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Recent advances in basic science methodology to evaluate opioid
safety profiles and to understand opioid activities
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Abstract

Opioids are powerful drugs used by humans for centuries to relieve pain and are still frequently used as pain treatment in current
clinical practice. Medicinal opioids primarily target the mu opioid receptor (MOR), and MOR activation produces unmatched
pain-alleviating properties, as well as side effects such as strong rewarding effects, and thus abuse potential, and respiratory
depression contributing to death during overdose. Therefore, the ultimate goal is to create opioid pain-relievers with reduced
respiratory depression and thus fewer chances of lethality. Efforts are also underway to reduce the euphoric effects of opioids
and avoid abuse liability. In this review, recent advances in basic science methodology used to understand MOR pharmacology
and activities will be summarized. The focus of the review will be to describe current technological advances that enable the
study of opioid analgesics from subcellular mechanisms to mesoscale network responses. These advances in understanding MOR

physiological responses will help to improve knowledge and future design of opioid analgesics.
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Introduction

The mu opioid receptor (MOR) is the primary molecular tar-
get for medicinal opioids'~. MOR activation mediates the unri-
valled analgesic properties of opioids, as well as several side
effects (constipation, respiratory depression, and abuse liabil-
ity). Unfortunately, the prescription rate of opioids has increased
dramatically in recent years, and a portion of patients with opi-
oid prescriptions develop an opioid use disorder due in part to
their strong euphoric effect’. Prescribed opioids are now at the
center of a rising “opioid epidemic” in North America®’ and
in Europe®’, increasing the risk of deaths by overdose. Improv-
ing our understanding of how MORs operate at the subcellu-
lar level to impact physiology is critical for the development
of safer MOR analgesics with more precise painkilling effects.

MORs are G-protein-coupled receptors (GPCRs) that localize
to cellular membranes, where they are activated by endogenous
peptides or exogenous ligands to induce signaling responses
that inhibit neuronal excitability (Figure 1). When activated
by agonists, MORs bind to Goi/o proteins to induce the
exchange of GDP for GTP, which in turn releases Gy
subunits and inhibits adenylyl cyclase from producing cyclic
adenosine monophosphate (cAMP). This sequence of events
contributes to e.g. altering gene expression'’, antinociception'!,
and the development of opiate tolerance, dependence, and
withdrawal'®>. Opioid receptor activation releases GPy subunits,
which bind and inhibit L-type voltage-gated calcium channels,
which in turn inhibits neurotransmitter release and reduces
neurotransmission of pain signals''. MOR also induces Gy

activation of G-protein-coupled inwardly rectifying potassium
(GIRK) channels, which allows potassium to flow out of the
neuron, resulting in a negative charge or hyperpolarization of
the cell and decreased neurotransmission in regions such as
ventral tegmental area dopaminergic neurons*. To remove
the receptor from the plasma membrane, GPCR kinases (GRKs)
phosphorylate the receptor'® and recruited [-arrestin moves
the receptor into clathrin-coated pits, where dynamin-dependent
endocytosis of the receptors ensues'™'®. The endosome
then transports MORs" to be recycled for another round of
activation® or to the degradation pathway via lysosomes?'.

An essential component for understanding opioid analge-
sia is improving our fundamental knowledge of the cellular
(microscale) and circuit (mesoscale) levels of organization of
opioid receptors and their ligands?. A main question in the
field is whether opioids can produce an analgesic effect without
dangerous side effects such as respiratory depression and
euphoria. Some evidence already supports this possibility: for
example, efforts to produce safer opioids include bypassing the
central nervous system altogether. The generation of periph-
erally limited ligands avoids addictive properties of opioids,
such as reward’. A pH-sensitive ligand was shown to target
peripheral MORs in inflamed tissues, where it produced
inflammatory-restricted analgesia without central or intestinal
side effects™*!. These and other current strategies to design safer
opioids have been comprehensively discussed elsewhere®* .
This review concentrates on describing some of the recent
advances in basic science methodology that enable the study
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Figure 1. Current view of mu opioid receptor (MOR) trafficking, signaling, and cellular response. 1. MORs are classically localized to
the plasma membrane. 2. Ligand activation (i.e. morphine binding to the orthosteric site) induces conformational changes in the receptor so
that Gai/o proteins can bind and release Gy subunits, which bind to ion channels such as G-protein-coupled inwardly rectifying potassium
(GIRK) channels. 3. Goi/o proteins inhibit transmembrane adenylyl cyclase-mediated cAMP production. 4. G-protein-coupled receptor
kinases (GRKs) are recruited to phosphorylate MORs. 5. Adaptor proteins, B-arrestins (B-arr), recognize and bind to the phosphorylated
receptor. 6. MORs are sorted into clathrin-coated pits, which are dynamin dependent. 7. Endosome vesicles containing MORs pinch off from
the membrane, clearing receptors from the cell surface; however, receptors may continue to signal in endosomes, i. be sent to degradation in
the lysosome, or ii. be recycled to the membrane for another round of signaling. 8. Current views also hold that MORs can be activated and
signal from internal compartments like the Golgi, if ligands are cell permeable like alkaloids (i.e. morphine)?>=°.
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of opioid analgesics from microscale to mesoscale network
responses. Classical methods employed to study the cellular
mechanisms engaged by the opioid system such as electro-
physiology, in situ hybridization, and immunohistochemistry
are increasingly combined with new techniques (see Table 1)
like optogenetic or chemogenetic tools and knock-in (KI) ani-
mals and are leading to new insights about the cellular regula-
tion of opioids®. Furthermore, new methods in brain imaging
are also helping to identify the contribution of MOR activation
to physiological effects by mapping the whole activity and
synchrony of brain areas. Specifically, magnetic resonance
imaging (MRI) is a unique and most informative approach to
non-invasively investigate brain anatomy and connectivity
of the entire brain in humans and animals. Whole-brain MRI
has now been developed in animals to address and follow up,
in a longitudinal manner, brain anatomy, functional and struc-
tural connectivity patterns, and neurochemistry profiles®.
Some of these approaches may have translational potential
to be tested in the clinic and may reveal biological markers,
should they correspond to biological parameters that influ-
ence or predict the incidence of a disease®. Indeed, MRI is an
unparalleled non-invasive and versatile method, which makes
it feasible to capture the longitudinal effects during different
phases of a disease and thus has strong translatability from
pre-clinical to human research®’. Recently, a pharmacological-MRI
approach™* was used to understand whole-brain responses to
opioids in living animals®*’, suggesting that MRI approaches
may soon prove useful for opioid drug development.
There are several key methodologies that are actively working
to delineate opioid responses at cellular and system levels as
well as map and characterize opioid sites of action to improve
our understanding of opioids and guide drug development.

Selected recent methodologies will be summarized in this
review.

Investigating ligand-directed functional selectivity at
MORs

At the microscale, opioid responses begin with ligand bind-
ing the receptor to initiate signaling cascades. There are several
well-characterized pathways for receptor regulation. Early obser-
vations of agonist selective regulation of MOR activity'***
motivated the idea now known as “functional selectivity” or
“biased agonism”, suggesting that two distinct agonists which
activate the same receptor may produce different signaling
responses and perhaps physiological outcomes®*. A classic
example of ligand-directed selectivity at the MOR is the ago-
nist morphine, which, at the molecular level, fully activates
G-protein signaling but weakly internalizes receptors in vivo
(in animal experiments)* and in vitro®. In contrast, the potent
and non-selective opioid agonist etorphine, at the molecular
level, internalizes receptors robustly and rapidly in animal
experiments and in vitro*'#*°. These early observations of dif-
ferent receptor internalization responses to two opioid agonists
suggested distinct agonist-directed regulation of MORs, which
may explain differences in observed physiological responses
of these two agonists. Besides G-protein regulation, MORs
are also regulated by phosphorylation through kinase activity
like GRKs, JNKs, and PKCs*~ and through the recruitment of
B-arrestins®, which can also drive additional receptor-mediated
signaling events at internal membrane compartments’">*,

Following the discovery that B-arrestin knockout (KO) ani-
mals treated with morphine showed enhanced antinocicep-
tion with decreased respiratory depression and constipation™,

Table 1. Genetically modified mice available to study the mu opioid receptor (MOR) or MOR-expressing cells discussed in this

review.
Mouse line Mouse line Findings Refs
Detecting MOR expression
and localization in tissues
and in vivo
Knock-in MOR reporter mice  MOR with a C-terminal mCherry fusion MOR expression was visualized at the brain, 54,55
neuron, and subcellular level with an enriched
expression in medial habenula
MOR with a C-terminal Venus fusion Different MOR internalization profiles were 45
visualized depending on MOR agonists
Manipulating MOR-
expressing neurons
Knock-in MOR-Cre mice MOR-Cre mouse with a T2A cleavable peptide- = Fine mapping of MOR striatal projection 56
Cre recombinase neurons in the patch compartment of the
striatum
MOR-Cre mouse with a T2A cleavable peptide  n/a 57
and tamoxifen-inducible Cre recombinase
MOR-Cre with a T2A cleavable peptide and Activation of ventral tegmental area-MOR 58

Cre recombinase fused to an enhanced green
fluorescent protein

neurons produced a strong place aversion
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the “arrestin hypothesis” or the idea that [-arrestin medi-
ates adverse side effects of MOR activation further motivated
the academic field and industry to design G-protein-biased
MOR agonists or drugs that would activate B-arrestin less than
the G-protein pathway (Figure 2)”. The novel agonists that
have emerged since, including TRV-130, commercially named
OLINVYK®*, PZM21®, and SR17018", were proposed to
be potent G-protein activators with high analgesic effect, low
B-arrestin recruitment, and low respiratory depression and
thus greater therapeutic windows.

Since these new G-protein-biased ligands have been made
available to the scientific community, additional studies have
revealed results that should also be considered when design-
ing G-protein-biased MOR drugs. For example, in one report,
PZM21 has been shown to produce respiratory depression
to a similar extent as morphine®’; however, in another study,
minimal respiratory depression was observed with much higher
concentrations of PZM21 in mice®, and the adverse condition
of hyperalgesia has been observed at low non-antinociceptive
doses of PZM21 in rats®. TRV-130 was found to retain side
effects, including constipation in mice® and reward in rats®.
Finally, in agreement with the original paper, SR17018°" has
been shown to produce minimal respiratory depression in
comparison to other MOR agonists, albeit with a limited
dosage window because of the use of a less-soluble salt version
than the original SR17018 and wusing different methods
to measure and quantify respiratory depression in mice®.
Additionally, while bias toward the G-protein pathway has
been the sought-after hallmark of a safer MOR ligand, the
contribution of the B-arrestin pathway to respiratory depres-
sion remains unclear®®®. Morphine still induces respiratory
depression in mice which have MORs that are phosphorylation
deficient and thus do not recruit P-arrestins®. Moreover, a
recent study shows that B-arrestin KO mice do exhibit morphine-
induced respiratory depression and constipation”, challenging
the role of the “arrestin hypothesis” in MOR adverse effects.

G protein
biased

B-arrestin

Balanced bissad

Effect 1 Effect 2 Effect 1 Effect 2
Figure 2. Biased agonist-induced signaling. Agonists that
efficiently induce opioid receptor activation of both G-protein and
B-arrestin are thought of as balanced or unbiased ligands. If either
G-protein or B-arrestin effects are more efficiently activated by a
ligand, they are known as biased agonists®.

Nevertheless, TRV-130 (OLINVYK®) has gone on to clinical
trials in Asia and Europe and has recently been approved by
the FDA in the U.S. as an intravenous drug for the manage-
ment of moderate-to-severe acute pain’'’?. In clinical trials,
OLINVYK® provided potent analgesia that was superior to
that observed in patients treated with placebo and was accom-
panied by a lower occurrence of adverse events, such as respi-
ratory and gastrointestinal events, compared to morphine’’.
These findings suggest that while the contribution of B-arrestin
signaling to respiratory depression remains a subject of inves-
tigation, G-protein-biased agonists which exhibit lower respi-
ratory depression than balanced opioid drugs do hold promise
for safer pain management with opioids.

In a recent paper, the concept of biased agonism was chal-
lenged as the reason for the observed improved safety profiles
of PZM21, TRV-130, and SR17018. The authors® suggest an
alternative mechanism of how low intrinsic efficacy of these
compounds can distort the interpretation of highly amplified
G-protein activity assays and can account for confounding
factors that impact the operational model” used to calculate
bias between G-protein and arrestin pathways. Indeed,
overexpressed receptor expression systems have shown that
MOR agonist efficacy in signaling varies widely across drugs
but correlates with receptor internalization”. The authors show
that in transiently transfected cells, comparable assessment of
compounds across signaling pathways accounting for variation
in kinetics, temporal location of receptors, cell systems, receptor
reserve, amplified detection methods, and inclusion of thera-
peutic window calculation in mice find PZM21, TRV-130, and
SR17018 to be low intrinsic efficacy compounds rather than
G-protein biased®. Importantly, depending on the analysis
methodology, these data may also support the fact that PZM21,
TRV-130, and SR17018 are G-protein-biased agonists, as
suggested in a recent re-analysis of Gillis er al.’s work’. These
studies demonstrate how biased agonism at MORs is still an
emerging area and that MOR signaling activities are a hotly
discussed area of investigation.

Intriguingly, G-protein bias has also been observed with
endogenous opioid ligands. Most recently, functional selectiv-
ity was examined by GTPYS and [-arrestin recruitment for 22
endogenous opioid peptides’”’. In addition to measuring bias,
the authors demonstrated that binding activity of classically
distinct peptides (enkephalins, endorphins, and dynorphins)
was shown at all three opioid receptors, thus suggesting that,
evolutionarily, opioid receptors are designed to bind multiple
ligands that direct distinct signaling and physiological outcomes.
Furthermore, it is important to assess drug activities at native
MORs in neurons. Recently, MOR agonist-directed receptor
redistribution in native neurons was shown to correlate well
with overexpressed receptor internalization in HEK-293 cells,
suggesting that MOR agonist activities can be evaluated in native
receptor conditions by measuring receptor trafficking®.

Remarkably, in three completely independent studies, a par-
tial MOR agonist, buprenorphine, performs like the ultimate
opioid, with rapid and potent G-protein activity, negligible
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arrestin recruitment or receptor internalization**®7, rapid and
sustained antinociception in hotplate test, and low respiratory
depression effects®. Buprenorphine thus appears to be effec-
tive in experimental nociceptive assays and is a current mainstay
treatment for opioid use disorder’®. Some caveats exist, though;
buprenorphine may be difficult to prescribe for pain owing
to its restricted regulation as a schedule III drug in the U.S,
complex pharmacology including off-target effects at other
opioid receptors such as antagonism at Kappa, and its delicate
dosing and limited bioavailability”*!. Collectively, the ideal
opioid would have a wide therapeutic window and be a potent
analgesic, with limited euphoria and respiratory depression.
Thus far, opioids such as buprenorphine, PZM21, TRV-130,
and SR17018 at the system level are antinociceptive and have
lower respiratory depression in animal studies; at the molecu-
lar level, they also have in common miniscule loss of receptor
from the cell surface, weak GRK recruitment, weak arrestin
recruitment, weak receptor translocation to endosomes, and
similar phosphorylation barcodes detected by western blot-
ting. Designing new opioids which satisfy all these criteria will
hopefully yield good candidates for clinical trials soon.

Visualizing opioid receptors in vivo using Kl animals

In the last 15 years, since the creation of fluorescent opioid
receptor KI mices2, MOR-KI mice have become a valuable
tool in deciphering the role of these receptors at the circuit
and cellular level’**-*. Here, we focus on the MOR and how
knowledge acquired with MOR-KI may serve to improve our
understanding of opioid analgesia. On the anatomical level,
mapping of MORs using MOR-mCherry mice® has revealed
prominent receptor populations in the diencephalic conduction
system, including the striatum, septum, habenula, and interpe-
duncular nucleus™. The particularly unique pattern of MOR
in the medial habenula, a dense brain area important for aver-
sion and inhibitory control®**®, has raised questions about the
role of MORs in the medial habenula® and given insight into
opioid analgesia circuitry”. Additionally, extensive mapping
of MOR-mCherry mice crossed with DOR-eGFP mice™ revealed
the existence of colocalized and coimmunoprecipitated com-
plexes of MOR and DOR receptors, called receptor heteromer
populations. The DOR-eGFP/MOR-mCherry animals have
become a critical tool (for review, see 91) for investigations
of these potential therapeutic targets, MOR-DOR heteromers,
in antinociception in vitro”> and in vivo®. Furthermore,
MOR-mCherry mice alone have been used to dispute and dis-
cern glial cell populations, such as the lack of MOR expression
in spinal microglia®® or presence of MOR in astrocytes of the
hippocampus®. More recently, MOR-Venus mice were created
employing the highly photo- and thermo-stable fluorescent
protein Venus, adding resonance energy transfer capabilities®.
Mapping of MOR-Venus signals in whole mouse brain revealed
a MOR expression profile in agreement with MOR-mCherry
anatomy>, showing how robust the fluorescent receptor KI
mouse approach is 45. MOR-Venus mice were used to identify
agonist-directed receptor trafficking profiles for biased and clas-
sic MOR agonists in neurons, which correlated to receptor

activities in overexpression systems, supporting the relevancy of
biased MOR agonists to physiology®. Additionally, KI mice
can be used to probe in vivo protein—protein interactions, as
the fluorescent fusion proteins or epitope tags are amenable to
proteomic approaches. This has recently been shown for the
N-terminally tagged delta opioid receptor’, which if extended
to MORs would help improve our understanding of the proteins
interacting directly with MOR, called the MOR interactome.
Collectively, these KI genetic approaches allow basic scien-
tists to trace endogenous MOR activities using fluorescence and
immunoreactive methods. Caveats to this method include the
possibility that altering the endogenous protein by addition
of a short sequence in the case of an epitope tag or by addition
of a fluorescent protein could impact the behavior of the recep-
tor and its interactions with proteins and ligands. However, to
date, this is the best tool that we have to directly observe endog-
enous receptor activities at the molecular level. Thus, fluores-
cent receptor KI animals are excellent tools to investigate novel
opioid effects at endogenous receptors on cellular and whole
animal levels.

Distinguishing agonist effects by probing MOR
conformational states

Direct observation of drug-induced receptor activation in cells
has not been possible until recently. New advances in struc-
tural biology have led to the generation of such probes that can
be employed to distinguish receptor conformational states in
transfected cell culture systems. Two types of probes derived
from structural studies that are being used to study opioid
receptor proximal activities are nanobodies, also known as
single-domain antibodies”®’, and mini-G proteins, which are
composed of the Ras-like domain of G-protein o subunits’.
Nb33, a nanobody that binds selectively to a specific anti-
gen, was first demonstrated to be a MOR and delta receptor
proximal conformational biosensor in an elegant study discern-
ing peptide from non-peptide opioid agonist-induced receptor
activities in cultured cells (MOR transfected HEK-293 and rat

embryonic striatal neurons)”.

Additionally, this opioid biosensor offers the ability to study
receptor proximal events, which can help to distinguish direct
ligand-induced receptor activities from indirect downstream
signaling'® or examine agonist-induced intrinsic efficacy®.
In recent research using these tools, the authors demonstrated
how Nb33 and mini-G fluorescent engineered probes can detect
distinct opioid receptor states induced by ligands coupling to
the receptor'”. For example, in a TIRF microscopy assay in
HEK-293 cells, etorphine recruited both mini-Gsi and Nb33
equally, whereas DAMGO, morphine, and PZM21 had higher
potency for mini-Gsi, with the latter two having higher
efficacy for mini-Gsi over Nb33. Intriguingly, the semi-synthetic
natural product mitragynine pseudoindoxyl'’' recruited mini-Gsi
but not Nb33, supporting the idea that, in controlled cell
culture studies, distinct ligands induce selective conformational
changes of receptors that may impact receptor signaling and
regulation. This is an active area of investigation, and the
implications of ligand-induced distinct conformational changes
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on MOR activities have yet to be directly assessed in vivo and
ultimately in controlled clinical trials.

Enabling the study of endogenous MORs has also been helped
by recent advances in traceless affinity labeling that have now
made it possible for ligand-directed irreversible fluorescent
tagging of endogenous MOR in rat and mouse brain slices'"
that will allow for the tracing of endogenous MOR activities
in vivo in response to biased agonists and could be applied
to primary cultured neuron studies. For now, these studies
are mainly done in cultured cells or slices, and in the future it
will be important to determine if these MOR activities are also
seen in post-mortem or immunopluripotent stem cell-derived
human neurons.

Cellular contributions of time and space to MOR
signaling

MOR signaling from the plasma membrane has been the prevail-
ing view as the site of its action. However, a growing number of
GPCRs have been shown to signal from internal compartments
(Figure 1)'-1% Recently, remarkable tools have revealed that
opioid receptors can signal from subcellular compartments,
including endosomes and Golgi. Employing advanced micros-
copy techniques, Stoeber and co-authors showed that in mam-
malian cells and striatal neurons, peptide opioids differ from
non-peptide opioids in that the former activate receptors first at
the plasma membrane and then at endosomes whereas the latter
activate opioid receptors at a third location, Golgi outposts”.
These findings may help to explain distinct opioid-induced
cellular effects, in particular, by identifying how synthetic
opioid drugs like morphine, which signals at Golgi, contribute
to distinct signaling responses compared to endogenous opio-
ids. In the clinic, peptides are not prescribed owing to their low
activity after systemic administration. However, their potential
for drug development has been reviewed elsewhere'"'"”, and
these studies highlight the need to take the location of signaling
receptors into account when designing new drugs.

MORs are also found on axons, and the contribution of
presynaptic MORs to MOR cellular biology has not been
well understood. Recent work in rat primary neurons using
super resolution microscopy and MORs fused with a fluores-
cent reporter emitting fluorescence in function of the acidity
of the environment (pH-sensitive GFP-tagged MORs) demon-
strated that MORs are laterally mobile on the axonal surface and
locally recycle separately from the synaptic vesicle cycle, which
may have considerable impact on understanding MOR
agonist-induced presynaptic inhibition and neuromodulation'’.
How distinct opioid nonpeptide or peptide agonists impact
MORs in axons and various neuronal subcellular locations
remains to be seen. Perhaps these questions will be addressed
using emerging new tools and techniques. For example,
a recent proteomic approach known as APEX combines
proximity-based biotinylation with mass spectrometry to allow
for quantitative, time-resolved measurement of GPCR agonist
response in living cells'!!. When combined with spatial refer-
ences, proteins that delineate precise cellular compartments, this

technique allows for the detection of GPCR-protein interac-
tion networks resolved in time and space''”. If adapted to living
neurons, this approach could help to distinguish local signaling
molecular events at presynaptic receptors from postsynap-
tic receptors and potentially identify more precise therapeutic
targets. Remarkably, a recent study on the delta opioid receptor
demonstrates that activating endosome-localized delta receptors
of nociceptors using innovative nanoparticle-encapsulated ago-
nists cause a long-lasting inhibition of neuronal excitability'",
suggesting that spatiotemporal organization of receptor activities
impacts opioid physiology. These studies and others demon-
strate that spatial location of opioid receptor signaling is a rapidly
developing area of investigation and an important factor in
understanding opioid mechanisms of action which could yield
new therapeutics that target more precise receptor populations.

Manipulating MOR-expressing neurons to identify
function(s) of opioid circuitry using Kl animals
Combining Cre technology (genetic modification using Cre
recombinase in animals) with chemogenetics (genetically
modified proteins engineered to be activated with a small
molecule) or optogenetics (genetic manipulation of specific neu-
ronal populations by using light to control neurons expressing
light-sensitive ion channels) allows for the mapping or manipu-
lation of select neurons or to even record neuronal activity
using fluorescent calcium indicators (genetically engineered
calcium biosensors) in Cre-positive neurons'*'"". New genetic
tools were recently designed to manipulate neurons express-
ing opioid peptides or opioid receptors>''®. Similar tools
have already been used to determine distinct novel functions
of neurons expressing opioid peptides. For example, it was
demonstrated that preprodynorphin (Pdyn)-expressing neurons
in the nucleus accumbens shell may drive opposite behavior
(aversion or preference) depending on the localization of these
neurons in the shell subregion (ventral versus dorsal)'"’. Further-
more, animals that express a Cre-recombinase under proopi-
omelanocortin or proenkephalin promoters were generated and
anatomically characterized'”’ and will be interesting to use in
pain- or addiction-related studies to determine the adapta-
tions occurring in opioid circuitries. Tools to target opioid
receptor neurons are also now available. KOR-Cre was the
first KI mouse generated and characterized, in which opioid
receptor-positive neurons express Cre-recombinase'”'.

Recently, three independent laboratories designed, generated,
and characterized in parallel three novel genetic tools, allowing
the targeting and manipulation of specific neurons expressing
MOR in vivo. Mirtin et al. generated a MOR-Cre mouse
strain by inserting a Cre recombinase with a peptide that is
autocleavable, allowing the separation of the MOR and Cre
proteins, called T2A cleavable peptide-Cre recombinase, that
was inserted into the fifth exon of the gene coding for MOR
(OprmlI)*. This MOR-Cre mouse strain was crucial to map
MOR striatal projection neurons in the patch compartment of the
striatum®. Okunomiya ef al. designed and characterized an
inducible MOR-Cre KI mouse strain, in which the stop codon,
which signals the termination of the translation process of the
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Oprml gene, was replaced by a DNA fragment encoding a
T2A cleavable peptide and an inducible Cre recombinase’’.
The inducible Cre recombinase is made by the fusion of a
mutated ligand-binding domain of the estrogen receptor to the
Cre recombinase variant, which made this inducible Cre acti-
vated only after delivery of tamoxifen. Finally, Bailly et al.
generated a MOR-Cre mouse strain by inserting a T2A cleav-
able peptide and Cre recombinase fused to a fluorescent reporter
protein (enhanced GFP), allowing the detection of the Cre
and thus the MOR neurons, in the fourth exon of the Oprml
gene’. This mouse strain was characterized, and MOR signal-
ing was intact, as demonstrated by typical morphine-induced
antinociception, sensitization, and the classic morphine-induced
hyperlocomotion in mice’®. Bailly and co-authors used the
MOR-Cre animals to activate ventral tegmental area-MOR
neurons by optogenetics, and, as it was anticipated from
literature that has shown how opioids inhibit these neurons and
produce reward, the opposite action by optogenetic activation
of these neurons produced a strong aversion’®. These mouse
lines will be critical for future investigation into the functions of
opioid-responsive neurons in antinociception and side effects
such as respiratory depression to determine how subsets of
MOR neurons can operate in precise circuits to contribute to
opioid physiology and adaptations. For example, MOR-Cre
mice will help to delineate the role of MOR neurons of the
pre-Botzinger complex, as it was shown recently, using local
deletion of the MOR in mice, that opioid activation of MOR
neurons of the pre-Botzinger complex seems to have the strongest
impact on respiratory depression'”>. Another application of these
MOR-Cre lines may be to study the activity of MOR-expressing
neurons using calcium imaging. For example, time-lapse
in vivo calcium imaging was used to identify a neural ensemble
in the basolateral amygdala that mediates unpleasantness
in an animal model of persistent nociceptive stimulation'?,
and targeting these neurons may reduce nociceptive responses
without increasing reward. Furthermore, similar studies using
MOR-Cre mice may help to identify opioid-responsive circuitry
implicated in unpleasantness associated with nociceptive
stimulation. Finally, it will be crucial in the future to engineer
safe viral-mediated therapeutics to target specific neuronal
populations in humans.

The creation of these MOR-Cre strains will allow the scien-
tific community to map and chemogenetically or optogenetically
manipulate or record neuronal activity of opioid-responsive
neurons to improve understanding of opioid-responsive neuro-
nal networks and their adaptations and may thus identify new
concepts relevant for opioid analgesia. Altogether, these new Cre
lines are opening doors for both mapping and functional stud-
ies of opioid receptor-/peptide-expressing neurons and may be
crucial to understand opioid analgesia.

Effects of analgesic opioids on whole-brain
connectivity and activity using MRI

Different types of environmental stimuli, such as pain or repeated
opioid use, cause neuroadaptations. These adaptations can impact
whole-brain function. A method to evaluate brain connectivity

and activities at the whole scale level with translational poten-
tial is MRI. The complexity of human brain networks starts
to be transposable in rodents, as similar resting state net-
works are found in rodents and humans'”, which allows for
parallel non-invasive longitudinal experiments in living humans
and animals. Recently, pharmacological MRI has emerged as
a method to map brain activation following acute effects of
opioid analgesics in humans and rodents. Pharmacological MRI
is a highly powerful method to understand brain responses to
drugs®* and has been developed in rodents and humans'>~'%,
In opioid-naive individuals, a morphine or buprenorphine
challenge altered blood-oxygen-level-dependent (BOLD) signals
in the periaqueductal grey’'”. Additionally, in humans, oxy-
codone reduced and disrupted functional connectivity between
anterior cingulate cortex and insula or dorsal striatum centers
belonging to the pain and reward centers'®. Nevertheless,
the overall impact of opioid exposure on brain network activities
remains poorly understood.

The MOR-mediated adaptations contributing to these whole-brain
effects have started to be investigated, and animal MRI may
be the most appropriate tool to reach this goal, as animals
with MOR (wild-type [WT]) or without (KO) are available'.
First, it was demonstrated that the deletion of MOR is enough
to alter resting-state functional connectivity'’'. Interestingly, the
strongest modification occurred in the reward/aversion circuitry,
including regions important for analgesia, such as the periaque-
ductal gray. Secondly, pharmacological MRI analysis enabled
the determination of oxycodone patterns of brain activation'*
and oxycodone effects on whole-brain functional connectivity*.
In the latter study, oxycodone effect was assessed in WT and
MOR-KO animals to extract MOR-dependent whole-brain
functional connectivity signatures using functional MRI (fMRI).
Importantly, almost no effect of oxycodone was found in MOR-
KO mice, indicating that the oxycodone whole-brain functional
connectivity signatures are MOR mediated”’. Using a data-driven
analysis (independent component analysis), it was demon-
strated that oxycodone produced a reduction of functional con-
nectivity across 71 components including the isocortex, nucleus
accumbens, and periaqueductal gray, brain regions important
for the antinociceptive effects of opioids*. Furthermore, focused
and hypothesis-oriented analysis (seed-to-seed) presented
highest functional connectivity reduction between the periag-
ueductal gray and nucleus accumbens, showing that oxycodone
impacts brain activity in reward and aversion/pain networks*.

Since rodent fMRI is still emerging'**, more effort should be put
into applying resting-state fMRI to understand opioid analge-
sia. fMRI studies on the opioid system will be necessary to study
the effect of opioid circuitry on whole-brain communication
and to determine how distinct opioids act on reward, respiratory
depression, or pain networks, and if distinct opioids are acting
differently on these networks. The hope will be to find an
opioid analgesic targeting only the pain networks without
affecting centers such as hubs implicated in reward or respiration.
This may be achieved using fMRI in rodents by first identi-
fying the brain networks activated by classical opioids like
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morphine and then comparing to novel opioid drugs that
produce limited unwanted effects on reward and respiration. A
comparison of opioid drugs may reveal a signature with which
future opioid drug design would aim to reach. Furthermore,
rodent MRI combined with optogenetic'**!* or chemogenetic'**!¥’
tools can identify the impact of neuronal populations on
whole-brain activity. These methods may eventually allow for
the discovery of the link between microcircuit opioid activ-
ity and the brain network at the mesoscale level. For example,
chemogenetic manipulations and fMRI were combined recently
to map serotonergic transmission, and the stimulation of sero-
tonergic activity induced particular activation of brain regions
covering cortico-hippocampal and ventro-striatal areas impor-
tant for depressive-like behaviors'*. Further studies, to determine
the effect of local manipulation of MOR circuitry on
whole-brain communication using MOR-Cre animals, may help to
characterize opioid-responsive circuitries with the goal to improve
opioid analgesics. Altogether, these recent studies demon-
strate that high-resolution fMRI is possible in rodents combined
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with diverse genetic tools and holds potential for translation
as similar longitudinal studies will be possible in humans and
rodents.

Conclusion

Altogether, recent advances in the characterization of MORs
will help to determine future strategies to develop a MOR
agonist that alleviates pain and has fewer side effects. The new
methodologies discussed here represent a selection of studies
employing exciting new tools being developed to study MORs,
all the way from subcellular mechanisms to mesoscale
network responses. These studies will enhance our knowledge
on opioid analgesia and physiology, guide future research, and
innovate opioid pharmacology.
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