvaro etal., 2013). To
our knowledge, no data is available thus far concerning a potential
role of CB2 in opioid mediated responses. Interestingly, other
non-CB1 and non-CB2 receptors have been proposed to interact
with endocannabinoids like the orphan GPCR GPR55 or a channel
vanilloid TRPV1 recognizing capsaicin. These interactions could
potentially explain some pharmacology of cannabis that cannot
be accounted for by CB1 and CB2 activation, but further studies
using KO approaches may help to provide a better understanding
of this pharmacology (De Petrocellis and Di Marzo, 2010).

CROSS TALK BETWEEN THESE NEUROTRANSMITTER SYSTEMS
Many neurotransmitter systems are involved when addiction
develops, and both opioid and endocannabinoid systems are

Mu ce1
- Low O
e Moderate QO

o¢e Dense

FIGURE 1 | Schematic representation of the distribution of mu opioid
and CB1 cannabinoid receptors in the central nervous system. CB1
receptor distribution over the whole central nervous system is indicated by
circle shapes with low (white), moderate (gray) and high (dark gray)
expression. Major localization of CB1 receptor (MRNA and protein) is in
cortical areas, amygdala, striatum, and cerebellum. Moderate and low
expression levels are observed in thalamic, hypothalamic, and brainstem
regions. Interestingly, the mu opioid receptor is also expressed in these CB1
expressing brain areas but at various levels, indicated by diamonds for low

(one), moderate (two), and high (three) expression levels (adapted from
Mackie, 2005; Erbs etal., 2014 and references therein). Amb, ambiguous
nucleus; BLA, basolateral amygdala; CeA, central amygdala; CPu, caudate
putamen; DB, diagonal band; DRN, dorsal raphe nucleus; GPF, globus pallidus;
Hyp, hypothalamus; LC, locus coeruleus; LHb, lateral habenular nucleus;
mHb, medial habenular nucleus; NAc, nucleus accumbens; OB, olfactory
bulb; PAG, periagueductal gray; SNr, substantia nigra pars reticulate; Sol,
nucleus of the solitary tract; STh, subthalamic nucleus (ventral thalamus); Th,
dorsal thalamus; Tu, olfactory tubercle; VTA, ventral tegmental area.
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major players in addictive disorders. In addition to their spe-
cific ligands, both systems have also been implicated in the action
mechanism of several other addictive drugs, like ethanol, nico-
tine, or psychostimulants. Although the endocannabinoid system
has been known to interact with other systems like hypocre-
tin, dopaminergic, and adenosinergic systems (Fernandez-Ruiz
etal., 2010; Ferre etal., 2010; Tebano etal., 2012), its interac-
tion with the opioid system is now well established (Fattore
etal., 2005; Vigano etal., 2005; Robledo etal., 2008; Trigo etal.,
2010). These two systems share neuroanatomical, neurochemi-
cal, and pharmacological, characteristics, this phenomenon is yet
less well documented for the CB2 receptor. Figure 1 illustrates
brain structures expressing CB1 receptors and depicts expres-
sion level of mu opioid receptors in these areas. The existence
of a specific opioid—cannabinoid interaction in the modula-
tion of neurochemical effects as well as behavioral responses
associated with reward and relapse have been demonstrated
by pharmacological and genetic approaches but experimental
results remain controversial (Manzanares et al., 1999; Fattore et al.,
2005; Maldonado etal., 2011). Furthermore, molecular interac-
tions between receptors have been shown with colocalization or
heterodimerization data mainly for CB1 and delta or mu opioid
receptors within spinal cord, striatum, or locus coeruleus. This
phenomenon may also account for specific responses at the cel-
lular level (Scavone etal., 2013; Massotte, 2014). However, the
physiological effects of these molecular interactions have had yet
to be revealed.

AIM OF THE REVIEW

Pharmacological evidence for cross-talk with the synergetic effect
of opioid and cannabinoid ligands in many functions related to
addiction (mood, stress, learning process . . .) have been revealed
and here we will review the implications of both systems regard-
ing reward aspects. As several reviews have recently reported about
these interactions (see above), we will focus our interest only on
genetic studies using KO mice. We will first present the available
genetic tools for both systems. We will then provide an update of
results on reinforced behaviors to highlight insights into the par-
ticular role of the opioid system in responses to cannabinoids and
the endocannabinoid system in responses to prototypical opiates
like morphine. We will summarize the behavioral responses of KO
mice to these drugs and propose a role for the potential interaction
of these two endogenous systems in addictive processes.

REWARD MEASURES IN MICE

Opioid and cannabinoid derivatives induce dependence. To study
rewarding effects mediated by specific brain circuits in preclin-
ical research, several behavioral models have been developed
in rodents. The most reliable model to evaluate the reinforc-
ing properties of a psychoactive compound in rodents is the
self-administration (SA) paradigm which is based on a volun-
tary procedure to obtain the drug, coupled with the association
of a signal (Panlilio and Goldberg, 2007). This operant sys-
tem allows measuring both rewarding as well as motivational
effects of an abused drug. Several aspect of addictive behav-
iors can be evaluated with this paradigm, with acquisition (fixed
ratio) and motivation (progressive ratio) for the drug as well

as extinction (response rate when drug-delivery has stopped)
and reinstatement induced by cues, context or stress (relapse
to drug-seeking) which will reflect aspects of excessive con-
sumption (Sanchis-Segura and Spanagel, 2006). Intravenous SA
has been extensively developed for opiates but more difficult
to establish for cannabinoid compounds. Adaptations includ-
ing drug priming, low doses, food restriction, animal restraint,
or use of various cannabinoid agonists were often necessary
(Maldonado, 2002; Panlilio et al., 2010; Panagis et al., 2014). Nev-
ertheless, iv SA of both THC and the synthetic cannabinoid
WINS55,212-2 have been successfully described both in rats and
mice, and extended to the study of KO mice (Martellotta etal.,
1998; Fattore etal., 2001; Mendizabal etal., 2006; Flores etal.,
2014). A very recent study demonstrated for the first time that
2-AG is self-administered by rats and stimulates DA transmission
(De Luca etal., 2014).

In addition, a well-accepted model to study the reinforcement
properties of abused drugs is the CPP which is a non-operant
paradigm. The reinforcing properties are associated with environ-
mental stimuli (cues), such as the context in which the drug is
administered. If the drug or a combination of drugs is aversive,
animals avoid the drug-paired compartment (CPA) (Tzschentke,
2007). These paradigms have been widely used to study opiates
or cannabinoids effects in mutant mice. However, data reporting
reinforcing properties for THC and other cannabinoids are rather
controversial with a critical concern about experimental condi-
tions, with dose or injection schedule as major parameters to reveal
either positive CPP or negative CPA properties of cannabinoids
(Panagis etal., 2014).

On top of these two main paradigms (SA and CPP) other tasks
have been developed like intracranial self-stimulation (ICSS) as
a model to measure reward-facilitating effect of an abused sub-
stance although it is rather difficult to set up in mice and therefore
little data is available (Panagis etal., 2014). Furthermore, with-
drawal signs appear after cessation of chronic drug exposure,
either spontaneously or precipitated by an antagonist treatment,
and these signs can be scored for providing an index of depen-
dence (Maldonado etal., 1996). In order to make a meaningful
comparison in the evaluation of the specific involvement of com-
ponents of opioid or cannabinoid systems in reward process, it
is crucial to compare, when possible, the different mutant lines
with their WT littermates in the exact same procedure to avoid
bias from technical or experimental variations. Interestingly, such
direct comparison has been recently performed for the four com-
ponents of the opioid system (mu, delta, Penk, and Pdyn) to
demonstrate differential behavior in the acquisition and relapse
of cocaine SA in the four mutant mice (Gutierrez-Cuesta etal.,
2014).

GENERATION OF DEFICIENT MICE IN REGARDS TO
COMPONENTS OF THE OPIOID OR CANNABINOID SYSTEMS
For each component of the opioid and the cannabinoid systems,
various lines of genetically modified mice have been generated.
Table 1 presents a list for conventional KO mouse lines that have
been described so far. The original papers describing the develop-
ment of the constitutive deletion are presented with the targeted
area of the suppressed gene.

www.frontiersin.org

February 2015 | Volume 6 | Article 6 | 61


http://www.frontiersin.org/
http://www.frontiersin.org/Neuropharmacology/archive

Befort

Opioid and cannabinoid systems interaction in reward

Table 1 | Knockout mouse lines for the opioid and the cannabinoid

systems.
Gene knockout Targeted exon Reference
Opioid system
Oprm Exon 2 Matthes etal. (1996)
Exon 1 Sora etal. (2001)
Exon 1 Tian etal. (1997)
Exons 2 and 3 Loh etal. (1998)
Exon 1 Schuller etal. (1999)
Exons 2 and 3 van Rijn and Whistler (2009)
Exon 11 (splice Pan etal. (2009)
variant)
Oprd Exon 2 Zhu etal. (1999)
Exon 1 Filliol etal. (2000)
Exon 2 van Rijn and Whistler (2009)
Oprk Exon 1 Simonin etal. (1998)
Exon 3 Hough etal. (2000)
Exon 3 Ansonoff etal. (2006)
Exon 2 van Rijn and Whistler (2009)
Exon 3 Van't Veer etal. (2013)
Oprm/oprd Simonin etal. (2001)
Oprm/oprd/oprk Simonin etal. (2007)
Clarke etal. (2002)
Penk Exon 3 Konig etal. (1996)
Exon 3 Ragnauth etal. (2001)
Pdyn Exon 3 Sharifi etal. (2001)
Exon 3 Zimmer etal. (2001)
Exon 3 Loacker etal. (2007)
Pomc Exon 3 Rubinstein etal. (1996)
Exon 3 Yaswen etal. (1999)
Penk/Pdyn Clarke etal. (2003)
Cannabinoid system
Cnr1 Exon 2 Zimmer etal. (1999)
Exon 2 Ledent etal. (1999)
Exon 2 Marsicano etal. (2002)
Exon 2 Robbe etal. (2002)
Cnr2 Exon 2 Jarai etal. (1999), Buckley
etal. (2000)
Exon 2 Wotherspoon etal. (2005)
FAAH Exon 1 Cravatt etal. (2001)
MGL Exon 3 Uchigashima etal. (2011)
Exons 3 and 4 Taschler etal. (2011)
Intron 3-exon 4 Schlosburg etal. (2010)
(gene trapping)
Exons 1 and 2 Chanda etal. (2010)
NAPE-PLD Exon 4 Leung etal. (2006)
Exon 3 Tsuboi etal. (2011)

(Continued)

Table 1 | Continued

Gene knockout Targeted exon Reference

DAGLalpha Exon 1 Gao etal. (2010)
Exons 3 and 4 Tanimura etal. (2010)
Intron 4-Exon 1(gene Yoshino etal. (2011)
trapping)

DAGLbeta Exon 1 Gao etal. (2010)
Exons 10 and 11 Tanimura etal. (2010)
Exon 1 (gene Yoshino etal. (2011)
trapping)

cnril/fenr2 Jarai etal. (1999)

FAAH/cenr1 Sun etal. (2009)

FAAH/enr2 Sun etal. (2009)

FAAH/cenr1 Wise etal. (2007)

This table summarizes the published report of KO mouse lines for the different
partners of these two systems and combinatorial lines, with the original papers
as reference. The area of the gene that has been targeted is indicated.

THE OPI0ID SYSTEM

For components of the opioid system, the mu receptor drew the
most attention with the description of six distinct genetically mod-
ified lines targeting the coding regions of the oprm gene, with
either exon 1, exon 2 or both exons 2 and 3 targeted for the dele-
tion (Matthes et al., 1996; Tian et al., 1997; Loh et al., 1998; Schuller
etal., 1999; Sora et al., 2001; Pan et al., 2009; van Rijn and Whistler,
2009). Interestingly, the mu opioid receptor KO mice allowed to
unambiguously demonstrate that the mu receptor was the molec-
ular target for morphine, the prototype of opiate ligand widely
used in clinics for its therapeutic effect in pain relief. Morphine had
neither analgesic effects nor rewarding properties in these mutant
mice (for reviews, see Contet etal., 2004; Gaveriaux-Ruff, 2013).
An additional mutant line was constructed which targeted exon
11, a splice variant for the mu receptor, located upstream of exon
1. In these deficient mice, a 25% decrease of receptor expression
was observed (Pan etal., 2009), leading to difficult interpretation
of the KO effect on opiate pharmacology (Gaveriaux-Ruff, 2013).
For deletion of the delta receptor, either exon 1 or 2 were tar-
geted in the oprd gene (Zhu et al., 1999; Filliol et al., 2000; van Rijn
and Whistler, 2009). These mice were characterized for behavioral
responses related to mood and analgesia, but the contribution of
delta receptor in reward processes was less clear (Pradhan etal.,
2011; Charbogne etal., 2014). Five distinct constructions have
been reported targeting either exon 1, 2, or 3 of the oprk gene to
obtain KO mice for the kappa opioid receptor (Simonin et al., 1998;
Hough etal., 2000; Ansonoff etal., 2006; van Rijn and Whistler,
2009; Van't Veer etal., 2013). The two most recent mutants were
strategically obtained in order to generate a parallel conditional
KO mice (see below) using a Cre-lox approach, with targeted
exons floxed with loxP sites. The mutation impaired pharma-
cological actions of the selective kappa-agonist U-50,488H, and
revealed a tonic implication of kappa receptors in the perception
of visceral pain. Morphine-CPP was unchanged, but both mor-
phine withdrawal signs as well as emotional responses during
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opiate abstinence were reduced (Simonin etal., 1998; Lutz etal.,
2014), suggesting an anti-reward role for kappa receptors.

Mice with deleted opioid peptide precursors were also gener-
ated. For proopiomelanocortin (Pomic), two lines were produced,
one specifically deleting Bendorphin (Rubinstein et al., 1996) while
the second was targeting the whole coding region, deleting both
opioid and non-opioid active petides (Yaswen etal., 1999). KO
mice for Penk gene were generated by two distinct laboratories,
both leading to deletion of the 5 part of exon 3 (Konig et al., 1996;
Ragnauth etal., 2001). For deleting dynorphin in mutant animals,
exons 3 and 4 (Sharifi etal., 2001) or exon 3 with a part of exon 4
(Zimmer etal., 2001) of the Pdyn gene were targeted. Data from
peptide KO mice in regards to opiate rewarding effect were more
complex. The Bendorphin KO mice showed increased (Skoubis
etal., 2005) or unchanged (Niikura etal., 2008) morphine-CPP
depending on the dose and paradigm used and it was invariable
both in mice lacking Penk (Skoubis et al., 2005) or Pdyn (Zimmer
etal., 2001; Mizoguchi etal., 2010).

THE CANNABINOID SYSTEM

Four independent KO lines have been generated for the CB1 recep-
tor, encoded by a single large coding exon in the cnrl gene (exon 2).
The first three lines were generated with the introduction of a PGK
or neomycine resistance cassette in the coding region (Ledent et al.,
1999; Zimmer etal., 1999; Robbe et al., 2002). For the fourth line,
loxP sites were introduced flanking exon 2 and this floxed line was
further crossed with a line constitutively expressing the Cre recom-
binase enzyme, therefore generating a full CB1 KO by deletion of
the sequence between the two lox P sites (Marsicano etal., 2002).
These mice were mostly unresponsive to cannabinoid ligands in
mediating analgesia, reinforcement, hypothermia, hypolocomo-
tion, and hypotension (Valverde and Torrens, 2012; Nadal etal.,
2013). Two mouse lines were described for the deletion of the cnr2
gene coding for CB2 receptor, one by Zimmer’s team (Jarai etal.,
1999; Buckley et al., 2000) and the other one by the company Delt-
agen (Wotherspoon etal., 2005). Both were developed by deleting
part of the coding region (in exon 2), leaving the start codon
with a portion of the amino terminus sequence and aminoacids
coding for some transmembrane domains of the receptor. In
these constructions expression of the amino-terminal part of the
CB2 receptor could potentially occur, but in both cases, it was
shown that the receptor was non-functional in the mutant mice
(Dhopeshwarkar and Mackie, 2014). Two mutant lines have been
described for the NAPE-PLD enzyme involved in AEA synthesis,
targeting exon 3 (Tsuboietal.,2011) or exon 4 (Leung et al., 2006).
These KO mice have highlighted the complexity of AEA synthe-
sis with both calcium-dependent and -independent mechanisms.
Two isoforms of DAGLa and DAGL responsible for the synthesis
of 2-AG have been described and KO lines have been generated for
each of them with both homologous recombination and gene trap-
ping approaches (Gao etal., 2010; Tanimura etal., 2010; Yoshino
etal.,2011). The DAGLa KO animals showed a markedly reduced
2-AG brain content whereas levels were normal in brain regions
of KO for the B isoform indicating a much greater contribution
of DAGLa to 2-AG biosynthesis in the central nervous system.
These mutant mice were particularly useful in the characterization
of DAGL involvement in retrograde endocannabinoid signaling

(Frazier, 2011). The endocannabinoid system is characterized by
arapid catabolism of the endogenous ligands. Among the degrad-
ing enzymes of endocannabinoids, FAAH is the major enzyme
responsible for the degradation of AEA and one KO line was gen-
erated targeting exon 1 of the Faah gene (Cravatt etal., 2001).
These mutant mice exhibited more than 15-fold higher brain levels
of AEA than WT animals and displayed reduced pain sensitivity.
The major degrading enzyme of the endocannabinoid 2-AG is
MGL and four KO lines were generated. Three KO lines target-
ing mgll gene exons 1 and 2 (Chanda etal., 2010), exon 3, or
exons 3 and 4 were recently generated with a Cre/lox approach
(Taschler etal., 2011; Uchigashima etal., 2011). Another line was
obtained by gene trapping technology (Texas Institute of Genomic
Medicine) with a gene trap cassette inserted into the mgll intron 3,
upstream of the catalytic exon 4 (Schlosburg etal., 2010). Genetic
deletion of MGL leads to alteration in endocannabinoid signal-
ing with increased brain 2-AG levels by ~10-fold. These animals
were mainly characterized by behavioral consequences of the gene
deletion for pain perception (Schlosburg et al., 2010; Uchigashima
etal., 2011; Petrenko etal., 2014).

COMBINATORIAL MOUSE LINES

Interbreeding of mutant mouse lines allowed generating combi-
natorial mutant mice both within the opioid and the cannabinoid
systems (see references in Table 1). These combinatorial lines
constituted useful tools to clarify the specific role of particular
components of both systems in reward and analgesia, as well as
to evaluate in vivo selectivity for specific ligands and receptor
subtype identification (Kieffer and Gaveriaux-Ruff, 2002; Nadal
etal,, 2013). Data for reward responses obtained using multi-
ple mutants for cannabinoid or opioid components are detailed
below.

COMPENSATORY EFFECTS OF THE NULL MUTATION

Globally, a normal development was described for the various
mutant lines, with KO mice being fertile, caring for their off-
spring, and not showing any major behavioral abnormalities. A
higher mortality rate was described for one of the CB1 KO line
(Zimmer etal., 1999) but not reported for the two others. Inter-
estingly, among the combinatorial mice, the triple mutant of the
opioid receptors present a striking increase in body weight and
size, but this obese-like phenotype needs further characterization
(Befort and Gaveriaux-Ruff, personal communication). Compen-
satory mechanisms may have developed in some KO animals, but
no systematic studies are available. Deletion of opioid receptors
did not markedly modify the expression or activity of the other
opioid receptors or the expression of opioid peptides as described
by the initial characterizations of the distinct mutants lines (see
references in Table 1 and Kitchen etal., 1997; Slowe etal., 1999;
Oakley etal., 2003). A complete autoradiographic mapping of the
delta KO mice indicated decreased binding levels of mu and kappa
ligands in specific brain areas (Goody et al., 2002). Deletion of opi-
oid peptides modified other partners of the opioid system, with a
region-dependent increased of both mu and delta receptor expres-
sion levels observed in the Penk KO line (Brady etal., 1999; Clarke
etal., 2003) and for the three opioid receptors in the Pdyn and
the double Pdyn/Penk mutant line with no additive effects (Clarke
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etal.,2003). Interestingly, specific changes of CB1 receptor expres-
sion or activity were reported in mu and delta opioid receptor
mutant lines (Berrendero et al., 2003). In the mu KO brain, there
was no difference in CB1 expression but a decreased efficacy of
the classical cannabinoid agonist WIN 55,212-2 was observed
specifically in the CPu while both density of CB1 receptor and
activation by WIN 55,212-2 increased in substantia nigra of delta
KO animals.

Compensatory effects in KO animals concerning the cannabi-
noid system have been described both for receptor or catabolic
enzyme KO mice. The invalidation of the CB1 receptor gene was
associated with age-dependent adaptive changes of endocannabi-
noid metabolism, with increased FAAH and AEA membrane
transporter activities in KO hippocampus and cortex, decreased
AEA content in hippocampus but no change in 2-AG levels (Di
Marzo etal., 2000; Maccarrone etal., 2001, 2002). In the FAAH
KO mice, CB1 receptor mRNA decreased in CPu, nucleus accum-
bens (core), hippocampus (CA1), hypothalamic nucleus (VMN),
and amygdala. Its functional activity was also markedly reduced
in CPu, the core of nucleus accumbens, and CA3 region of the
hippocampus (Vinod et al., 2008). Interestingly, reduction of CB1
receptor density and activity were also observed in MGL KO mouse
brain, which may prevent the manifestation of the dramatically
enhanced 2-AG behavioral effects in these mice (Chanda etal.,
2010; Schlosburg etal., 2010). In DAGLa- and DAGLB-KO, no
difference was reported for CB1 mRNA (Gao etal., 2010) or pro-
tein (Tanimura etal., 2010) levels in comparison to WT mice.
In these KO mice, CB1 brain functional signaling was unaltered
(Aaltonen etal., 2014). To our knowledge, no data is available
for any compensatory effect on CB2 expression or activity in the
distinct cannabinoid KOs. However, some reports indicate modi-
fications of the opioid system in CB1 KO animals. An increase of
both enkephalin and dynorphin mRNA expression was observed
in the striatum (Steiner etal., 1999; Gerald etal., 2006, 2008) as
well as an increase in kappa and delta opioid receptor activities
without changes in their binding (Uriguen etal., 2005). No com-
pensatory changes of mRNA levels for the three opioid receptors
were reported in dorsal root ganglia or spinal cord of the CB1
KO animals (Pol etal., 2006). In FAAH KO mice, Penk mRNA
expression was decreased in both CPu and nucleus accumbens
which paralleled a reduced mu opioid receptor functional activity
(Vinod etal., 2008). Noteworthy, these compensatory alterations
of opioid or cannabinoid components in specific regions of the
mutant lines could account for interactions of the two systems
which may be relevant for neuroadaptative processes involved in
drug dependence.

CONDITIONAL APPROACHES

Knockout mice are very useful tools for understanding the
contribution of each component of these systems in vari-
ous conditions including pain, mood disorders or addiction
(Valverde and Torrens, 2012; Gaveriaux-Ruff, 2013; Lutz and Kief-
fer, 2013b; Nadal etal., 2013; Charbogne etal., 2014). Recent
approaches using gene manipulation in mice have been developed
with the widely used Cre-loxP recombinase system to generate
cKO (Fowler and Kenny, 2012; Table 2). It consists of crossing
mice whose target genes are floxed (flanked with two loxP sites)

together with mice expressing the Cre-recombinase under a spe-
cific promoter. This allows a time-, organ- or site-specific deletion
of a target gene. This strategy allowed uncoupling the central and
peripheral functions of CB1 receptors (Agarwal etal., 2007) and
more recently of mu or delta opioid receptors (Gaveriaux-Ruff
etal., 2011; Weibel etal., 2013) using the promoter of the channel
Nav1.8 only expressed in DRGs, revealing a key role for these recep-
tors expressed in primary nociceptive neurons in inflammatory
pain. To investigate molecular mechanisms at the level of neuronal
circuitry, selective deletion of a particular gene can also be achieved
in specific neuronal types. For example, deletion of the delta opi-
oid receptors specifically in forebrain GABAergic neurons was
obtained by crossing a delta opioid floxed mouse line (Gaveriaux-
Ruffetal.,2011) together with a dIx5-6-Cre mouse line, specifically
expressing the Cre-recombinase in GABAergic forebrain neurons
in order to investigate the role of these specific delta receptors in
anxiety (Chu Sin Chung etal., 2014). This latter mouse line was
previously crossed with the CB1 floxed mice to successfully obtain
a GABA-CBI1 conditional mutant (Monory etal., 2006). These
mutants were also compared with several other cKO bearing a
deletion of CBI receptor in differing specific neuronal popula-
tions: forebrain glutamatergic neurons (CB1CamKIIa-Cre mice
or CaMK-CB1KO), cortical glutamatergic neurons (CBINEX-Cre
mice or Glu-CB1KO), both glutamatergic and GABAergic neurons
(Glu/GABA-CBIKO) or D1-dopaminergic neurons (CB1Drdla-
Cre mice) (Marsicano etal., 2003; Monory etal., 2006, 2007;
Bellocchio etal., 2010) for studying the role of CB1 receptors as
well as behavioral and autonomic effects of the agonist THC.
For the opioid system, a recent study reported the generation
of a conditional mutant for the kappa opioid receptor, selec-
tively deleted in DA-expressing neurons. These kappa cKO mice
showed reduced anxiety-like behavior as well as increased sen-
sitivity to cocaine, consistent with a role for kappa receptors in
negative regulation of DA function (Van’t Veer etal., 2013). For
the cannabinoid system, cKO lines were also generated for the
CB1 receptor to study its specific implication in neurons (Maresz
etal., 2007) or peripheral nerves (Pryce etal., 2014), in serotonin-
ergic (Dubreucq etal., 2012b) or paraventricular (Dubreucq et al.,
2012a) and ventromedial (Bellocchio etal., 2013) hypothalamic
neurons. CB1 was also specifically deleted in astroglial cells to
investigate its role in working memory and long-term hippocam-
pal depression (Han etal., 2012). CB1 was deleted in specific cell
types like hepatocytes to study its role in ethanol-induced fatty
liver (Jeong etal., 2008), lymphocytes (Maresz et al., 2007) or epi-
dermal keratinocytes (Gaffal et al., 2013) to investigate its potential
role in regulation of inflammatory responses. Another strategy to
generate a cKO mouse is by using viral mediated construct car-
rying the Cre-recombinase injected directly in the structure of
interest of a target gene-floxed mouse. For example, the mu opi-
oid receptor was selectively deleted in the dorsal raphe, the main
serotoninergic brain area, and this deletion abolished the develop-
ment of social withdrawal in a model of heroin abstinence (Lutz
etal., 2014).

In opposition to the loss of function approach, recent stud-
ies used a rescue strategy where the target gene is re-expressed
in a null mutant, in only a subset of cells (Table 2). This
helps to provide information concerning the sufficient role of
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Table 2 | Conditional knockout mouse lines for the opioid and the cannabinoid systems.

Target Gene Targeted neurons or structures for selective Targeted neurons or structures for Reference
deletion “loss of function” selective expression “rescue”
Opioid system
Oprm Primary sensory neurons expressing Nav1.8 channel Weibel etal. (2013)
(Nav1.8-Cre)
Subpopulation of striatal medium spiny Cui etal. (2014)
neurons
Oprd Primary sensory neurons expressing Nav1.8 channel Gaveriaux-Ruff etal. (2011)
(Nav1.8-Cre)
Forebrain GABAergic neurons (DIx5/6-Cre) Chu Sin Chung etal. (2014)
Oprk Dopamine containing neurons (DAT-Cre) Van't Veer etal. (2013)
Cannabinoid system
Cnr1 Principal forebrain neurons (CamKII-Cre) Marsicano etal. (2003)
Forebrain GABAergic neurons (DIx5/6-Cre) Monory etal. (2006)
Cortical glutamatergic neurons (NEX-Cre) Monory etal. (2006)
Glutamatergic and GABAergic neurons (Glu/GABA) Bellocchio etal. (2010)
Primary sensory neurons expressing Nav1.8 channel Agarwal etal. (2007)
(Nav1.8-Cre)
D1-dopaminergic neurons (Drd1a-Cre) Monory etal. (2007)
Serotoninergic neurons (TPH2-CreER2) Dubreucq etal. (2012b)
Paraventricular hypothalamic neurons (Sim1-Cre) Dubreucq etal. (2012a)
Ventromedial hypothalamic neurons (SF1-cre) Bellocchio etal. (2013)
Neurons Nestin (Nes-Cre) Maresz etal. (2007)
Peripheral nerve (peripherin-Cre) Pryce etal. (2014)
Astrocytes (GFAP- CreERT?) Han etal. (2012)
Hepatocytes (Alb-Cre) Jeong etal. (2008)
Lymphocytes (Ick-Cre) Maresz etal. (2007)
Keratinocytes (K14-Cre) Gaffal etal. (2013)
Dorsal telencephalic glutamatergic neurons Ruehle etal. (2013)
(Glu-CB1-RS)
FAAH Nervous system (FAAH-NS) Cravatt etal. (2004)

This table summarizes the recent published reports of cKO mouse lines for the different partners of opioid and cannabinoid systems using “loss of function” or

“rescue” strategies.

the cell type expressing the target gene for a given function or
establishing whether other cellular subtypes or circuits are nec-
essary. When mu opioid receptor were re-expressed only in a
subpopulation of striatal direct-pathway neurons, in a mu KO
background, it restored opiate reward and opiate-induced stri-
atal DA release, partially restored motivation to self-administer
an opiate, but the rescued mice lacked opiate analgesia or with-
drawal (Cui etal., 2014). In a similar genetic strategy, CB1 receptor
expression was restored exclusively in dorsal telencephalic glu-
tamatergic neurons and proved sufficient to control neuronal
functions that are in large part hippocampus-dependent, while
it was insufficient for proper amygdala functions (Ruehle etal.,
2013). A conditional line where the expression of the FAAH
enzyme has been restricted to the nervous system (FAAH-NS) was
generated by crossing the FAAH KO line with a transgenic mouse,

expressing FAAH under the neural specific enolase promoter
(Cravatt etal., 2004). These mice exhibited a discrete subset of
the biochemical and behavioral phenotypes observed in FAAH
KO mice providing key insights into the distinct functions played
by the central and peripheral lipids transmitter signaling systems
in vivo.

In conclusion, despite potential limits such as developmental
effects of the mutation or compensatory mechanisms to over-
come consequences of the mutation, the use of mutants wherein
a component of either opioid or cannabinoid system is selectively
deleted from restricted neuronal populations provides essential
tools for a comprehensive understanding of mechanisms under-
lying cannabinoid or opioid effects in reward circuitry. So far,
these conditional lines for opioid and cannabinoid systems were
mostly characterized for pain or emotional behavioral responses,
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and few data is yet to become available for reward aspects
(Table 2).

CANNABINOID REINFORCING EFFECTS IN OPIOID
KNOCKOUT MICE

For evaluating the effect of cannabinoids in opioid mutant mice,
THC-induced CPP was mostly used (Table 3). Interestingly, the
same protocol was used for all tested opioid KO mice with 1 mg/kg
ip dose with a priming injection in the home cage. In these
conditions, no differences in place preference induced by THC was
observed in delta or kappa KO mice while THC-CPP was abolished
in mu KO mutants (Ghozland etal., 2002) as well as in the dou-
ble mu-delta KO mice (Castane etal., 2003). These data support
the hypothesis that mu receptors mediate rewarding properties of

THC. A similar protocol was used to induce aversion, but with a
higher dose of THC (5 mg/kg ip) wherein mu KO mice showed
a decreased CPA (Ghozland etal., 2002). THC-induced CPA was
abolished in similar conditions in both Pdyn (Zimmer et al., 2001)
and kappa KO mice (Ghozland etal., 2002). Self-administration
of the synthetic cannabinoid agonist WIN55,212-2 was success-
fully established in freely moving mice with a low priming dose
(0.1 mg/kg i.p.,) and with this protocol, Pdyn KO mice showed
facilitated SA (Mendizabal etal., 2006). Altogether, these data
support the idea that the kappa/dynorphin system plays a key
role in mediating cannabinoid dysphoric effects and therefore
negatively modulates their rewarding effects (Mendizabal etal.,
2006). Contribution of delta receptors in reward appears complex
(Charbogne etal., 2014; Gutierrez-Cuesta etal., 2014) and it has

Table 3 | Rewarding and dependence responses for cannabinoids and opioids measured in KO mouse lines for both systems.

Gene knockout Behavioral response Genotype effect Reference

Opioid system

Oprm CPRTHC (1 mg/kg, i.p.) Abolished Ghozland etal. (2002)
CPATHC (5 mg/kg, i.p.) Decreased
WD, THC (20 mg/kg, i.p. 2x/d, 6d) Unchanged
WD, THC (10 mg/kg, s.c. bd) Unchanged Lichtman etal. (2001)
WD, THC (30 or 100 mg/kg, s.c. &d) Decreased

Oprd CPR THC (1 mg/kg, i.p.) Unchanged Ghozland etal. (2002)
CPATHC (56 mg/kg, i.p.) Unchanged
WD, THC (20 mg/kg, i.p. 2x/d, 6d) Unchanged

Oprm/Oprd CPRTHC (1 mg/kg, i.p.) Decreased Castane etal. (2003)
WD, THC (20 mg/kg, i.p. 2x/d, 6d) Decreased

Oprk CPRTHC (1 mg/kg, i.p.) Unchanged Ghozland etal. (2002)
CPRTHC (1 mg/kg, i.p.)w/o priming Present, absent in WT
CPA, THC (5 mg/kg, i.p.) Abolished
WD, THC (20 mg/kg, i.p. 2x/d, 6d) Unchanged

Penk WD, THC (20 mg/kg, i.p. 2x/d, 6d) Decreased Valverde etal. (2000)

Pdyn CPA, THC (5 mg/kg, i.p.) Abolished Ghozland etal. (2002)
SA, WIN 55,212(6.25 mg/kg/inf, i.v.) Increased Mendizabal etal. (2006)
SA, WIN 55,212(12.5 mg/kg/inf, i.v.) Abolished
WD, THC (20 mg/kg, i.p. 2x/d, 6d) Decreased Zimmer etal. (2001)

Cannabinoid system

Cnr1 CPR morphine (5 mg/kg, s.c.) Abolished Martin etal. (2000)
CPA, morphine + naloxone (20-100 mg/kg i.p. over 6d + 0.1 mg/kg s.c.) Unchanged
CPR morphine (4-8 mg/kg, i.p.) Unchanged Rice etal. (2002)
CPA, morphine + naloxone (8 mg/kg + 5 mg/kg, i.p.) Unchanged
SA, morphine (2 ug/kg.inf, i.v.) Abolished Cossu etal. (2001)
SA, morphine (1, 2, 4 ug/kg/inf, i.v.) Decreased Ledent etal. (1999)
WD, morphine (20 mg/kg to 100 mg/kg, 5d) Decreased
WD, morphine (75 mg/kg pellet, 5d) Decreased Lichtman etal. (2001)
CPA, U50,488H (1 mg/kg, s.c.) Abolished Ledent etal. (1999)

This table summarizes published reports of behavioral responses in reward and precipitated withdrawal for cannabinoids in opioid KO lines and opioids in cannabinoid
KO mutants (CPA, conditioned place aversion; CPF, conditioned place preference; d, day; inf, infusion;, i.p., intraperitoneal; s.c., subcutaneous, WD, withdrawal; w/o,

without).
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not yet been established for cannabinoid reward, neither phar-
macologically nor genetically. A potential role of this particular
receptor in cannabinoid reward awaits further studies investigating
either cannabinoid SA (motivation aspects) or delta cKO mutant
responses (deletion of specific subpopulation of receptors).
Another aspect that was explored in opioid KO mice
is cannabinoid dependence. Upon chronic THC treatment,
antagonist-induced withdrawal signs measured in WT animals
were unchanged for Pdyn KO (Zimmer etal., 2001) or single
mutant mice for mu, delta or kappa opioid receptors (Ghoz-
land etal., 2002). Signs were attenuated in KO animals for Penk
(Valverde etal., 2000), for the double mu-delta receptor mutant
(Castane etal., 2003) as well as for mu receptor KO, at a high dose
(Lichtman et al., 2001) (Table 3). No data are yet available for the
other opioid peptide KO mice concerning cannabinoid physical
dependence. Collectively, available data indicate the involvement
of the enkephalinergic system, with a cooperative action of mu
and delta receptors, in the expression of cannabinoid dependence.

OPIOID REINFORCING EFFECTS IN CANNABINOID
KNOCKOUT MICE

Knockout approaches have greatly improved our knowledge on
the role of CBI receptors in addiction in general, even though
contradictory data exist (Maldonado etal., 2006). In particular,
for opiate responses (Table 3) induced by mu agonists, CB1 KO
mice showed no morphine-induced place preference (5 mg/kg,
s.C., 3 injections over 6 days) (Martin etal., 2000) and a dimin-
ished propensity to self-administer morphine (Ledent et al., 1999;
Cossu etal., 2001). A microdialysis study revealed that morphine-
induced increase of extracellular DA was not observed in CB1
KO mice (Mascia etal., 1999). Taken together, these data suggest
a reduction in morphine’s reinforcing activity in the absence of
the CB1 receptor. Another study could not reveal any changes
in place preference using a slightly more intensive conditioning
paradigm and a different set up with two doses of morphine (4
or 8 mg/kg, four injections over 4 days) (Rice etal., 2002). Inter-
estingly, no differences between WT and CB1 KO mice could be
observed in a CPA paradigm where the opioid antagonist naloxone
was used to induce withdrawal in morphine-treated mice via two
distinct paradigms (Martin etal., 2000; Rice etal., 2002). Upon
chronic morphine treatment, naloxone-induced withdrawal signs
measured in WT animals were attenuated (Ledent etal., 1999;
Lichtman etal., 2001). Together, these findings suggest that CB1
receptors are not involved in the disphoric effects of morphine
withdrawal (CPA) but are noticeably required for the development
of physical dependence or of somatic signs of opiate withdrawal.
Surprisingly, other important effects of morphine, like acute
induced analgesia and tolerance to chronic morphine-induced
analgesia, were not altered in CB1 KO animals. These findings
together with the data on mu opioid KO mice with cannabinoid
treatments suggest a bidirectional influence of mu opioid and CB1
cannabinoid receptors on reward processes. Aversive effects of the
kappa opioid agonist U50,488H were also blunted in CB1 recep-
tor KO mice (Ledent etal., 1999). Together with the data of kappa
opioid and Pdyn KO mice, it indicates that both cannabinoid and
opioid systems modulate negative motivational drug effects. To
our knowledge, no data concerning the specific effect of delta

selective opioid agonists on reward in CB1 KO mice are avail-
able. Interestingly, it has been demonstrated that the absence of
CB1 receptor also results in a reduction of the sensitivity to the
rewarding properties of sucrose (Sanchis-Segura etal., 2004), as
well as other reinforcers (for recent reviews, see (Lopez-Moreno
etal.,2010; Maldonado etal., 2013). Together with pharmacologi-
calapproaches (Maldonado et al., 2006), KO data therefore provide
confirmatory support that CB1 receptor play a modulatory role in
the reinforced behaviors maintained by sucrose and some other
reinforcers with, in particular, a mutual interaction of opioid and
cannabinoid systems.

For the other components of the endocannabinoid system,
no specific data for genetically modified animals were reported
for the investigation of opioid reward, although pharmacological
inhibition of the endocannabinoid catabolic enzymes attenuates
both naloxone-induced withdrawal as well as spontaneous with-
drawal signs in morphine dependent mice (Ramesh etal., 2011,
2013), indicating a potential role of these enzymes in opioid
dependence.

CONCLUSION AND PERSPECTIVES

Globally, despite some compensatory alterations at both opioid
and cannabinoid levels in mutant lines, KO studies have provided
insights into the mutual role of both opioid and cannabinoid
systems on reward. In particular, these studies have highlighted
the major role for both mu opioid and CB1 receptors in these
processes. Clearly, the mu opioid receptor is a convergent molec-
ular target mediating rewarding properties of opioid compounds
but also of other drugs of abuse, including cannabinoids. CB1
receptor also appears as a modulator of opioid reward. On the
other hand, KO approaches for endogenous opioid peptides or
enzymes for synthesis or degradation of endocannabinoids have
been very useful to clarify their specific role in both endoge-
nous systems but less/no data are available for reward mecha-
nisms. These mutants therefore need further investigations to
clarify their potential implication in cannabinoid/opioid reward
aspects.

Conventional genetically modified animals have strengthened
our current knowledge of the interaction between these two sys-
tems, but further studies using conditional approaches will be
necessary to clarify the potential crosstalk existing specifically in
reward processes. Interaction between these two neuromodula-
tor systems may be dependent on the brain area where it occurs,
even inside the brain rewarding networks (Parolaro etal., 2010).
Both mu opioid and CB1 receptors are highly expressed in these
networks in similar brain structures and a potential interaction in
areas where they are both strongly expressed is probable. Notice-
ably, opposite expression levels are observed in discrete areas
like amygdala (BLA versus central amygdala) as well as habe-
nula (medial versus lateral nuclei) and these differences may also
account for a modulatory role of the two systems in reward pro-
cesses (Figure 1). Approaches using double mutants for both
receptors would be useful to further understand their mutual
role in drug reward. Moreover, in this perspective, conditional
approaches will surely provide invaluable insights into opioid and
cannabinoid interaction at the circuitry level. The growing num-
ber of cKO mutant lines becoming available will help this side of
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research. Likewise, the implication of the CB2 receptor in these
interactions has not yet been explored and may be particularly
relevant in specific brain structures. In fact, demonstration of
CB2 expression in several brain structures has opened a field of
investigation for a possible role in addiction that should help to
reveal potential direct interaction between CB2 and the opioid
system.

G protein coupled receptor can associate as heteromers and
extended research is now directed toward elucidating the phys-
iological role of such heteromers and finding therapeutical
approaches targeting these entities (see recent reviews Fujita etal.,
2014; Massotte, 2014). Several lines of evidence have suggested
interactions between delta or mu opioid receptors and the CB1
receptors. Close vicinity of CB1 receptors with mu or delta
opioid receptors has recently been established at the neuronal
level, suggesting heteromeric formation in vivo and potential
impact on both receptors signaling properties. A recent study
demonstrated an important role for the heterodimer CB1-delta
in neuropathic pain where cortical functions of delta receptor
were altered (Bushlin etal., 2012). CB1 and mu receptors asso-
ciate as heteromers in cultured cells and a recent study showed that
bivalent ligands for both receptors are potent analgesic devoid of
tolerance (Le Naour etal., 2013), suggesting potential functional
heteromers in pain. Therefore, one can easily predict that similar
mechanisms may occur in another pathological state like addic-
tion and this opens up new prospects for pharmacological action
of cannabinoid and opioid drugs. In this context, it will be critical
to see whether CB2 also plays a role as a potential heteromeric
interactor with opioid receptors.

No effective therapeutic approaches for cannabis dependence
are currently available and opioid addiction therapies are not fully
satisfying for all patients. Further studies are therefore needed
to clarify the mechanistic basis of interaction of the two sys-
tems, which would aid in the development of drug therapies
to reduce dependence and abuse. Antibodies or bivalent lig-
ands as mentioned previously represent interesting therapeutic
targets. In addition, dual enkephalinase inhibitors and cannabi-
noid catabolic enzyme inhibitors have been proposed as attractive
therapeutic targets to treat pain (Roques etal., 2012) and such bi-
functional compounds may also be relevant as promising strategies
for alleviating dependence.

Substantial progress has been made in understanding the cel-
lular and molecular mechanisms of prolonged use of cannabinoid
or opioid drugs (Kreek etal,, 2012; Fratta and Fattore, 2013).
In addition to their direct role in reward, interaction between
opioid and cannabinoid neuromodulator systems has been pro-
posed to explain some aspects of vulnerability to addiction and,
in this perspective, recent attention has been focused on yet
another critical level, epigenetics. These molecular processes,
including methylation of DNA, post-translational modifications
of histones and regulation by microRNA, regulate gene expres-
sion and are crucial in long-term adaptations induced by drugs
(Nestler, 2014). Recent studies have shown a direct associa-
tion between THC-induced Penk upregulation through reduction
of histone H3 lysine 9 pattern of methylation and increased
heroin SA (Tomasiewicz etal., 2012). Adolescent THC-exposure
also resulted in altered heroin SA in the subsequent generation

of rats, an effect associated with changes in mRNA expression
of cannabinoid, DA, and glutamatergic receptor genes in the
striatum, suggesting adaptations to long-term drug effect and
germline transmission, most likely involving epigenetic changes
(Szutorisz etal., 2014). How these neuromodulator systems are
dependent on various internal and external environmental fac-
tors, and therefore are involved in epigenetics and whether one
system influences the epigenetic machinery to control the other
system, are unresolved questions for upcoming studies (D’Addario
etal., 2013). Future investigation in this field will be necessary to
better delineate the neurobiological mechanisms underlying these
neuroadaptations.
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The family of GCaMPs are engineered proteins that contain Ca2* binding motifs within a
circularly permutated variant of the Aequorea Victoria green fluorescent protein (cp-GFP).
The rapidly advancing field of utilizing GCaMP reporter constructs represents a major
step forward in our ability to monitor intracellular Ca2t dynamics. With the use of these
genetically encoded Ca®* sensors, investigators have studied activation of endogenous Gq
types of G protein-coupled receptors (GPCRs) and subsequent rises in intracellular calcium.
Escalations in intracellular Ca?t from GPCR activation can be faithfully monitored in space
and time as an increase in fluorescent emission from these proteins. Further, transgenic
mice are now commercially available that express GCaMPs in a Cre recombinase
dependent fashion. These GCaMP reporter mice can be bred to distinct Cre recombinase
driver mice to direct expression of this sensor in unigue populations of cells. Concerning
the central nervous system (CNS), sources of calcium influx, including those arising
from Gq activation can be observed in targeted cell types like neurons or astrocytes.
This powerful genetic method allows simultaneous monitoring of the activity of dozens
of cells upon activation of endogenous Gg-coupled GPCRs. Therefore, in combination
with pharmacological tools, this strategy of monitoring GPCR activation is amenable to
analysis of orthosteric and allosteric ligands of Gg-coupled receptors in their endogenous
environments.

Keywords: GCaMP, Cre-loxP, G protein-coupled receptor, Ca2t measurement

INTRODUCTION

Guanosine nucleotide-binding proteins (G proteins) are intracel-
lular proteins involved in transmitting signals from outside a cell
to the inside of the cell (Oldham and Hamm, 2008). Since their
initial detection in the 1960’s by Nobel laureates Martin Rodbell
and Alfred Gilman, heterotrimeric forms of G proteins (Gq, Gg
and G,) have received much consideration in the general fields
of pharmacology, biochemistry and neuroscience. This is justified
as their interacting, coupled receptors have been an established
source of clinically active therapeutics. Several G proteins contain
lipid modifications on one or more of their subunits to enable
targeting to the plasma membrane while facilitating protein inter-
actions. The precise arrangement and targeting of subunits in
heterotrimeric G proteins affects not only which receptor with
which it can interact, but also the downstream effector target.
This general scheme of extracellular signal transduction has been
selected for across evolution and has been repeated in nature
abundantly. Built-in flexibilities originating from unique recep-
tors, G-proteins and effectors provide the means to distribute
distinct physiological response pathways to external stimuli rang-
ing from photons to complex protein hormones (Katritch et al.,
2013).

There are ~16 genes found in human that encode different
forms of G, which belong to a larger group of enzymes called

GTPases. The G, subunit of heterotrimeic G proteins is highly
controlled by factors that influence its ability to bind to guanosine
triphosphate (GTP). The GTPase activity of G proteins hydrolyze
GTP to guanosine diphosphate (GDP). When bound by GTP, G,
is considered in an active state and when bound by GDP, Gy, is
in a less active state (Limbird, 2004). The time course of the G
protein signal is controlled by the duration of the GTP-bound
alpha subunit, which can be regulated by RGS (regulators of G
protein signaling) proteins, GEFs (guanine nucleotide exchange
factors) or by covalent modifications. G, subunits mediate the
signal transduction pathway that initiates from an agonist occu-
pied receptor to numerous intracellular effector proteins. For
example, Gysubunits in the G, family stimulate the production
of 3’-5'-cyclic adenosine monophosphate (cAMP) by activation
of adenylyl cyclase. Another prominent branch of this family of
biological signaling tools includes Gggq.

Gyq and a closely related gene Gy, are broadly expressed
and maintain homeostatic processes in digestive, urinary, car-
diovascular and central nervous systems (CNS). It is critical to
appreciate that activated Gq1; results in several parallel signaling
pathways that include mitogen activated protein kinase (MAPK)
and the phosphatidylinositol-3-kinase (PI3K)/AKT pathways.
However, the pathway in which GTP bound Gg/11 (as well as
some combinations of Gg,) can stimulate the activity of the
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FIGURE 1 | Overview of Gg,11-coupled GPCR signal detection by GCaMP
sensors. Schematic diagram illustrating the canonical signaling pathway of
Gg/11-coupled GPCRs. Heptahelical dimeric receptors bound by agonist can
activate the Gq 11 pathway to increase intracellular Ca?*. The signaling
intermediaries facilitating Ca2* elevations include generation of IP3 and DAG

from PLC activation, gating of IP3 receptors embedded in the ER and release
of intracellular Ca®* stores. Free Ca®t can then bind to GCaMP sensors in
the cytoplasm, resulting in enhanced fluorescence. Abbreviations: N:
amino-terminus C: carboxy-terminus; PLC: phospholipase C; DAG:
diacylglycerol, IP3: inositol trisphosphate; AF: change in fluorescence.

effector protein phospholipase CB (PLCB) is the most studied
(Wettschureck and Offermanns, 2005). PLCP hydrolyzes phos-
phatidylinositol 4,5-bisphosphate (PIP,) to diacyl glycerol (DAG)
and inositol trisphosphate (IP3). An increase in intracellular IP3
rapidly gates ionotropic IP; receptors embedded in membranes
of endoplasmic reticulum (ER). IP3 receptor activation results in
the flux of calcium ions (Ca*") from highly concentrated internal
ER stores to low concentration intracellular cytoplasmic regions
via channel gating (Figure 1). It is this branch of the canonical
Gygqy11 signal transduction pathway that will be the focal point of
this review.

A vast amount of research has recognized an enormous array
of extracellular and intracellular stimuli that dictate changes in
the intracellular second messenger Ca?*. The concentration over
time profile of this divalent cation has variable functions in
nearly every cell type throughout the animal kingdom (Berridge,
2006). Cells devote considerable energy in adjusting and main-
taining a steep gradient between intracellular (<1 uM) and
extracellular (>1 mM) Ca?t concentrations. Intracellular cal-
cium signals regulate processes that operate over time ranges
varying from milliseconds to days. One general class of calcium
mobilizing external stimuli includes agonists acting at Gq/11-

coupled receptors. Examples of some G protein-coupled recep-
tors (GPCRs) that preferentially interact with Gg,1; include the
group I metabotropic glutamate; M1, M3, and M5 muscarinic
acetylcholine; 5-HT, serotonergic, al adrenergic, vasopressin,
angiotensin II and histamine H1 receptors among several others.

A great deal of our knowledge base of these receptor subtypes
has its origins in the cloning era of these genes. The coding regions
of many Gg/11-coupled GPCRs were inserted into recombinant,
mammalian directed expression vectors and subsequently driven
to be transcribed by strong promotors into a variety of host
cells. Some of these expression studies have greatly contributed
to our atomic level structural understanding and knowledge of
these critical receptor subtypes. Expression strategies have served
many other useful purposes including pharmacological profiling,
detailed determination of signal transduction pathways as well as
site-directed mutagenesis studies of critical amino acids involved
in structure, function and ligand binding. However, one caveat
with this general paradigm is the issue of over-expression of the
receptor.

Does placing too many of the same receptor type bias a
signal transduction pathway through mass action relationships?
Can over-expression lead to too many spare receptors and lead
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to aberrant constitutive activity? Questions like these have been
addressed and will need to be monitored heading into the future
utilizing this set of critical tools and methodologies. Nevertheless,
methods examining Ggq/11-coupled GPCRs in their endogenous
states, which more closely reflect the natural environment, are
becoming sharper and increasingly more available. The focus of
this review article will address combining methods and paradigms
from the fields of calcium imaging, mouse genetics and pharma-
cology to uncover endogenous Ggq/11-coupled GPCRs and their
responses to acute or sustained stimulation at the molecular and
cellular levels.

GENETIC IDENTIFICATION OF CELLS WITH ENDOGENOUS
GPCRs

Investigations into the role of endogenous Gg/11-coupled GPCRs
in selective cells has become more prevalent using the power of
transgenic animals. Temporally and spatially regulated genes can
be monitored with fluorescent microscopy in mice by utilizing
a DNA recombination system based on Cre recombinase. Cre
based systems using P1 bacteriophage Cre recombinase which
catalyze the excision of DNA located between flanking loxP sites,
has been widely used since its first application in eukaryotic cells
and transgenic mice (Sauer, 1987; Novak et al., 2000). Because
recombination does not occur between the loxP sites until Cre is
introduced, the modifications are termed conditional alterations.
It is a conditional situation based on where and when the Cre
recombinase gene is expressed. This powerful strategy permits
the design of mouse lines with silent genetic manipulations (i.e.,
the flanking loxP sites) that can be un-silenced by Cre mediated
recombination. In the beginning years of the twenty-first century,
it became common in many laboratories to breed unique Cre
recombinase “driver” mice to a mate carrying a silent flanking
loxP mutation. Offspring could be produced that eliminated a
coding region of a gene to generate tissue selective knock-out of
a gene of interest. More recently, a variant of this general strategy
has become popular by placing stop codons in between the loxP
sites so as to “report” a gene, rather than eliminate it (Madisen
et al., 2010). The usefulness of this technique is enhanced with
distinct, commercially available reporter lines of mice (Figure 2).
Mlustrated in Figure 2 is an example of this latter method that
permits fluorescent identification of target cells or tissues that may
express a Gq/11-coupled GPCR like neurons in layer five of cortex
or striatal projection neurons.

A more straightforward genetic alternative to this approach
includes the use of mice carrying bacterial artificial chromo-
some (BAC) transgenes. It is now routine to accurately drive
the expression of genetically programmed fluorescent reporters
(e.g., eGFP or tdTomato) or Cre recombinase in specific cellu-
lar populations with these large (150-350 kbp) transgenes. The
GENSAT (Gene Expression Nervous System Atlas) project has
used this technology to generate mouse lines with targeted cellular
expression of eGFP or Cre recombinase (Gerfen et al., 2013).
One advantage that the BAC insertion technology has over earlier
transgenic methods is that the longer expanse of DNA encom-
passes much more non-coding regions containing information to
direct the accurate expression of the reporter gene in time and
space.

One critical assumption in using these methods is that the
transgene insertion does not affect the normal physiology of an
animal. However, the largely random chromosomal integration
site of the BAC construct could have aberrant side effects on
standard gene expression. Further, the large size of the inser-
tion could contain unknown regulatory elements of other genes,
again resulting in disruption of native genes. It is generally
assumed that these are low probability events. However, in one
important example in the recent literature, Kramer et al. (2011)
described that Swiss Webster (SW) mice, homozygous for the
drd2-eGFP BAC transgene had an altered phenotype (Kramer
et al., 2011). However, subsequent manuscripts described the
use of alternative background strains and/or reducing the copy
number of BAC insertions to help control for possible affects
that could lead to misinterpretations of data (Chan et al., 2012;
Nelson et al., 2012). Together, all of these studies imply that
BAC transgenic mice are extremely valuable tools that can be
utilized to advance our understanding of endogenous GPCRs
in defined cells. However, the data that results from these
animals should be interpreted with the awareness of possi-
ble genetic misregulating elements contained in the BAC con-
struct themselves or due to insertion site disruption of native
genes.

DETECTION OF CALCIUM IONS WITH DYES OR “GCaMP”
VARIANTS

As stated above, changes in intracellular Ca®*t ([Ca’*];) can
represent a fundamental change of state in many cell types.
Biological processes ranging from cardiac muscle contraction,
insulin secretion, cell adhesion, proliferation or cell death repre-
sent cellular and molecular reactions dependent upon [Ca®*];.
Notably, these signals vary with a time course of milliseconds
in the case of muscle contraction, to minutes in the case of
sustained insulin secretion, to hours or days in some cases of
programmed cell death. Therefore, it is critical that the period of
time in which [Ca?*]; changes occur, can be reliably monitored
in an endogenous environment. By measuring the kinetics of
calcium transients, important information can be inferred such as
properties of ligand kinetics, receptor reserve and amplification of
signaling (Charlton and Vauquelin, 2010).

The rich history of [Ca®*]; detection which dates back to
the 1960’s has recently been well reviewed (Grienberger and
Konnerth, 2012). Briefly, bioluminescent calcium binding pro-
teins like aequorin, or synthetic compounds like arsenazo III that
changed absorbance spectrum with increasing calcium gave way
to covalently modified hybrids of calcium chelating agents like
EGTA or BAPTA (Shimomura et al., 1962; Brown et al., 1975;
Tsien, 1980). This latter group of calcium indicator dyes, includ-
ing the popular Fura-2, contains a fluorescent chromophore
that can be monitored with light detection hardware. Fura-2
can be interchangeably excited with ultraviolet light at 340 nm
or 380 nm in wavelength, and the ratio of the emitted light
intensity at those two variable excitation wavelengths is directly
correlated to the amount of intracellular calcium (Grynkiewicz
etal., 1985).

Over the course of the past few decades, improvements in
several variants of these fluorescent calcium indicators have been
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FIGURE 2 | Genetic identification of cells using cre-lox driver: reporter
methods. (A) Mating a gene promotor containing " driver” mouse directed to
express cre in a selective fashion to a cre-dependent “reporter” mouse yields
offspring which may inherit the driverreporter combination (red offspring) of
genes. Those offspring which do not inherit the combination will not express
the identification marker (non-fluorescent offspring). (B) A currently used
strategy is to cross a cre driver mouse to a mouse expressing a cre-sensitive
element at a ubiquitously expressed locus like rosa26. At this locus is a Stop
codon (Stop sign with TGA) flanked by loxP sites (indicated by arrows)
designed to be excised by cre recombinase activity allowing expression of

AW YY)
ES

B
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Fluo-8AM
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genetically encoded fluorescent reporters (red star symbol) in the target cell
population. (C) lllustrates a confocal image of a coronal mouse brain section
from an animal inheriting the drd7; cre and rosa26; tdTomato genes described
above, permitting fluorescent detection of dopamine D1 cells in cortex (left)
and striatum (right). (D) Live confocal image of an acute striatal brain slice
showing drd2: tdTomato neurons (red, left) and the same section bulk loaded
with the calcium sensitive dye Flou-8 (green, center), allowing genetic
identification of striatal neurons while imaging calcium (superimposed
images, right). See Partridge et al. (2014) for methods. Scale bars in (C) and
(D): 100 pm.
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developed that exhibit an increase in fluorescence upon binding
Ca**. Cells can readily absorb membrane permeant acetyloxy-
methyl (AM) ester forms of these compounds by adding the
dissolved indicator to various types of cell preparations. Endoge-
nous, ubiquitous esterases cleave ester bonds and “trap” the now
membrane impermeant Ca?* sensitive dye intracellularly. The
Ca’* dependent amount of light emitted from these cells is
generally measured using fluorescence microscopy, fluorescence
microplate assays, or flow cytometry in combination with photon
detection. The pharmacological and biophysical properties of
these organic dyes have been reviewed (Paredes et al., 2008). One
disadvantage of using these synthetic dyes is that they label tissue
indiscriminately. For example, if you wish to study astrocytes in
the CNS, application of the dye to the tissue will also label neigh-
boring neurons. Further, many synthetic organic Ca?* probes
distribute into the cytosol, mitochondria, and other organelles
making the measurements of “intracellular” Ca?* more difficult
to interpret.

During the same time period as synthetic dyes were improving,
attempts to develop a genetically encoded [Ca’*]; sensor were
being performed. One such attempt has its origins in the use of
complementary DNA from the Aequorea victoria green fluores-
cent protein (GFP) gene (Chalfie et al., 1994). GFP is a ~27 kD
protein that emits photons that fall within the visible spectrum
when expressed in prokaryotic or eukaryotic cells upon proper
excitation. GFP expression has become routine and widely used
to examine an extensive range of biological questions ranging
from gene expression to protein localization in living organisms.
Over the past 20 years, GFP has been a major foundation for
“directed evolution” into hundreds if not thousands of variations
of the original wtGFP, many of which are currently being used as
tools in fluorescent microscopy (Datta and Patterson, 2012). One
genetic variant that developed about 7 years after GFP’s initial
cloning was designed by Nakai et al. (2001). This research group
genetically engineered a chimeric protein termed G“CaM”P as
it was created from a fusion of circularly permutated GFP,
calmodulin (CaM), and M13, a peptide sequence from myosin
light chain kinase. Upon elevation of intracellular Ca**, a con-
formational change occurred in GCaMP, enhancing fluorescent
emission. Not surprisingly, due to the initial success of GCaMP
as a Ca®" sensor, it has been subsequently modified into increas-
ingly higher numerical variants. More recent genetic versions of
GCaMP are currently improving the signal-to-noise ratio of the
fluorescence indicator, show improved kinetic responses, have
variable Ca?* binding affinities and other biophysical attributes
that provide great flexibility in detection capacity (Akerboom
etal, 2012; Sun etal., 2013). Additionally, “red shifted” genetically
encoded calcium sensors have been generated that increase the
spectral flexibility for imaging [Ca?*]; (Yamada and Mikoshiba,
2012).

GENETICALLY BASED EXPRESSION OF Ca2* SENSORS

The combination of the mouse genetic strategies described above
and the use of improved GCaMPs to monitor [Ca?T]; in different
cell types has been accomplished (Fletcher et al., 2009; Chen
etal, 2012; Zariwala et al., 2012). These studies and others report
in genetically identifiable cell types, changes in [Ca’*]; with

enhanced fluorescence as a function of various stimuli. Frequently
in these studies, the increased signal in GCaMP fluorescence
derives from the underlying mechanisms of neuronal action
potentials and/or excitatory synaptic transmission. More broadly,
the literature focuses on extracellular calcium entry as the source
for increased cytosolic calcium signals. Among these mechanisms
include the opening of voltage-gated calcium channels, NMDA-
type glutamate receptors and calcium permeable AMPA-type glu-
tamate receptors. The biophysical and pharmacological properties
of evolving GCaMPs have improved to the detection level of single
action potentials (Tian et al., 2009; Akerboom et al., 2012; Chen
et al., 2013). This improving sensitivity has allowed investigators
to correlate to a given rise in fluorescence with an accurate esti-
mation of the number of action potentials while simultaneously
detecting fluorescence in dozens of distinct cell types (Wachowiak
et al., 2013).

However, what seems to be under-utilized by GCaMP func-
tionality in the literature to date is the versatility to monitor
increases in intracellular calcium from extracellular independent
sources. As described above, there are critical sources of calcium
which do not originate from the extracellular pool of calcium
and contribute to microdomains of Ca’** signaling (Berridge,
2006). It is now clear that cytosolic calcium signaling originating
from extracellular or intracellular sources is capable of influencing
different domains or compartments within a cell. The importance
of these localized domains of Ca?* is that they control distinct
spatial actions in different regions of the cell. For example, the
ER is an organelle whereby calcium is pumped against its natural
concentration gradient by proteins like the sarco-/endoplasmic
reticulum calcium ATPase (SERCA). Mitochondria are other vital
intracellular organelles that can serve as critical sources of calcium
upon proper stimulation. These two examples represent signifi-
cant reservoirs of calcium that facilitate a local rise in [Ca®*]; by a
subcellular dependent fashion. As an example of the advancing
technology integrating genetics and [Ca’*]; imaging, Li et al.
(2014) recently measured changes in Ca?* from mitochondria
([Ca?T]y) in astrocytes using improved and compartmentalized
GCaMP probes while Bengtson et al. (2010) monitored calcium
changes within the nucleus of CAl pyramidal neurons. While
these studies used more traditional DNA vector transfection or
viral infection methods to introduce the designed GCaMP into
selected cell types, it highlights that mitochondrial (Rizzuto et al.,
1995) or nuclear localization signal sequences can be added to the
GCaMP sensors to direct the sensor to subcellular organelles or
compartments. Other examples of clever genetic manipulations
include membrane tethering sequences fused in frame as done
with MARCKS-GCaMP2 (Mao et al., 2008) or Lck-GCaMP3
(Shigetomi et al., 2010). These latter two examples could be
important starting points to more rigorously screen Gg,1; calcium
mobilization systems.

One advantage of the genetic techniques described above is
that endogenous DNA recombination does a great deal of the
work for the investigators without any requirements for sur-
vival surgery based methods. However, more invasive techniques,
including stereotactic viral delivery or in utero electroporation
(Yamada and Mikoshiba, 2012) can be used to extend the biolog-
ical question posed.
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MONITORING ENDOGENOUS G/411-COUPLED
METABOTROPIC GLUTAMATE RECEPTORS USING ACUTE
BRAIN SLICE PREPARATIONS

L-glutamate is the key excitatory neurotransmitter at the majority
of synapses in the mammalian CNS. The initial detection of a
distinct “metabolic” neuromodulatory glutamate receptor capa-
ble of generating IP3 occurred almost three decades ago (Nicoletti
et al., 1986). It was also discovered during this time period that
activation of unique glutamate receptors could elevate intracel-
lular Ca®* in a “spike like” fashion upon receptor stimulation in
the absence of extracellular Ca*™ (Murphy and Miller, 1988). The
cloning era was able to make great strides in our understanding of
the glutamate receptor family structure and function. Two main
divisions of L-glutamate binding proteins include the ionotropic
(AMPA, NMDA, and kainate) and metabotropic glutamate recep-
tors (mGluRs). Of the eight mGluRs, it is now apparent that
Group I mGluRs: mGlul and mGlu5 preferentially couple to
the synthesis of DAG and IP; via Gg/11. The widespread yet
tissue specific expression of group I mGluRs suggests that these
modulatory receptors have the ability to affect various functions
in the CNS. Since their detection, mGluRs have been a focal
point of various therapeutic aims to assist in alleviating symptoms
of disease states ranging from Parkinson’s disease, diabetic neu-
ropathy, melanoma, Autism spectrum disorders and generalized
anxiety disorder (Niswender and Conn, 2010). For these reasons,
GCaMP monitoring of Gg/11-mediated rises in cytosolic calcium
can deepen our knowledge of a vital receptor class.

The Group I mGluRs are currently endowed with a rich array
of pharmacological tools to dissect out particular branches and
their role in signaling (Conn et al., 2014; Rook et al.,, 2015). One
frequently used tool includes the compound (S)-3,5-dihydroxy-
phenylglycine (DHPG). DHPG has been utilized as one of the
most selective Group I mGluR orthosteric agonists. Recently,
brain slice preparations of the striatum detected rises in [Ca®T];
from genetically identified neurons following acute DHPG appli-
cation using either organic dye loading methods (Chen et al.,
2011; Plotkin et al,, 2013) or GCaMP3 transgene expression
(Partridge et al., 2014). In the latter case, confocal imaging
combined with mouse genetics using dopamine D1 (drdI) or
D2 (drd2) gene driven Cre recombinase provided a scaffold to
monitor DHPG mediated changes in [Ca®*];. The acute appli-
cation of DHPG did not affect the basal fluorescence of GCaMP3
in most of the imaged D11 or D27 striatal neurons (Figure 3).
However, in cells which were depolarized by either chemical
or electrical means, a robust Ca?* signal resulted when slices
were acutely exposed to the Gq/11-coupled GPCR agonist. These
events were blocked by pretreatment with allosteric antagonists
acting at mGluR1 and mGluR5. Further, the DHPG-mediated
increase in GCaMP3 fluorescence was blocked by thapsigargin
pre-treatment, an inhibitor of SERCA, strongly supporting a
role for an intracellular source of calcium. The DHPG-mediated
activation of native mGluRs as detected by GCaMP3, was fast
and exhibited desensitization in the continued presence of this
agonist. Further, in simultaneously current-clamped and GCaMP
labeled neurons, the DHPG- mediated enhanced fluorescent sig-
nal was not associated with a change in membrane potential.
This strongly supports the feasibility of these methods to detect

active, endogenous GPCRs with GCaMP in an action-potential
independent fashion.

Together, the data from that study indicate that striatal D17
and D27 projection neurons in acute brain slices express Gg/11-
coupled mGluRs that can be observed with good time resolution
by calcium sensors. The ability to detect increases in GCaMP3
fluorescence was clearly enhanced by presumably “pre-filling”
the intracellular stores with calcium. However, this combination
of methods can clearly be useful to monitor dozens of distinct
neurons simultaneously while probing the native state of receptors
with pharmacological tools.

Within that same study, the flexibility of the method was
shown as GCaMP3 expression was directed to more sparse
interneurons by crossing somatostatin (sst; Taniguchi et al., 2011)
or tyrosine hydroxylase (th; Lindeberg et al., 2004) gene-driven
Cre recombination. In these striatal GABAergic interneuron sub-
types, DHPG application produced robust increases in GCaMP3
fluorescence that differed significantly in the duration of fluo-
rescent signal compared to those elicited in the drdl or drd2
driven strains. Electrical recordings from the various GCaMP3
expressing interneuron subtypes indicated that DHPG did evoke
action potentials in the two interneuron populations in this
brain region. A recent study utilizing uncaging of IP3 came to
a similar conclusion (Clements et al., 2013). Taken together, the
data suggest a more classical type of Gg/11-mediated change in
intracellular calcium in projection type drdl or drd2 expressing
neurons. In contrast, the actions of DHPG acting upon interneu-
ron populations could be utilizing the ability of Gq/11 to couple
to various TRP type channels (Gee et al., 2003; Ramsey et al.,
2006). TRP channels were initially found to mediate photo-
transduction in fruit flies and are non-selection cation channels.
The open probability of several types of TRP channels can be
enhanced upon activation of Gq/11-coupled GPCRs. While more
pharmacological evidence is necessary to validate this alternate
pathway in striatal interneurons, this highlights the importance of
the interpretation of the data. These studies and certainly others
represent multidisciplinary techniques with rapidly evolving tools
in which GPCRs can be assayed in natural states with relatively
high temporal precision. This can greatly contribute to a deeper
understanding of GPCR pharmacology while investigating the
enormous heterogeneity of CNS cell types.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

G protein-coupled receptor signaling is a fundamental
membrane-bound mechanism to detect selective changes in
the local environment of animal cells. Because of the universal
instrumentation of GPCRs across the animal kingdom, it is
essential to understand the basic mechanisms on which they
operate in an endogenous environment. Despite tremendous
progress in our understanding of GPCR physiology and
pharmacology, wide gaps remain in bridging the use of molecules
that target these pathways to alleviate symptoms of disease
and to develop clinically useful therapeutics. While this review
has focused on one branch of the GPCR superfamily signaling
pathway, opportunities to explore other canonical pathways like
cAMP generation are being developed with luciferase based
methods (Binkowski et al., 2011; DiRaddo et al., 2014). However,
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drd2; GCaMP3

FIGURE 3 | Directed expression of genetically encoded

calcium sensors to detect Gq/11-GPCR activation. (A) Mating a “driver”
mouse directed to express cre in a selective dopamine D2 (drd2) fashion to a
cre-dependent “reporter” GCaMP 3 mouse yields offspring which may inherit
the driverreporter combination of genes (green offspring). The offspring
which do not inherit this combination will not express the calcium detector
(non-fluorescent offspring). (B) lllustrates a confocal image of a coronal mouse
brain section from an animal inheriting the drd2; cre and rosa26; GCaMP3
genes, permitting fluorescent detection of calcium changes in striatal
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dopamine D2 cells. (C) Live confocal image of an acute striatal brain slice
showing drd7: GCaMP3 expressing neurons (green, left) with superimposed
regions of interest (ROI, red circles) allowing genetically targeted

calcium imaging. To the right are shown the time course of changes in [Ca2™];
(AF/F) in the ROls corresponding to cell bodies. Each trace represents a
different ROI or cell body. The top horizontal bars above the traces represent
the time duration that the drugs DHPG (10 wM, open bars), or NMDA

(20 wM, filled bars) were acutely applied. Note the ability to detect GPCR
activation following activation of the cells. Scale bars in (B) and (C): 100 um.

fluorescent protein-based cAMP indicators have lagged behind
Ca’* sensors and require further development with improved
dynamic range and brightness.

Another goal moving forward in the GPCR field is to develop a
“universal” detector of endogenous GPCR activation. The detec-
tion of protein—protein interactions (e.g., receptor-G-proteins,
liberation of Gg,) would be one requirement of such a sensor.
In fact, GPCR activation has been observed with several imag-
ing probe techniques including intramolecular and intermolec-
ular Forster resonance energy transfer (FRET)-based genetically
encoded indicators (Lohse et al., 2012). However, an apparent
constraint of this technique is that the introduction of dual
fluorescent proteins (i.e., one acceptor and one donor), likely
introduces steric hindrance and obstruction of essential protein—
protein interactions necessary for energy transfer and the study
of GPCRs in their endogenous states (Partridge et al., 2006). By
combining the fields of fluorescent microscopy, mouse genetics
and pharmacology we can enhance our understanding of GPCRs
in their native state. Unanswered questions like the formation of
various GPCR heteromers, altered pharmacology of heteromic
receptors and cellular specificity can be answered with clever
combinations of the methods mentioned in this review.

Improving GCaMP fluorescent signals have been detected
using in vivo preparations (Hinckley and Pfaff, 2013; Dana et al.,
2014), even in subcortical areas like the striatum (Cui et al., 2013).
These elegant studies relied on the firing of action potentials to
infer neuronal signaling. The challenge moving forward is to uti-
lize fluorescent signals originating from the activation of GPCRs
in vivo. This appears to be a reasonable challenge moving forward
as detection of small but reliable Ca?* increases can be detected
in very fine mouse astrocyte processes both in vitro (Shigetomi
et al., 2013) and in vivo (Otsu et al., 2015). These observations
represent examples of calcium mobilization processes dependent
upon acute GPCR activation.
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INTRODUCTION

Opioids are intensely addictive, and cessation of their chronic use is associated with
a highly aversive withdrawal syndrome. A cellular hallmark of withdrawal is an opioid
sensitive protein kinase A-dependent increase in GABA transporter-1 (GAT-1) currents in
periagueductal gray (PAG) neurons. Elevated GAT-1 activity directly increases GABAergic
neuronal excitability and synaptic GABA release, which will enhance GABAergic inhibition
of PAG output neurons. This reduced activity of PAG output neurons to several
brain regions, including the hypothalamus and medulla, contributes to many of the
PAG-mediated signs of opioid withdrawal. The GABAg receptor agonist baclofen reduces
some of the PAG mediated signs of opioid withdrawal. Like the opioid receptors the
GABAg receptor is a Gj/G, coupled G-protein coupled receptor. This suggests it could
be modulating GAT-1 activity in PAG neurons through its inhibition of the adenylyl
cyclase/protein kinase A pathway. Opioid modulation of the GAT-1 activity can be detected
by changes in the reversal potential of opioid membrane currents. We found that when
opioids are reducing the GAT-1 cation conductance and increasing the GIRK conductance
the opioid agonist reversal potential is much more negative than E,. Using this approach
for GABAg receptors we show that the GABAg receptor agonist, baclofen, does not couple
to inhibition of GAT-1 currents during opioid withdrawal. It is possible this differential
signaling of the two Gi/G, coupled G-protein coupled receptors is due to the strong
compartmentalization of the GABAg receptor that does not favor signaling to the adenylyl
cyclase/protein kinase A/GAT-1 pathway. This highlights the importance of studying the
effects of G-protein coupled receptors in native tissue with endogenous G-protein coupled
receptors and the full complement of relevant proteins and signaling molecules. This study
suggests that baclofen reduces opioid withdrawal symptoms through a non-GAT-1 effector.

Keywords: opioid, GAT-1, GABAg receptor, periaqueductal gray, withdrawal

cascade during withdrawal. Microinjections of PKA inhibitors

Opioids are intensely addictive, and cessation of their chronic
use is associated with a withdrawal syndrome consisting of
severe early physical symptoms and late features such as crav-
ing. Relapse into drug-taking behaviors often occurs as a result
of this withdrawal syndrome (Mattick and Hall, 1996; Williams
et al., 2001), which is thought to result from neuronal adapta-
tions that develop to restore homeostasis during chronic opioid
exposure (Himmelsbach, 1943). On cessation of opioid admin-
istration, persistent counteradaptations in critical brain regions
are unmasked and cause the withdrawal syndrome. A rebound
increase of adenylyl cyclase/protein kinase A (PKA) signaling
is one counteradaptation. While opioid agonists acutely inhibit
adenylyl cyclase activity in the brain (Collier and Roy, 1974)
and specifically in the periaqueductal gray (PAG) (Fedynyshyn
and Lee, 1989), there is a compensatory increase in adeny-
Iyl cyclase signaling during chronic treatment with morphine
in vitro (Sharma et al., 1975; Avidor-Reiss et al., 1997) and in vivo
(Terwilliger et al., 1991) resulting in rebound hyperactivity of this

into the PAG attenuate a spectrum of opioid withdrawal behaviors
similar to those induced by microinjections of opioid antago-
nists (Maldonado et al., 1995; Punch et al., 1997). Whilst the
importance of upregulated adenylyl cyclase/PKA during opioid
withdrawal has been appreciated for many years we have only
recently found the cellular target of PKA that results in with-
drawal symptoms (Bagley et al., 2005b, 2011). We found that
elevated PKA activity during withdrawal increases GABA trans-
porter 1 (GAT-1) currents in PAG neurons (Bagley et al., 2005b).
Elevated GAT-1 activity directly depolarizes and thus hyperexcites
GABAergic PAG neurons and nerve terminals, which presumably
enhances GABAergic inhibition of PAG output neurons (Bagley
et al., 2005b). This reduced activity of PAG output neurons to
several brain regions, including the hypothalamus and medulla,
results in opioid withdrawal signs (Bagley et al., 2011).

Opioid receptors are Gj/G, coupled G-protein coupled recep-
tors that inhibit adenylyl cyclase through their Ga subunit. The
GABAp receptor is another G;j/G, coupled G-protein coupled
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receptor (Bettler et al., 2004) that inhibits adenylyl cyclase activity
(Gerber and Gihwiler, 1994; Kuner et al., 1999; Bettler et al., 2004;
Vanhoose et al., 2004; Connelly et al., 2013). GABAp receptors
are expressed in almost all PAG neurons (Chieng and Christie,
1996; Margeta-Mitrovic et al., 1999; Bagley et al., 2005a). The
GABAg receptor agonist baclofen reduces some PAG mediated
signs of opioid withdrawal in humans (Ahmadi-Abhari et al,
2001; Tyacke et al., 2010) and animal models (Bexis et al., 2001;
Tyacke et al., 2010) and is used in drug cocktails for treat-
ment of opioid withdrawal (Collis, 2008). Given the similari-
ties in coupling and the therapeutic utility of GABAp receptor
agonists, in this study we ask whether GABAp receptor ago-
nists act like opioids to reduce GAT-1 activity during opioid
withdrawal.

MATERIALS AND METHODS

CHRONIC TREATMENT WITH MORPHINE

Morphine dependence was induced by a series of subcutaneous
injections of sustained-release morphine suspension into male
C57B16/] mice (300 mg/kg morphine base) as in previous exper-
iments (Bagley et al., 2005b, 2011). Injections (0.1-0.2 ml) were
made under light halothane anesthesia on days 1, 3, and 5, and
mice were used for experiments on days 6 or 7. Morphine base was
suspended in 0.1 ml mannide mono-oleate (Arlacel A, Sigma),
0.4 ml light liquid paraffin and 0.5 ml 0.9% w/v NaCl in water.
Vehicle-treated mice were injected on the same schedule with
morphine-free suspension.

TISSUE PREPARATION AND RECORDINGS

PAG slices (220-250 wm) were cut from 4- to 6-week-old mice
and were maintained at 34°C in a submerged chamber con-
taining physiological saline (ACSF) equilibrated with 95% O,
and 5% CO, and were later transferred to a chamber super-
fused at 2ml/min with ACSF (34°C) for recording. The stan-
dard ACSF contained 126 mM NaCl, 2.5mM KCI, 1.4mM
NaH,POy4, 1.2mM MgCly, 2.4 mM CaCl,, 11 mM glucose, and
25mM NaHCOs3. Brain slices from both morphine-dependent
and vehicle-treated mice were maintained in vitro in ACSF con-
taining 5uM morphine. Unless otherwise stated, slices were
spontaneously withdrawn by incubation in morphine-free ACSF
for at least 1 h before an experiment. CGP55845 was a gift from
Ciba Ltd (Basel, Switzerland).

PAG neurons were visualized using infra-red Nomarski
optics. Perforated patch recordings were made using patch elec-
trodes (4-5m¢2) filled with 120 mM K acetate, 40 mM HEPES,
10mM EGTA, 5mM MgCl,, with 0.25 mg/ml Pluronic F-127,
0.12 mg/ml amphotericin B (pH 7.2, 290 mosmol/l). Liquid junc-
tion potentials for K acetate internal solution of —8 mV with
ACSF were corrected. Series resistance (<25MEQ) was com-
pensated by 80% and continuously monitored. During perfo-
rated patch recordings, currents were recorded using a Axopatch
200A amplifier (Axon Instruments), digitized, filtered (at 2 kHz),
and then acquired (sampling at 10kHz) in pClamp (Axon
Instruments) or using Axograph Acquisition software (Axon
Instruments).

All pooled data are expressed as mean =+ s.e.m. We tested for
significance using the unpaired Student’s ¢-test.

RESULTS

In PAG neurons, withdrawal from chronic morphine-treatment
stimulates a protein kinase A-dependent increase of the GAT-1
cation conductance (Bagley et al., 2005b, 2011). The increased
GAT-1 activity is sensitive to opioid inhibition and therefore
during opioid withdrawal it can be detected by changes in the
opioid agonist met-enkephalin (MENK) current reversal poten-
tial. When MENK is reducing the GAT-1 cation conductance
and increasing the GIRK conductance the MENK reversal poten-
tial will be much more negative than Ej (Bagley et al., 2005b).
Superfusion of (MENK) produced an outward current in 4 out
of 6 PAG neurons voltage clamped at —56 mV in slices from
vehicle-treated mice (30 &+ 4 pA, n = 4, Figure 1A). In neurons
from vehicle-treated mice the ME current reversed polarity at
a potential of —109 =4 mV (n = 4, Figures 1B,D), close to the
potassium reversal potential (Ex, —103 mV) in these conditions as
we have previously reported in mice (Bagley et al., 2005b, 2011).
In neurons from chronic morphine-treated mice, the MENK-
induced current reversed in only 2 of 5 cells (Figure 1C). In
the neurons where the MENK current did not reverse polarity
at the most negative potential tested, the reversal potentials was
assigned a value of —136 mV, a conservative approach we adopted
in previous studies to deal with technical inability to determine
extremely negative reversal potentials (Bagley et al., 2005b, 2011).
The nominal reversal potential for the 5 cells was —1.8 £4mV
(Figures 1C,D) that is significantly more negative than neurons
from vehicle mice (p = 0.034, Students t-test, Figure 2E). We
have previously shown that in the presence of the GAT-1 inhibitor,
NO-711, results in ME currents that reversed polarity close to the
value for MENK currents in neurons from vehicle-treated mice
(Bagley et al., 2005b, 2011).

Superfusion of the GABAg receptor agonist baclofen (10 wM)
produced an outward current in all 8 PAG neurons volt-
age clamped at —56mV in slices from vehicle-treated mice
(31 £ 5pA, n = 14, Figure 2A). In neurons from vehicle treated
mice the baclofen current reversed polarity at a potential
of —116 £5mV (n = 8, Figures 2B,D,E), close to Ej in these
conditions (—103 mV). In neurons from morphine-treated mice
the baclofen-induced outward current (30 £ 5pA, n=17)
reversed polarity (—117 £ 2mV, n = 17, Figures 2C-E) close to
Ei (—103mV) and at a similar membrane potential to cells from
vehicle-treated mice (p = 0.71 Students ¢-test).

DISCUSSION

A cellular hallmark of withdrawal in PAG is protein kinase A-
dependent increases in GAT-1 currents (Bagley et al., 2005b,
2011). This study showed that even though the opioid receptors
and GABAp receptor are both G;/G, coupled G-proteins cou-
pled receptors occurring in the same neurons GABAg receptors
are unable to couple via PKA to the additional GAT-1 conduc-
tance. The selectivity is not due to the GABAp receptor and opioid
receptors being located in different neurons. Whilst only two
thirds to three quarters of PAG neurons are opioid sensitive, as
shown in this study and previously (Vaughan et al., 2003), almost
all PAG neurons are sensitive to GABAp receptor agonists (97% in
this study and Chieng and Christie, 1995). In this study we only
included neurons that were sensitive to both agonists. GABAg
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FIGURE 1 | Opioid receptors simultaneously couple to a potassium
conductance and a GAT-1 conductance. (A) Example trace of currents
from a neuron voltage clamped at —56 mV (drug superfusion shown by
bars). MENK (30 wM) induced an outward current in neuron from a
morphine-treated mouse. (B,C) Currents produced by voltage steps

from =56 mV to —136mV in —10 mV increments in a neuron from (B) a
vehicle-treated mouse and (C) a morphine-treated mouse before (left) and
during MENK (30 wM) application (right). (D) Subtracted current-voltage
relationships for MENK (current in MENK—current during control
conditions). Reversal potentials were determined at the point where they
cross the abscissa. The MENK current reversed polarity near Ex in neurons
from vehicle-treated (n = 4), but not in neurons from morphine-treated
mice (n = 5).

receptor agonists inhibit adenylyl cyclase after expression in cell
lines (Kuner et al., 1999; Bettler et al., 2004) and in brain tis-
sue (Gerber and Gihwiler, 1994; Vanhoose et al., 2004) and there
are examples where this inhibition of adenylyl cyclase regulates
ionic conductances in several different brain regions (Gerber and
Gihwiler, 1994; Connelly et al., 2013). Therefore, if the receptors
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FIGURE 2 | GABAg receptors do not couple to a GAT-1 conductance. (A)
Example trace of currents from a neuron voltage clamped at —56 mV (drug
superfusion shown by bars). Baclofen (10 M) induced an outward current
in a neuron from a morphine-treated mouse. (B,C) Currents produced by
voltage steps from —56 mV to —136 mV in —10 mV increments in a neuron
from (B) a vehicle-treated mouse and (C) a morphine-treated mouse before
(left) and during baclofen (10 M) application (right). (D) Subtracted
current-voltage relationships for baclofen (current in baclofen—current during
control conditions). Reversal potentials were determined at the point where
they cross the abscissa. The baclofen current reversed polarity near Exin
neurons from vehicle-treated (n = 8), and morphine-treated mice (n = 17).
(E) Reversal potential of the MENK and baclofen-induced currents in cells
from vehicle-treated and chronic morphine-treated mice. Arrows indicate
that the average current did not reverse polarity at the most negative
potential that could be tested (—136 mV). The number of neurons is shown
beside the bar. * P-value of 0.034, Students t-test.

www.frontiersin.org

June 2014 | Volume 5 | Article 148 | 85


http://www.frontiersin.org
http://www.frontiersin.org/Neuropharmacology/archive

Bagley

Differential GABAg receptor signaling

are located on the same neurons and can couple to the adenylyl
cyclase/PKA signaling pathway this suggests that there must be
some sort of compartmentalization that prevents baclofen from
regulating GAT-1 activity. Conversely, compartmentalization may
favor opioid receptor regulation of GAT-1.

Like other Gij/G, coupled G-proteins coupled receptors
GABAg receptors can couple to several effectors, including cal-
cium channels, GIRK and adenylyl cyclase. However, GABAp
receptors appear to show greater segregation than other G-protein
coupled receptor signaling and possibly stronger regulation into
nano-signaling complexes. Opioids and GABAp receptors have
previously been shown to differentially couple to their effectors.
This occurs in GABAergic nerve terminals in the PAG. Opioid
receptor activation reduces GABA release from nerve terminals
in the PAG through modulation of a voltage dependent potas-
sium channel where as GABAp receptors do not couple to GABA
inhibition through this mechanism (Vaughan et al., 1997). It
seems likely that, as in this study, both the GABAg receptors
and opioid receptors are expressed on the same GABAergic ter-
minals in the PAG again indicating compartmentalization. This
also occurs outside the PAG. In locus coeruleus neurons both
opioid and a2 receptors inhibit the same population of calcium
channels in these neurons but GABAp receptors inhibit a sep-
arate population of calcium channels in the same cell (Chieng
and Bekkers, 1999). Of all the G;/G, coupled effects there is evi-
dence that GABAg receptor regulation of AC/PKA activity may be
particularly affected by compartmentalization. GABAp receptor
inhibition of adenylyl cyclase in the hippocampus was stimu-
lation dependent whereas other G;j/G, coupled receptors were
able to inhibit adenylyl cyclase regardless of how it was stimu-
lated (Vanhoose et al., 2004). These differences may be due to
GABAg receptors being localized to nano-signaling complexes
that influence their signaling to different effectors. The influence
of nan-signaling complexes on GABAg receptors on signaling is
evidenced by inclusion of GABAp receptors in nano-signaling
complexes facilitating inhibition of calcium channels but not
inhibition of adenylyl cyclase (Laviv et al., 2011). Further, GABAg
receptors, and especially the splice variants of the GABAp, recep-
tor, show differential subcellular localization and associations
with protein clusters that alter their coupling to effectors (Vigot
etal., 2006). Therefore, GABAp receptors may not modulate GAT-
1 activity in this study because they are preferentially associated
with proteins or located in regions of the cell that do not favor
inhibition of adenylyl cyclase. Whilst the evidence for strong com-
partmentalization of GABAg receptor signaling is convincing it
is also possible that it is the location/compartmentalization of
the opioid receptors that allows their coupling to GAT-1 activity.
Perhaps opioid receptors are more closely localized to the subcel-
lular region or associated with the adenylyl cyclase/PKA/GAT-1
proteins upregulated by chronic opioid inhibition.

If we want to ask questions about processes occurring in
the brain during particular disease states, as opposed to cell
lines or cultured cells, it is critical that these experiments are
conducted in native tissue. Experiments in native tissue study
endogenous GPCRs with the full complement of relevant proteins
and signaling molecules. In fact the opioid-AC-PKA modula-
tion of GAT-1 was a surprise because the only consensus site

for PKA phosphorylation is extracellular (Guastella et al., 1990)
making it an unlikely candidate for regulation by PKA. Whilst
the effect of PKA activation on the GAT-1 transporter has not
been comprehensively studied, the subcellular location, enzy-
matic activity, and absolute level of GAT-1 is regulated in a
complex inter-related manner by PKC activity, GABA concen-
tration, ionic conditions, tyrosine kinase activity, and the release
protein syntaxin 1A (Beckman and Quick, 1998; Beckman et al.,
1998; Whitworth and Quick, 2001; Quick, 2002). Therefore, it is
likely due to AC/PKA altering GAT-1 activity through an interme-
diary protein not expressed/or active in the cultured cells. Support
for this proposal comes from another study of GAT-1 in brain
tissue showing that AC/PKA activity facilitates GAT-1 transport
by curbing tonic PKC-mediated inhibition of GAT-1 activity and
cell surface expression (Cristovio-Ferreira et al., 2009). Therefore,
during opioid withdrawal the overshoot in AC/PKA activity in
PAG neurons could be could indirectly increasing GAT-1 activity
through reducing PKC restraints on GAT-1 activity. The results
from this study also show how important it is to conduct exper-
iments in native tissue. We would have predicted that another
Gi/G, coupled GPCR, such as GABAg, that inhibits adenylyl
cyclase (Gerber and Gahwiler, 1994; Kuner et al., 1999; Bettler
et al., 2004; Vanhoose et al., 2004; Connelly et al., 2013) and is
in the same cell as the opioid receptors would have modulated
GAT-1 activity. Although GABAg receptors may modulate GAT-
1 activity under other conditions or in different cells it does not
occur in the PAG neurons important for opioid withdrawal.

The opioid sensitive GAT-1 activity in the PAG during with-
drawal initiates the opioid withdrawal syndrome (Bagley et al.,
2011). The GABAg agonist baclofen reduces some of the signs
of opioid withdrawal (Ahmadi-Abhari et al., 2001; Bexis et al.,
2001; Tyacke et al., 2010) but does not alter the GAT-1 activity.
One possible explanation for this is that an important outcome
of the elevated GAT-1 activity during withdrawal is depolar-
ization of GABA neurons and a resultant increase in synaptic
GABA release. The increased GABA release inhibits PAG output
neurons, changes neurotransmitter release in their target brain
regions and ultimately expression of the withdrawal signs. Whilst
GABAg receptor activation can’t reduce the GAT-1 activity that
drives GABA release it could act to inhibit the excitability of
GABAergic neurons through other mechanisms. Reduced GABA
release could result from inhibition of GABA neuron excitabil-
ity, through activation of GIRK, and inhibition of GABA release
through non-GAT1 effectors. Through this alternative mecha-
nism of inhibiting GABA release it would diminish inhibition of
output neurons and thus withdrawal.
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Neuromodulators have profound effects on behavior, but the dynamics of their
intracellular effectors has remained unclear. Most neuromodulators exert their function
via G-protein-coupled receptors (GPCRs). One major challenge for understanding
neuromodulator action is the lack of dynamic readouts of the biochemical signals produced
by GPCR activation. The adenylate cyclase/cyclic AMP/protein kinase A (PKA) module is
a central component of such biochemical signaling. This module is regulated by several
behaviorally important neuromodulator receptors. Furthermore, PKA activity is necessary
for the induction of many forms of synaptic plasticity as well as for the formation of
long-term memory. In order to monitor PKA activity in brain tissue, we have developed
a 2-photon fluorescence lifetime imaging microscopy (2pFLIM) compatible PKA sensor
termed FLIM-AKAR, which is based on the ratiometric FRET sensor AKAR3. FLIM-AKAR
shows a large dynamic range and little pH sensitivity. In addition, it is a rapidly diffusible
cytoplasmic protein that specifically reports net PKA activity in situ. FLIM-AKAR expresses
robustly in various brain regions with multiple transfection methods, can be targeted to
genetically identified cell types, and responds to activation of both endogenous GPCRs
and spatial-temporally specific delivery of glutamate. Initial experiments reveal differential
regulation of PKA activity across subcellular compartments in response to neuromodulator
inputs. Therefore, the reporter FLIM-AKAR, coupled with 2pFLIM, enables the study of
PKA activity in response to neuromodulator inputs in genetically identified neurons in the

brain, and sheds light on the intracellular dynamics of endogenous GPCR activation.

Keywords: PKA, FLIM, neuromodulation, cAMP, FLIM-AKAR, GPCR, glutamate, dendritic spine

INTRODUCTION

Neuromodulators such as dopamine, serotonin and opioids have
profound effects on neurons, circuits and behavior (Hikosaka
et al., 2008; Kreitzer and Malenka, 2008; Le Merrer et al., 2009).
Perturbations in neuromodulator function have been linked to
diseases such as Parkinson’s, and neuromodulator therapy has
been used to treat diseases such as depression and schizophrenia
(Albin et al., 1989; Nemeroff and Owens, 2002; Le Merrer et al.,
2009).

Extensive biochemical characterization has identified protein
kinase A (PKA) as a convergent site of action for many neuro-
modulators and neurotransmitters (Greengard, 2001). Most neu-
romodulators exert their function via G-protein-coupled receptor
(GPCRs); neurotransmitters including glutamate and GABA can
also act via metabotropic receptors that are GPCRs. GPCRs cou-
pled to Gas and Gai produce up- and down-regulation of adeny-
late cyclase (AC) activity, respectively. Activated AC produces
cAMP whose accumulation activates PKA. Thus, Gas- and Gai-
coupled GPCRs bidirectionally change PKA activity (Greengard,
2001). PKA, in turn, modulates synaptic transmission, long-term
plasticity, learning and memory, and has been implicated in a
number of neurodegenerative and psychiatric diseases (Brunelli

et al., 1976; Kandel and Abel, 1995; Davis, 1996; Brandon et al.,
1997; Tzounopoulos et al., 1998; Shaywitz and Greenberg, 1999;
Baxter, 2003; Skeberdis et al., 2006; Tronson et al., 2006; Shen
et al., 2008; Zhong et al., 2009; Higley and Sabatini, 2010).
Therefore, PKA can act as a potential integrator of diverse cellular
inputs to mediate synaptic and cellular changes.

The neurotransmitter and neuromodulator inputs that acti-
vate PKA carry important timing information—for example,
dopamine release in the striatum is thought to modulate glu-
tamatergic synapses that are active near the time of release and
hence reinforce recently executed behaviors (Schultz, 1998; Berke
and Hyman, 2000). In addition, the activity of PKA in different
subcellular compartments, such as dendritic spines, the cyto-
plasm, and the nucleus, phosphorylates different substrates and
triggers different cellular responses. Therefore, in order to under-
stand how PKA dynamically integrates ongoing inputs to affect
cellular and synaptic function, it is necessary to measure both
the timing and subcellular location of PKA activity in response
to endogenous GPCR activation. A Forster Resonance Energy
Transfer (FRET)-based PKA activity reporter, AKAR3, was devel-
oped for ratiometric imaging (Allen and Zhang, 2006). AKAR3
consists of a fusion of a donor fluorophore (truncated CFP),

www.frontiersin.org

April 2014 | Volume 5 | Article 56 | 88


http://www.frontiersin.org/Pharmacology/editorialboard
http://www.frontiersin.org/Pharmacology/editorialboard
http://www.frontiersin.org/Pharmacology/editorialboard
http://www.frontiersin.org/Pharmacology/about
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org/journal/10.3389/fphar.2014.00056/abstract
http://community.frontiersin.org/people/u/114012
http://community.frontiersin.org/people/u/110526
http://community.frontiersin.org/people/u/7858
http://community.frontiersin.org/people/u/55722
mailto:bernardo\protect _sabatini@hms.harvard.edu
mailto:bernardo_sabatini@hms.harvard.edu
http://www.frontiersin.org
http://www.frontiersin.org/Neuropharmacology/archive

Chen et al.

FRET-FLIM sensor for PKA dynamics

a phosphopeptide binding domain (FHAL1), a consensus region
of PKA substrates, and an acceptor fluorophore (circularly per-
muted Venus) (Figure 1A). When PKA is inactive, the donor and
acceptor fluorophores are far apart, resulting in low FRET. Upon
phosphorylation by PKA, the substrate region binds the phospho-
peptide binding domain FHAL1, bringing the donor and acceptor
fluorophores together and resulting in high FRET. Conversely,
dephosphorylation by phosphatases reverses the process. Thus,
AKARS3 serves as a PKA substrate to report the balance between
PKA and phosphatases, which we here refer to as net PKA activity.

Despite the success of AKAR3 and its derivatives as a ratio-
metric FRET reporter of PKA activity (Allen and Zhang, 2006;
Vincent et al., 2008; Depry et al.,, 2011; Lam et al., 2012), it
poses challenges for quantifying FRET in brain tissue, notably
the difficulty to use AKAR3 with two photon (2p) microscopy.
An alternative to ratiometric imaging for FRET measurement is
Fluorescence Lifetime Imaging Microscopy (FLIM). FLIM only
measures the donor, and not acceptor fluorescence, and the flu-
orescence lifetime of the donor reflects the FRET interaction
between the donor and acceptor: increased FRET from donor to
acceptor is directly reflected as a reduced fluorescence lifetime
of the donor (Supplementary Figure 1). A FLIM reporter can
potentially alleviate the challenge of 2p ratiometric imaging such
as spectral bleedthrough and wavelength-dependent scattering,

A No interaction FRET

PKA + ATP

PKA substrate

FHA domain

Acceptor

/ \ Emission

Excitation | Emission
phosphatases

B

AKAR3 [ CFPA  IEHAINSUBSEEEN covenus

AKAR3.2 TurquoiseA IERIINSUDSERRN cpVenus
AKAR3.3 TlirquoiseA IEEAINSUBSHaEN cosREACH
AKAR3.4 IRECEPANIERAINSHIBSHERN cpsrEACH

FIGURE 1 | Development of a PKA sensor compatible with 2-photon
Fluorescence Lifetime Imaging Microscopy (2pFLIM). (A) Diagram
illustrating how PKA activity induces FRET in the reporter. Upon
phosophrylation by PKA, the substrate region binds FHA domain, bringing
the donor and acceptor together and resulting in FRET. The phosphorylated
reporter leads to an increase of acceptor:donor emission ratio, as well as a
decrease in donor fluorescence lifetime because of an additional energy
transfer pathway. (B) Schematic of the original PKA reporter AKAR3 (Allen
and Zhang, 2006) and three new PKA reporters.

and allows us to monitor the spatiotemporal dynamics of net PKA
activity in brain tissue.

Here, we report the development of a 2pFLIM compatible
sensor FLIM-AKAR that reports the balance of PKA and phos-
phatase activity. The new reporter shows a large dynamic range,
little pH sensitivity, and is specific for PKA. In addition, it acts
as a rapidly diffusible cytoplasmic protein. The reporter can be
introduced into neurons via biolistic transfection, in utero elec-
troporation, or viral infection, and can report net PKA activity
in subcellular compartments including the nucleus and dendritic
spines. Furthermore, we engineered a Cre recombinase (Cre)-
dependent FLIM-AKAR plasmid which can be packaged into
adeno—associated viruses (AAV), allowing expression in geneti-
cally identified neurons. FLIM-AKAR signals robustly in response
to AC activation, endogenous GPCR activation and induction
of long-term potentiation at individual dendritic spines, and it
shows differential kinetics of PKA signaling across subcellular
compartments. Therefore, FLIM-AKAR, combined with 2pFLIM,
provides an essential tool to quantitatively monitor the intracel-
lular dynamics of signaling of a large class of GPCRs with high
spatial temporal resolution.

RESULTS

GENERATION AND COMPARISON OF CONSTRUCTS FOR 2pFLIM
IMAGING OF NET PKA ACTIVITY

Although AKAR3 and its derivatives were successfully used for
ratiometric imaging of PKA activity (Allen and Zhang, 2006;
Vincent et al., 2008; Depry et al., 2011; Lam et al., 2012), they
are not suitable for imaging in brain tissue with 2pFLIM due
to spectral bleedthrough and the properties of the donor flu-
orophore. Therefore, we changed the donor-acceptor pair of
AKARS3 in order to make a 2pFLIM reporter of PKA activity with
the following characteristics: (1) brighter donor fluorescence to
improve the signal-to-noise ratio; (2) darker acceptor fluores-
cence to minimize contamination into the donor channel; (3)
donor fluorophore with less lifetime rundown; and (4) free donor
fluorophore with lifetime distribution well fit by a single expo-
nential, which makes curve fitting easy so that we can calculate
FRET to free donor ratio (Supplementary Figure 1). The con-
siderations for choosing the donor-acceptor pair are detailed in
Supplementary Table 1.

We made three constructs to meet the above criteria
(Figure 1B) and determined empirically which gave the best
dynamic range. All of the constructs showed good expression in
HEK293T cells (Figure 2A and data not shown). Following addi-
tion of the AC activator forskolin to drive PKA activity, all of the
constructs showed decreased fluorescence lifetimes and increased
FRET fractions of photons, consistent with higher FRET upon
reporter phosophorylation (Figures 2B-D). Subsequent appli-
cation of the PKA inhibitor H89 reversed these changes. Of
the three new reporters, AKAR3.4 showed the largest amplitude
change upon AC activation, as measured by both lifetime changes
(Alifetime) (Figure 2E) and changes in the FRET fractions of
photons (Figure 2F).

Since intracellular pH can respond to electrical and biochem-
ical signals in neurons (Berg et al., 2009; Tantama et al., 2011;
Raimondo et al., 2012; Rathje et al., 2013) and can also affect
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FIGURE 2 | AKAR3.4 reports PKA activity with the largest dynamic
range in 2pFLIM measurements. (A) Image showing AKAR3.4 expression
in Human Embryonic Kidney (HEK) cells 1 day after transfection.

(B) Fluorescence decay curves following pulsed excitation. Application of
the adenylate cyclase activator forskolin (50 uM) in AKAR3.4-transfected
HEK cells results in faster decay and a decrease in lifetime, whereas
application of the PKA inhibitor H89 (10 M) reverses the decay curve to
baseline. The offset arrival time, the time from the detection of photon
excitation from the laser to the detection of the same pulse from the
photomultiplier tube, is labeled in black, and the actual mean fluorescent
lifetime = is labeled in red. (C) Lifetime heat map of HEK cells transfected
with AKARS.4, showing lifetime changes induced by forskolin (FSK, 50 M)
followed by H89 (10 wM) treatment. (D) Example plots showing lifetime
responses of the four different reporters to forskolin (50 WM, red bar)
followed by H89 (10 wM, blue bar) treatment. Experiments were done in
HEK cells transfected with the respective reporters. (E) Amplitudes of
Alifetime between baseline and forskolin (50 wM) treatments. (F) Change in
the FRET fraction of photons (Pgrer based on the annotation in
Supplementary Figure 1) between baseline and forskolin (50 wM)
treatments. For (E,F), n= 12, 10, 14, and 12 cells for AKAR, AKAR3.2,
AKARS.3, and AKAR3.4 respectively. *p < 0.003 when the amplitudes of
the reporter and AKAR3.4 were compared (a = 0.017 for a familywise error
rate of 0.05).

protein fluorescence, we characterized how the different con-
structs responded to changes in pH. To manipulate intracellular
pH, the K*/H™ ionophore nigericin was used to permeabi-
lize the plasma membrane to protons (Thomas et al., 1979),
and extracellular solutions buffered to different pH values were
applied. In addition, the cell-permeable PKA inhibitor H89 was
included to eliminate any potential pH-induced change in PKA
activity. Of the four constructs, AKAR3 and AKAR3.2 showed
large changes with varying pH, whereas AKAR3.3 and AKAR3.4
showed little pH sensitivity (Figure 3). AKAR3.4 contains trun-
cated monomeric eGFP (meGFPA) as the donor and circularly
permuted dark YFP (cpsREACH) as the acceptor. Therefore, in
addition to the largest amplitude of Alifetime in response to
AC activation and little pH sensitivity, AKAR3.4 also fulfilled
the criteria outlined above, showing brighter donor fluorescence
(Piston et al.; Shaner et al., 2007), darker acceptor fluorescence
(Ganesan et al., 2006; Murakoshi et al., 2008), and less donor
lifetime rundown than the original AKAR3 (Figure 2D). meGFP
also shows a single exponential decay (Murakoshi et al., 2008),
whereas CFP in AKAR3 shows multi-exponential decay. Thus,
AKAR3.4 is the most suitable PKA activity reporter for quanti-
tative 2pFLIM imaging. We termed it FLIM-AKAR and used it
for the remainder of the study.

DIFFUSION AND SPECIFICITY OF FLIM-AKAR
FLIM-AKAR is a substrate for PKA phosphorylation and is not
targeted to any subcellular compartments. Therefore, in order
to understand if spatial patterns of the FLIM-AKAR response
represent subcellular spatial differences in net PKA activity in real
time, it is necessary to characterize its diffusional properties. To
do so, we performed fluorescence recovery after photobleaching
(FRAP) in CA1 pyramidal neurons to measure the replenishment
of FLIM-AKAR after bleaching (Figures 4A—C). FRAP in aspiny
regions of dendrites revealed a time constant of recovery of
323 + 42ms (mean =+ standard error of the mean (SEM),
n = 16 regions of dendrites, Figure 4E). FRAP in the heads of
mushroom-like spines revealed time constants of recovery of
544 £ 49ms (mean + SEM, n = 22 spines, Figure 4D). This
is comparable to time constants of diffusional equilibration
across spine head for other diffusible proteins of similar size
(Pologruto et al., 2004; Bloodgood and Sabatini, 2005; Harvey
et al.,, 2008; Lee et al., 2009; Yasuda and Murakoshi, 2011).
Therefore, we conclude that FLIM-AKAR behaves as a rapidly
diffusible cytoplasmic protein. Thus, if a more persistent lifetime
change is observed in the spine in a given experiment compared
with the diffusion time constant, it is attributable to active PKA
or phosphatase activity in the spine (see below).

Previous versions of AKAR do not respond to CamKII or PKC.
In addition, in the presence of the PKA inhibitor H89 or the PKA
inhibitor peptide (PKI), they do not respond to isoproterenol
activation of the Gas-coupled B-adrenergic receptors (Zhang
etal., 2001, 2005; Allen and Zhang, 2006), confirming their speci-
ficity for PKA. We also tested the specificity of FLIM-AKAR to
report changes in net PKA activity. First, we introduced a point
mutation at the phosphorylation site in the substrate region.
This mutant reporter (FLIM-AKAR™*'A) did not respond to
forskolin or H89 application (Figures 5A—C), indicating that this
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FIGURE 3 | AKAR3.4 shows little sensitivity to pH. (A-D) Example plots pH values were applied. (E) Summary graph showing Alifetime in response to
showing responses of the four reporters to pH changes. Experiments were different pH in HEK cells. Alifetime was measured relative to that at pH 75.
performed in HEK cells at room temperature in the presence of nigericin (5 uM) n=28, 8,7 and 7 cells for AKAR3, AKAR3.2, AKAR3.3, and AKAR3.4
and the PKA inhibitor H89 (10 wM). Extracellular solutions buffered to different respectively. Graphs show mean and SEMs.

phosphorylatable residue is required for FLIM-AKAR response
to AC activation. Second, FLIM-AKAR did not respond to acti-
vation of PKC by phorbol 12, 13-dibutyrate (PDBu), confirming
that the reporter is not sensitive to PKC activation (n = 9 cells).
Third, addition of H89 to inhibit PKA largely reversed forskolin-
induced Alifetime (Figures 5B,E). Finally, in the presence of the
PKA inhibitor peptide PKI (Ashby and Walsh, 1972, 1973; Dalton
and Dewey, 2006), FLIM-AKAR did not respond to addition of
forskolin or H89 (Figures 5D-F). Taken together, these results
demonstrate that FLIM-AKAR does not respond to PKC, and is
specific for PKA following AC activation by forskolin.

In vivo EXPRESSION AND RESPONSE TO ENDOGENOUS RECEPTOR
ACTIVATION
We tested if FLIM-AKAR shows sufficiently high expression
in vivo and adequate characteristics to report changes in PKA
activity following glutamate or endogenous neuromodulator
receptor activation in thick brain tissue. We introduced FLIM-
AKAR with three different methods into brain tissue. First,
we transfected FLIM-AKAR biolistically in organotypic slices
(Figure 6A). Second, we introduced FLIM-AKAR by in utero
electroporation into the cortex (data not shown) or hippocam-
pus (Figure 6B). Third, we generated an adeno-associated virus
(AAV) that expresses FLIM-AKAR in a Cre-recombinase (Cre)
dependent manner, and injected the virus into mice express-
ing Cre in specific cell populations (Figures 7A—C). In all three
cases, FLIM-AKAR showed robust expression, and can be seen in
the soma and dendrites, including dendritic spines. Thus, FLIM-
AKAR is a versatile reporter that can be introduced by a variety of
methods to achieve expression in vivo.

In order to test if FLIM-AKAR has the sensitivity to respond
to spatiotemporally precise and physiologically relevant stimuli,

we delivered glutamate by 2-photon photolysis of photoacti-
vatable glutamate (MNI-glutamate) adjacent to individual den-
dritic spines. The stimulated spine enlarged in response to a
structural plasticity protocol previously reported in multiple
studies to induce potentiation of the associated postsynaptic ter-
minal (Matsuzaki et al., 2004; Steiner et al., 2008; Murakoshi
etal., 2011). Strikingly, this resulted in a decrease in fluorescence
lifetime during and after photoactivation to release glutamate
(Figure 6C). Thus, 2-photon photolysis of photoactivatable glu-
tamate leads to a net increase of PKA activity in the stimulated
spine, and FLIM-AKAR can report net PKA activity in small vol-
umes such as the spine in response to spatiotemporally precise
stimuli.

To test if FLM-AKAR can respond to endogenous GPCR
activation, we used isoproterenol to activate the Gas-coupled
B-adrenergic receptors in hippocampal CAl pyramidal neu-
rons (Figure 6D). Fluorescence lifetime decreased in both soma
and dendrites, indicating an increase in net PKA activity.
Subsequent application of forskolin resulted in a further life-
time decrease in somatic cytoplasm but not apical dendrites,
indicating that isoproterenol induced maximal reporter phospho-
rylation in apical dendrites and partial AC activation in somatic
cytoplasm.

Finally, we targeted FLIM-AKAR to genetically defined cell
types and examined FLIM-AKAR response to endogenous GPCR
activation in distinct cell types. For this purpose, we tested FLIM-
AKAR in the striatum, a subcortical brain region that receives a
large number of neuromodulator inputs (Kreitzer and Malenka,
2008; Lerner and Kreitzer, 2011). In the striatum, different neuro-
modulator receptors are preferentially expressed in different types
of striatal spiny projection neurons (SPNs). Indirect pathway
SPNs (iSPNs) preferentially express the Gas-coupled adenosine
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FIGURE 4 | FLIM-AKAR shows similar diffusion properties to a rapidly
diffusing cytoplasmic protein. (A-E) Fluorescence Recovery After
Photobleaching (FRAP) experiments to measure the spreading of
FLIM-AKAR. (A) Image of FLIM-AKAR donor fluorescence of a dendritic
region of a hippocampal CA1 neuron cultured in organotypic slices. The
arrowhead shows the spine that was photobleached. The dashed line
shows the region being imaged by line scan. (B) Fluorescence measured in
line scans for the region indicated by dashed line in (A). (C) Quantification
of FRAP for the spine shown in (A,B). The trace was an average of 4
acquisitions. The red trace shows curve fitting with a single exponential
decay. (D,E) Cumulative distribution of t from FRAP experiments to
examine FLIM-AKAR spreading from spines (D) and for aspiny regions of
dendrites (E) in hippocampal CA1 neurons.

receptor AsaR, whereas direct pathway SPNs (dSPNs) prefer-
entially express the Gas-coupled dopamine D1 receptors (D1R)
(Kreitzer and Malenka, 2008; Lerner and Kreitzer, 2011). Thus, we
would expect that activation of the preferentially expressed Gos-
coupled receptors would result in net PKA activity in the corre-
sponding type of SPNs. Here, we first injected AAV encoding Cre-
dependent FLIM-AKAR into the striatum of Adora2a BAC-Cre
mice (Heintz, 2004; Durieux et al., 2009) to target iSPNs. FLIM-
AKAR showed robust expression in the striatum (Figures 7B,C).
Application of the AypR agonist CGS21680 decreased lifetime
in both the cytoplasm and the nucleus (Figure 7D). We also
used Drdl BAC-Cre mice (Heintz, 2004; Gong et al., 2007), and
injected virus carrying the Cre-dependent FLIM-AKAR into the
striatum in order to target dSPNs. The D1R agonist SKF81297
produced a rapid lifetime decrease in the cytoplasm and a slower
decrease in the nucleus (Figure 7E). Therefore, FLIM-AKAR can
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FIGURE 5 | FLIM-AKAR is specific for PKA following adenylate cyclase
activation by forskolin. All experiments were performed in HEK cells. Red
line indicates bath application of 50 wM forsklin (FSK) and blue line indicates
bath application of 10 wxM H89. (A) Schematic illustrating introduction of the
point mutation T391A that renders the PKA phosophorylation site of
FLIM-AKAR non-functional. (B) Example plots showing FLIM-AKAR lifetime
response to adenylate cyclase activation by forskolin (red) and subsequent
PKA inhibition by H89 (blue) (top), and the lack of a response from the
non-phosphorylatable point mutant FLIM-AKART™9'A (bottom). (C)
Summary bar graph showing Alifetime from baseline to forskolin treatment
for FLIM-AKAR (n = 9 cells) and the non-phosphorylatable mutant of
FLIM-AKAR (n = 11 cells). *p < 1075. (D) Schematic illustrating how PKI
inhibits PKA activity. Without PKI, binding of cAMP to the regulatory
subunits of PKA (R) frees the catalytic subunits (C), resulting in activation of
PKA. With PKI, even though cAMP binding to the regulatory subunits
dissociates them from the catalytic subunits, PKI can bind to the catalytic
subunits of PKA and inhibit their activity. (E) Example plot showing
FLIM-AKAR response to adenylate cyclase activation and subsequent PKA
inhibition (top), and the lack of a lifetime response by FLIM-AKAR when it
was co-transfected with PKla (bottom). (F) Summary bar graph showing
Alifetimes from baseline to forskolin treatment for FLIM-AKAR, in the
absence (n = 18 cells) and presence (n = 10 cells) of PKI. *p < 10~9.

be targeted to genetically defined cell types, was able to report
regulation of PKA activity by distinct endogenous GPCR in these
cell types, and revealed differential kinetics in different subcellular
compartments.
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FIGURE 6 | FLIM-AKAR shows high expression with different
transfection methods and lifetime responses to glutamate or GPCR
activation in the hippocampus. (A) Images showing a hippocampal CA1
neuron (top), dendrite and spines (bottom) from an organotypic slice
transfected with FLIM-AKAR with biolistic method. (B) Image showing a
300 wm acute hippocampal slice expressing FLIM-AKAR in CA1 region after
in utero electroporation. (C) Example plot of lifetime change of FLIM-AKAR
in a stimulated spine in response to photolysis of caged glutamate adjacent
to the spine. A CA1 pyramidal neuron in an organotypic hippocampal slice
was biolistically transfected with FLIM-AKAR, and the stimulated spine
shows enlargement following 2-photon photolysis of caged glutamate
(MNI-glutamate). The temporal window of uncaging is indicated in the red
bar above. (D) Lifetime response of FLIM-AKAR upon isoproterenol (1 wM,
ISO) treatment to activate B-adrenergic receptors followed by forskolin

(50 wM, FSK) treatment to activate adenylate cyclases. The experiment was
done in acute hippocampal slice expressing FLIM-AKAR in CA1 region after
in utero electroporation.

DISCUSSION

In order to image the spatiotemporal dynamics of net PKA
activity in brain tissue, we developed and characterized a
2pFLIM-compatible PKA reporter FLIM-AKAR for quantitative
imaging. FLIM-AKAR shows a large dynamic range of FLIM
signals and little pH sensitivity. In addition, it is a diffusible cyto-
plasmic protein and shows specificity to PKA following forskolin
stimulation. Finally, it can be targeted to genetically defined
neurons, and can report net PKA activity in response to both
glutamate and endogenous neuromodulator GPCR activation.
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FIGURE 7 | FLIM-AKAR can be targeted to genetically defined cell
types and reports modulation of PKA by endogenous GPCRs in the
striatum. (A) AAV plasmid map showing how Cre recombinase leads to
AKARS.4 expression. (B-D) A Cre-dependent AAV virus carrying
FLIM-AKAR was delivered to the striatum of an AdoraZa BAC-Cre mouse.
(B) Lifetime heat map of an indirect pathway striatal spiny projection neuron
(iISPN) in an acute striatal slice. Following ApaR activation by its agonist
CGS21680, cytoplasmic FLIM-AKAR became rapidly phosphorylated, while
nuclear FLIM-AKAR showed a slower response. (C) A parasagittal brain
section showing FLIM-AKAR expression in the striatum. (D) Example plots
showing modulation of PKA by ApaR in an iSPN. 1 wM CGS21680 was used
to activate ApaR. (E) A Cre-dependent AAV virus carrying FLIM-AKAR was
delivered to the striatum of a Drd7 BAC-Cre mouse to target direct pathway
SPNs (dSPNs). Example plots showing modulation of PKA by SKF81297 in
a dSPN. 1 wM SKF81297 was used to activate D1R.

Thus, FLIM-AKAR enables the study of PKA activity in response
to neurotransmitter and neuromodulator inputs in genetically
identified cell types, and promises to shed light on the intracel-
lular dynamics of endogenous GPCR signaling.

A PKA REPORTER FOR 2pFLIM

2p microscopy facilitates fluorescence imaging within living tissue
such as the brain due to its diminished sensitivity to light scat-
tering and the restriction of fluorophore excitation to the focus.
However, it poses considerable challenges for ratiometric FRET
imaging. This is mainly because the 2p excitation spectra of many
fluorophores are broad, resulting in overlapping donor and accep-
tor excitation and emission spectra, which leads to noisy intensity
measurements since the noise is amplified during correction for
spectral bleedthrough during ratiometric imaging (Yasuda et al.,
2006).
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2pFLIM is advantageous over ratiometric imaging for FRET
measurement in thick brain tissue (Bastiaens and Squire, 1999;
Yasuda, 2006). Since 2pFLIM directly measures the lifetime of
the donor fluorophore, it is insensitive to many of the tech-
nical challenges that accompany ratiometric FRET imaging in
brain tissue such as fluorophore concentration and wavelength-
dependent light scattering. 2pFLIM is also not sensitive to arti-
facts introduced by low intensity measurements in ratiometric
FRET, notably focus change, tissue movement, and differential
photobleaching. Furthermore, with the use of dark acceptor fluo-
rophores (Ganesan et al., 2006; Murakoshi et al., 2008), 2pFLIM
avoids the propagation of noise due to corrections for spec-
tral bleedthrough and ectopic excitation of fluorophores involved
in ratiometric FRET. Finally, 2pFLIM is inherently quantitative:
donor lifetime analysis directly gives the fractions of fluorophores
that are free and that have undergone FRET. Thus, although the
PKA reporter AKAR3 and two of its derivatives have proven valu-
able for ratiometric FRET imaging (Allen and Zhang, 2006; Depry
etal, 2011; Lam et al., 2012), a 2pFLIM reporter of PKA activity
offers advantages for the study of endogenous GPCR signaling in
intact brain tissue.

The 2pFLIM compatible reporter FLIM-AKAR shows robust
responses to neuromodulator and neurotransmitter receptor acti-
vation in brain tissue. We found net PKA activity increase with
activation of B-adrenergic receptors in hippocampal CAl neu-
rons, of AyaR in iSPNs, and of DIR in dSPNs, all of which are
consistent with the Gas-coupling of these receptors (Lefkowitz,
2007; Lerner and Kreitzer, 2011). Beside neuromodulator recep-
tor activation, FLIM-AKAR also revealed an increase in net PKA
activity in response to glutamate, potentially due to metabotropic
glutamate receptor activation (Wang and Zhuo, 2012). Thus,
based on the characterization of the reporter and its demon-
strated utility in brain tissue, FLIM-AKAR is suitable for studying
how PKA activity responds to endogenous GPCR signaling in the
brain.

For future use of FLIM-AKAR, a couple of points should be
noted. First, we confirmed the specificity of FLIM-AKAR for PKA
with multiple methods (Figure 5). However, true specificity of
any reporter has to be demonstrated for each biological applica-
tion and experimental context, since each stimulus may elicit a
different range of intracellular signals. Therefore, similar speci-
ficity tests should be performed for every new stimulus used
in the future. Second, the expression level of a FLIM sensor is
important. Since autofluorescence with a non-uniform lifetime
distribution can contaminate actual signals, sufficient expression
level is required for an accurate measurement of the lifetime of
a sensor. The amount of expression required can be estimated
by simulation of data combined with autofluorescence measure-
ments in the biological system. In the biological experiments
described here, the expression level is sufficient with all three
methods of transfection.

DIFFUSION OF THE 2pFLIM REPORTER AND COMPARTMENTALIZED
NET PKA ACTIVITY

Compartmentalization of intracellular signals is a key feature
of neuronal processing that gives rise to synaptic specificity,
and allows spatially segregated responses to different types of

signals (Chen and Sabatini, 2012). Differential PKA kinetics has
been demonstrated between cellular membrane, cytoplasm and
nucleus (Dipilato et al., 2004; Allen and Zhang, 2006; Gervasi
et al., 2007). Since FLIM-AKAR is a PKA substrate that is not
specifically tagged, the diffusibility of the 2pFLIM reporter is
important for interpreting the localization of PKA activity. Using
FRAP we determined that FLIM-AKAR spreads like a diffusible
cytoplasmic protein (Figure 4), with a time constant of hundreds
of milliseconds.

Comparing time constants between FLIM-AKAR diffusion
and biological experiments can reveal true temporal persistence
and spatial compartmentalization of net PKA activity. Following
structural plasticity induction, the lifetime decrease must be
attributable to long-lasting net PKA activity within the spine,
since the time of recovery to baseline lifetime (minutes) is far
longer than the time constant of FLIM-AKAR diffusion from the
spine (hundreds of milliseconds). In addition to the temporal per-
sistence, we also demonstrate spatial heterogeneity in net PKA
activity, both during basal states, and in the kinetics and ampli-
tudes of response to GPCR activation (Figures 6, 7). These spatial
differences are due to differential net PKA activity between den-
drites, nucleus and somatic cytoplasm, since the differences per-
sist on the order of minutes. This raises the interesting possibility
that different physiological signals (different types, duration, and
amplitude of stimulus) can change net PKA activity in different
subcellular compartments, resulting in distinct functional conse-
quences. FLIM-AKAR allows future investigations addressing the
types of stimuli that result in net PKA activity changes in specific
compartments, and the active mechanisms that maintain net PKA
activity differences across subcellular compartments.

QUANTIFICATION OF FLIM CHANGES AND RELATIONSHIP TO GPCR
SIGNALING

An important advantage of FLIM is that it is inherently quanti-
tative, such that the fitting of the fluorescence decay curve with a
double-exponential decay function gives the fractions of donor
fluorophores that are free and that have undergone FRET (for
simplicity of notation, the convolution term with instrument
response curve is not included here) (Yasuda, 2006):

— ot
F (t) = Fo(Pfreee 7 + Pprpre TFRET)

where F (¢) is the fluorescence over time, Fj is the peak fluores-
cence, Tfe and Terer are fluorescence lifetimes of donors that
are free and that have undergone FRET respectively, and P, and
Prrer are the corresponding fractions of these two species. In the
case of the PKA reporter AKAR,

kpka
[AKAR] = [pAKAR]

kphnspha tase

where pAKAR stands for phosphorylated AKAR. If the expres-
sion level of FLIM-AKAR is low, steady state for the reporter can
be achieved at all times. If the expression level is high, steady state
may only be reached when the lifetime reaches a constant value,
and the time course of the reporter lifetime between these con-
stant values may lag the actual kinase or phosphatase activity. At
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steady state,
kpxa [AKAR] = kphosphatase [PAKAR]
Rearrangement of the equation gives the following:

[AKAR] Kphosphatase

[PAKAR] —  kpka
Therefore, knowing the fraction of pAKAR (fpaxar =
W%) would allow for the calculation of %.

fpakar can be interpolated from the fraction of free donors
in a measurement. If P, (experiment) is the fraction of free
donors in a given experiment, Pp. (AKAR) is the fraction of free
donors measured when the reporters are not phosphorylated
(for example, with the PKA inhibitor H89 or with the non-
phosphorylatable mutant of FLIM-AKAR), Pf.. (PAKAR) is the
fraction of donors measured when the reporters are completely
phosphorylated (for example, with forskolin, phosphodiesterase
inhibitor and phosphatase inhibitor), then

Pfree (AKAR) — Pfree (experiment)
P, free (AKAR) — P free (pAKAR)

fpAKAR =

Thus, the fraction of free donors from a given FLIM measure-

ment can give the fraction of pAKAR, which gives the ratio of

k, .
“phophatase ¢ steady state. Therefore, 2pFLIM measurement with

FLIM-AKAR gives valuable quantitative information about the
kinetic balance between PKA and phosphatase activity.

Taken together, our 2pFLIM compatible reporter FLIM-AKAR
allows analysis of endogenous GPCR signaling in brain tissue, and
can reveal previously unavailable quantitative information on the
kinetic balance between phosphorylation and dephosphorylation
of PKA substrates. Biologically, the reporter has revealed com-
partmentalization of net PKA activity in the dendrite, somatic
cytoplasm and nucleus. With the multiple advantages of 2pFLIM
imaging, FLIM-AKAR promises to reveal net PKA activity in
response to neuromodulator inputs with high spatial temporal
specificity.

MATERIALS AND METHODS

DNA CONSTRUCTS

The original pcDNA3-AKAR3 construct was a gift from Jin
Zhang (Johns Hopkins University) (Allen and Zhang, 2006).
AAV-AKAR3 was constructed by subcloning the coding region
of pcDNA3-AKAR3 into the AAV vector AAV-ChR2-mCherry
via EcoRI and BamHI sites. AAV-AKAR3 was used in imag-
ing experiments in this study and referred to as AKAR3.
AKAR3.2 was constructed by gene synthesis of codon-optimized
truncated mTurquoise (Goedhart et al., 2010) (amino acid
1-227) together with part of the linker region between the
donor and acceptor fluorophores, and subcloning of the
synthesized fragment into AKAR3 via BamHI and Ppuml
(Genscript). AKAR3.3 was constructed by gene synthesis of
part of the linker region between the donor and accep-
tor fluorophores together with circularly permuted sReaCh

(Murakoshi et al., 2008) (17°sReaCh'7?), and subcloning of
the synthesized fragment into AKAR3.2 via SgrAl and EcoRI
(Genscript). AKAR3.4 (also called FLIM-AKAR) was con-
structed by PCR amplification of truncated meGFP (amino
acid 1-227) from the template GFP-sReaCh (Murakoshi et al.,
2008) (Addgene) followed by recombination-based cloning
with CloneEZ into AKAR3.3 to replace truncated mTurquoise
(Genscript).

For the construction of the Cre-dependent reporter AAV-
FLEX-FLIM-AKAR, the coding region of FLIM-AKAR was
amplified by PCR and subcloned into AAV-FLEX-Arch-GFP
(Atasoy et al., 2008; Chow et al., 2010) (Addgene Plasmid
22222) to replace Arch-GFP by recombination-based cloning
with CloneEZ (Genscript).

The non-phosphorylatable point mutant AAV-FLEX-FLIM-
AKART'2 was made by site-directed mutagenesis of threonine
to alanine at amino acid 391 of the construct AAV-FLEX-FLIM-
AKAR.

For the construction of AAV-FLEX-PKIalpha-IRES-mRuby2,
the coding region of mouse PKlalpha (GenBank ID: NM_008862)
was made by gene synthesis, followed by subcloning of the syn-
thesized fragment into AAV-FLEX-tmeGFP-IRES-nls-mRuby?2
via Avrll and BglIl (Genscript). AAV-FLEX-tmeGFP-IRES-nls-
mRuby2 was constructed by gene synthesis of IRES-nls-mRuby?2
(Lam et al., 2012) and subsequent cloning into AAV-FLEX-FLIM-
AKAR via Xbal and Xhol (Genscript).

pBS-B-actin Cre was a gift from Susan Dymecki (Harvard
Medical School).

CELL CULTURE AND TRANSFECTION
HEK293T cells were cultured in DMEM (Invitrogen) supple-
mented with 10% FBS (Invitrogen) at 37°C in 5% CO,. They
were plated on coverslips in 24-well plates and transfected with
plasmids using Lipofectamine 2000 (Invitrogen). Approximately
15-48 h after transfection, the cells were imaged in solutions con-
taining either HEPES-based buffer (containing in mM: 130 KCl, 1
EGTA, 1 MgCl,, 25 HEPES, 10 glucose, 20 sucrose, pH with KOH
to 7.5 or as specified in the manuscript), or ACSF (containing in
mM: 127 NaCl, 2.5 KCl, 25 NaHCOs3, 1.25 NaH,PQOy, 2 CaCl,, 1
MgCl,, and 25 glucose) with carbogen (95% O,, 5% CO5).

For data in Figure 5, pBS-B-actin Cre was cotransfected with
AAV-FLEX-FLIM-AKAR, AAV-FLEX-FLIM-AKART3%!4 or AAV-
FLEX-PKlalpha-IRES-mRuby2.

ANIMAL HUSBANDRY

All procedures for animal husbandry and surgery were per-
formed following protocols approved by the Harvard Standing
Committee on Animal Care and in accordance with National
Institutes of Health guidelines.

BRAIN SLICE PREPARATIONS

Organotypic hippocampal slices were cultured from 6 to 8 day
old Spraque Dawley rats (Stoppini et al., 1991). The brain
was dissected and immediately placed in cold dissection media.
Transverse hippocampal slices were cut with 400 wm thickness
and placed above a sterile culture insert (Millicell-CM, Millipore)
in 6-well plates containing prewarmed culture media. DNA
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plasmids were biolistically transfected with a Helios Gene Gun
(Biorad) 2 days after culturing. Bullets were made with 60 g
of DNA.

For acute slices, mice were anesthetized with isoflurane. For
hippocampal slices, the brain of C57BL/6 mice was rapidly dis-
sected out. Horizontal sections were cut at 300 wm thickness
using a Leica VT'1000S vibratome (Leica Instruments, Nussloch,
Germany) in cold sucrose cutting solution containing (in mM)
87 NaCl, 25 NaHCO3, 1.25 NaH2PO4 2.5 KCl, 75 sucrose,
25 glucose, 7.5 MgCI2. For striatal slices, mice first underwent
intracardiac perfusion with cold ACSE. Coronal or parasagittal
sections were then cut at 300 wm thickness in cold choline cut-
ting solution containing (in mM) 25 NaHCOs3, 1.25 NaH;POy,
2.5 KCI, 7 MgCl,, 25 glucose, 1 CaCl2, 110 choline chloride,
11.6 ascorbic acid, and 3.1 pyruvic acid. Slices were transferred
to ACSF after sectioning. The slices were incubated at 34°C for
10-15min and then kept in ACSF at room temperature. Slices
were then transferred to a microscope chamber and imaging was
performed in perfusing ACSF with a flow rate of 2—4 ml/min.
Both cutting and ACSF solutions were constantly bubbled with
carbogen.

In utero ELECTROPORATION

To target hippocampal pyramidal neurons by in utero electro-
poration, glass injection micropipettes were pulled, and the tip
broken to be approximately 60 um in diameter, and beveled at
18° (NARISHIGE, Japan). E15 timed-pregnant female C57BL/6
mice (Charles River, MA, United States) were anesthetized
with 2% isoflurane. 1-2nl of DNA (1pg/pl) with the dye
FastGreen (0.005%) were injected into the left lateral ventri-
cle. The embryo head was then held with a tweezer with round
plate electrodes (0.5mm diameter) and electric pulses were
delivered five times per second (50V, 50 ms) with the cath-
ode placed at the right cortex and the anode at the left cortex
(CUY21 electroporator, NEPA GENE, Japan). Warm PBS was
dripped onto embryos periodically. The uterus was placed back
into the pregnant mother, and the muscle and the skin were
sutured separately. Pups were housed with the mother until they
were used.

VIRUS PRODUCTION AND STEREOTAXIC VIRAL INJECTIONS
AAV-FLEX-FLIM-AKAR was packaged as serotype 8 at University
of North Carolina Gene Therapy Center Virus Core Facility. For
stereotaxic viral injections, P2—4 pups were anesthetized with
isofluorane and placed on a small stereotaxic frame (David Kopf
Instruments). For striatal injections, 1l of virus (2 x 10"12
genome copies/ml of AAV-FLEX-FLIM-AKAR) were injected
into the right hemisphere of either an Adora2a BAC-Cre pup
(GENSAT, founder line KG139) to target iSPNs (Heintz, 2004;
Durieux et al., 2009), or a Drd1 BAC-Cre pup (GENSAT, founder
line EY262) to target dSPNs (Heintz, 2004; Gong et al., 2007).
Injection coordinates were approximately lateral 1.5 mm from
Bregma, and 2.3 mm beneath the skull. The injection was at a
rate of 200 nl/min through a UMP3 microsyringe pump (World
Precision Instruments). After injection, pups were returned to
their home cage with their mother, and kept for 16-22 days before
being used for experimentation.

TWO-PHOTON IMAGING AND FLUORESCENCE LIFETIME IMAGING
MICROSCOPY

Two-photon imaging was achieved by a custom-built micro-
scope (Carter and Sabatini, 2004) together with a mode-locked
Ti:sappire laser (Chameleon Vision II, 80MHz, Coherent, Santa
Clara, CA). Photons were collected with fast photomultiplier
tubes (PMTs) (H7422-40MOD Hamamatsu). Excitation wave-
lengths of 820, 860, and 920nm were used to excite donor
fluorophores of CFP, Turquoise, and meGFP respectively. On the
emission path, a 700SP filter (Semrock) was used to filter off
excitation light. For meGFP imaging, a 565LP dichroic mirror
(Chroma) and 525/50 emission filter (Semrock) were used. For
CFP and Turquoise imaging, a 520LP dichroic mirror (Semrock)
and 480/40 emission filter (Chroma) were used.

The custom-written software ScanImage (Pologruto et al.,
2003) was run in Matlab to acquire imaging data. The FLIM data
acquisition and analysis modules were modified from the software
from Ryohei Yasuda (Max Planck Florida Institute). Scan mirror
control and fluorescence signal acquisition were achieved with the
data acquisition (DAQ) board PCI 6110E (National Instruments).
An additional DAQ board PCI 6713 (National Instruments) is
used to generate frame and line clocks to synchronize Scanlmage
and the FLIM board SPC-150 (Becker and Hickl GmbH).

The epifluorescence PMTs were used for 2pFLIM, and trans-
fluorescence PMTs for regular imaging. Time-domain single
photon counting was used for FLIM and the data were col-
lected in either 64 or 256 time channels. Lifetime decay curve
was constructed by comparing times of laser pulses detected by
photodiode and photon pulses from the fast PMT.

FLUORESCENCE LIFETIME CURVE FITTING AND IMAGE ANALYSIS
Instrument response curve (IRF) for photon spreading was mea-
sured with double harmonic generation of urea crystals. It was
then used to deconvolve the fluorescence decay curve.

FLIM data were processed by first determining the offset
arrival time from a full field-of-view to increase the accuracy of
fitting, followed by calculation of FRET fractions of photons for
individual regions of interests (ROIs). The processing procedure
was as described in Yasuda et al. (2006), Harvey et al. (2008),
except that a measured IRF rather than a Gaussian IRF was used
to fit the fluorescence decay curve.

FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING (FRAP)
For FRAP experiments with FLIM-AKAR, 920nm laser was
used to photobleach meGFP. Fluorescence data were collected 1s
before bleaching and then 10 s after a step perturbation of bleach-
ing. Laser pulse width (4, 50, or 100 ms) and laser power were
adjusted to give 30-50% bleaching. Three to ten acquisitions were
collected for each spine or dendritic region. For FRAP in spines,
mushroom spines were selected; for FRAP in dendrites, relatively
aspiny regions of dendrites (aspiny in a 5.5 X 5.5 Lm square) were
selected. Less than 3 spines or dendrites were imaged from each
cell. Linescan was used to achieve good temporal resolution of
FRAP data.

For processing of FRAP data, fluorescence data from
each acquisition was normalized against baseline before
photobleaching. The data were then averaged and fitted with a
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single exponential decay curve (not specifying return to baseline)
to calculate t.

STATISTICS

Student -tests (unpaired, assuming unequal variance) were used
to compare different conditions. In cases where various reporters
were compared with AKAR3.4, Bonferroni correction was used to
counteract the problem of multiple comparisons.

2-PHOTON PHOTOLYSIS OF CAGED GLUTAMATE

A second laser was tuned to 720 nm for 2-photon photolysis of
caged glutamate. The bath solution consists of 9 ml of circulating
ACSE, with no magnesium, 4 mM CaCl2, 1 uM TTX, 10 uM D-
serine, 200 M Trolox (Sigma), 2 mM pyruvate, 5 U/ml glutamic-
pyruvate transaminase (Sigma), and 3.3 mM MNI-glutamate
(Tocris). Light power of 75 mW at the back aperture of the 60X
(NA1.1) objective was used. Light pulses were delivered at 0.5 ms
duration for each pulse, and 40 pulses were delivered in 1 min. 2-
photon uncaging was performed adjacent to a spine, and both the
spine morphology and FLIM-AKAR response were monitored.

PHARMACOLOGY

Drugs were applied via bath perfusion, with the final concen-
trations in the brackets: forskolin (50 wM), H89 (10 M), iso-
proterenol (1 wM), CGS21680 (1 M), and SKF81297 (1 uwM)
were from Tocris Bioscience; nigericin (5 wM) was from Sigma.
The specified concentration of chemicals were either spiked into
the circulating buffer, or premade buffers with the correct drug
concentrations were switched from one to another via a custom-
made solution exchanger.

AUTHOR NOTE

During the preparation of this manuscript, a single-fluorophore
PKA biosensor has been developed that is also 2pFLIM compati-
ble (Bonnot et al., 2014), and future experiments will be needed
to compare the detailed characteristics of our sensor and the
single-fluorophore PKA biosensor.
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Supplementary Figure 1 | Diagram illustrating how FRET changes
fluorescence lifetime. Free donor fluorophores show a single exponential
decay of fluorescence lifetime distribution (green). When donor and
acceptor fluorophores interact via FRET, an additional decay process
occurs, resulting in bi-exponential decay and shorter lifetime (red). Ptee
and Pgret represent the fractions of donors that are free and that have
undergone FRET respectively. Pgge+ Prrer = 1.

Supplementary Table 1 | Optical characteristics of the three donors and
two acceptors used in the 4 PKA reporters. The brightness is relative to
eGFP The optical characteristics are based on literature (Piston et al ;
Ganesan et al., 2006; Murakoshi et al., 2008) and our own data.
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The kappa opioid receptor (KOR) and the endogenous peptide-ligand dynorphin have
received significant attention due the involvement in mediating a variety of behavioral
and neurophysiological responses, including opposing the rewarding properties of drugs
of abuse including opioids. Accumulating evidence indicates this system is involved in
regulating states of motivation and emotion. Acute activation of the KOR produces an
increase in motivational behavior to escape a threat, however, KOR activation associated
with chronic stress leads to the expression of symptoms indicative of mood disorders.
It is well accepted that KOR can produce analgesia and is engaged in chronic pain
states including neuropathic pain. Spinal studies have revealed KOR-induced analgesia
in reversing pain hypersensitivities associated with peripheral nerve injury. While systemic
administration of KOR agonists attenuates nociceptive sensory transmission, this effect
appears to be a stress-induced effect as anxiolytic agents, including delta opioid receptor
agonists, mitigate KOR agonist-induced analgesia. Additionally, while the role of KOR and
dynorphin in driving the dysphoric and aversive components of stress and drug withdrawal
has been well characterized, how this system mediates the negative emotional states
associated with chronic pain is relatively unexplored. This review provides evidence that
dynorphin and the KOR system contribute to the negative affective component of pain
and that this receptor system likely contributes to the high comorbidity of mood disorders
associated with chronic neuropathic pain.

Keywords: kappa opioid receptor, pain, aversion, reward system ventral tegmental area, dopamine, negative

reinforcement

INTRODUCTION

Chronic pain may be considered an epidemic in many west-
ernized countries affecting 25% of the population, and where
quality of life of chronic pain patients is reported to be lower
than other disorders such as heart failure, renal failure and even
depression (O’Connor, 2009). Pain is a multidimensional experi-
ence comprised of sensory, cognitive, and emotional (subjective)
components, which are processed within discreet but interacting
brain structures. Many chronic pain states are accompanied by
dramatic sensory disturbances that result in pain hypersensitiv-
ity (allodynia and hyperalgesia) and tonic (unprovoked) ongoing
pain. However, the negative affect, or how much the pain is
‘bothersome’ significantly impacts the quality of life of the suf-
ferer. Notably, the emotional component of pain has been argued
to be a greater metric of quality of life than its sensory com-
ponent, and thus understanding the processes that influence
this pain characteristic is essential to developing novel treatment
strategies.

Neuroplasticity in brain regions important for the expression of
affect may underlie the comorbidity between chronic pain and Axis
I disorders of the DSM-V, including depression, anxiety disorders,

bipolar disorder, and ADHD. Comorbidities with each of these
disorders in chronic pain patients have has been well documented,
where depression is the most common comorbidity, with some
studies finding a prevalence rate approaching 100% among clin-
ical chronic pain samples (reviewed by Nicholson and Verma,
2004). In fact, chronic pain is second only to bipolar disorder
as the major cause of suicide among all medical illnesses, further
highlighting the importance of negative affect in this condition
(Juurlink etal., 2004; Asmundson and Katz, 2009; Elman etal.,
2013). Nevertheless, it remains debated whether mood disorders
are a consequence of, or a pre-existing susceptibility for the gen-
esis of chronic pain (Von Korff etal., 1993; Fishbain etal., 1997;
Blackburn-Munro and Blackburn-Munro, 2001; Miller and Cano,
2009). Clinical studies specifically aimed at identifying risk fac-
tors that may predict the incidence of or transition to chronic
pain are now being pursued (Attal etal., 2014; Mundal etal,
2014).

Dysfunction of reward mesolimbic circuitry underlies the etiol-
ogy of many psychiatric disorders, including depression. Because
it is common for chronic pain to be comorbid with diseases known
to have deficits in the dopamine mesolimbic system, it is posited
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that this dysfunction also contributes to the genesis of chronic
pain (Taylor, 2013; Cahill etal., 2014). For example, a high preva-
lence of chronic pain is common in disorders linked with deficits
in the dopamine system, including disorders of mood and affect,
substance abuse, and Parkinson’s disease (Jarcho etal., 2012). The
statistic that substance abusers are six times more likely to develop
chronic pain than its prevalence in society (Gureje etal., 1998;
Verhaak et al., 1998; Jamison et al., 2000; Rosenblum et al., 2003) is
not surprising, if dysfunction of mesolimbic reward system con-
tributes to chronic pain states. In contrast, clinical conditions
associated with elevated mesolimbic dopamine (e.g., schizophre-
nia) have higher pain thresholds (Dworkin, 1994; Boettger etal.,
2013). It should be noted that an alternative explanation for
the increased prevalence of chronic pain in substance abusers is
the occurrence of opioid-induced hyperalgesia. Opioid-induced
hyperalgesia is a paradoxical increase in pain sensitivity following
opioid administration via either chronic exposure [e.g., morphine,
hydrocodone, oxycodone and methadone, or single exposure (e.g.,
Remifentanil) Chu etal., 2008; Lee etal., 2011; Fletcher and Mar-
tinez, 2014]. Studies have identified various mechanisms that
may account for the occurrence of opioid-induced hyperalgesia
including sensitization of pro-nociceptive pathways caused by long
term potentiation of synapses between nociceptive C fibers and
spinal dorsal horn neurons (Drdla et al., 2009) and neuroimmune
responses reducing GABAergic inhibition (Ferrini etal., 2013).
Pain and reward are considered opponent processes but are
processed within overlapping or interacting brain structures (e.g.,
anterior cingulate cortex, dorsal and ventral striatum, and amyg-
dala). It has been demonstrated that rewarding stimuli such as
food and pleasurable music decrease pain sensitivity (Leknes
and Tracey, 2008), whereas pain can impair reward process-
ing, which can lead to an anhedonic state (Marbach and Lund,
1981; Nicholson and Verma, 2004; Elman etal., 2013). Canoni-
cal neurotransmitters involved in affect and reward are dopamine,
serotonin, norepinephrine, and endogenous opioids. Modulating
the function of these neurotransmitters is associated with altered
mood states. The mesolimbic system, which includes the ventral
tegmental area (VTA) and the nucleus accumbens (NAc, part of
the ventral striatum), is responsible for the expression of posi-
tively motivated behaviors and reinforcement learning produced
by natural and drug rewarding stimuli (Fields etal., 2007; Sun,
2011). Few studies have examined dysfunction of this circuitry
in chronic pain, and whether the mesolimbic dopaminergic sys-
tem contributes to the aversive component of ongoing persistent
pain. Some clues have emerged from functional imaging studies on
healthy volunteers and chronic pain patients. Functional magnetic
resonance imaging studies of clinical pain cohorts demonstrate
altered connectivity between the mesolimbic system and vari-
ous cortical structures (Apkarian etal., 2005; Jensen etal., 2013;
Ichesco etal., 2014). For example, greater functional connectivity
of the NAc with the prefrontal cortex predicted pain persis-
tence, implying that corticostriatal circuitry is causally involved
in the transition from acute to chronic pain (Baliki etal., 2012).
Functional connectivity analysis in neuropathic pain animals also
revealed that changes in connectivity were primarily (97%) local-
ized within the limbic system (NAc, septum and ventral pallidum,
amygdala and hippocampus), as well as between the limbic and

nociceptive systems (thalamus, primary sensory cortices, insula
cortex, and periaqueductal gray; Baliki et al., 2012, yet no connec-
tivity changes were observed within the nociceptive network). A
corollary study in patients reported that chronic back pain patients
exhibited brain activity in regions responsible for emotion-related
circuitry, whereas acute back pain patients demonstrated activity
in nociceptive circuitry (Hashmi etal., 2013). These studies sug-
gest that the limbic system is engaged in clinical and experimental
models of chronic pain. It is unknown how or why greater func-
tional connectivity with limbic structures contributes to chronic
pain, although this system is likely engaged to modulate the affec-
tive component of pain and gives salience to the pain experience
via release of dopamine. The fact that dopamine release in the
ventral striatum is associated with placebo-induced analgesia and
anticipation of analgesia (Scott et al., 2008; Tracey, 2010; Abhishek
and Doherty, 2013) also suggests that dopamine release in the
mesolimbic system may be important in modulating the neg-
ative affect component of pain. The interplay between reward
pathways and pain validate the importance of this circuitry, not
only in the chronicity of pain, but also the lack of opioid effec-
tiveness in treating chronic pain (including that of neuropathic
origin).

Opioids and their receptors play a central role in various phys-
iological effects throughout the peripheral and central nervous
systems. In addition to their ability to modulate the sensory
component of pain (the intensity), opioids also modulate the
emotional, aversive component of pain (affective, unpleasant com-
ponent). For example, a patient being treated with opioids for
post-operative pain may still feel the sensory component of pain,
but it no longer bothers them. There is strong evidence that release
of dopamine within the ventral striatum is responsible for the
mood altering properties of opioids. However, opioid-evoked
release of dopamine also contributes to their abuse potential,
where an allostatic shift in reward signaling leads to the patho-
logical state of addiction. Mu opioid receptor (MOR) agonists
positively modulate mood and are the predominant opioid drugs
used for clinical and recreational purposes. However, both delta
(DOR) and kappa opioid receptors (KORs) also modulate mood
and emotion, but in opposite directions (Lutz and Kieffer, 2013).
Activation of the KOR causes dysphoria (defined as unpleasant
or profound feeling of unwell/unease) in humans and an aversive
response in animals, evidenced by its ability to produce a condi-
tioned place aversion in animals (Land etal., 2009; Tejeda etal.,
2013). One of the underlying mechanisms thought to account
for the dysphoric effects of KOR drugs is their ability to sup-
press mesolimbic dopamine release within reward circuitry. This
review will posit that disruption in mesolimbic cortical circuitry
plays an important role in chronic pain and that activity at the
KOR is an important regulator of this circuitry. It will also high-
light inferences that this opioid receptor contributes to the high
incidence of mood disorder comorbidity in various chronic pain
states.

THE VENTRAL TEGMENTAL AREA IS A CENTRAL LOCUS FOR
PAIN AND PLEASURE

A decrease or suppression of mesolimbic dopaminergic transmis-
sion that originates in the VTA is one mechanistic commonality
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between a stress response, the precipitation of an aversive state,
and chronic pain. Salience is one of the key functions of the
mesolimbic dopaminergic circuitry that is encoded via inter-
actions between tonic and phasic spikes in dopamine neurons
(McClure et al., 2003). The ‘pain neuromatrix’ has been described
as a salience network where the neurocircuitry related to emo-
tion rather than the sensory aspects of pain are considered to have
salient value (Legrain etal., 2011; Mouraux etal., 2011). It was
recently hypothesized that aberrant functioning of the brain cir-
cuits which assign salience values to stimuli may contribute to
chronic pain (Borsook etal., 2013). We will focus the discussion
on the circuitry of inputs and outputs of midbrain dopaminergic
neurons, as this neurocircuitry is engaged by salience attributed
to a range of stimuli, including pain (Berridge, 2007; Leknes
and Tracey, 2008; Elman etal., 2013). Moreover, this system is
engaged by punishment and contributes to negative reinforce-
ment learning (i.e., removal of a negative stimulus, including
pain, is rewarding). Alterations in dopamine signaling are asso-
ciated with motivational deficits, and animals in chronic pain
show impaired motivated responses to natural and drug reward
(Navratilova and Porreca, 2014; Schwartz etal., 2014). The moti-
vational effect for place preference of analgesic drugs hypothesized
to reflect the rewarding component of pain relief is currently
being used to assess the affective or tonic-aversive component of
pain. Magnussen etal. (2009) were the first to report that non-
rewarding analgesics produce a place preference in chronic pain,
but not in pain-naive animals. Subsequently, King etal. (2009)
reported that intrathecal lidocaine produced a place preference
in an animal model of neuropathic pain, but not in pain-naive
animals. Many studies have now used this paradigm to under-
stand the mechanisms underlying the tonic-aversive component
of pain (De Felice etal., 2013; Cahill etal., 2014; Roughan etal.,
2014; Xie etal., 2014), which is predicted to have construct valid-
ity for screening novel analgesic drugs for clinical development.
Analgesic place preference was blocked by intra-NAc injections
of dopamine receptor antagonists (Navratilova etal., 2012), sug-
gesting that dopamine release is important for the expression
of negative reinforcement associated with pain relief. A clinical
correlate to these studies has been described whereby recipro-
cal negative/positive signals in the NAc correlated with pain
onset/offset, respectively (Becerra and Borsook, 2008). Addition-
ally, negative correlations between pain and mesolimbic dopamine
activity in humans has been described (Borsook et al., 2007; Wood
etal,, 2007; Jarcho etal., 2012). It is worth noting that there is no
evidence that non-rewarding drugs that produce negative rein-
forcement in models of chronic pain become rewarding after
prolonged use, (i.e., produce psychological dependence). Evidence
against this argument is the lack of reported dependence for non-
rewarding analgesics including local anesthetic patches, clonidine
or tricyclic antidepressants used to manage pain in various clinical
pain populations.

The VTA is the origin of dopaminergic neurons within the
mesocorticolimbic system that mediates reward, motivation, and
arousal. There are various inputs to the VTA that result in the
inhibition of VTA dopaminergic neurons and are attributed to the
expression of an aversive state (Figure 1). These brain structures
include the habenula, rostromedial tegmental nucleus (RMTg),
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FIGURE 1 | Schematic illustration of major brain networks involved in
pain and reward processes (A,B). (A) Ascending projections convey pain
signaling to multiple brain structures including the periaqueductal gray,
thalamus, and parabrachial nucleus. Continued and distinct processing
occurs for both sensory (red arrows) and affective (blue arrows) dimensions
of pain perception. (B) Reward/aversion processes involve multiple
overlapping and interacting networks. Shown are the major structures
involved in reward (blue) and aversion (magenta). (C) KOR abundance in
relevant brain structures. Heat map colorcoded (Red = most abundant) by
reported radioligand binding (Mansour etal., 1987; Le Merrer etal., 2009).
ACC, anterior cingulate cortex; Amy, amygdala; BST, bed nucleus of the
stria terminalis; DS, dorsal striatum; LHb, lateral habenula; NAc, nucleus
accumbens; OFC, orbitofrontal cortex; PAG, periaqueductal gray; PB,
parabrachial nucleus; PFC, prefrontal cortex; PPN, pedunculopontine
nucleus/pedunculopontine tegmental nucleus; S1, primary somatosensory
cortex; S2, secondary somatosensory cortex; VP, ventral pallidum; VTA,
ventral tegmental area. (A,B) adapted from Cahill etal. (2014).

and ventral pallidum. The habenula is a small brain structure
located near the pineal gland and the third ventricle, sometimes
called the tail of the VTA. Recent reviews highlight the critical
role this brain structure has in influencing the brain’s response
to pain, stress, anxiety, sleep, and reward (Shelton etal., 2012;
Velasquez etal., 2014). The habenula evaluates external stimuli
and directs the motivation of appropriate behavioral response,
thereby contributing to reward-related learning to reinforce or
avoid actions based on previous outcomes. It primarily contains
GABAergic neurons that control activity of the VTA, substantia
nigra, locus coeruleus, and raphe nucleus. The RMTg is a mid-
brain structure located at the caudal tail of the VTA. Its function
is to convey salient positive and negative signals to dopamine neu-
rons and participate in appetitive behavioral responses (Bourdy

www.frontiersin.org

November 2014 | Volume 5 | Article 253 | 102


http://www.frontiersin.org/
http://www.frontiersin.org/Neuropharmacology/archive

Cahill etal.

KOR and pain aversion

and Barrot, 2012). The ventral pallidum is a brain structure
within the basal ganglia located along the external segment of
the globus pallidus. It projects to the VTA (Haber etal., 1985),
subthalamic nucleus, thalamus, and lateral hypothalamus, and
has reciprocal projections to the ventral striatum (including
the NAc). It is part of the striatopallidal indirect cortico-basal
ganglia pathway that regulates emotion, motivation, and move-
ment. The periaqueductal gray (PAG) also projects directly to
the VTA, providing the third heaviest subcortical source of glu-
tamate input to the VTA (Geisler et al., 2007) synapsing onto both
gamma-aminobutyric acid (GABA) and dopaminergic neurons
(Omelchenko and Sesack, 2010). Based on its functions, the PAG
is likely to supply VTA neurons with information important for
processing nociceptive signals, defensive and stress behaviors, and
rewarding responses to opiates.

Gamma-aminobutyric acid is the primary neurotransmitter in
RMTg neurons that project to the VTA (Jhou etal., 2009). Activa-
tion of these neurons release GABA directly on VTA dopamine
neurons leading to suppression of dopaminergic transmission.
Functionally, when the RMTyg is surgically lesioned, the response
to aversive stimuli is attenuated, which suggests a convergence of
aversive inputs within the RMTg (Jhou et al., 2009). The habenula
is another input to the VTA that suppresses VTA dopaminergic
transmission, and it does so via a direct and indirect pathway
(Omelchenko and Sesack, 2010). The habenula is divided into
medial and lateral (LHb) components that have different affer-
ent and efferent connections (Velasquez etal., 2014). The LHb
is topographically organized with the medial division sending
excitatory glutamatergic projections to the VTA that synapse
on GABAergic interneurons (Ji and Shepard, 2007; Gongalves
etal, 2012). Activation of this pathway leads to an increase
in inhibitory postsynaptic currents in dopamine neurons. The
lateral division of the LHDb sends excitatory projections to the
GABAergic neurons in the RMTg (Gongalves etal., 2012). Hence,
LHb glutamatergic terminals in the RMTg excite GABAergic
neurons that in turn synapse with VTA dopaminergic neu-
rons, resulting in an inhibition of dopaminergic neuronal firing
(Figure 2).

One prominent feature of the habenula is that it is involved in
the processing of aversive information, including pain. In addi-
tion, repeated or continuous stress can lead to expression of
depression-like behavior and exacerbate chronic pain. Impor-
tantly, sensitization of the LHb-dopamine circuitry occurs in
depressive states (Hikosaka, 2010). Indeed, humans with depres-
sion or animal models of depression exhibit hyperactivity within
the LHb (Caldecott-Hazard etal., 1988; Morris etal., 1999).
Whether the LHb exhibits hyperactivity in chronic pain and con-
tributes to the high comorbidity of mood disorders with chronic
pain states remains unexplored. Pain transmission directly and
indirectly activates the habenula. Reports show that an aver-
sive stimulus increases the LHb excitatory drive onto GABAergic
RMTg neurons (Jhou etal.,, 2009; Hong etal., 2011; Stamatakis
and Stuber, 2012), leading to a decrease in dopamine output (Ji
and Shepard, 2007; Matsui and Williams, 2011). The spinal cord
projects to the Lhb directly (Craig, 2003) or indirectly via the
lateral hypothalamus (Dafny etal., 1996), another brain region
well established to modulate pain. Studies using anterograde

tracing identified that while spinal cord lamina I nociceptive neu-
rons project primarily to thalamic nuclei, some terminals were
found in the dorsomedial hypothalamus (Craig, 2003). The deep
dorsal spinal cord projects to the thalamus, globus pallidus, sub-
stantia innominata, amygdala, and hypothalamus (Gauriau and
Bernard, 2004), and many of these structures influence mesolimbic
dopamine circuitry.

Because the habenula is such as small brain structure, imag-
ing studies to examine changes in activity within this region
are challenging. Nevertheless, the habenula circuitry is proposed
to undergo neuroplastic changes in chronic pain (Shelton etal,,
2012), where the hedonic deficit due to dysfunction of reward
systems generates a facilitation of pain. Several lines of evidence
suggest that LHb neurons are hyperactive in individuals with
depression. Such studies led to the successful use of deep brain
stimulation (DBS) to manipulate the activity of the habenula as a
treatment of major depression (Sartorius and Henn, 2007; Haupt-
man etal., 2008; Sartorius etal., 2010). The positive outcomes are
thought to result from the ability of DBS to suppress the abnor-
mally elevated activity of the habenula. Interestingly the habenula
has one of the richest MOR expression patterns in the brain
(Zastawny etal., 1994; Bunzow etal., 1995; Kitchen etal., 1997).
Morphine injection into the habenula produces analgesia (Cohen
and Melzack, 1986; Darcq etal., 2012), and intra-habenular injec-
tion of the opioid antagonist naloxone blocks the analgesic effects
that result from an injection of morphine into the PAG (Ma etal.,
1992). Taken together, pain modulatory systems likely engage this
structure for the expression of pain affect.

It cannot be assumed that the inputs to the VTA discussed above
result in modulation of the dopaminergic projections to the NAc
implicated in reward. The VTA-NAc projection is also implicated
in the pathogenesis of stress-related behaviors. Dopaminergic neu-
rons within the VTA project to various brain structures, including
the medial prefrontal cortex (mPFC), amygdala, and hippocam-
pus, as well as the NAc. Importantly, there is evidence that
discrete subpopulations of VTA dopaminergic neurons exclusively
project to only one of these regions and that they are engaged
by different stimuli and inputs (Volman etal., 2013). It is well
accepted that activation of the VTA dopaminergic neurons pro-
jecting to the NAc produces reward-like behavior. Thus, it is not
unexpected that aversive stimuli strongly inhibit VTA dopamine
neurons (Ungless etal., 2004; Hong etal., 2011; Tan etal., 2012),
and optogenetic activation of VTA GABAergic neurons or inhibi-
tion of VTA dopaminergic neurons produces a conditioned place
aversion (Tan etal., 2012). Similarly, dopamine neurons in the
caudal VTA increase firing to aversive stimuli such as a foot shock
(Brischoux etal., 2009). However, various studies have demon-
strated that salient but aversive stimuli, restraint stress, or even
social defeat stress will increase VTA dopaminergic transmission
(Anstrom and Woodward, 2005; Anstrom etal., 2009). Studies
using fast scan cyclic voltammetry and microdialysis have shown
elevated dopamine output in the NAc and mPFC in response
to aversive stimuli (Bassareo etal., 2002; Budygin etal., 2012).
Although, a recent study in non-human primates argues that aver-
sion does not cause dopamine release (Fiorillo, 2013). Ventral
tegmental area dopaminergic projections to other areas such as the
mPFC and amygdala are also involved in stress-related behaviors.
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FIGURE 2 | Schematic illustration of inputs to and outputs from VTA
dopaminergic neurons. VTA dopaminergic neurons project to the NAc
(required for responding to reward prediction cues), medial prefrontal cortex
(implicated in working memory and attentional processes), basolateral
amygdala (implicated in emotion, reward, fear conditioning, and avoidance)
and hippocampus (memory; green, dopaminergic components). Notably, VTA
dopaminergic outputs are extensively differentiated with distinct projections
from specific populations of dopaminergic neurons to specific downstream
structures. In this way, mesolimbic dopaminergic activity functions in
seemingly contradictory processes such as reward and aversion (McCullough
etal., 1993; Stevenson etal., 2003; Baliki etal., 2010; McCutcheon etal.,
2012). That is, the functions of ventral tegmental area dopaminergic
projections is determined by network topology rather than simply by the
choice of neurotransmitter. VTA dopaminergic neurons receive dense
GABAergic modulatory input from numerous extrinsic structures and from
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GABAergic interneurons within the ventral tegmental area itself (blue).
GABAergic projections to the VTA has been identified from the NAc (Nauta
etal., 1978); ventral pallidum (Haber etal., 1985); RMTg (Jhou etal., 2009) and
the pedunculopontine tegmental nucleus/lateral dorsal tegmentun
(Omelchenko and Sesack, 2005; Good and Lupica, 2009). These neurons are
also modulated by excitatory inputs (red) from the bed nucleus of the stria
terminalis (Georges and Aston-Jones, 2001, 2002; \Watabe-Uchida etal.,
2012). (Inset) KOR abundance in these structures. Heat map color-coded

(Red = most abundant) by reported radioligand binding (Mansour etal., 1987;
Le Merrer etal., 2009). Amy, amygdala; BST, bed nucleus of the stria
terminalis, D1, dopamine receptor D1; D2, dopamine receptor D2; Enk,
enkephalin; Hipp, hippocampus; LHb, lateral habenula; mPFC, medial
prefrontal cortex; NAc, nucleus accumbens; PPN, pedunculopontine
nucleus/pedunculopontine tegmental nucleus; RMTg, rostromedial tegmental
nucleus; VPR, ventral pallidum; SP, substance P; VTA, ventral tegmental area.

The mPFC both receives dopaminergic projections from the VTA
and sends projections back to the VTA and the NAc, thus form-
ing a regulatory feedback system (Nestler and Carlezon, 2006).
An elegant study recently reported that activation of laterodorsal
tegmentum terminals synapsing on VTA dopaminergic neurons
that project to the NAc produces reward-related behavior, whereas
activation of the LHb or RMTg terminals within the VTA that
modulate dopamine neurons projecting to the mPFC produces
aversion (Lammel etal., 2012). This study highlights the topo-
graphical input to the VTA and may explain the conflicting reports
of whether aversive stimuli excite or inhibit VTA dopaminergic
activity.

Other brain structures that either directly or indirectly mod-
ulate VTA dopaminergic circuitry are the NAc, amygdala, and
the bed nucleus of the stria terminalis (BST). Medium spiny
neurons within the NAc are GABAergic neurons that comprise
the striatonigral (direct) and striatopallidal (indirect) cortico-
basal ganglia pathways. There are two subtypes of medium
spiny neurons within the NAc that respond to different pat-
terns of dopaminergic firing patterns (Grace etal., 2007; Schultz,
2007). A burst of phasic firing is responsible for activation of

medium spiny neurons containing low-affinity D1 dopamine
receptors, substance P, and dynorphin. Activation of these neu-
rons encodes reward-like behavior (Mirenowicz and Schultz, 1994;
Grace etal., 2007; Carlezon and Thomas, 2009; Hikida et al., 2010,
2013). They project back to the VTA, synapsing primarily on
GABAergic interneurons (Xia etal., 2011) producing a disinhi-
bition that results in excitation of dopaminergic transmission.
However, a recent study challenges the exclusive feedback onto
only VTA GABAergic interneurons. Using a transgenic mouse
that expresses MORs only in D1 medium spiny neurons, Cui
etal. (2014) demonstrated that morphine evokes dopamine release
in the NAc suggesting that these neurons may also synapse
directly on VTA dopaminergic neurons. Medium spiny neu-
rons of the indirect pathway contain D2 dopamine receptors.
Slow single spike or tonic firing activates D2 dopamine recep-
tors on medium spiny neurons that co-express enkephalin and
produce aversion by modulating VTA circuitry via the ventral
pallidum (Mirenowicz and Schultz, 1996; Ungless etal., 2004;
Grace etal., 2007; Hikida etal., 2010). As in the VTA, there
is some evidence that medium spiny neurons within the NAc
may be topographically organized, in that hedonic ‘hot spots’
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have been described (Pecina etal., 2006; Richard etal., 2013;
reviewed by McCutcheon etal., 2012; Berridge and Kringelbach,
2013). Interestingly, interruption of NAc activity (via lidocaine
infusion) reversibly alleviates neuropathic pain (Chang etal,
2014).

The amygdala is involved in a wide array of functions includ-
ing decision-making, memory, attention and fear. The amygdala is
another limbic structure that is thought to attribute affective sig-
nificance to environmental stimuli by forming a link between brain
regions that process sensory information and areas involved in
the production of emotional responses. A number of clinical and
animal studies have indicated that the amygdala, along with the
anterior cingulate cortex, plays a critical role in the processing of
affective components of pain (Bie etal., 2011). Hence, excitotoxic
lesions of the central amygdaloid nucleus or basolateral amyg-
daloid nucleus suppress intraplantar formalin-induced aversive
responses (Tanimoto etal., 2003; Gao etal., 2004). Glutamatergic
transmission within the basolateral amygdala via N-methyl-D-
aspartate (NMDA) receptors has been shown to play a critical
role in these aversive responses. The amygdala sends projections
to, among other areas, the hypothalamus, VTA, and the cortex,
making it a neuroanatomical structure well positioned to medi-
ate the negative affect (aversiveness) associated with chronic pain
(Murray, 2007; Jennings etal., 2013). The extended amygdala
includes the BST and the central nucleus of the amygdala. The
amygdala modulates the mesolimbic circuitry by sending pro-
jections to the NAc and to the BST. There is also evidence for
a prominent direct projection from the ventral BST to the VTA
(Georges and Aston-Jones, 2001) and local glutamate microin-
fusion into the ventral BST increased the firing and bursting
activity of VTA dopamine neurons (Georges and Aston-Jones,
2002).

OPIOID RECEPTORS MODULATE PAIN AND REWARD

The opioid system is involved in modulating pain and reward. Opi-
oid receptors are a group of G-protein coupled receptors divided
into three families: the MOR, DOR, and KORs. These receptors
are activated by three classes of endogenous opioid peptides, beta-
endorphin, dynorphin, and enkephalin, that are derived from
three precursor peptides (proopiomelanocortin, proenkephalin,
and prodynorphin, respectively). The selectivity and distribution
of the opioid peptide and receptor systems suggests enkephalin and
beta-endorphin act through the MOR and DOR, and dynorphin
via the KOR. A fourth opioid receptor family, nociceptin, is distinct
from the classical opioid receptor family, in that the endogenous
opioid peptides do not bind to it with high affinity (Mollereau
etal, 1994). Rather, peptides derived from the pro-orphanin
FQ/nociceptin peptide are considered the primary endogenous
ligand (Meunier etal., 1995; Reinscheid etal., 1995). Activation of
nociceptin receptors opposes the analgesic and rewarding actions
of the classical opioid receptors (Mogil etal., 1996; Murphy et al.,
1999; Vazquez-DeRose etal., 2013).

The opioid receptors and their peptides are distributed
throughout the central and peripheral nervous system in a dis-
tinct but overlapping manner (Mansour etal., 1988). The MOR
is widely distributed throughout the brainstem, midbrain, and
forebrain structures, and mediates most of the analgesia and

reinforcing effects of opioid agonists, such as morphine (Kieffer
and Gavériaux-Ruff, 2002). DORs, on the other hand, are highly
expressed in forebrain regions, including the olfactory bulb, stria-
tum, and cortex (Mansour etal., 1993). Activation of the DOR
produces minimal analgesia in acute pain models but develops
an analgesic effect in rodent models of chronic pain, where the
DOR responses are up-regulated (Cahill et al., 2007; Pradhan et al.,
2011). Like the MOR, the DOR positively modulates hedonic state,
but to a lesser extent. DOR agonists are anxiolytic (Saitoh and
Yamada, 2012), but they are not self-administered and have lower
abuse liability than MOR agonists (Negus et al., 1998; Brandt et al.,
2001; Stevenson etal., 2005). KOR and MOR expression widely
overlaps throughout the brain. However, in contrast to the MOR,
activation of the KOR negatively modulates mood and is aversive
(Wadenberg, 2003). Systemic KOR agonists also produce robust
analgesia (Kolesnikov etal., 1996). KORs are located in the spinal
cord and brain stem, and part of their analgesic effect is due
to the direct inhibition of pain pathways (Simonin etal., 1995).
Recently, we have shown another element of KOR analgesia is a
result of their engagement of stress pathways (Taylor etal., 2014).
The dynorphin-KOR system plays a central role in the dysphoric
elements of stress. Stress induces the release of the opioid pep-
tide dynorphin, an agonist at the KOR, and the aversive effects
of stress are mimicked by activation of KORs in various limbic
structures in the brain (Knoll and Carlezon, 2010). Dynorphin is
released in response to stress via corticotrophin releasing factor
(CREF), where it activates KORs in several brain regions involved in
affect, including the dorsal raphe nucleus, basal lateral amygdala,
hippocampus, and VTA (Nabeshima et al., 1992; Land et al., 2008).
Blocking KOR signaling or dynorphin through antibodies or gene
disruption blocks stress-induced immobility and produces anti-
depressant-like effects (Newton etal., 2002; Mague etal., 2003;
Mclaughlin etal., 2003; Shirayama etal., 2004). Further, inter-
fering with KOR signaling blocks the development of avoidance
behavior associated with a stressful cue (Land etal., 2008). This
suggests the dynorphin/KOR system plays a central role in the
aversive stress experience.

While some studies implicate a positive role for the dynor-
phin/KOR system in anxiety-like behavior (Knoll etal., 2007;
Wittmann etal., 2009), other studies have reported that the dynor-
phin/KOR system decreases anxiety-like behavior (Kudryavtseva
etal., 2004; Bilkei-Gorzo etal., 2008). Additionally, transgenic
mice with deletion of the KOR show no difference in behav-
ior using a common test of anxiety (elevated plus maze) that is
accepted to have predictive validity for pharmacological screening
of anxiolytic drugs that reduce anxiety in humans, suggest-
ing a minimal role for KOR in such behaviors (Simonin etal.,
1998). Although is not inconceivable that some of these stud-
ies are confounded by the side effect profile of KOR agonists,
which includes being hallucinogenic (Roth et al., 2002), producing
dysphoria (Pfeiffer etal., 1986; Land etal., 2008), and induc-
ing hypo-locomotor activity (Simonin etal., 1998). Nevertheless,
salvinorin A, an illicitly used agonist at KORs, is a psychotropic
that produces hallucinations, suggesting that activation of KORs
may not cause dysphoria in all individuals.

Chronic pain produces anxiety and dysphoria that suggests
the engagement of the dynorphin/kappa opioid system (Narita
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etal.,, 2006a). In the spinal cord, chronic pain leads to the sus-
tained release of dynorphin, which is hypothesized to be an
analgesic response to a sustained pain state (Iadarola etal., 1988;
Wagner etal., 1993; Spetea etal., 2002). Inhibiting KOR activa-
tion, either through KOR antagonists or in KOR knockout mice,
enhanced tactile allodynia after a peripheral nerve lesion (Obara
etal., 2003; Xu etal., 2004; Aita etal., 2010). This is in contrast
to the results observed in dynorphin knockout mice, in which
loss of dynorphin facilitated the return to normal nociceptive
baselines after a peripheral nerve lesion (Wang etal., 2001). This
is suggestive of a pronociceptive role for dynorphin in chronic
pain, and is in contrast to the antinociceptive effects of KOR
agonists described above. While the mechanism behind the prono-
ciceptive effects of dynorphin is unknown, intrathecal injection
of dynorphin has been reported to have neurotoxic effects and
may exacerbate neuronal damage (Walker etal., 1982; Caudle and
Isaac, 1988; Long etal., 1988; Sherwood and Askwith, 2009).
Xu etal. (2004) hypothesized that sustained release of dynor-
phin in chronic pain desensitizes KORs. This would reveal the
non-opioid mediated pronociceptive effects of dynorphin, and
provide a possible explanation for the discrepancy between the
results from dynorphin knockout and KOR knockout mice in
chronic pain models. Additionally, pain-induced KOR desensi-
tization is supported by the evidence that KOR agonists have
a lowered analgesic potency in chronic pain animals (Xu etal,
2004).

In addition to direct effects on neurons, KORs have also been
localized to astrocytes, and KOR agonists induce glial activation
in vivo (Stiene-Martin and Hauser, 1991; Ruzicka etal., 1995;
Stiene-Martin etal., 1998; Aita etal., 2010). Chronic pain leads to
astrocyte activation in the spinal cord, and glial activation has been
identified as a critical mechanism contributing to the sensitization
of peripheral afferents leading to chronic pain (Raghavendra et al.,
2003). Dynorphin KO animals do not show astrocyte activation
after peripheral nerve injury, suggesting the kappa opioid system
may act as a critical neuron-glia signal in chronic pain states (Xu
etal., 2007). In primary astrocytes, U-69,593, a KOR agonist, pro-
duced the same effects as seen in immortalized astrocytes. Another
KOR agonist, 2-methoxymethyl-salvinorin B, elicited sustained
ERK1/2 activation, which was correlated with increased primary
astrocyte proliferation. Proliferative actions of KOR agonists were
abolished by either inhibition of ERK1/2, G-protein subunits or
B-arrestin 2, suggesting that both G-protein dependent and inde-
pendent ERK pathways are required for this outcome (McLennan
etal., 2008).

While the bulk of studies investigating the contribution of the
dynorphin/KOR system in chronic pain have focused on the spinal
cord, there is evidence that this system is affected in supraspinal
sites as well. Dynorphin is increased in the parietal cortex after
spinal cord injury (Abraham etal., 2000). Increased GTPgS bind-
ing of KOR-specific ligands in the amygdala of chronic pain
animals has also been described (Narita et al., 2006b).

KOR REGULATION OF MESOLIMBIC CIRCUITRY

The effect of chronic pain on the supraspinal actions of the dynor-
phin/KOR system, including anxiety and dysphoria, is an area
that remains to be studied. Opioid receptors are widely expressed

throughout the brain. This expression is highly regulated and
varies by cell type, structure, and activity. Each of the three opioid
receptor types is differentially expressed uniquely from each other
type. As such, the mix of opioid receptor complements of any given
structure varies substantially. KORs are widely expressed through-
out the brain, spinal cord, and peripheral tissues. KORs are present
in many of the major structures involved in pain and addiction
processing. High expression levels of KOR have been detected in
the VTA, NAg, prefrontal cortex, hippocampus, striatum, amyg-
dala, BST, locus coeruleus, substantia nigra, dorsal raphe nucleus,
pedunculopontine nucleus, and hypothalamus of both the rat
and human brains (Peckys and Landwehrmeyer, 1999). These
brain areas are implicated in the modulation of reward, mood
state, and cognitive function. KORs are also expressed at sev-
eral levels of pain circuitry, including areas such as the dorsal
root ganglia, dorsal spinal cord, rostral ventromedial medulla,
PAG, sensory thalamus, and the limbic regions. Activation of
KORs in vivo produces many effects including analgesia, dyspho-
ria, anxiety, depression, water diuresis, corticosteroid elevations,
immunomodulation, relapse to cocaine seeking, and decreases
in pilocarpine-induced seizure (Bruijnzeel, 2009; Van’t Veer and
Carlezon, 2013). KOR agonists have attracted considerable atten-
tion for their ability to exert potent analgesic effects without high
abuse potential and to antagonize various MOR-mediated actions
in the brain, including analgesia, tolerance, reward, and memory
processes (Pan, 1998).

Mounting evidence indicates that KORs play a defining role in
modulating dopamine transmission. An early PET study identi-
fied that glucose metabolism was increased in the NAc and lateral
habenular nucleus following peripheral injection of the KOR ago-
nist U-50488 (Ableitner and Herz, 1989). KOR signaling is also
able to modulate synaptic transmission of monoamines in a vari-
ety of brain structures involved in reward including the VTA and
NAc (Margolis etal., 2003, 2005, 2006; Ford etal., 2007). Two
microdialysis studies in rats demonstrated that systemic admin-
istration of U-50488 and the KOR antagonist nor-BNI decreased
and increased dopamine concentrations in the NAc, respectively
(Di Chiara and Imperato, 1988; Maisonneuve et al., 1994). Addi-
tionally, KOR receptors are present both on dopaminergic neuron
cell bodies in the VTA and the presynaptic terminals in the NAc.
It has been reported that dopaminergic cell bodies in the VTA
expressing KORs selectively project to the prefrontal cortex (Mar-
golis etal., 2006). Here, the authors demonstrated that local
injection of a KOR agonist in the VTA of rats selectively inhib-
ited neurons projecting to the prefrontal cortex, and not the NAc.
A contradictory study demonstrated, however, that administra-
tion of the KOR antagonist U-69539 was able to inhibit NAc
projecting neurons from the VTA, whereas met-enkephalin (via
MOR or DOR action) inhibited projections to the basolateral
amygdala (Ford etal., 2006). It is unclear why there are dis-
crepancies between these two studies, however the topographic
organization of VTA neurons involved in reward and aversion may
contribute to such differences. Although, biased agonism observed
between different KOR agonists may also be an important fac-
tor that would explain such discrepancies (Bruchas etal., 2006;
Chavkin, 2011; Rives etal., 2012; Negri etal., 2013; Zhou etal.,
2013).
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Kappa opioid receptors also modulate dopaminergic tone
within the NAc. Significant evidence demonstrates that KORs are
highly expressed in the both the ventral and dorsal striatum, with
the highest concentration in the medial shell of the NAc (Man-
sour etal., 1996). Further, electron microscopy data has localized
the receptors predominantly in synaptic vesicles in axons termi-
nals within the NAc (Meshul and McGinty, 2000). Thus, they
are poised to negatively modulate dopamine transmission in this
brain region and may serve to affect mood and reward function.
Donzanti etal. (1992) demonstrated that application of multiple
KOR agonists directly into the NAc inhibited dopamine as mea-
sured by microdialysis. In another study, U-50488 was able to
inhibit release of dopamine from rat accumbal slices (Heijna et al.,
1990).

Both the KOR and its endogenous opioid peptide dynorphin
are expressed in the BST and central nucleus of the amygdala
(Poulin etal., 2009). The extended amygdala projects to the BST,
which plays a critical role in the regulation of anxiety behavior
(Walker and Davis, 2008) via release of corticotropin releasing fac-
tor (CRF) to enhance glutamate release. GABA is also a transmitter
in this projection and it is hypothesized that GABA counteracts the
effects of CRE. A recent study demonstrated that the GABAergic
transmission is depressed by activation of KORs via a pre-synaptic
mechanism within the BST (Li et al., 2012). Thus, CRF and dynor-
phin release in the extended amygdala act to increase anxiety-like
behavior. Indeed, an interaction between CRF and dynorphin
is evidenced by the report that anxiogenic effects of stress are
encoded by dynorphin in the basolateral amygdala where CRF
triggered activation of the dynorphin/KOR system (Bruchas etal.,
2009).

Kappa opioid receptors are coupled to heterotrimer Gi/o pro-
teins. Activation of KORs leads to an inhibition of adenylyl cyclase
through the Ga subunit and induces increased potassium channel
conductance and decreased calcium conductance via the GBy sub-
unit. KORs can signal not only through activation of G proteins but
also through recruitment of B-arrestins. While B-arrestins are reg-
ulatory scaffolding proteins involved in receptor desensitization,
they are also signal transducers able to recruit and activate mito-
gen activated protein kinases (MAPKs). In fact, development of
biased agonists for these pharmacological effects has the potential
to mitigate some of the side effects associated with KOR activa-
tion (Chavkin, 2011). It has been proposed that activation of the
MAPK p38 pathway mediates the dysphoric effects produced by
selective KOR agonists (Bruchas etal., 2006, 2007). The develop-
ment of novel KOR agonists that have the potential to be effective
analgesics lacking the aversive and dysphoric side effects led to
the synthesis of novel small molecule KOR agonists (6'-GNTI,
MCKK1-22, triazole and isoquinolinone analogs). These agonists
activate the G protein with minimal activity at B-arrestin-MAPK
signaling pathway (Rives et al., 2012; Negri et al., 2013; Zhou et al.,
2013).

DO KORs CONTRIBUTE TO PAIN AVERSIVENESS?

What remains unclear, and difficult to ascertain, is whether KORs
modulate mesolimbic circuitry and drive the emotional, aversive
nature of pain. KOR agonists have dysphoric and psychotomimetic
properties in humans and will mediate place aversion in rodents

(Shippenberg et al., 1993; Knoll and Carlezon, 2010). These effects
can be elicited by direct injection of receptor selective ligands
into the VTA (Bals-Kubik etal., 1993). A positive correlation has
been demonstrated between dynorphin expression and dyspho-
ria/anhedonia in depressive disorders and withdrawal associated
with chronic drug use (Carlezon and Thomas, 2009; Wise and
Koob, 2014). Administration of dynorphin and synthetic KOR
agonists produces identical anhedonic and dysphoric symptoms
characteristic of these disorders (Pfeiffer etal., 1986; Shippen-
berg and Herz, 1987; Lindholm etal., 2000; Frankel etal., 2008;
Isola etal., 2009; Solecki etal., 2009; Knoll and Carlezon, 2010).
Non-noxious stressors also activate dynorphin/KORs to produce
depressive-like effects that can be blocked by KOR antagonists
(Mclaughlin etal., 2003; Chartoff etal., 2009; Bruchas etal.,
2010). There is convincing evidence that the aversive properties
of KOR agonists are mediated by a negative modulation of the
mesolimbic dopamine system (Shippenberg etal., 1993; Chefer
etal,, 2013), although serotonergic neurons within the dorsal
raphe nucleus projecting to the rostral NAc are also proposed
to underlie KOR mediated aversion (Land etal., 2009). Further
evidence that modulation of serotonergic circuitry contributes
to KOR mediated aversion is demonstrated by the observation
that serotonin transporter knockout mice do not exhibit KOR-
mediated aversion, but restoring this transporter via lentiviral
injection in the ventral striatum recovered the pro-depressive
effects (Schindler etal., 2012). In contrast, others have reported
that KOR agonists continue to produce a place aversion in sero-
tonin transporter knockout mice (Thompson et al., 2013) and that
U50,488 produced a hypodopaminergic and hyposerotonergic
state in the absence of the serotonin transporter. The obser-
vation that selective serotonin re-uptake inhibitor (SSRI) drugs
show little efficacy in alleviating chronic pain of various etiolo-
gies suggests that serotonin may not be an important monoamine
in the aversive component of pain (Moja etal., 2005; Gilron
etal., 2006; Sumpton and Moulin, 2014). Nevertheless, activ-
ity of medium spiny neurons expressing dopamine receptors
within the NAc appears necessary for KOR mediated aversion.
Concomitant with altered dopamine transmission, interaction
with KORs has been demonstrated to modulate brain reward
function, both to natural reward and to drugs of abuse. KOR
agonists have been shown to increase food intake in mice and
rats, including a direct administration of dynorphin A into
the VTA (Hamilton and Bozarth, 1988; Badiani etal., 2001).
Though the exact mechanism behind KOR mediated food intake
is unclear, it may be a process by which the animal attempts
to offset decreased dopamine levels resulting from administra-
tion of KOR agonists. Intracranial self-stimulation (ICSS) can be
used experimentally to measure alterations in reward thresholds.
In one study, the KOR agonist U-69,593 was shown to increase
brain reward thresholds for ICSS, indicating a depressive-like
state, which was reversed with administration of a KOR antag-
onist (Todtenkopf etal., 2004). Altered reward states resulting
from KOR activation are likely intimately linked with changes
in dopamine transmission. For instance, both intra-VTA and
intra-NAc administration of U-50488 results in conditioned place
aversion in rats (Bals-Kubik etal., 1993). As evidence for a role in
altered KOR-driven dopamine transmission in mediating these
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aversive behaviors, genetic deletion of KORs from dopamine
neurons was requisite for systemic KOR agonist place aversion
(Chefer etal., 2013). Interestingly, the authors were able to res-
cue U-69593 mediated place aversion by intra-VTA injection
of AAV to re-express KORs on dopamine neurons. Anhedo-
nia and negative affect are also observed in the generation
of comorbid mood disorders in neuropathic pain (Yalcin and
Barrot, 2014). Thus, KOR modulation of dopamine circuitry
and reward may serve as a putative mechanism for mediat-
ing the onset of negative emotional states and affect in chronic
pain.

Evidence for a role of dynorphin in linking the depression
of both behavior and dopaminergic transmission in chronic
pain states remains sparse. It is recognized that acute pain (like
euphorogenic drugs) activates dopaminergic transmission in brain
reward circuitry including the NAc (Boutelle etal., 1990; Scott
etal., 2006), whereas chronic or prolonged on-going pain pro-
duces the opposite effect (Wood etal., 2007; Geha etal., 2008;
Pais-Vieira etal., 2009). Thus, it would be predicted that KOR
involvement in modulating pain aversion would occur in chronic
pain states where dopamine dysfunction has been described. A
recent study demonstrated that CRF is a salient stressor in ani-
mal models of chronic pain where either CRF antagonists or
CRF-saporin alleviated pain hypersensitivities (Hummel etal,,
2010). Stress has been shown to activate the transcription fac-
tor CREB (cAMP response element-binding protein) in the NAc,
and CREB-mediated increases in dynorphin function in this
region contribute to depressive-like behavioral signs including
anhedonia in the ICSS test (Pliakas etal., 2001; Chartoff etal.,
2009; Muschamp etal., 2011). Additionally, KOR activation in
the mPFC causes local reductions in dopamine levels and estab-
lishes conditioned place aversions (Tejeda etal., 2013), suggesting
that elevated dynorphin function in this region can produce dys-
phoria. CRF is increased in the limbic system of chronic pain
conditions (Rouwette etal., 2012), and injection of CRF into
the VTA suppresses dopamine output to the NAc (Wanat etal,,
2013). Since KOR antagonists block CRF induced stress responses
(Bruchas etal., 2009), it has been hypothesized that KOR may
modulate the dysphoric/aversive component of pain via regula-
tion of CRE However, a recent studies by Leitl etal. (2014a,b)
recently reported that KORs are not involved in pain-induced
changes in dopamine transmission. Both acute visceral pain (via
intraperitoneal injection of lactic acid) and tonic pain (intraplan-
tar injection of formalin) caused reduction in NAc dopamine
release and a depression of ICSS, which was not recovered by
pretreatment with a KOR antagonist. These studies highlight
the influence of pain on dopamine transmission but argue that
KOR is not involved in regulation of dopaminergic transmis-
sion by an acute or tonic pain stimulus within relatively short
time periods. Previous studies demonstrated that KOR activa-
tion depressed both ICSS and NAc dopamine release (Todtenkopf
etal., 2004; Zhang et al., 2005; Carlezon etal., 2006; Negus etal.,
2010). It remains unclear if KORs are not involved in pain mod-
ulation of dopaminergic circuitry or if the negative outcome of
the Leitl studies (Leitl etal., 2014a,b) was due to study design.
The occurrence of anxiety and depressive behaviors that accom-
pany chronic pain states in rodents do not typically begin to

manifest until weeks 4 and 6-8 respectively (Yalcin etal., 2011).
Thus, the KOR system may only be engaged at later time points
following tissue or nerve damage which induces a chronic pain
state. Alternatively, KORs may not be critical for the expres-
sion of chronic pain but contributes to the modest effects of
analgesics in treating some forms of chronic pain including neu-
ropathic pain. Opioid-induced dopamine release in the NAc is
attenuated in rodents with neuropathic pain (Ozaki etal., 2002).
This result was proposed to explain the lack of opioid addic-
tion in chronic pain. However, an alternative interpretation is
that the lack of opioid-induced dopamine release may account
for the blunted analgesic properties of opioids in treating this
type of pain or in the precipitation of comorbidities such as
depression. There is evidence that KORs are responsible for the
blunted rewarding effects of opioids induced by a tonic inflam-
matory pain stimulus. Hence, the effects of morphine induced
place preference and morphine induced dopamine release in rats
were attenuated by formalin treatment, which was prevented by
KOR antagonist pre-treatment (Narita etal., 2005). In line with
these results, morphine evoked dopamine release was blunted in
the NAc of formalin injected animals, an effect that was reversed
with microinjection of an anti-dynorphin antibody in this brain
region.

CONCLUSION

The perception of pain and processes of reward and aversion are
complex, multifaceted phenomena manifested through extensive
processing in and between multiple brain structures. Of note, these
networks exhibit extensive anatomical overlap with several major
brain structures are important nodes in pain, pleasure and aversion
processing. The mesolimbic system is one point of convergence
that lends credence and consilience to the extensive evidence for
interactions between pain, reward, and aversion.

The aforementioned studies provide evidence for the role of
KOR in modulating dopaminergic neurotransmission in reward
circuitry and the influence of dopamine in the transduction and
generation of pain processing. Pharmacological manipulation of
KOR can be used to modify dopamine transmission and negative
affect. An engaging hypothesis holds the upregulation of dynor-
phin/KOR in chronic pain states to be causal in the generation of
concomitant depression and mood disorders. This remains to be
fully tested, however supporting evidence includes upregulation
of dynorphin following chronic drug use and in post-mortem sui-
cide patients where stress, depression, and anxiety disorders have
developed.

There is a clear a role for the dynorphin/KOR system in mod-
ulating the interplay of pain and reward processing. Through
modulation of limbic neurotransmission, this system produces
aversion, stress affect, and depression. The manifestation of these
processes as corresponding psychiatric disorders is highly comor-
bid with chronic pain and suicide is exceedingly prevalent in
chronic pain patients. These linked conditions have profound
and severely deleterious effects on patients’ quality of life. Despite
the implication of the KOR system in this progression, accepted
treatments targeting it are lacking, thus manipulation of the KOR
system may prove valuable in ameliorating chronic pain-induced
negative affect.
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INTRODUCTION

Opioids are the most potent drugs used for pain relief. However,
their therapeutic potential could be limited as a protracted use
will lead to tolerance to analgesic effects requiring escalating doses
that is associated with side effects such as respiratory depression.
A huge work has been devoted to decipher molecular mecha-
nisms of tolerance. It is now well-established that opioid receptors
(OR) desensitization and its molecular mechanisms are inti-
mately connected to this phenomenon. Since the beginning of
the 1980’s when the parallel between tolerance and desensitiza-
tion has been evoked, many studies came out on the molecular
mechanisms underlying OR desensitization. The number of pub-
lications related to OR desensitization increased dramatically
with the cloning of the opioid receptor 10 years later. In this
review, we made an effort to summarize a large amount of these
data and point out conflicting results by discussing about the
initial conditions (cell models, agonist treatments...). We also
integrated the latest developments obtained on the role of recep-
tor trafficking in desensitization and tolerance and the concept of
biased agonism.

STRUCTURE AND FUNCTION OF OPIOID RECEPTORS
DIFFERENT TYPES OF OPI0ID RECEPTOR

The idea that opiate narcotic analgesics must bind to specific
sites or opiate receptors, in the central nervous system and else-
where, in order to elicit pharmacological responses dates back
for half a century. It was based on the finding that there are

Opioid receptors (OR) are part of the class A of G-protein coupled receptors and the target
of the opiates, the most powerful analgesic molecules used in clinic. During a protracted
use, a tolerance to analgesic effect develops resulting in a reduction of the effectiveness.
So understanding mechanisms of tolerance is a great challenge and may help to find
new strategies to tackle this side effect. This review will summarize receptorrelated
mechanisms that could underlie tolerance especially receptor desensitization. We will
focus on the latest data obtained on molecular mechanisms involved in opioid receptor
desensitization: phosphorylation, receptor uncoupling, internalization, and post-endocytic

Keywords: opioid receptors, desensitization, tolerance mechanisms, biased signaling, receptor trafficking

important structural and steric constraints on most of the actions
of opiates. Thus, Beckett and Casy (1954), and Portoghese (1965)
postulated the existence of multiple OR based on the relationship
between molecular structure of opiate drugs and their anal-
gesic activity. Opioid-binding sites in the central nervous system
were demonstrated in mammalian brain tissue in the 1970s by
using radioligand-binding assays on isolated brain tissue (Pert
and Snyder, 1973; Simon et al., 1973; Terenius, 1973), followed
by the characterization of endogenous opioid peptides (Hughes
et al., 1975; Cox et al., 1976; Guillemin et al., 1977; Goldstein
et al., 1981). The endogenous opioid system, whose involvement
in different physiological functions has been recently reviewed
(Bodnar, 2014), consists of four distinct neuronal systems that are
widely distributed throughout the CNS and peripheral organs. To
date, four OR have been cloned, the mu, kappa, delta and noci-
ceptin/orphanin FQ receptor (Evans et al., 1992; Kieffer et al.,
1992; Chen et al., 1993a,b; Meng et al., 1993; Thompson et al.,
1993; Fukuda et al., 1994; Mollereau et al., 1994). This latter,
despite its sequence homology with the first three ones, poorly
binds peptide and alkaloid opioid ligands (Mollereau et al., 1994;
Reinscheid et al., 1995). So, only data on mu (MOR), delta
(DOR), and kappa (KOR) OR will be included in this review.
The endogenous opioid peptides are generated from four precur-
sors: proopiomelanocortin, proenkephalin, prodynorphin, and
pronociceptin/orphanin FQ (Nakanishi et al., 1979; Kakidani
et al., 1982; Noda et al., 1982; Meunier et al., 1995; Reinscheid
et al., 1995), each generating biologically active peptides that are
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released at the synaptic terminals of opioidergic neurons. These
peptides exert their physiological actions by interacting with the
various classes of OR present on both pre- and post-synaptic
membranes of opioid and opioid target neurons (Besse et al.,
1990).

Receptor subtypes of mu, delta and kappa OR have been pro-
posed from the pharmacological in vitro and in vivo studies, but
at present there is no molecular evidence to account for a further
subclassification. Only one molecular entity for each receptor has
been cloned from a given species (Knapp et al., 1995; Dhawan
et al., 1996), although functional splice variants of MOR have
been discovered (Abbadie et al., 2004; Pasternak et al., 2004; Pan
et al., 2005; Pasternak and Pan, 2013). Recent explanations, not
mutually exclusives, regarding the diversity of pharmacological
responses following activation of a single target, have emerged
with the identification of OR heterodimers that appear to have
properties different from the monomeric receptors (Fujita et al.,
2014; Massotte, 2014; Ong and Cabhill, 2014) and the notion of
biased agonism (see this review and Violin et al., 2014).

STRUCTURE

Opioid receptors belong to the class A of G protein-coupled
receptors (GPCR) which share some common features. They pos-
sess seven transmembrane domains linked by three intracellular
and three extracellular loops, an extracellular amino-terminus
and an intracytoplasmic C-terminus tail. The amino-terminus
region has putative glycosylation sites. Whereas O- and N-
glycosylation seems to be important for DOR maturation and
export to plasma membrane (Petaja-Repo et al., 2000), N-
glycosylation of MOR doesn’t affect its function (Befort et al.,
2001; Rostami et al., 2010). The transmembrane domains are
composed of a strong proportion of hydrophobic amino-acids
organized in alpha helix and demonstrate the highest sequence
homology between the three OR (around 70%) (Mollereau et al.,
1994). These domains contain cysteine residues that might be
important for ligand binding for MOR (Gioannini et al., 1999)
but not for DOR (Ehrlich et al., 1998). The three extracellu-
lar loops (most divergent in sequence), including the first two
ones linked by a disulfide bond would participate in ligand bind-
ing (Metzger and Ferguson, 1995). The three intracellular loops
would be more involved in G protein interaction (Metzger and
Ferguson, 1995; Georgoussi et al., 1997; Megaritis et al., 2000).
The carboxy-terminus tail has a low sequence homology between
the three OR. It contains putative phosphorylation sites (Ser, Thr,
and Tyr) involved in regulation events after ligand binding and a
conserved cysteine residue. This latter could be involved in recep-
tor palmitoylation, a reversible post-translational modification
that could regulate DOR surface expression for instance (Petaja-
Repo et al., 2006). However, in MOR, mutation of the two Cys
residues does not affect palmitoylation (Chen et al., 1998).

In the last few months, an important breakthrough has
been made with the crystal structures of MOR (Manglik et al.,
2012), DOR (Granier et al., 2012), and KOR (Wu et al., 2012)
at high resolution. The results obtained by these studies con-
firmed some previously discovered important characteristics of
OR. Pharmacology of OR has been described with the mes-
sage/address model: the ligand is composed of two parts, one
carrying the activity (agonist or antagonist) at the different

subtypes of OR, the “message” and one part, the “address,” con-
veying selectivity toward a given OR (Portoghese et al., 1990).
For the opioid peptides, enkephalins, dynorphins and endor-
phins, the N-terminal tyrosine residue may be considered as
the common message and the C-terminal domain presents the
variable address. The deep binding pocket responsible for the
“message” recognition is conserved between the different OR sub-
type, whereas the distal binding site responsible for the “address”
recognition is divergent (Metzger and Ferguson, 1995; Granier
et al., 2012; Manglik et al., 2012; Filizola and Devi, 2013). For
instance, the indole group of naltrindole, carrying the selectivity
toward DOR, interacts with the Leu7.35 residue. In the MOR, this
amino-acid is replaced by a Trp, preventing naltrindole binding
by steric hindrance (Granier et al., 2012; Manglik et al., 2012).
Interestingly, MOR crystallized in two-fold symmetrical dimer
(Manglik et al., 2012) whereas KOR (Wu et al., 2012) and DOR
(Granier et al.,, 2012) were also shown to adopt anti-parallel
arrangements. While those data reinforce the existence of OR
dimers (Massotte, 2014), one should keep in mind that the non-
physiological conditions (i.e., detergents and modified receptors)
used for such crystallographic studies could generate artifactual
interactions.

SIGNALING AND BIASED AGONISM

OR are mainly coupled to pertussis toxin-sensitive heterotrimeric
Gyi/o proteins and to a lesser extent to G, (Law et al., 2000).
Gq and Gg, dimer activate numerous intracellular effectors. The
most studied effector is the adenylyl cyclase (ACase) and investi-
gations on OR coupling demonstrated that stimulation of MOR,
DOR, and KOR in cellular models or ex vivo inhibited ACase
mainly via Gj/, proteins (Dhawan et al., 1996; Bian et al., 2012).
One of the fastest responses obtained after OR activation is the
regulation of certain types of ionic channels such as the inhibition
of voltage-dependent Ca?* channels or activation of potassium
channels such as GIRK (G protein-coupled inwardly rectifying
KT channels) (Law et al., 2000). Activation of KT channels medi-
ates neuronal membrane hyperpolarization and reduces hyper-
excitability. The inhibition of voltage-dependent Ca?" channel
blocks neurotransmitters release. These two phenomena partic-
ipate to reduce nociception mediated by OR. OR also activate
phospholipase C and mitogen-activated protein (MAP) kinases
pathways (Law et al., 2000).

Recently, a new notion has emerged from pharmacological
studies of GPCR, called biased agonism or functional selectiv-
ity. The binding of different ligands of a single receptor results in
distinct conformational changes of receptor; each conformation
preferentially interacts with selective partners producing specific
signaling cascades (Kenakin, 2011). One could trace back the first
data on biased agonism for OR when some authors demonstrated
that different ligands for the same OR activate different subsets
of Gay/o proteins (Allouche et al., 1999a). Recently, Morse and
colleagues revealed a functional selectivity using a large panel
of opioid ligands by the label-free dynamic mass redistribution
technology which is based on the detection of refractive index
alterations measured by biosensor-coated microplates (Morse
et al., 2013); this suggests that opioid ligands are able to pro-
mote different conformational changes of OR. Many studies
have demonstrated the existence of a biased agonism for OR at

Frontiers in Pharmacology | Neuropharmacology

December 2014 | Volume 5 | Article 280 | 116


http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuropharmacology/archive

Allouche et al.

Opioid receptor desensitization

different signaling events including desensitization, phosphory-
lation, endocytosis, trafficking, and in vivo effects (see below)
(Raehal et al., 2011; Pradhan et al., 2012; Kelly, 2013).

IN VIVO FUNCTION

The anatomical localization of OR in the brain and peripheral tis-
sues has been clearly established using autoradiographic methods
with selective radiolabeled ligands and detection of OR tran-
scripts using in situ hybridization (Mansour et al., 1995; Dhawan
et al., 1996). The different OR are widely distributed throughout
the central nervous system that explains the large pharmaco-
logical responses observed following administration of opioid
agonists.

The highest density of MOR is found in the caudate and puta-
men, where they exhibit a typical patchy distribution in the rat.
High levels of MOR are observed in the cortex, thalamus, nucleus
accumbens, hippocampus, and amygdala. Moderate levels are
found in the periaqueductal gray matter and raphe nuclei, and
low concentrations are seen in the hypothalamus, preoptic area,
and globus pallidus (Quirion et al., 1983). MOR are also present
in the superficial layers of the dorsal horn of the spinal cord (Besse
etal., 1990). This large distribution in both spinal and supraspinal
structures, as well as at periphery, shows that MOR play an impor-
tant role in the control of nociception, in good agreement with the
pharmacological studies demonstrating that mu selective agonists
are potent antinociceptive drugs. Numerous other physiologi-
cal functions appear to be controlled by MOR. These include
reward, respiration, cardiovascular functions, bowel transit, feed-
ing, learning and memory, locomotor activity, thermoregulation,
hormone secretion, and immune functions (Dhawan et al., 1996;
Kieffer, 1999; Bodnar, 2014).

The distribution of KOR demonstrates some of the most strik-
ing species differences among the OR types. In the rat, they
represent only approximately 10% of the total number of OR,
while in most other species (guinea pig, monkey, and human)
they represent at least a third of the opioid binding popula-
tion (Dhawan et al., 1996). KOR have been found to be widely
distributed throughout the forebrain, midbrain, and brainstem.
They are implicated in the regulation of several functions, includ-
ing nociception, diuresis, mood, feeding, and neuroendocrine
secretions (Tejeda et al., 2012; Bodnar, 2014).

Compared to MOR and KOR, DOR are more restricted in their
distribution and are densest in forebrain regions, well-conserved
across mammalian species. Dense binding is observed in the cau-
date, putamen, cerebral cortex, and amygdala, while they are
generally sparse to inexistent in thalamus and hypothalamus.
They play a role in different functions: nociception, locomotor
activity, gastro-intestinal motility, olfaction, cognitive function,
and mood driven behavior (Dhawan et al., 1996; Gaveriaux-Ruff
and Kieffer, 2002; Bodnar, 2014).

DESENSITIZATION

Chronic opioid use leads to tolerance, defined as a decrease of
the drug response. It’s possible to reproduce in vitro such phe-
nomenon when cellular models expressing OR are exposed to
agonists; in that situation, a decrease of signaling is observed
and is designated as OR desensitization. Some reports distinguish

the OR desensitization from the cellular tolerance. When rats are
chronically exposed to morphine, examination of MOR activity
on the outward potassium current shows a reduction compared
to naive animals which is not reversible even after 6h in free-
morphine medium,; this is cellular tolerance (Levitt and Williams,
2012). In contrast, desensitization may be defined as a reduc-
tion of signal transduction from OR after acute activation by
agonists that recovers when cells or tissues are placed in agonist-
free medium. The first works studying the molecular mechanisms
underlying OR desensitization were reported more than 30 years
ago (Gahwiler, 1981; Law et al., 1982).

Initially, studying desensitization was made possible by using
experimental models endogenously expressing OR such as brain
membranes, rabbit cerebellum or cell lines (NG 108-15, SH-SY5Y,
SK-N-SH, SK-N-BE. . .). Since the cloning of the first OR, those
models have been superseded by heterologous expression systems
(HEK, CHO, COS-7, Xenopus laevis oocyte) in which OR are eas-
ily expressed in large amount but whose cellular characteristics
are far from neurons in which OR are endogenously expressed.

Desensitization of OR is studied on different signaling path-
ways including ACase inhibition, activation of MAP kinases, inhi-
bition of voltage-gated calcium channels and activation of GIRK
channels. Desensitization is sometimes evaluated by measuring
the ability of OR to activate G proteins in [>>S]GTPyS binding
experiments after opioid agonists exposure. In absence of modifi-
cation on the downstream signaling pathway, G protein uncou-
pling is a good marker for desensitization but can’t be applied
for G protein-independent pathways (i.e., MAP kinases). The
comparison between desensitization studies suffers also from the
various experimental conditions used. Cellular model, agonist,
agonist concentration, time of exposure, level of OR expression
or signaling pathway studied are among the different parameters
that could influence OR desensitization as previously reviewed
(Connor et al., 2004).

DEFINITION

As indicated above, desensitization is defined as a progressive
reduction of signal transduction that occurs more or less rapidly
after OR activation depending on the agonist and the signaling
pathway. The rapid desensitization is mainly observed on the reg-
ulation of ion channel conductance from sec to several minutes
while a sustained desensitization is rather observed on regulation
of enzymes (ACase, MAP kinases) after minutes to several tens
of minutes. However, in this latter case, other counter-regulatory
mechanisms (internalization, traffic of OR) could participate
to desensitization making its description complex. Molecular
mechanisms turned out to be complicated for several reasons:

— A single OR can activate simultaneously different signaling
pathways such ACase, MAP kinases or ion channels and it
is possible to observe different levels of desensitization when
considering those cellular responses. For instance, we recently
showed that remifentanil, a MOR selective agonist, produces
a significant desensitization by 60% on the cAMP pathway
after 10 min while at the same time desensitization of the MAP
kinases ERK1/2 signaling pathway was not significantly affected
(Nowoczyn et al., 2013).
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— Two types of desensitization, homologous and heterolo-
gous, were described. In homologous desensitization, only
agonist-activated receptors are desensitized while in heterolo-
gous desensitization, both agonist-activated and non-activated
receptors sharing the same signaling pathways are inactivated.
Those types of desensitization are related to different mech-
anisms especially in terms of receptor phosphorylation and
kinases (Chu et al., 2010). Cross-desensitization between OR
and other GPCRs is not systematically investigated and when
it is, the level of desensitization between GPCRs using the
same signaling pathway can be different (Namir et al., 1997).
Recently, Xu et al. showed a cross-desensitization between the
dopamine D1 receptors and DOR. This heterologous desen-
sitization characterized by an uncoupling of G proteins from
DOR is neither associated with modifications in receptor num-
ber nor in their phosphorylation but involves several kinases
[cCAMP-dependent protein kinase (PKA), MAP kinases/ERK
kinase 1 (MEK1) and phosphoinositide-3 kinase (PI3K)] that
could phosphorylate signaling proteins (Xu et al., 2013).

— Desensitization results from several regulatory mechanisms
of signal transduction and depends on the number of active
receptors at the cell surface, the efficiency of OR/G proteins
coupling and the post-endocytic traffic. Recently, desensitiza-
tion of MOR expressed in the neurons from locus coeruleus
was demonstrated to result from a decrease of both number
of active receptors and the affinity of residual receptors for the
agonist (Williams, 2014).

This part will discuss recent data from literature regarding desen-
sitization of the different OR: the impact of the agonist used
through the notion of biased agonism, the role of phosphory-
lation and consequently the kinases involved, the implication of
arrestins and OR internalization and their fate after endocytosis.
Regarding MOR, a recent review has been published concerning
the molecular mechanisms involved in its regulation (Williams
etal., 2013).

EFFECT OF BIASED AGONISM ON OR DESENSITIZATION

The first reports describing a differential desensitization of MOR,
DOR, and KOR by various agonists came from Reisine’s group
(Blake et al., 1997a,b; Bot et al., 1997) suggesting that biased
agonism could influence desensitization; but at that time this con-
cept was not established yet. Few studies have been designed to
evaluate the impact of biased agonism on OR desensitization.
They would require determination of the relationship between
agonist concentration and the response from a large panel of
ligands. More generally, the comparison of the ability of two lig-
ands to promote OR desensitization is realized using the same
concentration regardless their intrinsic efficacy.

Biased agonism at MOR and desensitization

Functional studies revealed that [D-Alaz-MePhe4—Gly5-ol]
enkephalin (DAMGO) induced a stronger desensitization of
MOR than morphine in different experimental models and
signaling pathways (Yu et al., 1997; Whistler and Von Zastrow,
1998; Koch et al., 2001; Blanchet et al., 2003; Bailey et al.,
2009). However, such difference was not reported by others

(Liu and Prather, 2001; Borgland et al., 2003; Schulz et al.,
2004). In contrast, morphine was demonstrated to promote a
stronger MOR desensitization than DAMGO on the increase of
intracellular [Ca%?t] (Chu et al., 2010). In another model, the
human neuroblastoma SH-SY5Y, it is possible to observe a huge
difference in MOR desensitization produced by morphine and
remifentanil on the cAMP pathway but not on the MAP kinases
ERK1/2 (Nowoczyn et al., 2013). All those discrepancies could be
due to the different level of OR expression, the cellular models
and the existence of spare receptors as previously mentioned
(Connor et al., 2004).

Biased agonism at DOR and desensitization

Evidence for a different DOR regulation by methadone and
morphine was also reported; a pretreatment with methadone
but not with morphine produced a cross-desensitization with
[D-Ala?, D-Leu’]-enkephalin (DADLE) and morphine (Liu
et al,, 1999a). Similar data were reported by Bot et al. (1997).
In our laboratory, we also showed a differential regulation of
human DOR (hDOR) on both the inhibition of ACase and the
phosphorylation of ERK1/2 in the SK-N-BE cells. Initially, we
suggested that peptidic opioid agonists such as [D-Pen?-D-Pen>]-
enkephalin (DPDPE) and deltorphin I (H-Tyr-D-Ala-Phe-Asp-
Val-Val-Gly-NH,) induced a stronger and faster desensitization
compared to the alkaloid agonist etorphine (Allouche et al,
1999b). However, using other peptidic ([Leu®]- and [Met’]-
enkephalins and UFP-512 ([H-Dmt-Tic-NH-CH(CH,-COOH)-
Bid])) and non-peptidic (SNC-80 ((+4)-4-[(alpha R)-alpha-
((2S,5R)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl] -
N,N-diethyl-benzamide) and ARM-390) ligands we didn’t
confirm such assumption but our data rather suggest that DOR
selective agonists promote profound desensitization compared
to non-selective ligands (Marie et al., 2003a; Lecoq et al., 2004;
Aguila et al., 2007).

Biased agonism at KOR and desensitization

Very few studies examined the regulation of KOR by different
agonists. The group of Pei showed that desensitization of
KOR-mediated extracellular acidification response was greater
upon dynorphin A (1-13) stimulation than U69,593 ((+)-(5a,
70,8B)-N-Methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]-
benzeneacetamide) and etorphine (Ling et al,, 1998). On the
cAMP pathway, U50,488 (trans-(+)-3,4-Dichloro-N-methyl-N-
[2-(1-pyrrolidinyl)cyclohexyl]benzeneacetamide) and dynorphin
A (1-17) produced a greater KOR desensitization than etorphine
or levorphanol (Blake et al., 1997b).

With respect to desensitization, all those data support the idea
that agonists are able to promote a different regulation of OR as
demonstrated for other GPCR such as the histamine H2 receptors
(Alonso et al., 2014). Such differential desensitization demon-
strated for each OR by different agonists is probably related to
the set of different regulatory molecular mechanisms (see above).

MECHANISMS OF OR DESENSITIZATION

OR phosphorylation

Numerous studies have been carried out to demonstrate the
role of OR phosphorylation in desensitization by using chemical
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inhibitors of kinases, in vitro or in vivo knock-out (KO) of kinases
using siRNA or transgenic mice, over-expression of dominant
negative mutants of kinases, amino acid substitution or trunca-
tion on OR. While in some studies the phosphorylation state of
OR is clearly determined, in most of them and especially those
using kinase inhibitors this major information is lacking. All those
data are summarized in Figures 1A-C.

MOR phosphorylation. Using metabolic labeling with [>2P] and
different mutants at the C terminal tail, the group of Law demon-
strated that rat MOR (rMOR) displays a basal phosphorylation at
$363 and T370 and DAMGO increases phosphorylation at T370
and S375 (El Kouhen et al.,, 2001). Those results were recently
confirmed using specific antibodies directed against the phospho-
S363, phospho-T370 and phospho-S375 (Doll et al., 2011). As
demonstrated for the DOR (see below), agonist-induced MOR
phosphorylation is carried out hierarchically with first of all the
S375, considered as the major phosphorylation site, followed by
T370 (EI Kouhen et al., 2001). Morphine was also shown to
increase S375 [or S377 for the human MOR (hMOR)] phospho-
rylation (Nowoczyn et al., 2013) but failed to phosphorylate T370
(Doll et al., 2011). Recently, Just and collaborators showed that
MOR is sequentially phosphorylated at S375, T370, T379, and
T376 by DAMGO. Interestingly, low concentrations of this opioid
agonist rather promote phosphorylation at S375 and T379 while
a strong phosphorylation of T370 and S375 is observed at higher
concentrations (Just et al., 2013).

Phosphorylation studies using liquid chromatography-mass
spectrometry techniques have led to the characterization of two
regions at the C terminal tail of the MOR (Lau et al.,, 2011):
the first region (amino acid 349-365) can be mono- or bi-
phosphorylated at S363 and in the cluster 354TSST357. While
the basal phosphorylation of S363 is not modified by ago-
nist exposure, morphine or DAMGO can increase phosphory-
lation at the cluster TSST. The second region 375STANT379 is
mono- or bi-phosphorylated upon agonist exposure. Rather than
qualitative differences, DAMGO and morphine were shown to
induce marked quantitatively different phosphorylation increase
in MOR. Using a similar experimental approach, two labora-
tories showed that rMOR and hMOR were phosphorylated in
the absence of agonist at $363 and T370 (Moulédous et al,
2012; Chen et al., 2013). Moulédous et al. showed that DAMGO
increases hMOR phosphorylation at $356, T370, S375, and T376
(Moulédous et al., 2012) while Chen et al. compared the phospho-
rylation mediated by DAMGO and morphine; these latter showed
that both agonists increase phosphorylation at S356, T357, T370,
and S375 (Chen et al., 2013).

Different kinases are involved in MOR phosphorylation. Using
siRNA against various forms of the G protein-coupled receptor
kinase (GRK) family, DAMGO was demonstrated to phospho-
rylate T370 and S375 by GRK2 and 3 while morphine increases
S375 phosphorylation by GRK5 (Doll et al., 2012). In SH-SY5Y
cells, hMOR phosphorylation at S377 (the equivalent of S375
for the rMOR) upon DAMGO exposure does not rely on GRK2
suggesting the implication of another kinases (Moulédous et al.,
2012). In vivo, using KO mice for either GRK3 or 5, morphine
rather promotes MOR phosphorylation at S375 by both kinases
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FIGURE 1 | (A) Phosphorylation sites of MOR. The cluster 354TSST357:
phosphorylation both by DAMGO and morphine (Lau et al., 2011). The S356
(equivalent to Ser358 in human) is phosphorylated by DAMGO (Moulédous
etal, 2012), S356 and T357 are phosphorylated both by DAMGO and
morphine (Chen et al., 2013). The S363 (equivalent to S365 in human) is
phosphorylated in the absence of agonist (El Kouhen et al., 2007; Lau et al.,
2011; Moulédous et al., 2012; Chen et al., 2013). PKC was demonstrated to
phosphorylate S363 (Chen et al., 2013; llling et al., 2014). The T370
(equivalent to T372 in human) is phosphorylated in the absence of agonist
(Continued)
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FIGURE 1 | Continued

(Moulédous et al., 2012; Chen et al., 2013). A decrease of phosphorylation
level is observed upon DAMGO and 1Dme (a neuropeptide FF analog)
exposure (Moulédous et al., 2012). PKC (llling et al., 2014) and CaMKII
(Chen et al., 2013) phophorylate T370. DAMGO, morphine and etonitazene
increase phosphorylation at T370 (Doll et al., 2011; Lau et al., 2011).
DAMGO-mediated phosphorylation at this residue is ultra-rapid (20s) (Just
et al,, 2013) and involves GRK2 and 3 (Doll et al., 2012) but not PKC (llling
et al., 2014). The cluster 375STANT379 displays higher level of
phosphorylation upon DAMGO compared to morphine (Lau et al., 2011).
S375 or T376 (equivalent to S377 and T378 in human) are phosphorylated
upon DAMGO and 1Dme (Moulédous et al., 2012), DAMGO, etonitazene,
and morphine (Doll et al., 2011). S375 is considered as the major
phosphorylation site as it is rapidly phosphorylated (20 s) upon DAMGO
(Just et al., 2013). This agonist-mediated phosphorylation does not
implicate PKC (llling et al., 2014) but rather GRK2 (Chen et al., 2013) or
GRK2 and 3 (Doll et al., 2012) upon DAMGO exposure, and GRK5 and to a
lesser extent GRK3 upon morphine treatment (Doll et al., 2012). T376
(equivalent to T378 in human) is phosphorylated upon DAMGO and 1Dme
(Moulédous et al., 2012), by GRK2 and 3 upon DAMGO exposure but it is
considered as a late phosphorylation site (20 min) (Just et al., 2013). T379 is
also phosphorylated upon DAMGO exposure after 1 min and required the
GRK3 (Just et al., 2013). Y166 (Clayton et al., 2010) and Y336 (Zhang et al.,
2009) are phosphorylated by Src. (B) Phosphorylation sites of DOR. S344
phosphorylation is mediated by a PKC but is not increased by DPDPE
(Xiang et al., 2001). S358 and S363 (Guo et al., 2000; Kouhen et al., 2000)
are the two major sites of phosphorylation mediated by GRK2 upon DPDPE
exposure. Deltorphin Il and morphine are also able to increase
phosphorylation at S363 (Navratilova et al., 2005). T361 is phosphorylated
by DPDPE but after S358 and S363 phosphorylation (Guo et al., 2000;
Kouhen et al., 2000). T161 is phosphorylated by CDK5 in the absence and
in the presence of chronic morphine exposure (Xie et al., 2009). Y318 is
phosphorylated by Src upon DTLET exposure (Kramer et al., 2000b). (C)
Phosphorylation sites of KOR. Phosphorylation of S369 (rKOR) is mediated
by GRK2 (Mclaughlin et al., 2003) and 3 (Mclaughlin et al., 2004) upon
U50488 exposure. In hKOR, S358 is phosphorylated by GRK2 when
activated by U50488 (Li et al., 2002).

while only GRK3 was required for fentanyl-induced MOR phos-
phorylation (Gliick et al., 2014). Using the carboxy-terminal
region of MOR fused to glutathione S-transferase and puri-
fied kinases, PKC, GRK2, and calmodulin-dependent kinase II
(CaMKII) were shown to phosphorylate S363, S375 and T370,
respectively (Chen et al., 2013). Various PKC isoforms (PKCa, BII,
Y, €) activated by phorbol 12-myristate 13-acetate (PMA) trig-
ger MOR phosphorylation at S363 and T370 but those kinases
are not recruited upon DAMGO stimulation (Doll et al., 2011;
Feng et al., 2011); those data indicate the role of PKC in the
basal and heterologous phosphorylation of MOR (Illing et al.,
2014).

The tyrosine kinase Src was also shown to phosphorylate MOR
at Y336, located in the NPXXY motif, after sustained morphine
treatment followed by naloxone (Zhang et al., 2009). The Y166,
located in the DRY motif of the second intracellular loop of MOR,
can be phosphorylated by Src but only upon co-activation with
DAMGO and epidermal growth factor (EGF) (Clayton et al.,
2010).

In summary, those studies revealed that S375 is the main phos-
phorylation site of MOR but agonists promote a differential and
a multi-phosphorylation of this OR as recently reviewed (Mann
etal., 2014).

DOR phosphorylation. Pei and colleagues were the first to
demonstrate that OR could be phosphorylated upon agonist
stimulation (Pei et al., 1995). They showed that DPDPE increases
incorporation of [3*P] in a GRK-dependent manner. As shown
for MOR, the group of Law showed that DOR was sequentially
phosphorylated at S363, T358, and T361 upon DPDPE expo-
sure (Kouhen et al,, 2000). Those results were confirmed by
another group who also demonstrated the critical role of GRK2
in DPDPE-induced phosphorylation of these residues (Guo et al.,
2000; Marie et al., 2008). Deltorphin II is also able to increase
S363 phosphorylation at hDOR but to a greater extent than mor-
phine (Navratilova et al., 2005). PKC can phosphorylate DOR
at S344 but is not required for DPDPE-induced DOR phos-
phorylation (Xiang et al., 2001). In a similar way as MOR,
DOR phosphorylation of the Y318, located in the NPXXY motif,
occurred upon DTLET ([D—Thr2—Leu5—Thr6]enkephalin) expo-
sure in a Src dependent manner (Kramer et al., 2000a,b). The
cyclin-dependent kinase 5 (Cdk5), a proline-directed S/T kinase,
was demonstrated to mediate basal and morphine-activated DOR
phosphorylation at the T161 located in the second intracellular
loop (Xie et al., 2009).

KOR phosphorylation. Concerning KOR phosphorylation, the
data from literature are very scarce. The group of Chavkin showed
that rKOR is phosphorylated in vivo at S369 by GRK3 upon
U50,488 exposure (Mclaughlin et al., 2004) and in vitro by GRK2
(Mclaughlin et al., 2003). Upon global evaluation of the hKOR
phosphorylation, Li et al. observed that dynorphin A (1-17) and
U50,488 promote the highest phosphorylation, etorphine 50% of
the maximum and levorphanol failed to induce [**P] incorpora-
tion demonstrating that opioid agonists have different potencies
to phosphorylate this receptor (Li et al., 2003). It is noteworthy
that human and rodent KOR differ substantially in the amino
acid composition in the C-terminal region; such difference could
explain the absence of rKOR phosphorylation when activated by
U50,488 (Li et al., 2002). In hKOR, the S358, substituted by N
in the rKOR, is the major phosphorylation site mediated by the
GRK2 upon U50,488 exposure.

In summary, the phosphorylation sites for each OR were
mapped and showed that activation of a given receptor by dif-
ferent agonists results in a specific pattern involving different
kinases (Figures 1A—C). Those data are consistent with the model
of barcode established for the B-adrenergic receptor, a prototypic
GPCR (Nobles et al., 2011), and could determine the selective
interactions between the OR and partners such as arrestins.

Uncoupling between G proteins and OR

Any process interfering with the interaction between G proteins
and OR can lead to reduction of signal transduction intensity. G
protein uncoupling can be evidenced by binding studies on cel-
lular membranes using the radiolabeled non-hydrolyzable GTP
analog [*S]GTPyS which binds to a G protein activated by the
complex receptor-opioid agonist.

In CHO cells over-expressing hDOR, deltorphin II (H-Tyr-
D-Ala-Phe-Glu-Val-Val-Gly-NH2) pretreatment induces desen-
sitization after 30 min on the ACase inhibition associated with
a G protein uncoupling (Navratilova et al, 2007). In the
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neuroblastomaxglioma (NG108-15) hybrid cells, morphine pre-
treatment failed to promote uncoupling of DOR from G proteins
while methadone did (Liu et al., 1999b). Conversely, after 5 days
of chronic morphine exposure, it is possible to observe a complete
uncoupling between MOR and its cognate G proteins (Bohn et al.,
2000). However, upon acute exposure (30 min) morphine failed
to promote a reduction of [**S]GTPyS binding compared to
DAMGO indicating a great difference between agonists (Whistler
and Von Zastrow, 1998). When expressed in the CHO cell line, the
hKOR was demonstrated to undergo a time- and concentration-
dependent uncoupling from G proteins but with a moderate
impact on the inhibition of ACase (a two-fold increase of the ECs
value of the KOR agonist U50488) (Zhu et al., 1998).

Relationship between OR phosphorylation and desensitization

In most of these studies, the role of OR phosphorylation in
desensitization is indirectly demonstrated by using KO mice or
kinases chemical inhibitors; in such situations, we cannot rule
out the phosphorylation of other signaling proteins involved
in regulatory mechanisms of OR. Mutation of putative phos-
phorylation sites or truncation of the C terminal tail of OR
have been extensively used to delineate the role of phosphory-
lation in desensitization. All those data are summarized in the
Table 1.

MOR. Comparison between two truncated MOR in the C ter-
minal tail in HEK cells over-expressing a GRK2 peptide known
to block Ggy-mediated recruitment of GRK at the plasma
membrane suggest that the amino acids sequence 354TSST357
plays a major role in GRK2-mediated MOR desensitization
upon DAMGO exposure (Wang, 2000). In locus coeruleus neu-
rons morphine induced MOR desensitization, measured on K+

current, in a PKC-dependent manner while GRK2 was required
for DAMGO-induced MOR desensitization (Bailey et al., 2009).
Such observations were confirmed by others on Ca?* mobiliza-
tion; PKC-¢ was required for morphine-induced MOR desensi-
tization but not upon etorphine, fentanyl and DAMGO (Zheng
et al., 2011). Recently, in locus coeruleus neurons and using
chemicals activators (phorbol-12,13-dibutyrate and phorbol-12-
myristate-13-acetate) or a muscarinic agonist known to activate
PKC, acute or sustained desensitization of MOR induced either
by morphine or [Met®]-enkephalin were demonstrated to differ-
entially required PKC activity but such effects were not inhib-
ited by the potent PKC inhibitor staurosporine (Arttamangkul
et al., 2014). Those data suggest that the involvement of PKC
in MOR desensitization would be cell-type specific. In the pres-
ence of DAMGO or [Met’]-enkephalin, the molecular mech-
anisms involved in MOR desensitization change during brain
development. In the locus coeruleus of young rats, those opi-
oid peptides produce heterologous MOR desensitization with
a2 adrenoreceptors in a GRK2-dependent manner but indepen-
dently of its kinase activity; the high GRK2 expression would
sequestrate Gg, and interfere with K* channels activation while
in mature rats, homologous MOR desensitization would be due
to receptor phosphorylation by this kinase (Llorente et al., 2012).
GRK2 was also shown to mediate heterologous desensitization
by promoting MOR transphosphorylation upon neuropeptide
FF receptor activation (Moulédous et al,, 2012). The role of
phosphorylation in MOR desensitization has been challenged:
using staurosporine as a broad spectrum kinase inhibitor and a
GRK2-mutant mice, Arttamangkul et al. showed no modifica-
tion of [Met®]-enkephalin-induced receptor desensitization on
K™ channels in locus coeruleus neurons (Arttamangkul et al.,
2012).

Table 1 | Role of kinases in OR desensitization/tolerance.

OR Main results

References

MOR GRK2-mediated desensitization after DAMGO exposure

DAMGO mediates desensitization in a GRK2-dependent manner while morphine

induced-desensitization in a PKC-dependent fashion

Role of PKCe in morphine- but not etorphine-, fentanyl-, and DAMGO-induced desensitization
Role of GRK2 in homologous and heterologous receptor desensitization

Role of GRK2 in heterologous desensitization between MOR and neuropeptide FF receptor
No evidence for a role of GRK5 in the development of morphine tolerance

Staurosporine and GRK inhibitors do not alter desensitization upon [Met®]-enkephalin exposure
Role of PI3Ky in desensitization and tolerance after chronic morphine treatment

Role of JNK2 in tolerance and uncoupling after chronic morphine but not fentanyl treatment
Role of Src in ACase superactivation after chronic morphine treatment and naloxone addition

Wang, 2000
Bailey et al., 2009

Zheng et al., 2011
Llorente et al., 2012
Moulédous et al., 2012
Glick et al., 2014
Arttamangkul et al., 2012
Konig et al., 2010

Melief et al., 2010

Zhang et al., 2009

DOR GRK2, PKC and a tyrosine kinase are involved in desensitization of hDOR when activated by etorphine Marie et al., 2008
Role of GRK6 in DPDPE-mediated desensitization Willets and Kelly, 2001
Role of PKC in DOR desensitization upon sustained activation by DADLE and [Leu®]-enkephalin Yoon et al., 1998; Song
and Chueh, 1999
Role of Src in DPDPE-induced DOR desensitization Archer-Lahlou et al., 2009;
Hong et al., 2009
KOR Expression of GRK3 or 5 alone is not sufficient to promote desensitization Appleyard et al., 1999

Role of GRK3 in development of U50,488 induced tolerance

Mclaughlin et al., 2004
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The implication of other kinases than GRK and PKC in MOR
desensitization was also investigated. The PI3Ky was demon-
strated to be involved in MOR desensitization on the inhibition
of voltage-gated calcium channels induced by chronic morphine
treatment (Konig et al., 2010). Using chemical inhibitor and KO
mice, c-Jun amino-terminal kinase 2 (JNK2) was demonstrated
to play a major role in morphine- but not fentanyl-induced G
protein uncoupling (Melief et al., 2010).

Some studies were also conducted to identify the amino acids
of MOR involved in desensitization. The T180A substitution
abolished MOR desensitization compared to wild type but the
phosphorylation state of the receptor was not evaluated (Celver
et al., 2004). The S375 was shown to play a major role in MOR
desensitization on the cAMP and MAP kinase pathways but only
when activated by morphine but not DAMGO (Schulz et al,,
2004). Activation of PKC by PMA but not DAMGO pretreat-
ment is able to promote MOR uncoupling from G proteins which
is attenuated by the S363A mutation (Feng et al., 2011); this
indicates that PKC-mediated phosphorylation of S363 as well as
T370 upon substance P receptor activation (Illing et al., 2014)
are potentially involved in heterologous desensitization. Using the
triple mutant (S363A, T370A, and S375A), Zheng et al. showed
that MOR desensitization upon etorphine, fentanyl and DAMGO
but not morphine was impaired indicating the different role of
amino acids phosphorylation in desensitization (Zheng et al.,
2011). As they also demonstrated that PKC mediated morphine-
induced MOR desensitization, it can be inferred that PKC would
phosphorylate MOR at other sites than S363, T370, and S375.
MOR desensitization and phosphorylation at S375 produced by
morphine can be modulated by other proteins such as the FK
binding protein 12 which would compete with kinase at MOR
(Yan et al., 2014).

While all those data indicate that MOR phosphorylation
would play a crucial role in desensitization, Qiu and collabora-
tors showed that a truncated mutant of MOR from S363 is able
to undergo a similar desensitization to the wild type demonstrat-
ing that receptor phosphorylation is not an absolute prerequisite
for desensitization (Qiu et al., 2003). However, phosphoryla-
tion would rather regulate MOR traffic which could indirectly
impact receptor desensitization (see Relationship between OR
Internalization and Desensitization).

DOR. In SK-N-BE cells, etorphine-induced hDOR desensitiza-
tion is totally inhibited by using the dominant negative GRK2
mutant K220R but is only reduced when using PKC and tyro-
sine kinase inhibitors (Marie et al., 2008). In the NG108-15 cell
line, rDOR desensitization promoted by a sustained treatment
with DPDPE is mediated by GRK6 but not GRK2 as indi-
cated above for hDOR (Willets and Kelly, 2001). The role of
PKC in DADLE- and [Leu®]-enkephalin-induced DOR desen-
sitization was also demonstrated on the mobilization of Ca?*
stores (Yoon et al., 1998; Song and Chueh, 1999). Tyrosine
kinases were also suggested to participate in DOR desensitization.
Genistein, a broad spectrum tyrosine kinase inhibitor, inhibits
hDOR desensitization promoted by DPDPE, deltorphin I, and
etorphine (Marie et al., 2008). Hong and collaborators found
that DPDPE promotes a tyrosine phosphorylation of DOR which

would recruit and activate Src that in turn could phosphorylate
and activate GRK2; this latter would then phosphorylates S363
and triggers desensitization (Hong et al., 2009). So, inhibition
of Src by PP2 reduces DPDPE-induced DOR phosphorylation
of S363 and desensitization on the cAMP pathway but via an
indirect mechanism. The role of Src in DOR regulation was
also confirmed by the group of Pineyro (Archer-Lahlou et al,
2009).

The major role of DOR phosphorylation at S363 was con-
firmed using the mutant receptor S363A. While deltorphin II
promotes a rapid receptor phosphorylation at this amino acid
and desensitization on the cAMP pathway, this latter is totally
abolished in the S363A mutant (Navratilova et al., 2007). The
T161 of DOR, located in the second intracellular loop and equiv-
alent to the T180 of MOR, also plays a role in DPDPE-induced
desensitization; the substitution T161A severely impairs DOR
desensitization measured on GIRK channels (Lowe et al., 2002).
However, those authors did not evaluate the phosphorylation at
this residue. The importance of phosphorylation in DOR desen-
sitization was challenged by the work of Qiu and colleagues
who studies those processes using a DOR mutant in which all
Ser/Thr residues in the C-terminus region were mutated to Ala
(Qiu et al., 2007). They observed that DPDPE-induced desen-
sitization on the inhibition of ACase was significantly delayed
but not abolished. This indicates that other mechanisms than
phosphorylation could contribute to receptor desensitization.

KOR. In the Xenopus oocyte expression system, examination of
rKOR regulation on the activation of potassium channels revealed
that over-expression of GRK3 or 5 alone did not promote a sig-
nificant desensitization which requires both GRK and arrestin
3 (Appleyard et al., 1999). This was confirmed when rKOR and
GRK?2 were co-expressed in CHO cells; pretreatment with a high
concentration of U50,488 failed to promote KOR uncoupling
from G proteins (Li et al., 2002). Truncation of the C terminal
tail of the receptor or the substitution S369A severely impaired
U69,593-induced desensitization. These data were further con-
firmed when wild type and mutant rKOR were expressed in
the pituitary adenoma cell line atT-20 cells (Mclaughlin et al,,
2003). As indicated above, S358 is the major phosphorylation
site for hKOR and the S358N substitution totally abolished
U50,488-induced receptor uncoupling from G proteins (Li et al.,
2002).

While most of those studies with either indirect or direct
proofs indicate the role of OR phosphorylation in desensiti-
zation, some of them clearly ruled out such paradigm. This
probably indicates that phosphorylation is not a prerequisite for
desensitization but would accelerate such process.

Role of arrestins in OR regulation

From the canonical model of GPCR regulation by Lefkowitz,
arrestins (arrestins 2 and 3 also named B-arrestins 1 and 2, respec-
tively) play a pivotal role in receptor regulation by promoting G
protein uncoupling and receptor endocytosis (Pierce et al., 2002).
As expected, those proteins were also demonstrated to regulate
OR functions. Indeed, over-expression of arrestin 2 induces a
selective uncoupling of DOR and KOR and reduces inhibition
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of ACase (Cheng et al., 1998). However, no significant impact
was observed for MOR explaining the lower desensitization rate
compared to DOR (Lowe et al., 2002). In recent studies using
BRET (Bioluminescence Resonance Energy Transfert) or FRET
(Fluorescence Resonance Energy Transfer) techniques, a large
panel of opioid ligands were shown to have a different ability to
both activate G proteins and recruit arrestins at MOR and DOR
(Mcpherson et al., 2010; Molinari et al., 2010; Rivero et al., 2012).
For instance, morphine was demonstrated to behave as a partial
agonist for DOR and MOR in G protein coupling experiments
while almost no interaction with arrestins was detected. This indi-
cates that all opioid ligands do not have the same potency to
promote OR desensitization.

Relationship between arrestins and OR desensitization. Genetic
ablation of arrestin 3 significantly reduces MOR uncoupling from
G proteins upon chronic morphine treatment (Bohn et al., 2000).
Using dorsal root ganglion neurons from arrestin 3 KO mice,
the role of this protein in mediating inhibitory regulation of
MOR by JNK on voltage-dependent calcium channels was evi-
denced (Mittal et al., 2012). This report suggests that arrestin
3 and not arrestin 2 would promote MOR desensitization by
interacting with JNK. However, in dorsal root ganglion neurons
obtained from arrestin 3 KO mice, acute MOR desensitization
elicited by DAMGO or morphine on the inhibition of voltage-
gated calcium channels was not significantly different from wild
type mice indicating that arrestin 3 has no major role in those
conditions (Walwyn et al.,, 2007). Similarly, in neurons from
locus coeruleus no significant role of arrestin 3 was evidenced
in acute MOR desensitization upon [Met’]-enkephalin exposure
on the activation of K currents (Dang et al., 2009). Yet, con-
comitant inhibition of arrestin 3 expression (arrestin 3 KO mice)
and ERK1/2 activity by PD98059 results in reduction of MOR
desensitization indicating that this process involves two inde-
pendent pathways. In the Xenopus oocyte, over-expression of
arrestin alone is not sufficient to increase DOR (Kovoor et al.,
1999) or KOR (Appleyard et al., 1999) desensitization while in
HEK cells, this over-expression enables morphine-induced MOR
desensitization probably by increasing both G protein uncou-
pling and receptor internalization (Whistler and Von Zastrow,
1998). However, such potentiation could be obtained either when
arrestin and a GRK are co-expressed or when the constitutive
active arrestin mutant R169E is present. This suggests that OR
phosphorylation is a pre-requisite for arrestin action. This con-
clusion is in good agreement with the data obtained by Johnson
et al. on MOR desensitization (Johnson et al., 2006). The translo-
cation of arrestin-2-GFP from cytosol to plasma membrane is
only observed upon DAMGO exposure which promotes MOR
phosphorylation by GRK2. In contrast, no such translocation
could be detected in morphine-treated cells which produce a
PKC-dependent MOR desensitization. The use of mouse embry-
onic fibroblast (MEF) from single or double KO mice for arrestins
2 and 3 revealed that DOR desensitization induced by DPDPE
relies predominantly on arrestin 3 expression suggesting a pref-
erential interaction between DOR and this arrestin isoform (Qiu
etal., 2007). In the SK-N-BE cells, DOR desensitization is reduced
when arrestin 2 expression is inhibited by shRNA only upon

DPDPE and deltorphin I exposure but not with etorphine (Aguila
etal., 2012).

All those data indicate that different mechanisms are respon-
sible for OR desensitization: some are arrestin-dependent and
requires GRK while others are arrestin-independent.

OR internalization

The number of active OR at the cell surface is regulated by
two processes: endocytosis and export of neosynthesized recep-
tors. Intuitively, when OR internalization is stimulated by agonist
exposure, one could expect a reduction in signal transduction.
However, the relationship between the number of OR and the
cellular response is not linear.

Internalization of OR has been demonstrated in different
models with different technical approaches but some discrep-
ancies have been reported. U50,488 and dynorphin A (1-17),
but neither etorphine nor levorphanol, promote a time-, and
concentration-dependent internalization of hKOR (Li et al,
2003). In several reports, morphine was described as a poor
internalizing agonist of MOR in HEK cells (Keith et al., 1998;
Whistler and Von Zastrow, 1998; Schulz et al., 2004; Just et al.,
2013) but also in enteric neurons (Anselmi et al., 2013) and in
brain slice from transgenic mice expressing a FLAG-tagged MOR
(Arttamangkul et al., 2008). In few publications, MOR was shown
to internalize upon morphine exposure. This was demonstrated
for the endogenous MOR in striatal neurons (Haberstock-Debic
et al., 2005) and occurred mainly in dendrites (Haberstock-
Debic et al., 2003), in the human neuroblastoma cells SH-SY5Y
(Nowoczyn et al., 2013) and in double KO MEF for arrestins
transfected both with MOR and arrestin 3 (Groer et al., 2011);
in those latter publications, morphine-induced receptor inter-
nalization was observed for longer time treatment compared to
DAMGO. Using a quantitative assay, 30 min morphine expo-
sure promotes half of the MOR internalization induced by
DAMGO (Mcpherson et al., 2010). In enteric neurons, mor-
phine promotes a weak internalization of MOR compared to
DAMGO as indicated above but chronic morphine exposure
results in a significant increase in endocytosis (Patierno et al,,
2011).

Role of OR phasphorylation in internalization

The role of OR phosphorylation in endocytosis was mainly inves-
tigated using OR mutants defective in phosphorylation. The trun-
cated MOR from S$363, which is not phosphorylated by DAMGO
treatment, was shown to internalize but with a slower rate than
the wild type receptor during the first 30 min (Qiu et al., 2003).
The S375A mutation strongly impairs DAMGO-driven MOR
endocytosis (Schulz et al., 2004). The T370A substitution has
no significant effect on DAMGO-induced MOR internalization
while it inhibits endocytosis triggered by PKC activation (Illing
etal., 2014). This suggests that PKC is able to phosphorylate MOR
at T370 and promotes its internalization. Conversely, the role
of PKC in internalization was ruled out using activators of this
kinase in the locus coeruleus neurons expressing the FLAG-tagged
MOR (Arttamangkul et al., 2014). Herkinorin, a MOR agonist,
is unable to promote both phosphorylation and internalization
indicating that the two processes could be linked (Groer et al.,
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2007). More than a selective phosphorylation on a specific residue
of the carboxy-terminal tail of the receptor, the level of MOR
internalization would be correlated to the multi-phosphorylation
of T370, S375, T376, and T379 (Just et al., 2013).

As demonstrated for MOR, the phosphorylation-deficient
DOR mutant (T358A/T361A/S363G) is able to undergo internal-
ization upon DPDPE activation but to a lesser extent than the
wild type (Zhang et al., 2005). However, this DOR mutant cannot
internalize anymore when arrestin 3 expression is knocked-down
suggesting that the non-phosphorylated DOR can internalize but
in an arrestin 3-dependent manner. When the major site of phos-
phorylation of DOR is mutated (S363A), it is possible to observe a
deltorphin I-induced endocytosis (Navratilova et al., 2007); how-
ever, it is difficult to assume that this mutation has no impact on
internalization since no quantitative evaluation was made. This
is in contrast with the study of Bradbury et al. who observed a
close correlation between the ability of agonists to phosphorylate
the S363 and the degree of DOR internalization (Bradbury et al.,
2009).

Concerning the rKOR, the phosphorylation-defective mutant
S369E is unable to internalize upon U50,488 exposure demon-
strating the role of receptor phosphorylation in endocytosis
(Mclaughlin et al., 2003).

While those data indicate that MOR and DOR phospho-
rylation would favor their endocytosis, KOR phosphorylation
would be essential to promote its internalization. Other pro-
teins involved in internalization could also be phosphorylated
as demonstrated for the MOR. Activation of phospholipase D2
would enhance MOR endocytosis by the activation of p38 kinase
which in turn phosphorylates the Rab5 effector early endosome
antigen 1 required for this process (Yang et al., 2010).

Role of arrestins in OR internalization
The involvement of arrestins in OR internalization was demon-
strated by direct (selective knock-down of arrestin expression)

or indirect approaches (visualization of arrestin translocation to
plasma membrane) (Table 2).

DAMGO-induced MOR internalization in striatal neurons is
impaired by over-expression of a dominant negative mutant of
arrestin 2 corresponding to the last 100 amino acids (arrestin 2
319-418) (Haberstock-Debic et al., 2005). Etorphine also induces
an arrestin-dependent MOR internalization as shown by the
reduction of receptor endocytosis when the dominant negative
mutant V53D of arrestin is over-expressed (Zhang et al., 1998).
While DAMGO triggers MOR internalization by recruiting either
arrestin 2 or 3, morphine selectively interacts with arrestin 3
which is recruited at the plasma membrane to promote MOR
internalization (Groer et al., 2011). In HEK cells, morphine is a
poor inducer of MOR internalization. Whereas over-expression
of arrestin 2 alone has not significant impact, over-expression
of GRK2 greatly enhances receptor sequestration; such GRK2-
mediated MOR internalization is potentiated when both kinase
and arrestin 2 are both co- and over-expressed (Zhang et al.,
1998). The lack of MOR internalization upon activation with
herkinorin would be due to the absence of interaction between
receptor and arrestin 3 (Groer et al., 2007). The constitutive
MOR internalization is also arrestin 3-dependent (Walwyn et al.,
2007). Whereas those reports indicate the crucial role of arrestins
in MOR endocytosis, this was recently challenged by Quillinan
et al. who still observed a MOR internalization upon [Met®]-
enkephalin exposure in arrestin 3 KO mice (Quillinan et al.,
2011). In a recent work, the group of von Zastrow showed that
after being recruited by the phosphorylated MOR, arrestin 3 acts
as a scaffold, promoting ubiquitination of two lysyl residues in
the first intracellular loop by the ubiquitin ligase Smurf2 (Henry
et al., 2012). Epsin 1, through its ubiquitin-interacting motifs,
recognizes the ubiquitinated MOR contained in the clathrin-
coated pits and triggers scission of the vesicle from the cell
surface. Those data revealed new inter-relations between MOR
phosphorylation and ubiquitination with internalization.

Table 2 | Role of arrestins in OR trafficking.

OR Main results References
MOR Inhibition of DAMGO-induced MOR internalization by a dominant negative mutant of arrestin 2 in Haberstock-Debic et al.,
striatal neurons 2005
Inhibition of etorphine-induced MOR internalization by a dominant negative mutant of arrestin 2 Zhang et al., 1998
Morphine promotes MOR internalization by arrestin 3 while upon DAMGO exposure both arrestins 2 Groer et al., 2011
and 3 are recruited
Morphine induces MOR endocytosis only when GRK2 and arrestin 2 are co-expressed Zhang et al., 1998
Herkinorin is unable to promote MOR sequestration Groer et al., 2007
MOR is still internalized upon [Met®]-enkephalin exposure in arrestin 3 KO mice Quillinan et al., 2011
The arrestin 3 reduces recycling of MOR upon chronic morphine but not methadone exposure Quillinan et al., 2011
Role of arrestin 2 in MOR recycling upon sustained activation by DAMGO but not morphine Groer et al., 2007
DOR DOR endocytosis promoted by DPDPE involves both arrestins 2 and 3. Only arrestin 3 can mediate Zhang et al., 2005
sequestration of a non-phosphorylated DOR mutant
Arrestin 2 preferentially interacts with DOR to induce its sequestration Qiu et al., 2007
Arrestin 2 is involved in DOR internalization upon etorphine but not DPDPE or deltorphin | exposure Aguila et al., 2012
Arrestin 3 targets DOR to lysosome when activated by SNC-80 but not DPDPE Audet et al., 2012
KOR Inhibition of U50,488-induced KOR internalization by a dominant negative mutant of arrestin 2 Lietal, 1999

Frontiers in Pharmacology | Neuropharmacology

December 2014 | Volume 5 | Article 280 | 124


http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuropharmacology/archive

Allouche et al.

Opioid receptor desensitization

DPDPE also enables arrestin-mediated endocytosis of DOR as
shown by the partial reduction of internalization when arrestins
2 or 3 are selectively inhibited (Zhang et al., 2005). The triple
DOR mutant T358A/T361A/S363G is still able to internalize
but only when arrestin 3 is expressed. This could explain the
plasma membrane translocation of arrestin 3-GFP observed in
the study of Navratilova and colleagues with the S363A DOR
mutant (Navratilova et al., 2007). DOR endocytosis is severely
impaired in MEFs obtained from single KO mice for arrestin 2
indicating a preferential interaction between those two proteins
(Qiu et al., 2007). It is noteworthy that even when expression of
both arrestins 2 and 3 expression is inhibited, a weak proportion
of DOR is able to internalize. This is in good agreement with data
obtained by Aguila and collaborators who showed that inhibition
of arrestin 2 expression reduces etorphine-induced hDOR endo-
cytosis but not upon DPDPE or deltorphin I exposure (Aguila
etal., 2012).

As demonstrated for MOR and DOR, KOR also undergoes an
arrestin-dependent sequestration when activated by U50,488 as
shown by the reduction of internalization when the dominant
negative mutant arrestin 2 319—418 is over-expressed (Li et al.,
1999).

Together, those data indicate that arrestins are key partners
of OR internalization but under specific conditions or agonist
exposure, other arrestin-independent mechanisms could occur.

Relationship between OR internalization and desensitization
Arttamangkul and collaborators studied desensitization on
potassium currents and internalization in neurons from locus
coeruleus of transgenic mice expressing a FLAG-tagged MOR
(Arttamangkul et al., 2008). Three kinds of ligands can be iden-
tified: those which promote both desensitization and internal-
ization ([Met5]—enkephalin, etorphine, and methadone), those
which induce a desensitization without internalization (mor-
phine and oxymorphone) and oxycodone which promote
neither desensitization nor internalization. This reveals the
absence of any strong association between internalization and
desensitization.

In the Xenopus oocyte expression system, it is possible to
observe an acute desensitization of DOR on potassium channels
(Kir3) elicited by DPDPE without significant internalization mea-
sured by surface biotinylation (Celver et al., 2013). When DOR
internalization is significantly inhibited by over-expression of the
dominant negative mutant of dynamin (K44E), the desensitiza-
tion promoted by sustained exposure to DPDPE is not altered
(Qiu et al., 2007). This is in good agreement with the observa-
tion of Marie et al. who showed that hypertonic sucrose solution
totally blocks hDOR endocytosis without any impact on DPDPE-
and deltorphin I-induced desensitization (Marie et al., 2003b).
Likewise, UFP-512 promotes a strong DOR endocytosis after
15 min exposure without significant desensitization on the cAMP
pathway (Aguila et al., 2007). However, upon etorphine exposure
a partial reduction of hDOR desensitization is measured when
internalization is inhibited.

In contrast, the abolition of rKOR internalization by the S369A
substitution also inhibits receptor desensitization on potassium
currents (Mclaughlin et al., 2003).

Those data demonstrate that desensitization and internaliza-
tion are usually two independent processes although in some
situations a close relationship could be evidenced. Those appar-
ent discrepancies may be related to the different behavior of MOR
and DOR in terms of trafficking (see below). For MOR, inter-
nalization would rather promotes recycling and resensitization;
when blocking endocytosis, desensitization would be increased.
In contrast, DOR are preferentially targeted to degradation, and
inhibition of endocytosis would reduce their desensitization;
however, this assumption assumes that the receptor at the plasma
membrane is not uncoupled from G proteins and it’s not always
the case.

OR trafficking

Once internalized, the OR can follow different routes: sequestra-
tion into endosomes, recycling back to the cell surface or targeting
to degradation.

The group of Von Zastrow was the first to identify a protein,
named GASP for GPCR associated sorting protein, which could
actively target DOR to lysosome (Whistler et al., 2002). This pro-
tein selectively interacts with the C terminal region of DOR, not
MOR, that could explain that under certain circumstances, DOR
is degraded while MOR is recycled (Tsao and Von Zastrow, 2000;
Whistler et al., 2002). The same group also identified a motif
localized at the C terminal region of MOR that enables an active
recycling (Tanowitz and Von Zastrow, 2003). This sequence is
lacking in DOR but the chimeric DOR containing the last 17
amino acids of MOR recycles after DADLE activation in con-
trast to wild type. Arrestin 3, dynamin and GRK2 also participate
to MOR resensitization on the activation of potassium channels
in neurons from the locus coeruleus of mice treated during 6
days with morphine (Dang et al., 2011). This could suggest that
those proteins would be involved in MOR trafficking after its
internalization and that internalization itself contributes to resen-
sitization (Dang and Christie, 2012). Using neurons obtained
from the locus coeruleus of transgenic mice expressing a FLAG-
tagged MOR, chronic morphine but not methadone during 6 days
was shown to inhibit resensitization and recycling after an acute
[Met’]-enkephalin exposure (Quillinan et al., 2011). Such weak
resensitization and recycling return to the level observed in naive
mice when arrestin 3 was knocked-down indicating that this pro-
tein would also play a pivotal role in MOR trafficking. Arrestin
2 could regulate post-endocytic sorting of MOR upon DAMGO
exposure but not morphine by enabling receptor ubiquitination,
as described for different GPCRs (Marchese and Trejo, 2013),
but also dephosphorylation on the S375 (Groer et al.,, 2011).
The first hypothesis is unlikely since the sorting of the MOR
either toward recycling or lysosomal degradation does not rely on
receptor ubiquitination (Hislop et al., 2011). The recycling pro-
cess involves protein kinases as shown by staurosporine, which
increases recycling and resensitization after [Met’]-enkephalin
exposure (Arttamangkul et al., 2012). Resensitization of MOR
after [Met’]-enkephalin- or morphine-induced acute desensi-
tization but not cellular tolerance involves dephosphorylation
mediated by protein phosphatases sensitive to calyculin A but not
okadaic acid (Levitt and Williams, 2012). Similarly, Doll and col-
leagues showed that the rapid MOR dephosphorylation at S375
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involves the protein phosphatase 1y which increases the recy-
cling of receptors contained in endosomes to cell surface (Doll
et al., 2012). The role of receptor dephosphorylation was also
demonstrated for both recycling and resensitization of DOR after
etorphine treatment (Hasbi et al., 2000).

As indicated above, DOR was initially described as a receptor
sorted to lysosomal degradation (Tsao and Von Zastrow, 2000).
However, etorphine, [Leu”]- and [Met°]-enkephalins rather pro-
mote a recycling of hDOR while DPDPE, Deltorphin I or SNC-80
induce a degradation and a down-regulation (Marie et al., 2003b;
Lecoq et al., 2004). This indicates that the differential sorting of
DOR either to recycling or degradation pathway depends on the
agonist used and refers to the notion of biased agonism. Audet
and collaborators found that DOR activated by SNC-80 strongly
interacts with arrestin 3 (Audet et al., 2012). Consequently, the
receptor is mainly targeted to lysosome while upon DPDPE expo-
sure, interactions between DOR and arrestin 3 are loose allowing
receptor recycling. The ability of DOR to recycle also depends
on the duration of agonist exposure. For instance, after 30 min
of etorphine treatment, DOR recycles while after 4 h this process
is severely impaired (Hasbi et al., 2000). Zhang and collabo-
rators showed different mechanisms to explain the differential
sorting of DOR (Zhang et al., 2008): when the receptor is phos-
phorylated by GRK2 and internalized via arrestins it can recy-
cle whereas in a non-phosphorylated form DOR undergoes an
arrestin-independent sequestration which is followed by a degra-
dation. As described for MOR, kinases can be involved in OR
sorting. Src was shown to inhibit DOR recycling upon DPDPE
treatment that would favor desensitization on the cAMP pathway
(Archer-Lahlou et al., 2009). Recently, the endothelin converting
enzyme-2, localized in endosomes, was shown to modulate recy-
cling of DOR by degrading opioid peptides such as deltorphin
II or the opioid peptide bovine adrenal medulla 22 (BAM22),
a cleavage product of proenkephalin (Gupta et al., 2014). When
this enzyme is inhibited, DOR recycling decreases and conse-
quently, the desensitization increases. It is noteworthy that this
enzyme is ineffective when DOR is activated by the endoge-
nous peptide [Met’]-enkephalin and has no role on receptor
internalization.

MOLECULAR MECHANISMS INVOLVED IN OR DESENSITIZATION: A
UNIFIED MECHANISM?

The vast majority of studies on OR desensitization demonstrated
that phosphorylation of OR constitutes a rapid and ubiquitous
regulatory mechanisms. However, as illustrated for MOR, quanti-
tative (Lau et al., 2011) or qualitative (Just et al., 2013) differences
in MOR phosphorylation were reported upon DAMGO and
morphine exposure and those differences in multi-site phospho-
rylation would result in differential interactions with partners.
Conversely, some studies using phosphorylation-deficient recep-
tor challenged this paradigm (Qiu et al., 2003). OR phosphory-
lation should rather be viewed as a potentiating mechanism that
would increase binding of regulatory proteins such as arrestins to
the receptor. Mechanisms of desensitization share common fea-
tures (phosphorylation, accessory proteins involvement such as
arrestin, importance of endocytosis and receptor trafficking) and
will dependent not only on agonist (biased agonism) but also on

time exposure, cell system and receptor. All those mechanisms are
depicted in Figures 2A,B.

OPIOID TOLERANCE

DEFINITION

Drug tolerance is the body’s ability to protect itself against the
presence of a drug. It is generally observed after protracted expo-
sure but also after acute treatment (acute tolerance) and it is
not observed for all the pharmacological effects. For opioids,
tolerance to analgesia has been primarily studied as it is the
main issue in clinical practice. In rodent, the ability of opi-
oid to promote analgesia to different type of stimuli could be
measured using numerous behavioral paradigms including hot-
plate test and tail-flick for thermal nociception (Barrot, 2012).
Different parameters could modulate tolerance such as the opi-
oid agonist used (Enquist et al., 2012), duration of treatment
(Soignier et al., 2004), doses (Huidobro et al., 1976) and even
the pharmacological effect observed (Mohammed et al., 2013).
So, it is now established that tolerance to respiratory depres-
sion is lower than the tolerance to analgesia (Mohammed et al.,
2013) and might explain fatal overdoses (White and Irvine,
1999).

OPIOID RECEPTOR-RELATED MECHANISMS OF TOLERANCE
Mechanisms of opioid tolerance are complex and multifaceted.
We will focus on the mechanisms directly related to recep-
tor regulation such as down-regulation, G protein uncoupling,
desensitization, and internalization. Indeed, other mechanisms
contribute to tolerance such as activation of anti-opioid systems
(NPFE, NMDA) (Ueda and Ueda, 2009) but they are beyond the
scope of this review.

Down-regulation

Down-regulation is the reduction of receptor number that may
result from receptor internalization followed by their degrada-
tion, or decrease in receptor synthesis. So, one could hypothesize
that it would contribute to tolerance by diminishing the quan-
tity of available receptor. In vivo, chronic treatment with opioids
promotes decrease (down-regulation), no change or increase (up-
regulation) of OR (Bernstein and Welch, 1998; Stafford et al.,
2001; Fabian et al., 2002). When downregulation is observed,
tolerance might be measured (Gomes et al., 2002) however in
some cases tolerance occurs without receptor downregulation
(Polastron et al., 1994). These data suggest that downregulation
is not mandatory for tolerance.

Desensitization

Desensitization and tolerance are very similar in their defini-
tion as they both include the notion of a reduced response after
prolonged treatment. So, it is tempting to speculate that desen-
sitization and its mechanisms would occur in tolerant animals.
In chronic morphine-treated animals desensitization of OR was
measured on ACase (Noble and Cox, 1996) and associated with
tolerance to analgesic effects (Polastron et al., 1994). In cellular
model, receptor uncoupling from G proteins was demonstrated
to participate in desensitization (see above). Such uncoupling
was also evidenced in vivo after chronic opioid agonist exposure.
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FIGURE 2 | Schematic illustration of mechanisms involved in opioid
receptor desensitization by biased agonists. (A) MOR are differentially
phosphorylated by different kinases upon either DAMGO or morphine
exposure (Doll et al., 2011). This results in binding of arrestins to MOR upon
DAMGO while this interaction is weakly detectable for morphine when a GRK
is over-expressed (Groer et al., 2007). In such conditions, acute DAMGO
exposure promotes G protein uncoupling from MOR while morphine does not
(Whistler and Von Zastrow, 1998). However, MOR phosphorylation at S375
induced by morphine is able to promote desensitization but not internalization
(Schulz et al., 2004). Some reports rather suggest that under morphine
exposure, MOR is not desensitized and this continuous signaling promotes
tolerance (Finn and Whistler, 2001). Even if it's now well-admitted that
morphine is able to promote MOR internalization (Haberstock-Debic et al.,
2005; Nowoczyn et al., 2013), DAMGO induces a stronger internalization
compared to morphine (Whistler and Von Zastrow, 1998; Schulz et al., 2004).
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MOR is dephosphorylated by phosphatase proteins (Doll et al., 2012) then
undergoes an active recycling (Tanowitz and Von Zastrow, 2003). Other
proteins such as arrestins, dynamin, or GRK could participate MOR trafficking
(Dang et al., 2011). In contrast, as morphine is a poor inducer of MOR
internalization, receptor is maintained in a phosphorylation state at S375 for
longer time compared to DAMGO. (B) Different kinases are involved in the
regulation of hDOR (Marie et al., 2008): GRK2 plays a major role in receptor
phosphorylation on S363 upon DPDPE and etorphine while other kinases are
also implicated. Etorphine-induced desensitization requires arrestins but not
receptor internalization. In contrast, an arrestin is involved in hDOR
internalization but not desensitization upon DPDPE (Aguila et al., 2012). Once
sequestrated by etorphine, hDOR is dephosphorylated and recycled back to
the cell surface (Hasbi et al., 2000; Marie et al., 2003b) while upon DPDPE
exposure, the receptor is mainly targeted to lysosomes for degradation (Marie
et al., 2003b) probably by a mechanism involving GASP (Whistler et al., 2002).
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In knock-in mice expressing DOR-eGFP, a challenge with SNC-
80 but not ARM-390 induces a tolerance to analgesic response
in a model of inflammatory pain with a concomitant G pro-
tein uncoupling in both brain and spinal cord homogenates
(Pradhan et al., 2009). Acute and chronic treatment with mor-
phine or fentanyl promotes a similar regulation of MOR. In
parallel with analgesic tolerance, the ability of MOR to enhance
[**S]GTPyS binding was reduced compared to naive animals
(Bohn et al., 2000; Melief et al., 2010). When arrestin 3 was
knocked-out, morphine tolerance and MOR uncoupling from
G proteins was reduced in chronic treated animals (Bohn et al.,
2000). Interestingly, this KO did not affect tolerance induced by
5 days treatment with fentanyl, oxycodone or methadone (Raehal
etal., 2011).

Phosphorylation

Anti-nociceptive tolerance induced by morphine, meperidine,
and fentanyl was shown to be reduced by PKC inhibitors while
DAMGO-induced tolerance and MOR desensitization was shown
to rely on GRK (Hull et al., 2010). Whereas in vitro experiments
showed that S375 is phosphorylated by GRKS5 upon morphine
exposure (Doll et al., 2012) and S375 phosphorylation plays a
major role in MOR desensitization (Schulz et al., 2004), S375A
knock-in mice still present anti-nociceptive tolerance upon acute
and chronic exposure to morphine (Grecksch et al., 2011). This
could indicate that MOR desensitization and tolerance are two
unrelated mechanisms. Recently, the role of GRK in morphine
tolerance was also questioned: while morphine predominantly
promotes S375 phosphorylation by GRKS, chronic morphine
treatment induced similar tolerance in wild type and in GRK5
KO mice while dependence was altered (Gliick et al., 2014).
Similar results were obtained in GRK3 KO mice, when mor-
phine tolerance to analgesia was unchanged whereas tolerance to
high efficacy agonists, such as fentanyl or U50,488, was reduced
(Terman et al., 2004; Zhang et al., 2013). Rather than inducing
desensitization, a chronic morphine treatment could promote a
compensatory increase in intracellular cAMP level (also named
cAMP overshoot or ACase superactivation) (Avidor-Reiss et al.,
1995) and is believed to play a direct role in tolerance (Duman
et al., 1988; Javed et al., 2004). In this situation, Src kinase can
be recruited at the lipid raft-located MOR and phosphorylates
the Y336 leading to ACase superactivation (Zhang et al., 2009).
While the mechanism is still unclear, it could implicate Ras/Raf-1
which change the MOR, a GPCR, into a receptor tyrosine kinase
like-complex (Zhang et al., 2013).

Endocytosis

Accumulating evidences suggest that OR endocytosis decrease
opioid tolerance but by mechanisms not fully understood. The
first hypothesis has been built by Whistler’s group on the inability
of morphine to promote MOR internalization despite its capac-
ity to induce strong tolerance. In this case, during morphine
treatment, morphine/MOR complexes would accumulate at the
plasma membrane and recruit signaling pathways involved in
tolerance such as ACase superactivation and NMDA receptor reg-
ulation (Finn and Whistler, 2001; He et al., 2002, 2009). In line
with this hypothesis, a knock-in mice, expressing a MOR chimera

where the C-terminus tail was replaced by the C-terminus tail
of DOR, demonstrated less tolerance after chronic morphine
treatment (Kim et al., 2008), correlated to a decrease of toler-
ance biomarkers (He et al., 2009). One explanation of this result
is the termination of signal transduction because the DOR C-
terminus tail will target the chimeric MOR to lysosomes (Finn
and Whistler, 2001). Such results were confirmed when com-
paring other opioid agonist, buprenorphine and etonitazene.
Indeed, buprenorphine, like morphine induces tolerance to anal-
gesia without promoting MOR endocytosis, whereas etonitazene
promotes less tolerance and has the ability to promote MOR
internalization (Grecksch et al., 2006). Interestingly, coadminis-
tration of morphine with subactive doses of internalizing opioids,
DAMGO or methadone, enables morphine-induced internaliza-
tion of MOR and blocks tolerance development (He and Whistler,
2005). An alternative hypothesis was proposed by Koch and col-
laborators. They proposed that morphine promotes an accumu-
lation of desensitized MOR at the plasma membrane that would
result in an increase in apparent desensitization by inhibiting
resensitization and would promote tolerance (Koch et al., 2001,
2005; Schulz et al., 2004). However, they found that in knock-
in mice expressing MOR mutant S375A substitution, proposed
by these authors to be the primary site of morphine-induced
phosphorylation of MOR responsible for desensitization (Schulz
etal., 2004), morphine tolerance was not affected (Grecksch et al.,
2011). The RAVE (relative activity vs. endocytosis) concept pro-
posed by Whistler et al. (1999) cannot be extended to DOR.
In DOR-eGFP knock-in mice, the internalizing agonist, SNC-
80 promotes acute tolerance to analgesia correlated with strong
internalization whereas ARM-390 a non-internalizing agonist did
not induce acute tolerance (Pradhan et al., 2009, 2010). When
SNC-80 and ARM-390 are chronically administrated, tolerance to
analgesia develops and is dependent on endocytosis with SNC80
but not for ARM-390. Interestingly, no tolerance for locomotor
effects or anxiolysis appears in ARM-390-treated animals under-
lying the fact that biased agonist could be used at the behavioral
level. All those data support the role of internalization and mainly
recycling in reducing tolerance by allowing a sufficient quantity
of functional receptors at the cell surface to produce the biolog-
ical response. However, some opioid agonists such as herkinorin
can promote a long lasting anti-nociception without internaliza-
tion due to the absence of arrestin 3 recruitment (Lamb et al.,
2012).

CONCLUSIONS

All the data presented in this review demonstrated that mecha-
nisms of OR regulation are consistent with the model proposed by
Lefkowitz (Pierce et al., 2002): agonist activation, receptor phos-
phorylation, arrestin binding, G protein uncoupling, desensitiza-
tion, endocytosis followed by targeting to lysosomes or recycling.
More interestingly, they also showed that many variations around
this model exist depending on the initial conditions, revealing
the complexity of OR regulation now translated to the concept
of biased agonism. It’s an exciting challenge to gain insight this
complexity because it will offer a great opportunity to design new
drugs that will be able to target a particular pharmacological effect
with limited side effects.
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