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The International Narcotics Research Conference (INRC), founded in 1969, has been a
successful forum for research into the actions of opiates, with an annual conference since
1971. Every year, scientists from around the world have congregated to present the latest
data on novel opiates, opiate receptors and endogenous ligands, mechanisms of
analgesic activity and unwanted side effects, etc. All the important discoveries in the
opiate field were discussed, often first, at the annual INRC meeting. With an apology to
important events and participants not discussed, this review presents a short history of
INRC with a discussion of groundbreaking discoveries in the opiate field and the
researchers who presented from the first meeting up to the present.
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INTRODUCTION

INRC (the International Narcotics Research Conference; originally called a “Club”), founded in
1969, has now been a successful annual conference for those active in research into the actions of
opiate drugs and the functional roles of endogenous opioids for over 50 years, holding annual
meetings at sites across the world from 1971 to 2019. The planned 2020 meeting was canceled
because of the restrictions on meetings and travel occasioned by the Covid-19 pandemic; on-line
virtual meetings were held in July 2020 and 2021. The INRC will return to in-person meetings in
2022, with an exciting meeting to be held in July in Valencia, Spain. Figure 1 depicts the locations of
INRC meetings across the world during its first 50 years. The majority of these meetings were held in
North America or Europe because a majority of active opioid research groups are in these locations,
but over the 50-years period five meetings have been held in the Far East and in Australia and one in
Central America. A full list of the meeting sites for all INRC meetings, Presidents and Program
Chairs is presented on the INRC website, located at www.inrconference.org.

The goal of the Conference is to create an annual forum for the presentation of cutting-edge
research on opioids, encompassing the pharmacology of opioid drugs, the physiological roles of
endogenous opioids and the receptor systems they regulate, the mechanisms underlying addiction,
tolerance and dependence of opioid drugs, and on research guiding the optimal therapeutic
applications of opioids and agents designed to modulate the functions of endogenous opioid
systems for therapeutic benefit. Another important goal has been in support and encouragement
of young scientists entering the field including offering a venue for presentation of their work to the
international community. To do this, INRC has throughout its history offered travel awards to young
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Locations of INRC Meetings, 1969 - 2019

FIGURE 1 | Location of INRC Meetings, 1969-2019 Red triangles indicate the locations of individual INRC meetings. INRC has met at some of these locations on

scientists to enable them to attend and to present at its meeting.
This has been possible largely because, for 40 years or more, the
US National Institute on Drug Abuse (NIDA) has provided
funding to cover travel awards to young scientists from the
United States and local organizers of meetings outside the
United States have been very successful in raising funds to
support meeting attendance from their local communities.
Early in its history, INRC adopted a set of By-Laws outlining
the principles governing the organization and the planning of
meetings. These established an Executive Committee with two
representatives from each of the three regions, North Americas,
Europe, and the Rest of the World, elected, during a Business
Meeting held at each Conference, to 4-years terms of service to
the Conference. For almost the entire 50-years period,
membership was attained simply by attendance at an INRC
meeting (The Conference only became a formal membership
organization with a membership fee in 2020). Proposals for future
meetings are presented to members at each Business Meeting, and
the choice is made by ballot during the meeting. Meeting
locations have been selected in part on the professional
locations of attendees. Generally, over the first 50 years, two
consecutive meetings have been held at appropriate locations
in the United States, with the next meeting in Europe or the Rest
of the World, but this arrangement has been flexible enough to

permit the Conference to meet on occasion in the same location
as other groups such as the World Congress of Pharmacology. For
much of its existence the leadership style was very informal. A
Secretary was appointed initially from the group of founding
members and later from the more senior active INRC participants
to oversee meeting continuity and to work with a local organizing
committee to plan the content of each meeting. The title of
Secretary was later changed to President to reflect more clearly
the functions associated with this position.

In the early years, meeting programs contained a few talks by
senior leaders in the field selected by the President and the
meeting organizing committee and short talks and posters
selected from submitted abstracts. Programs were organized
around general themes such as receptors, endogenous ligands,
signal transduction, in vivo studies of drug action, and the
relationship between tolerance, dependence and addiction. As
the need to develop more complex stories arose and as meeting
attendance grew, the number of invited speakers expanded,
although organizing committees continued to invite
presentations from younger scientists making novel
contributions to the field. In the early 2000s, under the
Presidency of Charles Chavkin, meeting organizers also
decided to include a formal lecture by one of the founding
members of INRC, naming this lecture the Founders Lecture,
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following a suggestion by Alan North. In later years the honor of
presenting a Founders Lecture has been awarded to many senior
contributors to the field of opioid research, all of whom have been
important contributors to INRC. It has also become a tradition to
present a plenary lecture by a local scientist who has made major
contributions in a related field of biomedical research but outside
the world of opioid pharmacology, with the goal of encouraging
the membership to think constructively about widening the scope
of the field.

Early History

A brief account of the founding of the INRC, written with
characteristic informality by Sydney Archer, one of the
founders and a former Secretary of INRC, appears on the
INRC Website (under “About Us”). The occasion was a
meeting of the 1969 World Congress of Pharmacology during
which Hans Kosterlitz and Harry Collier chaired a short satellite
meeting on the pharmacology of opioid drugs. Kosterlitz and
Collier had chosen a small but select international group of
speakers for this meeting, including Sydney Archer and Avram
Goldstein from the United States, Albert Herz from Germany, as
well as Kosterlitz and Collier from the UK, balancing speakers
from the academic and private sectors (Archer and Collier both
had long careers in the private sector). All were well established
scientists with a record of contributions to research on opioids.
Kosterlitz, who had left Germany following the Nazi rise to
power, arrived in Aberdeen in 1934, initially obtaining a
junior research position in the medical school, but he rose
quickly through the academic ranks, eventually becoming
Professor and Head of the Pharmacology Department. By the
late 1960s he had an international reputation for his studies of
drug actions in the autonomic and enteric nervous systems and
had demonstrated that the actions of morphine-like drugs on
transmitter release in the guinea pig isolated ileum preparation
could be used to predict their potential addictive liability. On the
basis of these studies, he had been awarded a contract with the
Committee on Problems of Drug Dependence (CPDD) to
evaluate novel synthetic and semi-synthetic opioid drugs for
their addictive liability using his bioassay systems. Harry
Collier had a varied career, mainly in the pharmaceutical
industry where he had a long-term interest in the
identification of novel agents for the relief of pain. By the late
1960s he had left his Research Director position at Parke Davis,
UK, and moved to become Director of Research at Miles
Laboratories, UK. Sydney Archer was an organic chemist who
spent almost his entire career at Sterling-Winthrop in Rensselaer
NY, United States. He attained the position of Vice President at
Sterling-Winthrop while concurrently holding the position of
Professor of Medicinal Chemistry (and ultimately Dean) at
Rensselaer Polytechnical Institute. By the late 1960s he had
already published extensively on the medicinal chemistry of
morphine and many series of analogues and was particularly
associated with the development and marketing of pentazocine
and other benzomorphans. Avram Goldstein, who was the
founding Chair of the Department of Pharmacology at
Stanford University in California and who had recently (in
1968) founded the journal Molecular Pharmacology, began
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working on the pharmacology of opioids in the 1960s, after
earlier work on mechanisms of inhibition of cholinesterases
and in the field of bacterial genetics. By 1969 he had already
published several papers extending quantitative techniques to the
evaluation of varied actions of opioid drugs. Albert Herz’ research
career was largely spent at the Max Planck Institute for Psychiatry
in Munich, Germany. By 1969, he was Head of the Department of
Neuropharmacology, where he directed a multidisciplinary
group, including pioneering studies using electrophysiological
recordings together with functional assays to evaluate specific
target sites for morphine within the brain and spinal cord.
According to Syd Archer’s account of the World Congress
meeting, the proceedings were “lively and interesting,” but
there is no extant record of the presentations at the Congress.
After the symposium the speakers moved to the nearby Hotel
Euler for dinner. It was during this dinner that it was agreed to
convene follow-up meetings in subsequent years. The choice of a
name for the new conference generated discussion.
“International” was a given. The American speakers wanted to
include the term “narcotics” for opioid drugs since this drug class
was then commonly called by that term in the United States and
by the World Health Organization; this application of the term
derives from its legal use in the United States, including in several
acts of the U.S. Congress seeking to limit access to addictive
opioids, dating as far back as the early 1900s. The Founders
decided on the name “club” rather than “conference,” in keeping
with their sense that the most useful exchanges of views on
research among scientists occurred in highly informal settings,
and this informality has been a feature and goal of the INRC ever
since. Hence the name International Narcotics Research Club
(INRC). It may be no coincidence that a widely attended regular
conference on the physiology and pharmacology of
catecholamines, commonly called the “Catecholamine Club,”
was founded in 1968, just before the founding of INRC (The
name for INRC was later changed from Club to Conference, in
part because NIDA became very reluctant to provide financial
support to a “Club” amid the potential concern that membership
in a Club might be viewed as selective and discriminatory).
Organization of the meetings of the Club/Conference was
initially based on invitations from senior scientists who
volunteered to organize and manage individual meetings.
Hans Kosterlitz volunteered to organize the second meeting of
the group in Aberdeen, Scotland in 1971, and he was successful in
getting financial support for this meeting from the British
Pharmacological Society. However, a condition of the support
on this occasion was that an account of the proceedings should be
published. The resulting publication (1) provides a record of the
state of the field at this early point in the history of INRC. There
were 29 oral presentations over 3 days of meeting, mostly from
United States and United Kingdom contributors. Only two of the
29 presentations (about 7%) were by women, and one of these, by
Marthe Vogt, a major contributor to the world of serotonin and
catecholamine physiology and pharmacology but with limited
experience in the field of opioids, was essentially an introduction
to subsequent talks on the interactions of opioids with the
classical neurotransmitter systems (about 11 talks on this
topic, and approximately 38% of the presentations at the
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meeting). Six of the presentations at the meeting (about 21%)
were from research groups in the pharmaceutical industry,
focused on synthetic opioids in the benzomorphan series and
on the newly discovered oripavine derivatives (including
etorphine). Two presentations reported on opioid drug effects
in non-human primates (both on rhesus monkeys), and four
presentations discussed opioid action in human subjects, (about
14% of presentations), including reports on pain relief in cancer
patients, but none of the clinical studies reported randomized
blinded clinical trials. Although the use of methadone as a
treatment for heroin addiction had been introduced by
Vincent Dole, Marie Nyswander and Mary Jeanne Kreek in
1965, by 1971 this was still not a widely used approach for the
treatment of heroin addicts and there was no discussion of the use
of chronic legal opioid agonist therapies to reduce relapse in
heroin addicts during the 1971 meeting. It should be noted that
terminology relating to the pharmacology of drugs derived from
the opium poppy and the receptors through which they regulate
biological systems and their endogenous ligands has changed over
the five decades of INRC. Here we use the term “opioid” to refer
to the natural and synthetic ligands of the receptors, also called
collectively “opioid.” The term “opiate” will be used to describe
agents directly derived from the natural ligands for these
receptors (e.g., morphine, codeine) that are produced by the
opium poppy.

Six presentations in the Aberdeen meeting were primarily
directed to characterizing the “morphine” receptor. Since
morphine was a plant alkaloid not found in mammalian
tissues, the concept was controversial but had become
generally accepted in the two preceding decades, largely
on the basis of structure-activity studies evaluating
analgesic responses to several series of morphine analogs
that demonstrated the strict structural requirements for
activation of the proposed receptor. William “Bill” Martin
from the Lexington Addiction Research Center went further,
presenting his concept of “receptor dualism,” a theoretical
model postulating the existence of “distinguishable
independent categories of receptors which induce
analgesia” to explain the observation that some morphine
analogs antagonized the analgesic actions of morphine at low
doses while producing analgesic effects at higher doses.
Kosterlitz’ presentation included a detailed account of the
pharmacology of opioids in the isolated guinea pig ileum
preparation. Other reports included structure-activity
analyses in different series of opioid structures in specific
assay systems. By 1970, radiolabeled drugs were being used
increasingly by pharmacologists in their attempts to identify
the elusive receptors for neurotransmitters and hormones.
Some initial success had been obtained in the search for
steroid hormone receptors and for nicotinic cholinergic
receptors, but at this date direct measurement of any
transmitter or hormone receptor by quantifying their
binding of ligands was still very problematic. The
challenge in using radio-labelled ligands to identify opioid
receptors was that the receptors were expressed at very low
levels relative to the levels of most other cellular constituents,
making it very difficult to discriminate the very small amount

INRC History

of ligand bound to the receptor from the much larger
quantity of irrelevant binding at lower affinity but high
capacity to many other tissue constituents. It was at the
Aberdeen meeting of INRC that Avram Goldstein
proposed that the very marked stereoselectivity that had
been previously observed in studies of the analgesic
actions of several series of morphine analogs could be
used to discriminate readily saturable binding to the
receptors from the much larger pool of non-specific
binding by measuring the binding of very low
concentrations of radiolabeled levorphanol in the presence
of a large excess of its dextro-rotatory isomer. The d-isomer,
dextrorphan, did not produce analgesia in vivo, and was
therefore presumed not to bind to the receptor, while still
binding non-specifically to other tissue constituents in a
manner analogous and quantitatively similar to its levo-
rotatory isomer levorphanol. In Goldstein’s experiments
reported at the meeting, specific receptor binding was still
an exceedingly low percentage of the non-specific binding,
but the concept that stereospecificity could be used to permit
the identification of receptors for opioids was established (2).
Despite the strong interest in ways to identify the receptors
mediating the action of opioid drugs, the issue of whether
these presumed receptors were physiologically regulated by
an endogenous agent (i.e., not only by a plant product or
synthetic chemical) was not discussed in any of the formal
sessions of the meeting, but it was a recurrent subject of
informal conversation among attendees at the meeting.
The success of the Aberdeen meeting, which was very well
attended, encouraged the Founders to develop somewhat
more formal mechanisms for planning for future meetings.
Avram Goldstein agreed to serve as Secretary for the Club,
with the general agreement that the Secretary would take on
the overall management of the club over a period of 4 years,
with yearly meetings to be planned together with local hosts
at sites across the globe where there was a group of
researchers with active opioid research programs who
could offer a meeting venue that would be attractive for
both local and international attendees. The Secretary would
provide general oversight while the local organizers would
make local arrangements and encourage local participation
in the meeting, ideally with financial support generated
locally. The first INRC meeting in 1969 had been held in
conjunction with a World Congress of Pharmacology
(WCP), and it was agreed that the 1972 meeting of INRC
would be held as a satellite meeting of the WCP meeting in
San Francisco United States, in that year. This being home
turf for Avram Goldstein, he organized the 1972 meeting,
inviting an international list of speakers while also including
talks from several groups from the West Coast of the
United States who were working on opioid drugs, establishing
the idea that INRC meetings would promote talks by local
research groups as well as from internationally established
groups. Plans were made for the 1973 meeting in Chapel Hill,
North Carolina (1973), and in 1974 INRC met in Cocoyoc, Mexico,
at the invitation of J.E. Villareal, then working at the University of
Michigan but also working with Miles Laboratories in Mexico, in
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collaboration with a local organizing committee. This meeting was
planned as a satellite meeting of the annual meeting of CPDD in
Mexico City the week before the INRC meeting, an arrangement that
would be followed on a number of occasions in future years.

The Search for the Opioid Receptor and its
Endogenous Ligand

In keeping with the goal of encouraging presenters to report on-
going cutting-edge research, the proceedings of the 1972, 1973
and 1974 meetings were not recorded by publication as journal
papers or a monograph, since it was thought these short reports
would block a full publication and therefore people would be
hesitant to report ongoing research in this rapidly advancing field.
Accordingly, copies of the programs of these meetings are not
available (to the knowledge of the authors). However, studies on
identification of what was then called “the opiate receptor” (since
with the exception of Bill Martin’s group, most at that time
assumed there would only be one such receptor) were rapidly
advancing by this time. In early 1973 Candace Pert and Solomon
Snyder of The Johns Hopkins University (3) published their
ground-breaking study in Science, demonstrating the high-
affinity binding of tritium-labelled naloxone in rat brain
membranes, and this was fairly rapidly followed by reports
from Eric Simon and others from New York University (4) of
tritium labeled etorphine binding, and of tritium labeled
dihydromorphine to brain membranes from Lars Terenius at
the University of Uppsala, Sweden (5). These results and their
ongoing studies after the initial publications were presented in
person at the 1973 and 1974 meetings, along with reports from
collaborators using varied techniques to evaluate the locations of
expression and the properties of the receptors. Both Eric Simon
and Lars Terenius became regular attendees at INRC meetings,
and Eric Simon served for 4 years as Secretary/President of the
Conference (1980-1983). The initial discoveries of the receptor
were rapidly followed by more advances. Michael Kuhar and
others in the Snyder group used autoradiography to map brain
regions showing high affinity opioid receptor binding, providing
the first description of the distribution of the receptors across
the brain (6), and Gavril Pasternak and others from the same
laboratory evaluated the chemical properties and ionic
regulation of the binding sites, demonstrating the ability of
sodium ions at physiologically relevant intracellular
concentrations to increase the affinity of the binding site for
an antagonist (naloxone) while decreasing the affinity of
agonists such as morphine, thereby identifying a simple
in vitro binding method to discriminate agonists and
antagonists (7). The sodium sensitivity of opioid receptors
was much later determined to be a common feature of many
G protein coupled receptors that signaled through the inhibitory
proteins G; or G,.. In each of these studies, very high affinity and
stereochemical specificity was used to identify receptor binding,
along with displacement studies comparing the relative
potencies of series of opioid and non-opioid drugs and
metabolites. In addition to stereospecificity, the key to
observing receptor binding was the use of very high-specific
activity radioligands, which in the case of opioids were not
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available prior to the early 1970s, and the use of rapid “washing”
of the membrane-radioligand complexes with cold buffer to
remove most of the non-specific binding and thereby permitting
the reliable quantification of the very small fraction of high
affinity binding.

The demonstration of opioid drug binding to high affinity tissue
sites located in brain regions associated with opioid drug actions
confirmed the earlier predictions that these drugs acted through
specific receptors, leading to predictions that these receptors must
normally be activated by an endogenous factor. Evidence in support
of this concept included the demonstration in 1971 by John
Liebeskind and his colleagues at UCLA (including David Mayer
and Huda Akil) that stimulation of discrete regions of rat brain
induced an analgesic effect that persisted longer than the duration of
electrical stimulation, suggesting that the electrical stimulus induced
the release of an endogenous agent acting like opioid drugs (8, 9).
Later, Akil and others showed that there was partial analgesic cross-
tolerance between morphine and brain stimulation, and the
analgesia induced by electrical stimulation was antagonized by
naloxone (10). There were no formal reports of studies seeking
endogenous ligands for the receptors binding opioid drugs during
the 1974 INRC meeting in Cocoyoc, Mexico, but at the end of the
meeting Hans Kosterlitz hinted during the closing discussion that his
laboratory was close to reporting on an endogenous agent that
activated opioid receptors.

The 1975 INRC meeting was held at Airlie House, Virginia,
just west of Washington DC, again immediately following a
meeting of CPDD in Washington. Interest in the scientific
community in opioid receptor research was increasing rapidly
by this time, and the journal Life Sciences expressed interest in
publishing reports of the proceedings rapidly after the meeting;
speakers were asked to bring “camera-ready” copies of their
papers to the meeting to facilitate quick publication in special
issues of the journal [Life Sci, vols 16 (12) and 17 (1)]. These
papers were later published by Pergamon Press together as a
separate bound volume with Avram Goldstein as editor (11). By
1975, John Hughes and Hans Kosterlitz were ready to present
their data on an endogenous opioid ligand for the opioid receptor,
and the first paper at the 1975 meeting was their report showing
that an endogenous peptide-like material extracted from pig
brain, which they named enkephalin, was a potent activator of
receptors in the mouse isolated vas deferens preparation that
could be antagonized by naloxone with a similar pK, to that
observed for naloxone antagonism of normorphine. However,
they had not yet determined the amino acid sequence of
enkephalin. By this time other groups, including the Terenius
group and the Snyder group had partially isolated from brain
extracts materials (structures still unidentified) that could
displace radiolabeled opioid ligands from high affinity opioid
binding sites in brain membranes, and their reports immediately
followed the Hughes and Kosterlitz paper (12-14). In the same
session the Goldstein group reported on two pituitary fractions
containing peptide-like materials (readily destroyed by
proteolytic enzymes) from extracts of bovine and porcine
pituitaries that were potent, naloxone-sensitive inhibitors of
the isolated guinea pig ileum and mouse vas deferens
preparations, and it was immediately apparent that these
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materials showed onset and recovery rates in the bioassay
preparations that differed from the properties of the
enkephalin fraction, as described by Hughes and Kosterlitz.
Receptors also occupied a significant fraction of the program;
the second and third sessions at the 1975 meeting included
reports from several groups, including those of Snyder, Simon,
Goldstein, Herz, Theodore Brody (Michigan State University),
Jose Musacchio (NYU) and Horace Loh and E.L. Way (UCSF),
covering their latest studies on the properties of the opioid ligand
binding sites in brain membranes.

Signal transduction mechanisms were not neglected. A
significant breakthrough in understanding downstream
signaling from the opioid receptor had occurred in the
previous year, when Harry Collier had reported (15) that
morphine and other opioid drugs inhibited the activity of the
enzyme adenylyl cyclase (AC) in brain membranes after it had
been stimulated by prostaglandins. Collier now expanded on
this report and suggested that inhibition of AC could account
for the analgesic and other effects of these drugs, and
furthermore that dependence on opioids might arise as a
result of a “biochemical hypertrophy” of this system. Werner
Klee and Marshall Nirenberg had shown in 1974 that
neuroblastoma X glioma hybrid cells (NG108-15 cells) also
expressed a receptor binding opioid drugs and that activation
of this receptor inhibited AC activity and reduced cAMP levels
in these cells, while chronic exposure to morphine over 2-4 days
resulted increased AC activity (16, 17). Similar results were also
reported at the meeting by Bernd Hamprecht and others (from
the Max Planck Institiit for Biochemie, Martinsreid, Germany).
Other talks in the session further examined the effects of opioid
drugs on brain nucleotides and the possible roles of cyclic
nucleotides and phosphodiesterases in opioid tolerance and
dependence. The meeting also included accounts of the
actions of opioids evaluated electrophysiologically in single
neurons, in the enteric and autonomics nervous systems
(from Ray Dingledine, Stanford; and Alan North & Graeme
Henderson, Aberdeen), in spinal cord (Hiroshi Takagi, Kyoto;
Jean-Marie Besson, Paris) and in brain (M Satoh & W
Zieglginsberger, Munich; Robert Frederickson, Lilly,
Indianapolis). Another session at the meeting was devoted to
ongoing studies of opioid drug interactions with classical
neurotransmitter systems and their roles in the analgesic and
tolerance/dependence-inducing actions of opioids.

Thus, by mid-1975 the general themes that would occupy the
main focus of attention at future INRC meetings for the next forty-
plus year were already in place, albeit at a very preliminary level, with
new developments in each area and an increasing understanding of
the complexity of both the endogenous opioid systems and the
receptor systems through which they acted evolving rapidly over this
period, as new technological approaches became available. Syd
Archer took over the role of INRC Secretary in 1976 from
Avram Goldstein, establishing the usual 4-years term for the
Secretary/President. Over the following years, INRC meetings
were held in Aberdeen, Scotland again (1976), Brewster
Academy, New Hampshire, United States (1977—as a Gordon
Conference), Noordwijkerhout, Netherlands (1978), Seacrest
Hotel, N. Falmouth, on Cape Cod, Massachusetts (1979), and
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Plymouth State College, New Hampshire (1980, again as a
Gordon Conference). Two of these locations proved particularly
popular; INRC returned to Noordwijkerhout again in 1990, and to
Seacrest in 1982, 1985 and 1994.

Identification of Endogenous Opioids

The first important development following the 1975 Airlie House
meeting was the publication in Nature in late 1975 of the chemical
structures of [Mets]enkephalin (ME) and [Leus]enkephalin (LE)
(12). The unexpected presence of two closely related peptides in
their fractions had complicated their chemical
identification; this was eventually achieved by the Kosterlitz
group using mass spectrometry, the first time this technique
had been used to sequence a neuropeptide. When the sequence of
ME was reported it was immediately recognized by groups
working on previously characterized peptides in the pituitary
that the ME sequence formed part of the C-terminus of the
pituitary peptide, p-lipotropin, previously sequenced by CH Li (at
UCSEF, San Francisco) (18), and by Derek Smyth (MRC, Mill Hill,
London) (19). The opioid-like activity of the C-terminus of -
lipotropin was rapidly confirmed by several groups. B-Lipotropin
itself was also recognized as being derived from a yet large
precursor peptide that also yielded melanocyte stimulating
hormone (a-MSH) and adrenocorticotrophin (ACTH).
Accordingly, this precursor was given the name pro-
opiomelanocortin (POMC). Careful analysis of the opioid
activities isolated from pituitary by the Goldstein group
indicated that one of the previously reported active fractions
that he had isolated contained p-endorphin, but the nature of the
other highly basic active fraction remained uncertain for several
years, only being identified later as the novel opioid, dynorphin.
With the discovery of more than one endogenous peptide capable
of activating opioid receptors, a general term for this class of
peptide was needed. Eric Simon proposed in 1976 that the term
“endorphins” should be used as the collective noun covering all
endogenous peptides that activated opioid receptors, and this
term is now widely used, both by neuroscientists and by the
general public.

The concept that receptors through which morphine and
related drugs produced analgesia were normally regulated by
hitherto unknown, but now newly identified endogenous
neuropeptides, was first discussed at INRC, and electrified the
field. While the enkephalins and other endogenous opioids were
not the first neuropeptides to be discovered (substance P,
oxytocin and  vasopressin, and peptides regulating
hypothalamic hormones were identified earlier), they were the
first neuropeptides to be discovered through a search for the
ligands/activators of receptors previously defined only by their
sensitivity to exogenous drugs. This greatly increased interest in
searching for other functional neuropeptides, and drove
numerous technical advances in methods to find, localize,
quantify, and evaluate the actions of other previously
unstudied neuropeptides from brain and other tissues. The
prior existence of a wide range of chemically different opioid
drugs was a major factor in permitting the ligand binding
properties of opioid receptors to be fully characterized, and
receptor characterization was further facilitated by analysis of

active
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their interaction with the wide range of opioid peptides now being
discovered.

The gene coding for POMC was cloned and sequenced by the
Shosaku Numa group (in Kyoto, Japan) in 1979 (20), the first of a
series of remarkable achievements in which the Numa group also
cloned and characterized the genes for the enkephalin and
dynorphin precursor peptides (see below). The LE sequence is
not part of POMC and the origins of LE remained uncertain for a
few more years. Extended ME-containing peptides (including
ME-Arg-Phe and ME-Arg-Arg, and longer extended peptides)
also not contained in the B-lipotropin structure were later isolated
from adrenal gland and other tissues, suggesting that POMC was
unlikely to be the only ME precursor or even its primary
precursor. In the years following the initial report of the
enkephalins, several groups reported at INRC meetings
between 1976 and 1981 that various extended enkephalin
sequences could be identified in brain extracts, and progress
was being made in identifying the very different basic opioid
peptide fraction isolated from pituitary by Goldstein and others.
The breakthrough for the enkephalin precursor came when it was
found that adrenal medullary tissue offered a good source for
additional studies on ME precursor peptides (21). Eventually a
novel precursor, pro-enkephalin, was isolated from adrenal
medulla [for a summary of these studies, see (22)]. This
precursor peptide was found to contain six copies of the ME
sequence and one copy of the LE sequence. Pro-enkephalin is
now known to be the primary precursor for ME and LE. The gene
sequence for pro-enkephalin was soon discovered by the Numa
(Kyoto), Udenfriend (New Jersey) and Herbert (Oregon) groups,
all working independently (23-25). A partial sequence of the
highly basic opioid peptide from pituitary isolated by the
Goldstein group was published in 1979 (26), with the full 17-
amino acid peptide sequence of the peptide, named dynorphin,
finally sequenced by Goldstein in 1981 (27). Two closely related
peptides named a- and PB-neoendorphin were isolated from
porcine hypothalamus in 1981 (28, 29). When the sequence of
the gene coding for pro-dynorphin was finally determined, again
by the Numa group, in 1982 (30) it was apparent that, like the
proenkephalin gene, the prodynorphin gene also encoded several
closely related opioid peptide sequences, dynorphin A, a-
neoendorphin, and dynorphin B, that are liberated from the
precursor peptide by the actions of selective endopeptidases.
For a fuller discussion of the processing and properties of the
active opioid peptides derived from the POMC, proenkephalin
and prodynorphin genes, see Fricker et al. (31).

These developments revealed a complexity in the endogenous
opioid system that was certainly not expected when the search for
the natural regulators of the postulated opioid receptor was
initiated in the early 1970s. Processing of proenkephalin and
prodynorphin was shown to generate several biologically active
peptides from each precursor, leading to studies over the coming
decades on the peptide processing enzymes and the predominant
active forms of the peptides in different tissues and brain regions.
INRC meetings at this time contained many reports of the
activities of various opioid gene products in bioassays or when
injected into discrete brain regions, while others evaluated the
degradation of these peptides, and it was demonstrated that
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B-endorphin in particular could be identified circulating in
plasma in animals and in man. In contrast, ME and LE are so
rapidly metabolized by tissue enzymes that these peptides do not
circulate in blood at physiologically relevant concentrations. A
recent review (31) has summarized the development of
understanding of peptide processing machinery and the
implications of this complexity in relation to the functions of
endogenous opioids. The decade between 1975 and 1985 also
saw the identification of another group of opioid peptides, the
casomorphins, derived from digestion of B-casein in milk (32).
B-casomorphins derived from breast milk appear to play a role
in regulating intestinal motility and secretions in neonates (33,
34). A dipeptide (Tyr-Arg) named kyotorphin was identified in
brain by (35). Kyotorphin does not appear to interact directly
with opioid receptors but may affect the release or stability of
released enkephalins (36). The actual peptide level and
physiological relevance of the multitude of different
proenkephalin and prodynorphin-derived peptides is still
poorly understood and understudied. A recent paper by
Lakshmi Devi and others determined affinity, activity, and
potential ligand bias at each opioid receptor for the vast
majority of these endogenous peptides and found there to be
considerable overlap, with endogenous ligands derived from
each prohormone able to activate each opioid receptor at
physiological concentrations (37). Nevertheless, at this time
the physiological actions of most of the opioid peptides
produced are not known.

Opioid Receptor Heterogeneity and Signal

Transduction Pathways

During the period from 1973 to 1976, while many groups were
giving most attention to the search for “the endogenous opioid,”
others continued to explore the pharmacologic properties of the
rapidly expanding arsenal of opioid drugs. Martin and others, at
the Addiction Research Center in Kentucky, in particular,
developed a novel experimental model using dogs that had
been chronically decerebrated to permit the analysis of the
effects of drugs on spinal and brain stem reflexes without the
modifying functions of descending inhibitory systems. In this
model, Martin found that the actions of several benzomorphan
analogs were qualitatively different from those of morphine.
Expanding on his earlier “receptor dualism” model, he now
suggested that these results were best explained by the
presence of three distinct opioid receptor types. One group of
symptoms in his dog preparations, including miosis, bradycardia,
hypothermia, and depression of nociceptive responses, was
produced by morphine and closely related drugs. Another
cluster of actions, including miosis, depression of the flexor
reflex and sedation but with little effect on pulse rate or the
skin twitch reflex, was associated specifically with the
benzomorphan ketocyclazocine, while a third set of actions,
including mydriasis, tachypnea, tachycardia, and mania, was
uniquely induced by a related drug, SKF 10,047
(N-allylnormetazocine). Martin proposed that three receptor
types were responsible for these different sets of actions, and
named the receptors by the Greek symbols for the first initial of
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the most characteristic drug activating each site; g (mu) for the
morphine, k (kappa) for ketocyclazocine and o (sigma) for
SKF10,047. This work was published in 1976 in a seminal
paper proposing the existence of three distinct forms of
receptors for opioid drugs (38).

Martin’s paper in the Journal of Pharmacology &
Experimental Therapeutics was quickly followed by a new
study from the Kosterlitz group. By 1977 they had realized
that the target sites preferentially activated by ME and LE
differed significantly from the target sites for morphine and
close analogs in isolated tissue bioassay preparations, with
respect to their relative apparent potencies for opioid ligands.
The target sites preferred by morphine, well represented in the
guinea pig ileum assay, appeared to be similar to Martin’s p
receptor, while ME and LE showed significantly higher apparent
potency relative to morphine for the receptor predominant in the
mouse vas deferens preparation that had been instrumental in
their initial discovery of the enkephalins. They labeled the
receptor in the mouse vas deferens preparation the § (delta)
receptor (after the potent metabolically stable enkephalin analog,
[D-Ala?, D-Leu’]enkephalin (subsequently known informally as
DADLE), that was a potent activator of this site (39). In the same
study they also showed that radiolabeled morphine or DADLE
binding to isolated brain membranes could be distinguished by
the relative affinities of morphine and enkephalin analogs in
displacement studies.

This report, together with the Martin’s 1976 paper, triggered a
profound discussion on the apparent existence of multiple
receptors for opioid analgesic drugs and their relative potential
as therapeutic targets. The multiplicity of opioid receptors was
not immediately accepted by all in the field. The experimental
approach used by Martin and others was subject to alternative
explanations, was unique to his laboratory, and did not use
techniques that had traditionally been employed by
pharmacologists to define differences among receptor types,
raising concerns for some investigators. Kosterlitz had used
the apparent affinities of an antagonist (naloxone) to
distinguish & from u receptors (a classic pharmacologic
technique), but his model relied mainly on studies in isolated
tissues; some investigators argued that the § receptor had not yet
been shown to play a role in CNS function.

This controversy continued to fill the programs of INRC
meetings from 1976 onwards for a number of years and was
probably a major incentive for many investigators to attend these
meetings. It was noteworthy that a significant fraction of INRC
meeting attendees over the next decade or more came from the
private sector, as the drug industry tried to keep up with
developments in the field and to determine if the proposed
novel receptors might be effective therapeutic targets. The
1978 meeting, held in July at Noordwijkerhout, a somewhat
isolated resort site on the cold and windy North Sea coast of
the Netherlands, attracted more than 250 registered attendees; the
proceedings of this meeting were also published as a
monograph (40).

Over the next few years studies confirming the heterogeneity
of the receptors activated by opioids drugs quickly followed,
confirming the early insights of Martin and Kosterlitz. It was
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quickly discovered that the receptor activated by morphine in
NG108-15 cells, demonstrated by Werner Klee and Marshall
Nirenberg in 1974, had much higher affinity for DADLE relative
to morphine than was observed at the y receptors, suggesting that
this receptor closely resembled the & receptor proposed by
Kosterlitz (41). This would turn out to have great significance
in another decade leading to the cloning of the first opioid
receptor. Others showed that ketocyclazocine produced effects
in vivo that were clearly different from those of morphine, while
radiolabeled ketocyclazocines bound to a site in brain membranes
that differed from the preferential binding sites for morphine. In
1981, Chavkin and Goldstein used the apparent relative affinities
for naloxone in antagonizing different opioid peptides and opioid
drugs in the guinea pig ileum preparation, and the selective
protection of subsets of receptors from irreversible blockade
by the p-selective irreversible antagonist B-FNA, to show that
dynorphin was an endogenous ligand for k-receptors in this
tissue, while morphine acted through p receptors also
expressed in the tissue (42, 43). As a result, by the early 1980s
there was general agreement that y, § and k receptors existed,
each having different functional roles in the central nervous
system and in peripheral tissues, and the commonly used
name for the receptor family changed from “opiate” to
“opioid,” reflecting the general understanding that this
receptor family serves as physiologic targets for the three
families of opioid peptides. These general conclusions were
eventually justified by the discovery of genes coding
independently for the p, § and « receptors in the early 1990s.
The existence of the o receptors initially proposed by Martin et al
(38) remained uncertain. While Martin and others had reported
that the actions of SKF-10,047 were antagonized by nalorphine,
others were not able to replicate antagonism of the actions of
SKF-10,047 by opioid antagonist drugs. Ultimately it became
apparent that the racemic SKF-10,047 studied by Martin’s group
contained two stereoisomers with different pharmacologic and
behavioral properties; (—)SKF-10,047 had high affinity for pand x
receptors and could be antagonized by naloxone, while (+)SKE-
10,047 had high affinity at a non-opioid o-receptor, as well as the
PCP site on the NMDA receptor, and was not sensitive to
antagonism by naloxone or other opioid antagonists (44). It is
now clear that o-receptors are functional in the CNS but they are
not part of the opioid receptor family and are not activated by
endogenous opioid peptides.

INRC meetings through this decade also saw advances in
understanding of the signal transduction pathways activated via
opioid receptors. Other groups confirmed the original work of
Collier, Nirenberg and Hamprecht from the mid-1970s showing
that opioids could inhibit AC activity in cell lines and in brain, but
more complete understanding of this system required a greater
understanding of the mechanisms underlying receptor regulation
of AC. A critical development was the demonstration by Martin
Rodbell (45) that a novel nucleotide-binding protein (now called
Gi) was required for inhibition of AC by activation of several
neurotransmitter receptors including opioid receptors. With the
identification of the transduction role of G proteins, a flurry of
studies followed, further characterizing opioid receptor
regulation of AC as a primary signaling mechanism for all
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three types of opioid receptor, and identification of direct
regulation of ion channels by G protein subunits followed. As
the number of isoforms of G protein alpha, beta and gamma
subunits increased there was an increasing appreciation of the
complexity of the signaling pathways regulated by opioids.
Electrophysiologists had previously demonstrated that opioids
could increase potassium conductance in neurons (46) and later
studies demonstrated opioid-mediated inhibition of some
calcium conductances by mechanisms requiring G protein
signaling, thus providing a new understanding of the role of G
protein activation as a critical regulator linking opioid receptors
to both metabolic and ionic regulation of cell activities. Klee and
Nirenberg (17) had also reported that chronic exposure to opioid
drugs resulted in an increase in AC activity in NG108-15 cells,
proposing that this adaptive modulation of a down-stream
signaling system provided an experimental confirmation of a
theoretical model for drug tolerance and dependence that had
been proposed much earlier by Goldstein (47) and independently
by Shuster (48).

Opioid Peptides and the Search for Better

Analgesic Drugs

The primary focus of INRC meetings during the first two decades
was in understanding the nature of the endogenous opioid
system, its distribution across the brain, spinal cord and
peripheral nervous systems and how this system responded to
chronic activation by exogenous opioid drugs, but the goal of
achieving improved analgesic therapies was not forgotten. Most
meetings included contributions from medicinal chemists
reporting on novel synthetic structures with opioid-like
properties. Leading contributors to the field, including Paul
Janssen, the inventor of fentanyl and John Lewis, a member of
the group that first reported the extraordinary potency of
etorphine and other oripavine derivatives, attended a number
of the early meetings. Also of critical importance was the
discovery by scientists at Upjohn of a series of highly selective
Kk agonists (49) that have been widely used for the characterization
of most k activities, as well as binding studies. Academic opioid
chemists, including Kenner Rice and Phil Portoghese greatly
enriched opioid pharmacology. In particular, Portoghese
designed the first selective k antagonist norBNI (50) as well as
the irreversible p antagonist -FNA (51), both of which have been
indispensable in understanding and characterizing the opioid
system.

With the determination of the structures of endogenous
opioid peptides, the pharmaceutical industry committed
considerable resources to developing synthetic peptides and
other small molecules that would retain the high efficacy at
opioid receptors of the endogenous peptides, but with
increased metabolic stability and access to the central nervous
system after systemic administration. The focus in these sessions
continued to be on the actions of endogenous opioids, chemically
protected opioid peptides and novel small molecule drugs in pre-
clinical models for evaluation of pain relief. The hope was that
modified peptide structures might be effective analgesics with
reduced addiction liability. Many novel peptides were identified,
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and some, in particular the highly selective u ligand DAMGO
([D-Ala?, N-MePhe*, Gly-ol]-enkephalin) (52) and the § ligand
DPDPE ([D-Pen?, D—Pens]enkephalin) (53), both metabolically
stable enkephalin analogs, proved to be very useful in
discriminating different opioid receptor types, but none of the
novel agents developed at this time was an effective analgesic that
could replace morphine or any of the other established opioid
analgesic drugs.

A number of INRC meetings during this period were held as
back-to-back meetings with CPDD, sometimes with overlapping
sessions on topics of common interest. Generally, clinical studies
of novel analgesics along with evaluations of addictive liability
were more likely to be presented at CPDD than at INRC
conferences. Eddie Leong Way, who chaired the pharmacology
department at the University of California San Francisco and
made many early contributions to opioid pharmacology, took
over as Secretary/President in 1984, overseeing meetings in
Cambridge UK (1984), Seacrest in Massachusetts (1985), San
Francisco (1986), and Adelaide, Australia (1987). In 1988 Albert
Herz (Max- Planck, Munich), one of the INRC Founders, who
became the first non-USA-based Secretary (after the first two
INRC meetings organized by Hans Kosterlitz), organizing
meetings in Albi France; St. Adele, Canada, and
Noordwijkerhout, Netherlands before handing the role to
Huda Akil (University of Michigan) who became the first
woman to serve as Secretary (later called President) of the
Conference.

Opioid Receptor Cloning

While the genes coding for each of the three major families of
endogenous opioids had been identified and sequenced fairly
quickly, identifying the genes coding for what were now generally
agreed to be three different opioid receptor isoforms proved more
difficult. Their level of expression in neural and other tissues
appeared to be very low and their isolation and therefore
sequencing required for cloning was challenging. By the end
of the second decade of INRC’s history, in 1990, a number of
groups had active programs seeking the critical genes, but success
was elusive.

The first mammalian GPCRs cloned were bovine rhodopsin
(54) followed by Lefkowitz and others in 1986, after a Herculean
effort to purify and sequence a portion of the P,-adrenergic
receptor sufficient to screen a hamster genomic library (55).
Cloning of other GPCRs followed and by 1992, opioid
receptors had still not been cloned, despite considerable effort
from many labs. There were some false starts, including the
cloning of a receptor that didn’t turn out to be opioid (56),
Finally, this changed near the end of 1992 when two papers came
out nearly simultaneously by Chris Evans (57) and Brigitte Kieffer
(58) describing the expression cloning and sequence of the &
opioid receptor from NG108-15 cells. When transfected into COS
cells, both groups described the expected 7-transmembrane
protein with high affinity for the known & opioid receptor
ligands that inhibited cAMP accumulation, and the actions of
these ligands were blocked by naloxone. Because of sequence
homology among the opioid receptors, the cloning of other
opioid receptor genes followed rapidly. The k receptor was
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cloned by Graeme Bell (59), while he was looking for a novel
somatostatin receptor, and this was quickly followed by cloning of
the p receptor independently by Lei Yu and George Uhl (60, 61).
These developments led to considerable excitement at the 1993
meeting in Skévde, Sweden when the data on each of the opioid
receptor types was discussed, opening a new era of opioid
research with the receptors being studied now in transfected
cells without the complication of multiple receptors being present
in the tissue preparation.

There were several surprises upon cloning of the opioid
receptors. For one thing, there were only three, §, k, and p.
Previous binding and in vivo studies had putatively identified
subtypes for each isoform, p1, u2 (62); u3 (63); 81, 82 (64); at least
four k receptors (65); and even more subtypes were proposed by
the most enthusiastic investigators. However, no matter how hard
people looked for additional genes for receptor subtypes or splice
variants that could adequately explain the previously described
receptor heterogeneity, the genes, or appropriate splice variants,
just didn’t exist. This is in contrast to the serotonin receptor
family, for example, that had two or three described isoforms
prior to cloning, and ultimately was found to consist of a full 15
different 5-HT receptor genes. While the apparent presence of
multiple opioid receptor subtypes did not have a genetic basis, the
other main surprise from the receptor cloning studies was the
identification, by several researchers, of another closely related
receptor with a pharmacology that was distinctly non-opioid.
This receptor named by various groups ORL1, LC132, XORI,
kappa 3, ROR-C, C3 had sequence homology to y, §, and «
receptors that was nearly as high as they had with each other, but
when transfected into mammalian cells, the novel receptor was
found not to be activated by most opioid ligands with high
affinity for the other opioid receptors (66-71). Meunier and
others, who named it Opioid Receptor Like 1 (ORL1) presented
data at INRC in 1994 at the Seacrest Hotel in North Falmouth,
MA, demonstrating that a few opioid drugs such as etorphine
also inhibited cAMP accumulation in cells expressing only
ORL1 receptors, with modest (30 nM) potency. However, this
activity was not reversed by naloxone at reasonable
concentrations, excluding this receptor from being described
as opioid based on pharmacologic criteria. Nevertheless,
sequence homology, gene structure and a common signal
transduction mechanism clearly puts this receptor in the
opioid receptor family (72).

The identification of the fourth opioid-family receptor
initiated the search for the endogenous ligand, since the
previously identified opioid peptides had very low affinity for
the fourth receptor. A novel endogenous ligand for ORL1 was
identified the following year by Meunier and others (73) and
simultaneously by Civelli and others (74). These results were
presented by Jean Claude Meunier at the 1995 INRC meeting in
St. Andrews, Scotland. This 17-amino acid peptide, called
nociceptin (by Meunier et al.) and orphaninFQ (by Reinscheid
et al.), was remarkable in that it had the N-terminal opioid
peptide sequence X-Gly-Gly-Phe, where the X was Phe rather
than Tyr, which is found in the enkephalins, 3-endorphin and
dynorphin. It had been well established that the OH on Tyr was
required for binding to the original three opioid receptors,
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explaining its lack of affinity for these receptors and offering a
strong clue as to why opioid peptides did not bind ORLI. This
neuropeptide is now officially named N/OFQ and the receptor is
named the NOP receptor (Nociceptin/Orphanin F/Q Opioid
Peptide receptor).

Nociceptin/Orphanin FQ was not the only new opioid ligand
discussed at INRC meetings during this period. In 1997 Jim
Zadina and others identified two novel peptides they had found in
extracts of bovine frontal cortex (75). These peptides, called
endomorphin-1 (Tyr-Pro-Trp-Phe-NH,) and endomorphin-2
(Tyr-Pro-Phe-Phe-NH,) had high affinity and very high
selectivity for the p opioid receptor. This was important since
the known opioid ligands (enkephalin, dynorphin, p-endorphin)
each had significant affinity and efficacy at more than one opioid
receptor type, indicating that it was unlikely that release of one
endogenous opioid would activate only one receptor type. The
high p-selectivity of endomorphins suggested that they may be
selective endogenous p-receptor agonists. Selective ligands would
greatly simplify our understanding of receptor activation if we
could identify the relative localization of the receptor and ligand.
Upon identification of the endomorphins the search for the
gene(s) coding for these peptides began in many labs.
However, to this day, no gene has been identified, leaving the
distinct possibility that these ligands don’t exist in situ and
therefore they remain putative p receptor endogenous ligands.

Upon receptor cloning, the next obvious innovation was the
development of knockout animals to verify the necessity for
opioid receptors for opioid-mediated actions. The first mouse
with an opioid receptor deleted by homologous recombination,
naturally, was the p receptor, the receptor type most important
for both analgesia and drug abuse, which was first discussed at the
1997 INRC meeting, in Hong Kong. These mice, developed in the
labs of Brigitte Kieffer and George Uhl were healthy and
developed and bred normally (76, 77). As expected, morphine-
induced analgesia, as well as morphine reward were abolished,
proving conclusively that the p-opioid-receptor gene product is
the molecular target of morphine in vivo. Additional knockout
mice for all four receptors in the opioid receptor family were
produced in the labs of Brigitte Kieffer and John Pintar and were
made available to be used by the entire opioid community. One
other important result of the knockout studies was the
verification that there were only the three opioid receptors (y,
§, k) and deletion of all three genes (triple knockout) eliminated
all opioid binding activity (78).

Although it had been proven that the genes that encoded g, §,
and k receptors were sufficient to explain basically all opioid
activities, including those of subtype selective ligands, the in vitro
and in vivo pharmacology that initially resulted in the description
of these subtypes now required an explanation. One possible
factor leading to the expression of functionally different receptors
from a single gene was the possible tissue or cell-type specific
expression of splice variants formed during transcription of the
gene. Gav Pasternak and others have been at the forefront in the
evaluation of this possibility. Initially using a technique that they
called “antisense mapping,” first discussed at the 1998 meeting in
Garmisch-Partenkirchen, Germany, Pasternak and others used
antisense nucleotides to knock down specific receptor gene exons
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and found that this was sufficient to differentiate the actions of
morphine versus heroin (79, 80), perhaps explaining the binding
and functional differences between pl and p2 receptors that
Pasternak had so long discussed. Over the ensuing years
Pasternak and his colleague Ying-Xian Pan delved in great
detail into the p receptor describing a multitude of splice
variants, presented at multiple INRC meetings. At this point,
they have described at least 12 potential splice variants, including
a 6 transmembrane version that binds opioids with its own
specific pharmacology (81, 82). The physiological significance
of this potentially large number of different 1 receptor isoforms is
still not known and still under investigation.

Visualizing Sites of Receptor Expression
One of the major benefits of cloning the receptors was the ability
to visualize them. Although in vitro autoradiography had been
utilized for more than 10 years, and was quite successful, the
resolution was only sufficient to obtain a very general regional
localization of a receptor. Cloning led to two advancements, the
gene and therefore the RNA sequence was known, which could be
used for in situ hybridization, and the receptor, or fragments of
the receptor could be purified or synthesized to make antibodies
for immunohistochemistry. These techniques, which had been
used for identification and localization of opioid peptides for the
past 10 years, revolutionized receptor localization and allowed for
the cellular, rather than regional, identification of opioid receptor
expression. These techniques were used widely, with the leading
proponents in the opioid field being Stan Watson and Huda Akil.
Watson and Akil, characterized locations of each of the opioid
receptors, and NOP, and compared the localization of the
receptor with its endogenous ligand (83-86). These studies
were presented at multiple INRC meetings. On the other
hand, complications arose with the immunohistochemical
studies on opioid receptors that reflected the challenges of
working with receptor antibodies. It turned out that many of
the opioid receptor antibodies, including many commercial
products, were apparently non-selective and when staining on
knockout mice was used as a control, a similar pattern of
localization could be recognized in the wild type and knockout
animals. Validation that there is no immunohistochemical
staining in knockout animals is now required for appropriate
rigor when utilizing opioid receptor antibodies.

Developments in Understanding of Signal

Transduction Pathways

Throughout the 1990s and early 2000s, a continuously important
topic at INRC meetings pertained to the signal transduction
mechanisms of opioid receptors. This is a particularly
important topic for opioid receptors because of the presumed
relevance to all aspects of opioid actions, including analgesia,
reward, addiction, tolerance development, etc. By this time, it had
been many years since Rodbell and Gilman had described and
purified G proteins, but the additional components of signal
transduction pathways and the importance of receptor
phosphorylation were being described. These were not
exclusive to opioid receptors, of course, but were very
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important to the development of the field and formed a major
topic of discussion at INRC meetings. The steps after receptor
binding, including receptor phosphorylation by G Protein
Receptor Kinase (GRK), binding of [B-arrestin, MAP kinase
activation, internalization and recycling take place in the
seconds to minutes after agonist binding. An excellent review
of u receptor regulation by a group of INRC members describes
many aspects of p receptor changes at the biochemical and
cellular level and reflect what was discussed at many INRC
meeting (87). Much of the work, from the group of Graeme
Henderson demonstrated, using electrophysiology, that
receptor activation leads to phosphorylation and rapid
desensitization in a variety of neurons (88, 89). This was
discussed in his Founders Lecture at INRC 2013 in Cairns,
Australia. Additional studies by Mac Christie (90, 91) and
John Williams (92, 93) in the locus coeruleus and the vIPAG,
also presented at multiple INRC meetings, have characterized the
kinases involved in phosphorylation as well as the kinetics of
desensitization and recovery. Stefan Schulz and others have
further characterized the critical phosphorylation sites on
opioid receptors (94, 95). Downstream signaling through MAP
kinases has also been described in detail. An additional
downstream signaling cascade involving phosphorylation of
c-jun kinase (JNK) induced by both antagonists and agonists,
originally proposed by Chavkin and Bruchas (96, 97), was
discussed at multiple INRC meetings and appears to be
involved in inactivation of Gi-coupled GPCRs, potentially
leading to tolerance development induced by agonists, and the
long-lasting actions of k antagonists, such as nor-BNI and JDTic.
Despite the large number of studies identifying signal
transduction parameters, there is still much more to learn of
the interactions among different down-stream signaling
pathways following activation of opioid receptors.

One major topic in our attempts to understand the action of
opioids pertains to the rewarding and addicting nature of the
compounds. Why are opioids abused, where do they work, why is
it so hard to stop, and why is relapse so prevalent? The dopamine
hypothesis of drug reward suggested that reward is induced by an
increase in extracellular dopamine in the Nucleus Accumbens
mediated by excitation of dopaminergic neurons in the ventral
tegmental area (VTA). Alan North demonstrated that activation
of opioid receptors on GABAergic interneurons in the VTA
disinhibited the dopaminergic projection neurons leading to
increased dopamine release (98). The involvement of opioids
in this pathway has been studied using electrophysiological
techniques by a number of INRC participants, in addition to
North, including John Williams, Howard Fields, and Elyssa
Margolis (99-101). Groups headed by Toni Shippenberg and
Mary Jeanne Kreek measured dopamine directly using
microdialysis to examine the relationship between dopamine
and behavioral responses (102, 103). But the inverse to
dopamine reward has an equal influence on drug-taking. It
has been known since the 1930s that the strongly aversive
aspects of opioid withdrawal are a significant factor in return
to illicit drug use during the period of withdrawal. At a Plenary
Lecture in at INRC 2002 in Monterey CA, George Koob
addressed the dark side of drug addictions in general,
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describing specifically a plasticity of the kappa opioid system that
is induced by chronic opioid use, and in chronic alcoholism.
Studies by his group, as well as Mary Jeanne Kreek and others,
clearly demonstrated that psychostimulant abuse increase
dynorphin levels (104, 105), while Charles Chavkin and others
demonstrated that stress-induced relapse was due to x receptor
activation (106, 107). Dynorphin and k receptor activation in
general, is dysphoric, as first demonstrated by Albert Herz (108,
109). Because of the upregulation of the k system, progressively
increased drug use is required to maintain a normal hedonic state,
while discontinuation leads to k-mediated anhedonia and
dysphoria, a condition that Koob named “hyperkatifeia,”
which he further described in a Plenary Lecture at INRC 2019
in New York. Ultimately, the interplay between p and k systems
contribute to many aspects of drug abuse including acquisition,
withdrawal and relapse.

Receptor Dimerization

A persistently controversial topic at INRC and in the GPCR field
in general pertains to receptor homo- and heterodimerization,
and higher levels of oligomerization. There had been
suggestions by Eric Simon and others that opioid receptors
could be physically associated based upon crosslinking studies
with the non-selective ligand %1 B-endorphin (110). The first
direct evidence of opioid receptor dimerization was obtained by
Lakshmi Devi and others, who demonstrated
immunoprecipitation of differentially (Flag and c-Myc)
epitope-tagged 8 opioid receptors (111). This work was
presented at the 1996 meeting in Long Beach, CA. The
ability to dimerize was not limited to homodimers, or even
GPCR dimers within the opioid receptor family. Susan George,
who worked mostly on dopamine receptors, produced p/d
dimers in COS «cells and demonstrated differential
pharmacology of opioid ligands, discussed at the 2003 INRC
meeting in Perpignan, France (112). Devi produced
considerable additional evidence for opioid homo- and
heterodimers, and multimers, as well as §/CB1 dimers. She
later identified both ligands (113) and antibodies (114) that were
uniquely selective for opioid receptor dimers. These
experiments were discussed at several INRC meetings in the
early 2000s. The promise of opioid receptor dimers was that
dimer-selective compounds could be identified that might
improve selectivity of opioid ligands, potentially reducing
side effects and perhaps tolerance development. This goal has
not yet been realized with dimer-selective agents, and a major
focus of groups seeking to develop analgesic drugs with
improved side effect profiles shifted during the early 2000s to
a different important topic, ligand bias.

CO-

Biased Agonism and Relative Efficacy

The field and implications of ligand bias started with Laura Bohn,
when she was a postdoc for Marc Caron, with her demonstration
that a strain of P-arrestin 2 knockout mice treated with morphine
demonstrated potentiation and prolongation of analgesic
responses to morphine, with little or no development of
tolerance, work initially presented in 2000 at INRC in Seattle
(115, 116). At this meeting, future Nobel Prize winner Bob
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Lefkowitz gave a Plenary Lecture on B-arrestin and discussed
the implications of designing compounds that did or did not
activate this enzyme. In Bohn’s original studies, G-protein
activation appeared critical for analgesia while B-arrestin
signaling appeared to be specifically associated with respiratory
depression (Bohn et al, 1999). Subsequent studies demonstrated
that the [-arrestin 2 knockout mice displayed increased
extracellular dopamine and increased conditioned place
preference in response to morphine treatment (117). These
early results, presented at multiple INRC meetings led to the
hypothesis that some opioid agonists could selectively activate
individual signal transduction pathways, activating -either
G-protein-dependent  or  P-arrestin-dependent  signaling
pathways, in other words, biased agonism, which could give
an improved profile of analgesic activity relative to side effects.
This is a very attractive hypothesis and suggests that one might be
able to design compounds that have potent analgesic activity
without the p-mediated side effects of respiratory depression,
constipation, and reward/abuse liability. This hypothesis led to
countless studies examining bias of known ligands, the
involvement of medicinal chemists to design and synthesize
“biased” agonists, and even the founding of a company
(Trevena), whose business model was the design of biased
agonists for the development of opioid analgesics, with
reduced side effects. Many of these studies were presented at
INRC over the ensuing 15 years. This included a talk by Ashish
Manglik, from Nobel Prize winner Brian Kobilka’s lab, at INRC
2016 in Bath, England, and his Young Investigator Award lecture
in 2017 in Chicago, who used computational methods to identify
a biased mu agonist (PZM21) that had analgesic activity with
reduced respiratory depression and reward (118). A subsequent
lecture by Jonathan Violin of Trevena, demonstrated, at INRC
2017 in Chicago, that biased agonist TRV130 (oliceridine) had
potent analgesic activity and reduced respiratory depression, and
therefore an apparently wider therapeutic window than
morphine through Phase 3 clinical trials. Oliceridine
ultimately failed to show significant differentiation of analgesic
versus respiratory depressant activity in clinical trials but has
been approved for use in humans, with an i.v. formulation, and
represents perhaps the newest novel opioid structure approved
for use in humans.

Ultimately the extent of bias of PZM21 and other agonists
was questioned by several labs and a talk by Alexander Gillis,
from Mac Christie’s lab at INRC in 2018 in San Diego, suggested
it was its relatively weak partial agonist activity, rather than a
lack of recruitment of P-arrestin, that mediated the reduced
respiratory depression of “biased” agonists (119). Studies from
the labs of Stefan Schulz, Macdonald Christie, Graeme
Henderson and others have demonstrated that many of the
most G-protein-selective ligands have low efficacy relative to
morphine (and very low efficacy relative to fentanyl) at p
receptors and furthermore, that in mice with modified p-
receptors unable to recruit P-arrestin, opioids still induced
respiratory depression (119, 120). Consistent with these
findings, studies in three laboratories demonstrated that
morphine-induced respiratory depression was not eliminated
by genetic deletion of P-arrestin-2 (121). These results suggest
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that relative efficacy is more likely to be the major factor in
determining the ratio of analgesic to respiratory depressant
activity among opioid drugs. Presently, this issue is not
resolved, and ligand bias may still play a role in the
development of drugs with fewer side effects.

Crystal Structures

In 2007, the crystal structure of the (,-adrenergic receptor was
published by Brian Kobilka and others. This remarkable
accomplishment, which required the presence of a receptor-
bound inverse agonist and a monoclonal antibody to stabilize the
third intracellular loop, was followed, over the next several years, by
similar procedures to crystalize a large number of other GPCRs, by
his group and by Ray Stevens and others. Among the early GPCRs to
be crystalized were all the receptors of the opioid receptor family,
which were published independently 2012 (122-125). There was
nothing particularly noteworthy about these receptors, compared
with other GPCRs, but the three-dimensional structures did confirm
changes in the binding pockets that lead to similarities among the
receptors and particularly differences in ligand binding leading to the
divergence of the NOP receptor from the classical opioid receptors
(w, 6, and k) (124). Naturally, the crystal structures provided a level of
receptor scrutiny that was previously unavailable. These crystal
structures, and additional agonist-bound crystal structures (126,
127) allowed for a better understanding of an agonist-induced
conformational change, an intramolecular interpretation of the
sodium binding site and the sodium effect, and structures for
in silico docking of old and novel ligands to the receptors. At the
2017 INRC, Marta Filizola and others discussed molecular dynamics
studies based upon the opioid receptor crystal structures to identify
potentially druggable stable and metastable receptor states, and the
receptor crystal structure was used for the identification of novel
potentially biased agonists, such as PZM21, discussed at INRC in
2016 and 2017. These and other medicinal chemistry studies
described at INRC in 2018 and 2019, demonstrate the natural
progression of pharmacological concepts, describing the
interaction of opioids with their receptors to the angstrom level
resolution of the receptors used to define the interaction of the
receptor with its surroundings and endogenously or exogenously
delivered opioids.

New Ligands for Opioid Receptors, and

New Research Tools

As noted earlier, medicinal chemistry has always been an
important component of INRC. In the early days, chemists
were making novel opioid ligands as potential analgesic drugs
and for use in defining the properties of y, 6, and x receptors.
Irreversible ligands were designed, initially for the purification of
the receptors, though they were never really useful in that
endeavor, but they were valuable in establishing the existence of
an excess of opioid receptors (“spare” receptors) and determining
intrinsic efficacy of opioid ligands, in neural pathways mediating
analgesia (128). Over the past 20 years, as the concepts have
changed, so have, the goals of the medicinal chemists. With the
understanding of the involvement of kappa receptors in
withdrawal-induced anhedonia and dysphoria, x receptor
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antagonists became a target as potential medications in the
treatment of drug addiction. Novel agents included a series of
high affinity and potent k antagonists, designed by Ivy Carroll,
including a compound called JDTic, first presented at INRC 2011
in Hollywood, FL. JDTic acted much like norBNI, with «
antagonist activity lasting for weeks in animal models (129,
130). In animal models, JDTic showed potent and long-lasting
blockade of stress-induced cocaine relapse (131), and was
developed by NIDA for treatment of cocaine use disorder.
Unfortunately, the clinical trial lasted only a few weeks, and as
described at INRC 2015 in Phoenix, AZ, a very mild cardiac
arrythmia in a single patient led to discontinuation of further
clinical studies with this compound. Subsequent to the
identification of JDTic, several selective short acting «
antagonists have been described, both peptides from Jane
Aldrich (132) and non-peptides from Eli Lilly and Blackthorn
Therapeutics (133, 134) have been identified. These compounds
have shown some efficacy for patients with treatment-resistant
depression (135). More recently, there has been a flurry of reports
of novel compounds based upon previous discoveries, including
the discovery of the natural product, salvinorin A, as a high affinity
and highly selective k agonist, reported at INRC 2008 in
Charleston, SC. This compound, from a plant (Salvia
divinorum) found in southern Mexico, is particularly unusual
among opioid receptor ligands in that it contains no basic
nitrogen, previously considered to be essential for binding to
opioid receptors. Tom Prisinzano and others worked with this
compound to design novel structures that are reported to
demonstrate exquisite bias towards G protein rather than B-
arrestin  signaling (136, 137). These might be useful as
analgesics without the dysphoria associated with non-biased «
agonists. Other chemists including Chris McCurdy and Sush
Majumdar, have worked with other natural products including
the primary active agent of kratom, mitragynine, to develop novel
G-protein-biased agonists with significant analgesic activity and
reduced respiratory depression and physical dependence
(138-140). It’s possible that ligand bias is more relevant to k-
mediated analgesia than p-selective ligands. Steve Husbands and
Nurulain Zaveri have synthesized NOP/u partial agonists that seem
to have potent analgesic activity in non-human primates without
any apparent normal p side effects (141, 142). Finally, Phil
Portoghese, at 90, is still producing novel bivalent ligands
targeting p opioid receptor activation together with § (143) or
mGluR5 antagonist activity (144), or together with CB1 agonist
activity (145), all with beneficial analgesic properties. It remains to
be determined if any of these novel agents will eventually make a
significant contribution to the treatment of pain and drug abuse
disorders.

Finally, INRC is still a venue for reporting developments at the
cutting edge of neuroscience, with reports of a variety of new tools
that are available for all. From fluorescently tagged §, y, k, and
NOP receptors produced by Brigitte Kieffer, Lee-Yuan Liu-Chen
and Michael Bruchas (146-149), to floxed and cre opioid
receptors and peptides (150-154), genetic models are being
developed to explore opioid circuitry with respect to pain and
drug abuse. New detection methods with exquisite spatial
resolution such as mini-microscopes that can be mounted on
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freely moving animals, (Michael Bruchas, Greg Scherrer),
microdialysis  paired with liquid chromatography/mass
spectrometry as well as micro-immunoelectrodes to detect
opioid peptides (Ream Al-Hassani) and in vivo fast scan
voltammetry (Leslie Sombers) were all discussed at our last in
person meeting, the 50th INRC in New York in 2019. With a
dedicated group of young scientists, we expect innovation in this
vast and fascinating field to continue.

What has Been the Impact of the INRC?
Quantitative indicators of the contributions of INRC to
understanding in this interesting and clinically relevant area of
pharmacology are hard to identify. The opioid system has turned
out to be incredibly more complicated than originally anticipated
by the Founders just over 50years ago. Many of the new
developments were reported very quickly at INRC meetings,
justifying the goal of the Founders in creating a venue where all
interested researchers from many different biomedical disciplines
had an opportunity to share new developments rapidly with
colleagues, to offer and receive constructive criticism from
multiple perspectives, and to quickly establish collaborative
studies evaluating, extending, and exploiting the new
discoveries. The new discoveries would probably eventually have
been made in the absence of INRC, but the opportunity that the
early INRC meetings provided for rapid communication among
groups located across the world in the era before widespread
internet access has certainly accelerated the acceptance or
rejection of novel ideas and new experimental approaches.
From its inception, INRC has emphasized the importance of
contributions from a wide range of disciplines including medicinal
chemistry, molecular pharmacology, biochemistry, neuroanatomy,
and behavioral pharmacology, providing a valuable forum for
melding the varied contributions to understanding opioid systems
and opioid drug pharmacology that they have generated. The
content of the meetings has followed the major advances in
techniques that have occurred in each of these fields. INRC
meetings have also created a self-correcting environment in
which novel hypotheses from presenters are encouraged but also
subjected to vigorous critical evaluation and sometimes prolonged
discussion. Where disputes have arisen, discussion of experimental
approaches to resolution of the sources of disagreement have
followed. This has been true from the early years of the
Conference, when at each meeting Hans Kosterlitz adamantly
insisted that any action of a drug that was defined as opioid
must be shown to be antagonized by naloxone at relevant
concentrations. Numerous issues have been discussed and
debated repeatedly in an attempt to reach consensus on the
relevance of findings presented at the annual meeting. These
important issues include: the role of sodium in modulating
opioid receptor function, the evaluation of a physiological role for
[Leu’] B-endorphin (which is not a naturally occurring peptide),
early debates over whether differences in apparent receptor
properties represented different conformational states of a
common receptor or were evidence of the existence of multiple
receptor subtypes, the exclusion of sigma receptors (originally
classified as “opioid” by Martin) from the opioid receptor family,
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the ultimate non-acceptance of the existence of proposed lambda
and epsilon receptors, the functional roles (if any) for casomorphins,
the existence and biological significance of proposed splice variants
for p- and other opioid receptor genes, the uncertain status of
endomorphins as endogenous peptides, and the definition and
relevance of ligand bias. These topics, and many others, have all
received extensive and sometimes heated discussion at INRC
meetings. While these debates have often not resulted in
complete agreement by all parties, they have helped in the
generation of a general consensus on the critical issues and
experimental approaches discussed.

The society continues to emphasize the contributions of young
scientists and women in its meetings. While the first meeting had 7%
women speakers, the past few meetings have been equally
represented by women as attendees, speakers, and travel
awardees. In this, it has been greatly helped by the contributions
of its donors, particularly an ongoing grant from NIDA, enabling
support for young scientists at all meetings. INRC’s emphasis on
opportunities for presentation of their work has undoubtedly
enhanced the career success of numbers of scientists just entering
the field. The international focus of the Conference has led to
innumerable useful conversations between members from
different continents, a significant number of on-going multi-
continental research  collaborations, and the widespread
acceptance of our rapidly advancing understanding of opioid
drug actions, and how these can best be exploited for therapeutic
benefit. There is still much to learn, but we hope for a further
50 years of opioid research that generates as much interest,
enthusiasm, and excitement at future INRC meetings as we have
enjoyed over the last 50 years.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

FUNDING

This article was supported by NIH grant DA023281 to LT.

AUTHOR DISCLAIMER

The opinions expressed in this article are the views of the authors
and should not be construed as reflecting the position of the
Uniformed Services University of the Health Sciences or the U.S.
Department of Defense.

CONFLICT OF INTEREST

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Advances in Drug and Alcohol Research | Published by Frontiers

February 2022 | Volume 2 | Article 10115



Cox and Toll

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Kosterlitz HW. In: Collier HOJ, Villareal JE, editors. Agonist and Antagonist

Actions of Narcotic Analgesic Drugs. Kosterlitz HW. London: Macmillan
(1972).

. Goldstein A, Lowney LI, Pal BK. Stereospecific and Nonspecific

Interactions of the Morphine Congener Levorphanol in Subcellular
Fractions of Mouse Brain. Proc Natl Acad Sci (1971) 68(8):1742-7.
doi:10.1073/pnas.68.8.1742

. Pert CB, Snyder SH. Opiate Receptor: Demonstration in Nervous Tissue.

Science (1973) 179(4077):1011-4. doi:10.1126/science.179.4077.1011

. Simon EJ, Hiller JM, Edelman 1. Stereospecific Binding of the Potent Narcotic

Analgesic [3H]Etorphine to Rat-Brain Homogenate. Proc Natl Acad Sci
(1973) 70(7):1947-9. doi:10.1073/pnas.70.7.1947

. Terenius L. Stereospecific Interaction between Narcotic Analgesics and a

Synaptic Plasm a Membrane Fraction of Rat Cerebral Cortex. Acta Pharmacol

Toxicol (Copenh) (1973) 32(3):317-20. doi:10.1111/j.1600-0773.1973.
tb01477.x
. Pert CB, Kuhar MJ, Snyder SH. Autoradiographic Localization of the Opiate

Receptor in Rat Brain. Life Sci (1975) 16(12):1849-53. doi:10.1016/0024-
3205(75)90289-1

. Pert CB, Pasternak G, Snyder SH. Opiate Agonists and Antagonists

Discriminated by Receptor Binding in Brain. Science (1973) 182(4119):
1359-61. doi:10.1126/science.182.4119.1359

. Akil H, Mayer DJ, Liebeskind JC. Comparison in the Rat between Analgesia

Induced by Stimulation of Periacqueducal gray Matter and Morphine
Analgesia. C R Acad Hebd Seances Acad Sci D (1972) 274(26):3603-5.

. Mayer DJ, Wolfle TL, Akil H, Carder B, Liebeskind JC. Analgesia from

Electrical Stimulation in the Brainstem of the Rat. Science (1971) 174(4016):
1351-4. doi:10.1126/science.174.4016.1351

Akil H, Mayer DJ, Liebeskind JC. Antagonism of Stimulation-Produced
Analgesia by Naloxone, a Narcotic Antagonist. Science (1976) 191(4230):
961-2. doi:10.1126/science.1251210

Goldstein A. In: Goldstein A, editor. The Opiate Narcotics: Neurochemical
Mechanisms in Analgesia and Dependence. Pergamon Press (1975).
Hughes J, Smith TW, Kosterlitz HW, Fothergill LA, Morgan BA, Morris HR.
Identification of Two Related Pentapeptides from the Brain with Potent Opiate
Agonist Activity. Nature (1975) 258(5536):577-9. doi:10.1038/258577a0
Simantov R, Snyder SH Isolation and Structure Identification of a Morphine-
like Peptide "enkephalin” in Bovine Brain. Life Sci (1976) 18(8):781-8. doi:10.
1016/0024-3205(76)90002-3

Terenius L, Wahlstrdm A. Search for an Endogenous Ligand for the Opiate
Receptor. Acta Physiol Scand (1975) 94(1):74-81. doi:10.1111/j.1748-1716.
1975.tb05863.x

Collier HOJ, Roy AC. Morphine-like Drugs Inhibit the Stimulation by E
Prostaglandins of Cyclic AMP Formation by Rat Brain Homogenate. Nature
(1974) 248(5443):24-7. doi:10.1038/248024a0

Klee WA, Sharma SK, Nirenberg M. Opiate Receptors as Regulators of
Adenylate Cyclase. Life Sci (1975) 16(12):1869-74. doi:10.1016/0024-
3205(75)90293-3

Sharma SK, Klee WA, Nirenberg M. Dual Regulation of Adenylate Cyclase
Accounts for Narcotic Dependence and Tolerance. Proc Natl Acad Sci (1975)
72(8):3092-6. doi:10.1073/pnas.72.8.3092

Li CH, Chung D. Primary Structure of Human p-lipotropin. Nature (1976)
260(5552):622-4. doi:10.1038/260622a0

Feldberg W, Smyth DG. The C-Fragment of Lipotropin - a Potent Analgesic
[proceedings]. J Physiol (1976) 260(2):30P-31P.

Nakanishi S, Inoue A, Kita T, Inoue A, Nakamura M, Chang ACY, et al.
Nucleotide Sequence of Cloned ¢cDNA for Bovine Corticotropin-p-
Lipotropin Precursor. Nature (1979) 278(5703):423-7. doi:10.1038/278423a0
Schultzberg M, Lundberg JM, Ho kfelt T, Terenius L, Brandt J, Elde RP, et al.
Enkephalin-like Inmunoreactivity in Gland Cells and Nerve Terminals of the
Adrenal Medulla. Neuroscience (1978) 3(12):1169-86. d0i:10.1016/0306-
4522(78)90137-9

Lewis RV, Stern AS. Biosynthesis of the Enkephalins and Enkephalin-
Containing Polypeptides. Annu Rev Pharmacol Toxicol (1983) 23:353-72.
doi:10.1146/annurev.pa.23.040183.002033

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

INRC History

Noda M, Furutani Y, Takahashi H, Toyosato M, Hirose T, Inayama S, et al.
Cloning and Sequence Analysis of c¢DNA for Bovine Adrenal
Preproenkephalin. Nature (1982) 295(5846):202-6. doi:10.1038/295202a0
Gubler U, Seeburg P, Hoffman BJ, Gage LP, Udenfriend S. Molecular Cloning
Establishes Proenkephalin as Precursor of Enkephalin-Containing Peptides.
Nature (1982) 295(5846):206-8. doi:10.1038/295206a0

Comb M, Seeburg PH, Adelman J, Eiden L, Herbert E. Primary Structure of
the Human Met- and Leu-Enkephalin Precursor and its mRNA. Nature
(1982) 295(5851):663-6. doi:10.1038/295663a0

Goldstein A, Tachibana S, Lowney LI, Hunkapiller M, Hood L. Dynorphin-
(1-13), an Extraordinarily Potent Opioid Peptide. Proc Natl Acad Sci (1979)
76(12):6666-70. doi:10.1073/pnas.76.12.6666

Goldstein A, Fischli W, Lowney LI, Hunkapiller M, Hood L. Porcine Pituitary
Dynorphin: Complete Amino Acid Sequence of the Biologically Active
Heptadecapeptide. Proc Natl Acad Sci (1981) 78(11):7219-23. doi:10.1073/
pnas.78.11.7219

Kangawa K, Minamino N, Chino N, Sakakibara S, Matsuo H. The Complete
Amino Acid Sequence of a-neo-endorphin. Biochem Biophysical Res
Commun (1981) 99(3):871-8. doi:10.1016/0006-291x(81)91244-4
Minamino N, Kangawa K, Chino N, Sakakibara S, Matsuo H. p-Neo-
endorphin, a New Hypothalamic "big" Leu-Enkephalin of Porcine Origin:
Its Purification and the Complete Amino Acid Sequence. Biochem Biophysical
Res Commun (1981) 99(3):864-70. doi:10.1016/0006-291x(81)91243-2
Kakidani H, Furutani Y, Takahashi H, Noda M, Morimoto Y, Hirose T, et al.
Cloning and Sequence Analysis of cDNA for Porcine B-neo-endorphin/
dynorphin Precursor. Nature (1982) 298(5871):245-9. doi:10.1038/298245a0
Fricker LD, Margolis EB, Gomes I, Devi LA. Five Decades of Research on
Opioid Peptides: Current Knowledge and Unanswered Questions. Mol
Pharmacol (2020) 98(2):96-108. doi:10.1124/mol.120.119388

Brantl V, Teschemacher H. A Material with Opioid Activity in Bovine Milk
and Milk Products. Naunyn-schmiedeberg’s Arch Pharmacol (1979) 306(3):
301-4. doi:10.1007/bf00507118

Daniel H, Vohwinkel M, Rehner G. Effect of Casein and -Casomorphins on
Gastrointestinal Motility in Rats. J Nutr (1990) 120(3):252-7. d0i:10.1093/jn/
120.3.252

Hohmann LG, Yin T, Schweizer H, Giambra IJ, Konig S, Scholz AM.
Comparative Effects of Milk Containing Al versus A2 B-Casein on
Health, Growth and p-Casomorphin-7 Level in Plasma of Neonatal Dairy
Calves. Animals (Basel) (2020) 11(1). doi:10.3390/ani11010055

Takagi H, Shiomi H, Ueda H, Amano H. Morphine-like Analgesia by a New
Dipeptide, L-Tyrosyl-L-Arginine (Kyotorphin) and its Analogue. Eur
J Pharmacol (1979) 55(1):109-11. doi:10.1016/0014-2999(79)90154-7
Perazzo J, Lima C, Heras M, Bardaji E, Lopes-Ferreira M, Castanho M.
Neuropeptide ~ Kyotorphin  Impacts Lipopolysaccharide-Induced
Glucocorticoid-Mediated Inflammatory Response. A Molecular Link to
Nociception, Neuroprotection, and Anti-inflammatory Action. ACS Chem
Neurosci (2017) 8(8):1663-7. doi:10.1021/acschemneuro.7b00007

Gomes I, Sierra S, Lueptow L, Gupta A, Gouty S, Margolis EB, et al. Biased
Signaling by Endogenous Opioid Peptides. Proc Natl Acad Sci USA (2020)
117(21):11820-8. doi:10.1073/pnas.2000712117

Martin WR, Eades CG, Thompson JA, Huppler RE, Gilbert PE. The Effects of
Morphine- and Nalorphine- like Drugs in the Nondependent and Morphine-
dependent Chronic Spinal Dog. ] Pharmacol Exp Ther (1976) 197(3):517-32.
Lord JAH, Waterfield AA, Hughes ], Kosterlitz HW. Endogenous Opioid
Peptides: Multiple Agonists and Receptors. Nature (1977) 267:495-9. doi:10.
1038/267495a0

van Ree JM. Characteristics and Functions of Opioids. In: van Ree JM,
Terenius L, editors. proceedings of the International Narcotics Research
Conference held in Noordwijkerhout; on July 23-27, 1978; The
NetherlandsAmsterdam. Elsevier/North Holland (1978).

Chang KJ, Miller R], Cuatrecasas P. Interaction of Enkephalin with Opiate
Receptors in Intact Cultured Cells. Mol Pharmacol (1978) 14(6):961-70.
Chavkin C, Goldstein A. Demonstration of a Specific Dynorphin Receptor in
guinea Pig Ileum Myenteric Plexus. Nature (1981) 291(5816):591-3. doi:10.
1038/291591a0

Chavkin C, James IF, Goldstein A. Dynorphin Is a Specific Endogenous
Ligand of the k Opioid Receptor. Science (1982) 215(4531):413-5. doi:10.
1126/science.6120570

on

Advances in Drug and Alcohol Research | Published by Frontiers

15

February 2022 | Volume 2 | Article 10115


https://doi.org/10.1073/pnas.68.8.1742
https://doi.org/10.1126/science.179.4077.1011
https://doi.org/10.1073/pnas.70.7.1947
https://doi.org/10.1111/j.1600-0773.1973.tb01477.x
https://doi.org/10.1111/j.1600-0773.1973.tb01477.x
https://doi.org/10.1016/0024-3205(75)90289-1
https://doi.org/10.1016/0024-3205(75)90289-1
https://doi.org/10.1126/science.182.4119.1359
https://doi.org/10.1126/science.174.4016.1351
https://doi.org/10.1126/science.1251210
https://doi.org/10.1038/258577a0
https://doi.org/10.1016/0024-3205(76)90002-3
https://doi.org/10.1016/0024-3205(76)90002-3
https://doi.org/10.1111/j.1748-1716.1975.tb05863.x
https://doi.org/10.1111/j.1748-1716.1975.tb05863.x
https://doi.org/10.1038/248024a0
https://doi.org/10.1016/0024-3205(75)90293-3
https://doi.org/10.1016/0024-3205(75)90293-3
https://doi.org/10.1073/pnas.72.8.3092
https://doi.org/10.1038/260622a0
https://doi.org/10.1038/278423a0
https://doi.org/10.1016/0306-4522(78)90137-9
https://doi.org/10.1016/0306-4522(78)90137-9
https://doi.org/10.1146/annurev.pa.23.040183.002033
https://doi.org/10.1038/295202a0
https://doi.org/10.1038/295206a0
https://doi.org/10.1038/295663a0
https://doi.org/10.1073/pnas.76.12.6666
https://doi.org/10.1073/pnas.78.11.7219
https://doi.org/10.1073/pnas.78.11.7219
https://doi.org/10.1016/0006-291x(81)91244-4
https://doi.org/10.1016/0006-291x(81)91243-2
https://doi.org/10.1038/298245a0
https://doi.org/10.1124/mol.120.119388
https://doi.org/10.1007/bf00507118
https://doi.org/10.1093/jn/120.3.252
https://doi.org/10.1093/jn/120.3.252
https://doi.org/10.3390/ani11010055
https://doi.org/10.1016/0014-2999(79)90154-7
https://doi.org/10.1021/acschemneuro.7b00007
https://doi.org/10.1073/pnas.2000712117
https://doi.org/10.1038/267495a0
https://doi.org/10.1038/267495a0
https://doi.org/10.1038/291591a0
https://doi.org/10.1038/291591a0
https://doi.org/10.1126/science.6120570
https://doi.org/10.1126/science.6120570

Cox and Toll

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Downes CP, Lewis PE, Stone MA. A Comparison of the Binding of o Opioids
and Phencyclidine, and the Interaction with Antipsychotic Drugs in Rat
Brain Membranes. Br ] Pharmacol (1986) 88(1):231-7. doi:10.1111/j.1476-
5381.1986.tb09491.x

Rodbell M. The Role of Hormone Receptors and GTP-Regulatory Proteins in
Membrane Transduction. Nature (1980) 284(5751):17-22. doi:10.1038/
284017a0

North RA. Minireview Opiates, Opioid Peptides and Single Neurones. Life Sci
(1979) 24(17):1527-45. doi:10.1016/0024-3205(79)90014-6

Goldstein DB, Goldstein A. 152 Possible Role of Enzyme Inhibition and
Repression in Drug Tolerance and Addiction. Biochem Pharmacol (1961) 8:
48. doi:10.1016/0006-2952(61)90329-x

Shuster L. Repression and De-repression of Enzyme Synthesis as a Possible
Explanation of Some Aspects of Drug Action. Nature (1961) 189:314-5.
doi:10.1038/189314a0

Vonvoigtlander PF, Lahti RA, Ludens JH. U-50,488: a Selective and
Structurally Novel Non-mu (Kappa) Opioid Agonist. ] Pharmacol Exp
Ther (1983) 224(1):7-12.

Portoghese PS, Lipkowski AW, Takemori AE. Binaltorphimine and Nor-
Binaltorphimine, Potent and Selective K-Opioid Receptor Antagonists. Life
Sci (1987) 40(13):1287-92. doi:10.1016/0024-3205(87)90585-6

Portoghese PS, Larson DL, Sayre LM, Fries DS, Takemori AE. A Novel
Opioid Receptor Site Directed Alkylating Agent with Irreversible Narcotic
Antagonistic and Reversible Agonistic Activities. ] Med Chem (1980) 23(3):
233-4. do0i:10.1021/jm00177a002

Handa BK, Lane AC, Lord JAH, Morgan BA, Rance M]J, Smith CFC.
Analogues of B-LPH61-64 Posessing Selective Agonist Activity at p-opiate
Receptors. Eur ] Pharmacol (1981) 70(4):531-40. doi:10.1016/0014-2999(81)
90364-2

Mosberg HI, Hurst R, Hruby V], Gee K, Yamamura HI, Galligan JJ, et al. Bis-
penicillamine Enkephalins Possess Highly Improved Specificity toward delta
Opioid Receptors. Proc Natl Acad Sci (1983) 80(19):5871-4. doi:10.1073/
pnas.80.19.5871

Nathans J, Hogness DS. Isolation, Sequence Analysis, and Intron-Exon
Arrangement of the Gene Encoding Bovine Rhodopsin. Cell (1983) 34(3):
807-14. doi:10.1016/0092-8674(83)90537-8

Dixon RAF, Kobilka BK, Strader DJ, Benovic JL, Dohlman HG, Frielle T, et al.
Cloning of the Gene and cDNA for Mammalian B-adrenergic Receptor and
Homology with Rhodopsin. Nature (1986) 321(6065):75-9. doi:10.1038/
321075a0

Xie GX, Miyajima A, Goldstein A. Expression Cloning of cDNA Encoding a
Seven-helix Receptor from Human Placenta with Affinity for Opioid Ligands.
Proc Natl Acad Sci (1992) 89(9):4124-8. doi:10.1073/pnas.89.9.4124

Evans CJ, Keith DE, Jr, Morrison H, Magendzo K, Edwards RH. Cloning of a
delta Opioid Receptor by Functional Expression. Science (1992) 258:1952-5.
doi:10.1126/science.1335167

Kieffer BL, Befort K, Gaveriaux-Ruff C, Hirth CG. The delta-opioid Receptor:
Isolation of a cDNA by Expression Cloning and Pharmacological
Characterization. Proc Natl Acad Sci (1992) 89(24):12048-52. doi:10.1073/
pnas.89.24.12048

Yasuda K, Raynor K, Kong H, Breder CD, Takeda J, Reisine T, et al. Cloning
and Functional Comparison of Kappa and delta Opioid Receptors from
Mouse Brain. Proc Natl Acad Sci (1993) 90(14):6736-40. doi:10.1073/pnas.90.
14.6736

Chen Y, Mestek A, Liu J, Hurley JA, Yu L. Molecular Cloning and Functional
Expression of a Mu-Opioid Receptor from Rat Brain. Mol Pharmacol (1993)
44(1):8-12.

Wang JB, Imai Y, Eppler CM, Gregor P, Spivak CE, Uhl GR. Mu Opiate
Receptor: cDNA Cloning and Expression. Proc Natl Acad Sci (1993) 90:
10230-4. doi:10.1073/pnas.90.21.10230

Pasternak GW. Studies of Multiple Morphine and Enkephalin Receptors:
Evidence for Mul Receptors. Adv Exp Med Biol (1988) 236:81-93. doi:10.
1007/978-1-4757-5971-6_7

Dobrenis K, Makman MH, Stefano GB. Occurrence of the Opiate Alkaloid-
Selective u3 Receptor in Mammalian Microglia, Astrocytes and Kupffer Cells.
Brain Res (1995) 686(2):239-48. doi:10.1016/0006-8993(95)00452-v
Vanderah T, Takemori AE, Sultana M, Portoghese PS, Mosberg HI, Hruby
V], et al. Interaction of [d-Pen2, D-Pen5]enkephalin and [d-Ala2, Glu4]

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

INRC History

deltorphin with §-opioid Receptor Subtypes In Vivo. Eur ] Pharmacol (1994)
252(2):133-7. doi:10.1016/0014-2999(94)90588-6

Ni Q, Xu H, Partilla JS, de Costa BR, Rice KC, Kayakiri H, et al. Opioid
Peptide Receptor Studies. 3. Interaction of Opioid Peptides and Other Drugs
with Four Subtypes of the k2 Receptor in guinea Pig Brain. Peptides (1995)
16(6):1083-95. doi:10.1016/0196-9781(95)00091-w

Mollereau C, Parmentier M, Mailleux P, Butour J-L, Moisand C, Chalon P,
etal. ORLIL, a Novel Member of the Opioid Receptor Family. FEBS Lett (1994)
341(1):33-8. doi:10.1016/0014-5793(94)80235-1

Bunzow JR, Saez C, Mortrud M, Bouvier C, Williams JT, Low M, et al.
Molecular Cloning and Tissue Distribution of a Putative Member of the Rat
Opioid Receptor Gene Family that Is Not a Mu, delta or Kappa Opioid
Receptor Type. FEBS Lett (1994) 347(2-3):284-8. doi:10.1016/0014-5793(94)
00561-3

Fukuda K, Kato S, Mori K, Nishi M, Takeshima H, Iwabe N, et al. cDNA
Cloning and Regional Distribution of a Novel Member of the Opioid
Receptor Family. FEBS Lett (1994) 343(1):42-6. do0i:10.1016/0014-
5793(94)80603-9

Lachowicz JE, Shen Y, Monsma FJ, Jr., Sibley DR. Molecular Cloning of a
Novel G Protein-Coupled Receptor Related to the Opiate Receptor Family.
J Neurochem (1995) 64(1):34-40. doi:10.1046/j.1471-4159.1995.64010034.x
Pan YX, Cheng J, Xu ], Rossi G, Jacobson E, Ryan-Moro J, et al. Cloning and
Functional Characterization through Antisense Mapping of a Kappa 3-
related Opioid Receptor. Mol Pharmacol (1995) 47:1180-8.

Wang JB, Johnson PS, Imai Y, Persico AM, Ozenberger BA, Eppler CM, et al.
cDNA Cloning of an Orphan Opiate Receptor Gene Family Member and its
Splice Variant. FEBS Lett (1994) 348(1):75-9. doi:10.1016/0014-5793(94)00557-5
Cox BM, Christie MJ, Devi L, Toll L, Traynor JR. Challenges for Opioid
Receptor Nomenclature: IUPHAR Review 9. Br | Pharmacol (2015) 172(2):
317-23. doi:10.1111/bph.12612

Meunier J-C, Mollereau C, Toll L, Suaudeau C, Moisand C, Alvinerie P, et al.
Isolation and Structure of the Endogenous Agonist of Opioid Receptor-like
ORLI Receptor. Nature (1995) 377(6549):532-5. doi:10.1038/377532a0
Reinscheid RK, Nothacker H-P, Bourson A, Ardati A, Henningsen RA,
Bunzow JR, et al. Orphanin FQ: a Neuropeptide that Activates an
Opioidlike G Protein-Coupled Receptor. Science (1995) 270(5237):792-4.
doi:10.1126/science.270.5237.792

Zadina JE, Hackler L, Ge L-J, Kastin AJ. A Potent and Selective Endogenous
Agonist for the M-Opiate Receptor. Nature (1997) 386(6624):499-502.
doi:10.1038/386499a0

Matthes HWD, Maldonado R, Simonin F, Valverde O, Slowe S, Kitchen I,
et al. Loss of Morphine-Induced Analgesia, Reward Effect and Withdrawal
Symptoms in Mice Lacking the M-Opioid-Receptor Gene. Nature (1996)
383(6603):819-23. doi:10.1038/383819a0

Sora I, Takahashi N, Funada M, Ujike H, Revay RS, Donovan DM, et al.
Opiate Receptor Knockout Mice Define Receptor Roles in Endogenous
Nociceptive Responses and Morphine-Induced Analgesia. Proc Natl Acad
Sci (1997) 94:1544-9. doi:10.1073/pnas.94.4.1544

Simonin F, Slowe S, Becker JA, Matthes HW, Filliol D, Chluba J, et al.
Analysis of [3H]bremazocine Binding in Single and Combinatorial Opioid
Receptor Knockout Mice. Eur ] Pharmacol (2001) 414(2-3):189-95. doi:10.
1016/s0014-2999(01)00822-6

Rossi GC, Brown GP, Leventhal L, Yang K, Pasternak GW. Novel Receptor
Mechanisms for Heroin and Morphine-6p-Glucuronide Analgesia. Neurosci
Lett (1996) 216(1):1-4. doi:10.1016/0304-3940(96)12976-1

Standifer KM, Rossi GC, Pasternak GW. Differential Blockade of Opioid
Analgesia by Antisense Oligodeoxynucleotides Directed against Various G
Protein Alpha Subunits. Mol Pharmacol (1996) 50:293-8.

Wieskopf JS, Pan Y-X, Marcovitz J, Tuttle AH, Majumdar S, Pidakala J, et al.
Broad-spectrum Analgesic Efficacy of IBNtxA Is Mediated by Exon 11-
associated Splice Variants of the Mu-Opioid Receptor Gene. Pain (2014)
155(10):2063-70. doi:10.1016/j.pain.2014.07.014

Pasternak GW, Pan Y-X. Mu Opioids and Their Receptors: Evolution of a
Concept. Pharmacol Rev (2013) 65(4):1257-317. doi:10.1124/pr.112.007138
Mansour A, Fox CA, Burke S, Meng F, Thompson RC, Akil H, et al. Mu, delta,
and Kappa Opioid Receptor mRNA Expression in the Rat CNS: an In Situ
Hybridization Study. ] Comp Neurol (1994) 350(3):412-38. doi:10.1002/cne.
903500307

Advances in Drug and Alcohol Research | Published by Frontiers

16

February 2022 | Volume 2 | Article 10115


https://doi.org/10.1111/j.1476-5381.1986.tb09491.x
https://doi.org/10.1111/j.1476-5381.1986.tb09491.x
https://doi.org/10.1038/284017a0
https://doi.org/10.1038/284017a0
https://doi.org/10.1016/0024-3205(79)90014-6
https://doi.org/10.1016/0006-2952(61)90329-x
https://doi.org/10.1038/189314a0
https://doi.org/10.1016/0024-3205(87)90585-6
https://doi.org/10.1021/jm00177a002
https://doi.org/10.1016/0014-2999(81)90364-2
https://doi.org/10.1016/0014-2999(81)90364-2
https://doi.org/10.1073/pnas.80.19.5871
https://doi.org/10.1073/pnas.80.19.5871
https://doi.org/10.1016/0092-8674(83)90537-8
https://doi.org/10.1038/321075a0
https://doi.org/10.1038/321075a0
https://doi.org/10.1073/pnas.89.9.4124
https://doi.org/10.1126/science.1335167
https://doi.org/10.1073/pnas.89.24.12048
https://doi.org/10.1073/pnas.89.24.12048
https://doi.org/10.1073/pnas.90.14.6736
https://doi.org/10.1073/pnas.90.14.6736
https://doi.org/10.1073/pnas.90.21.10230
https://doi.org/10.1007/978-1-4757-5971-6_7
https://doi.org/10.1007/978-1-4757-5971-6_7
https://doi.org/10.1016/0006-8993(95)00452-v
https://doi.org/10.1016/0014-2999(94)90588-6
https://doi.org/10.1016/0196-9781(95)00091-w
https://doi.org/10.1016/0014-5793(94)80235-1
https://doi.org/10.1016/0014-5793(94)00561-3
https://doi.org/10.1016/0014-5793(94)00561-3
https://doi.org/10.1016/0014-5793(94)80603-9
https://doi.org/10.1016/0014-5793(94)80603-9
https://doi.org/10.1046/j.1471-4159.1995.64010034.x
https://doi.org/10.1016/0014-5793(94)00557-5
https://doi.org/10.1111/bph.12612
https://doi.org/10.1038/377532a0
https://doi.org/10.1126/science.270.5237.792
https://doi.org/10.1038/386499a0
https://doi.org/10.1038/383819a0
https://doi.org/10.1073/pnas.94.4.1544
https://doi.org/10.1016/s0014-2999(01)00822-6
https://doi.org/10.1016/s0014-2999(01)00822-6
https://doi.org/10.1016/0304-3940(96)12976-1
https://doi.org/10.1016/j.pain.2014.07.014
https://doi.org/10.1124/pr.112.007138
https://doi.org/10.1002/cne.903500307
https://doi.org/10.1002/cne.903500307

Cox and Toll

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

Mansour A, Burke S, Pavlic RJ, Akil H, Watson SJ. Immunohistochemical
Localization of the Cloned x1 Receptor in the Rat CNS and Pituitary.
Neuroscience (1996) 71(3):671-90. doi:10.1016/0306-4522(95)00464-5
Mansour A, Fox CA, Burke S, Akil H, Watson SJ. Immunohistochemical
Localization of the Cloned u Opioid Receptor in the Rat CNS. J Chem
Neuroanat (1995) 8(4):283-305. doi:10.1016/0891-0618(95)00055-c

Neal CR, Jr., Akil H, Watson SJ, Jr. Expression of Orphanin FQ and the
Opioid Receptor-like (ORL1) Receptor in the Developing Human and Rat
Brain. ] Chem Neuroanat (2001) 22(4):219-49. doi:10.1016/s0891-0618(01)
00135-1

Williams JT, Ingram SL, Henderson G, Chavkin C, von Zastrow M, Schulz S,
et al. Regulation of M-Opioid Receptors: Desensitization, Phosphorylation,
Internalization, and Tolerance. Pharmacol Rev (2013) 65(1):223-54. doi:10.
1124/pr.112.005942

Bailey CP, Smith FL, Kelly E, Dewey WL, Henderson G. How Important Is
Protein Kinase C in p-opioid Receptor Desensitization and Morphine
Tolerance. Trends Pharmacol Sci (2006) 27(11):558-65. doi:10.1016/j.tips.
2006.09.006

Lowe JD, Sanderson HS, Cooke AE, Ostovar M, Tsisanova E, Withey SL, et al.
Role of G Protein-Coupled Receptor Kinases 2 and 3 in p-Opioid Receptor
Desensitization and Internalization. Mol Pharmacol (2015) 88(2):347-56.
doi:10.1124/mol.115.098293

Connor M, Christie MJ. Opioid Receptor Signalling Mechanisms. Clin Exp
Pharmacol  Physiol (1999) 26(7):493-9. doi:10.1046/j.1440-1681.1999.
03049.x

Vaughan CW, Bagley EE, Drew GM, Schuller A, Pintar JE, Hack SP, et al.
Cellular Actions of Opioids on Periaqueductal Grey Neurons from C57B16/]
Mice and Mutant Mice Lacking MOR-1. Br ] Pharmacol (2003) 139(2):362-7.
doi:10.1038/sj.bjp.0705261

Torrecilla M, Marker CL, Cintora SC, Stoffel M, Williams JT, Wickman K.
G-protein-gated Potassium Channels Containing Kir3.2 and Kir3.3 Subunits
Mediate the Acute Inhibitory Effects of Opioids on Locus Ceruleus Neurons.
J Neurosci (2002) 22(11):4328-34. doi:10.1523/jneurosci.22-11-04328.2002
Torrecilla M, Quillinan N, Williams JT, Wickman K. Pre- and Postsynaptic
Regulation of Locus Coeruleus Neurons after Chronic Morphine Treatment:
a Study of GIRK-Knockout Mice. Eur ] Neurosci (2008) 28(3):618-24. doi:10.
1111/j.1460-9568.2008.06348 x

Grecksch G, Just S, Pierstorff C, Imhof A-K, Gluck L, Doll C, et al. Analgesic
Tolerance to High-Efficacy Agonists but Not to Morphine Is Diminished in
Phosphorylation-Deficient S375A -Opioid Receptor Knock-In Mice.
J Neurosci (2011) 31(39):13890-6. doi:10.1523/jneurosci.2304-11.2011
Schulz S, Mayer D, Pfeiffer M, Stumm R, Koch T, Hollt V. Morphine Induces
Terminal p-opioid Receptor Desensitization by Sustained Phosphorylation of
Serine-375. Embo ] (2004) 23(16):3282-9. doi:10.1038/sj.emboj.7600334
Bruchas MR, Yang T, Schreiber S, Defino M, Kwan SC, Li S, et al. Long-
Acting k Opioid Antagonists Disrupt Receptor Signaling and Produce
Noncompetitive Effects by Activating C-Jun N-Terminal Kinase. ] Biol
Chem (2007) 282(41):29803-11. doi:10.1074/jbc.m705540200

Melief EJ, Miyatake M, Bruchas MR, Chavkin C. Ligand-directed C-Jun
N-Terminal Kinase Activation Disrupts Opioid Receptor Signaling. Proc Natl
Acad Sci (2010) 107(25):11608-13. doi:10.1073/pnas.1000751107

Johnson S, North R. Opioids Excite Dopamine Neurons by
Hyperpolarization of Local Interneurons. J Neurosci (1992) 12(2):483-8.
doi:10.1523/jneurosci.12-02-00483.1992

Margolis EB, Lock H, Hjelmstad GO, Fields HL. The Ventral Tegmental Area
Revisited: Is There an Electrophysiological Marker for Dopaminergic Neurons.
J Physiol (2006) 577(Pt 3):907-24. doi:10.1113/jphysiol.2006.117069

Margolis EB, Toy B, Himmels P, Morales M, Fields HL. Identification of Rat
Ventral Tegmental Area GABAergic Neurons. PLoS One (2012) 7(7):e42365.
doi:10.1371/journal.pone.0042365

. Ford CP, Mark GP, Williams JT. Properties and Opioid Inhibition of

Mesolimbic Dopamine Neurons Vary According to Target Location.
J Neurosci (2006) 26(10):2788-97. doi:10.1523/jneurosci.4331-05.2006
Spanagel R, Herz A, Shippenberg TS. The Effects of Opioid Peptides on
Dopamine Release in the Nucleus Accumbens: an In Vivo Microdialysis
Study. J Neurochem (1990) 55(5):1734-40. doi:10.1111/j.1471-4159.1990.
tb04963 x

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

INRC History

Chefer VI, Zapata A, Shippenberg TS, Bungay PM. Quantitative No-Net-Flux
Microdialysis Permits Detection of Increases and Decreases in Dopamine
Uptake in Mouse Nucleus Accumbens. ] Neurosci Methods (2006) 155(2):
187-93. doi:10.1016/j.jneumeth.2005.12.018

Spangler R, Unterwald EM, Kreek M]. 'Binge’ Cocaine Administration
Induces a Sustained Increase of Prodynorphin mRNA in Rat Caudate-
Putamen. Mol Brain Res (1993) 19(4):323-7. doi:10.1016/0169-328x(93)
90133-a

Unterwald EM, Rubenfeld JM, Kreek MJ. Repeated Cocaine Administration
Upregulates K and y, but Not §, Opioid Receptors. Neuroreport (1994) 5(13):
1613-6. doi:10.1097/00001756-199408150-00018

McLaughlin JP, Marton-Popovici M, Chavkin C. k Opioid Receptor
Antagonism and Prodynorphin Gene Disruption Block Stress-Induced
Behavioral Responses. ] Neurosci (2003) 23(13):5674-83. doi:10.1523/
jneurosci.23-13-05674.2003

Redila VA, Chavkin C. Stress-induced Reinstatement of Cocaine Seeking Is
Mediated by the Kappa Opioid System. Psychopharmacology (2008) 200(1):
59-70. doi:10.1007/s00213-008-1122-y

Shippenberg TS, Herz A. Differential Effects of Mu and Kappa Opioid
Systems on Motivational Processes. NIDA Res Monogr (1986) 75:563-6.
doi:10.1037/e471872004-001

Mucha RF, Herz A. Motivational Properties of Kappa and Mu Opioid
Receptor Agonists Studied with Place and Taste Preference Conditioning.
Psychopharmacology (1985) 86(3):274-80. doi:10.1007/bf00432213
Schoffelmeer ANM, Yao Y-H, Simon EJ. Cross-linking of Human 125I-f-
Endorphin to a p-6 Opioid Receptor Complex in Rat Striatum. Eur
J Pharmacol (1989) 166(2):357-8. doi:10.1016/0014-2999(89)90085-x
Cvejic S, Devi LA. Dimerization of the § Opioid Receptor:. ] Biol Chem (1997)
272(43):26959-64. doi:10.1074/jbc.272.43.26959

George SR, Fan T, Xie Z, Tse R, Tam V, Varghese G, et al. Oligomerization of
- and §-Opioid Receptors. ] Biol Chem (2000) 275(34):26128-35. doi:10.
1074/jbc.m000345200

Gupta A, Décaillot FM, Devi LA. Targeting Opioid Receptor Heterodimers:
Strategies for Screening and Drug Development. AAPS ] (2006) 8(1):
E153-E159. doi:10.1208/aapsj080118

Hipser C, Bushlin I, Gupta A, Gomes I, Devi LA. Role of Antibodies in
Developing Drugs that Target G-Protein-Coupled Receptor Dimers. Mt Sinai
J Med (2010) 77(4):374-80. doi:10.1002/msj.20199

Bohn LM, Gainetdinov RR, Lin F-T, Lefkowitz R], Caron MG. p-Opioid
Receptor Desensitization by B-arrestin-2 Determines Morphine Tolerance
but Not Dependence. Nature (2000) 408(6813):720-3. doi:10.1038/35047086
Bohn LM, Lefkowitz RJ, Gainetdinov RR, Peppel K, Caron MG, Lin F-T.
Enhanced Morphine Analgesia in Mice Lacking B-Arrestin 2. Science (1999)
286(5449):2495-8. doi:10.1126/science.286.5449.2495

Bohn LM, Gainetdinov RR, Sotnikova TD, Medvedev 10, Lefkowitz RJ,
Dykstra LA, et al. Enhanced Rewarding Properties of Morphine, but Not
Cocaine, in Parrestin-2 Knock-Out Mice. J Neurosci (2003) 23(32):10265-73.
doi:10.1523/jneurosci.23-32-10265.2003

Manglik A, Lin H, Aryal DK, McCorvy JD, Dengler D, Corder G, et al.
Structure-based Discovery of Opioid Analgesics with Reduced Side Effects.
Nature (2016) 537(7619):185-90. doi:10.1038/nature19112

Gillis A, Gondin AB, Kliewer A, Sanchez J, Lim HD, Alamein C, et al. Low
Intrinsic Efficacy for G Protein Activation Can Explain the Improved Side
Effect Profiles of New Opioid Agonists. Sci Signal (2020) 13(625). doi:10.
1126/scisignal.aaz3140

Kliewer A, Schmiedel F, Sianati S, Bailey A, Bateman JT, Levitt ES, et al.
Phosphorylation-deficient G-Protein-Biased p-opioid Receptors Improve
Analgesia and Diminish Tolerance but Worsen Opioid Side Effects. Nat
Commun (2019) 10(1):367. doi:10.1038/s41467-018-08162-1

Kliewer A, Gillis A, Hill R, Schmiedel F, Bailey C, Kelly E, et al. Morphine-
induced Respiratory Depression Is Independent of $-arrestin2 Signalling. Br
] Pharmacol (2020) 177(13):2923-31. doi:10.1111/bph.15004

Granier S, Manglik A, Kruse AC, Kobilka TS, Thian ES, Weis WI, et al.
Structure of the 8-opioid Receptor Bound to Naltrindole. Nature (2012)
485(7398):400-4. doi:10.1038/naturel1111

Manglik A, Kruse AC, Kobilka TS, Thian FS, Mathiesen JM, Sunahara
RK, et al. Crystal Structure of the M-Opioid Receptor Bound to a

Advances in Drug and Alcohol Research | Published by Frontiers

17

February 2022 | Volume 2 | Article 10115


https://doi.org/10.1016/0306-4522(95)00464-5
https://doi.org/10.1016/0891-0618(95)00055-c
https://doi.org/10.1016/s0891-0618(01)00135-1
https://doi.org/10.1016/s0891-0618(01)00135-1
https://doi.org/10.1124/pr.112.005942
https://doi.org/10.1124/pr.112.005942
https://doi.org/10.1016/j.tips.2006.09.006
https://doi.org/10.1016/j.tips.2006.09.006
https://doi.org/10.1124/mol.115.098293
https://doi.org/10.1046/j.1440-1681.1999.03049.x
https://doi.org/10.1046/j.1440-1681.1999.03049.x
https://doi.org/10.1038/sj.bjp.0705261
https://doi.org/10.1523/jneurosci.22-11-04328.2002
https://doi.org/10.1111/j.1460-9568.2008.06348.x
https://doi.org/10.1111/j.1460-9568.2008.06348.x
https://doi.org/10.1523/jneurosci.2304-11.2011
https://doi.org/10.1038/sj.emboj.7600334
https://doi.org/10.1074/jbc.m705540200
https://doi.org/10.1073/pnas.1000751107
https://doi.org/10.1523/jneurosci.12-02-00483.1992
https://doi.org/10.1113/jphysiol.2006.117069
https://doi.org/10.1371/journal.pone.0042365
https://doi.org/10.1523/jneurosci.4331-05.2006
https://doi.org/10.1111/j.1471-4159.1990.tb04963.x
https://doi.org/10.1111/j.1471-4159.1990.tb04963.x
https://doi.org/10.1016/j.jneumeth.2005.12.018
https://doi.org/10.1016/0169-328x(93)90133-a
https://doi.org/10.1016/0169-328x(93)90133-a
https://doi.org/10.1097/00001756-199408150-00018
https://doi.org/10.1523/jneurosci.23-13-05674.2003
https://doi.org/10.1523/jneurosci.23-13-05674.2003
https://doi.org/10.1007/s00213-008-1122-y
https://doi.org/10.1037/e471872004-001
https://doi.org/10.1007/bf00432213
https://doi.org/10.1016/0014-2999(89)90085-x
https://doi.org/10.1074/jbc.272.43.26959
https://doi.org/10.1074/jbc.m000345200
https://doi.org/10.1074/jbc.m000345200
https://doi.org/10.1208/aapsj080118
https://doi.org/10.1002/msj.20199
https://doi.org/10.1038/35047086
https://doi.org/10.1126/science.286.5449.2495
https://doi.org/10.1523/jneurosci.23-32-10265.2003
https://doi.org/10.1038/nature19112
https://doi.org/10.1126/scisignal.aaz3140
https://doi.org/10.1126/scisignal.aaz3140
https://doi.org/10.1038/s41467-018-08162-1
https://doi.org/10.1111/bph.15004
https://doi.org/10.1038/nature11111

Cox and Toll

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Morphinan Antagonist. Nature (2012) 485(7398):321-6. doi:10.1038/
naturel0954

Thompson AA, Liu W, Chun E, Katritch V, Wu H, Vardy E, et al. Structure of
the Nociceptin/orphanin FQ Receptor in Complex with a Peptide Mimetic.
Nature (2012) 485(7398):395-9. doi:10.1038/nature11085

Wu H, Wacker D, Mileni M, Katritch V, Han GW, Vardy E, et al. Structure of
the Human «x-opioid Receptor in Complex with JDTic. Nature (2012)
485(7398):327-32. doi:10.1038/nature10939

Huang W, Manglik A, Venkatakrishnan AJ, Laeremans T, Feinberg EN,
Sanborn AL, et al. Structural Insights into M-Opioid Receptor Activation.
Nature (2015) 524(7565):315-21. doi:10.1038/nature14886

Claff T, Yu J, Blais V, Patel N, Martin C, Wu L, et al. Elucidating the Active -
opioid Receptor crystal Structure with Peptide and Small-Molecule Agonists.
Sci Adv (2019) 5(11):eaax9115. doi:10.1126/sciadv.aax9115

Adams JU, Paronis CA, Holtzman SG. Assessment of Relative Intrinsic
Activity of Mu-Opioid Analgesics In Vivo by Using Beta-Funaltrexamine.
] Pharmacol Exp Ther (1990) 255(3):1027-32.

Broadbear JH, Stevens Negus S, Butelman ER, de Costa BR, Woods JH.
Differential Effects of Systemically Administered Nor-Binaltorphimine (Nor-
BNI) on «k-opioid Agonists in the Mouse Writhing Assay.
Psychopharmacology (1994) 115(3):311-9. doi:10.1007/bf02245071

Carroll I, Thomas JB, Dykstra LA, Granger AL, Allen RM, Howard JL, et al.
Pharmacological Properties of JDTic: a Novel Kappa-Opioid Receptor
Antagonist. Eur | Pharmacol (2004) 501(1-3):111-9. doi:10.1016/j.ejphar.
2004.08.028

Beardsley PM, Howard JL, Shelton KL, Carroll FI. Differential Effects of the
Novel Kappa Opioid Receptor Antagonist, JDTic, on Reinstatement of
Cocaine-Seeking Induced by Footshock Stressors vs Cocaine Primes and
its Antidepressant-like Effects in Rats. Psychopharmacology (2005) 183(1):
118-26. doi:10.1007/s00213-005-0167-4

Aldrich JV, Patkar KA, McLaughlin JP. Zyklophin, a Systemically Active
Selective Kappa Opioid Receptor Peptide Antagonist with Short Duration of
Action. Proc Natl Acad Sci (2009) 106(43):18396-401. doi:10.1073/pnas.
0910180106

Rorick-Kehn LM, Witkin JM, Statnick MA, Eberle EL, McKinzie JH, Kahl SD,
et al. LY2456302 Is a Novel, Potent, Orally-Bioavailable Small Molecule
Kappa-Selective Antagonist with Activity in Animal Models Predictive of
Efficacy in Mood and Addictive Disorders. Neuropharmacology (2014) 77:
131-44. doi:10.1016/j.neuropharm.2013.09.021

Guerrero M, Urbano M, Kim E-K, Gamo AM, Riley S, Abgaryan L, et al.
Design and Synthesis of a Novel and Selective Kappa Opioid Receptor (KOR)
Antagonist (BTRX-335140). ] Med Chem (2019) 62(4):1761-80. doi:10.1021/
acs.jmedchem.8b01679

Browne CA, Lucki I. Targeting Opioid Dysregulation in Depression for the
Development of Novel Therapeutics. Pharmacol Ther (2019) 201:51-76.
doi:10.1016/j.pharmthera.2019.04.009

Paton KF, Atigari DV, Kaska S, Prisinzano T, Kivell BM. Strategies for
DevelopingkOpioid Receptor Agonists for the Treatment of Pain with Fewer
Side Effects. ] Pharmacol Exp Ther (2020) 375(2):332-48. doi:10.1124/jpet.
120.000134

Paton KF, Biggerstaff A, Kaska S, Crowley RS, La Flamme AC, Prisinzano TE,
et al. Evaluation of Biased and Balanced Salvinorin A Analogs in Preclinical
Models of Pain. Front Neurosci (2020) 14:765. doi:10.3389/fnins.2020.00765
Hemby SE, McIntosh S, Leon F, Cutler SJ, McCurdy CR. Abuse Liability and
Therapeutic Potential of the Mitragyna Speciosa (Kratom) Alkaloids
Mitragynine and 7-hydroxymitragynine. Addict Biol (2019) 24(5):874-85.
doi:10.1111/adb.12639

Chakraborty S, Uprety R, Daibani AE, Rouzic VL, Hunkele A, Appourchaux
K, et al. Kratom Alkaloids as Probes for Opioid Receptor Function:
Pharmacological ~Characterization of Minor Indole and Oxindole
Alkaloids from Kratom. ACS Chem Neurosci (2021) 12:2661-78. doi:10.
1021/acschemneuro.1c00149

Wilson LL, Chakraborty S, Eans SO, Cirino TJ, Stacy HM, Simons CA, et al.
Kratom Alkaloids, Natural and Semi-synthetic, Show Less Physical
Dependence and Ameliorate Opioid Withdrawal. Cell Mol Neurobiol
(2021) 41(5):1131-43. doi:10.1007/510571-020-01034-7

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

INRC History

Ding H, Kiguchi N, Yasuda D, Daga PR, Polgar WE, Lu JJ, et al. A
Bifunctional Nociceptin and Mu Opioid Receptor Agonist Is Analgesic
without Opioid Side Effects in Nonhuman Primates. Sci Transl Med
(2018) 10(456). doi:10.1126/scitranslmed.aar3483

Kiguchi N, Ding H, Cami-Kobeci G, Sukhtankar DD, Czoty PW, DeLoid HB,
et al. BU10038 as a Safe Opioid Analgesic with Fewer Side-Effects after
Systemic and Intrathecal Administration in Primates. Br | Anaesth (2019)
122(6):e146-e156. doi:10.1016/j.bja.2018.10.065

Aceto MD, Harris LS, Negus SS, Banks ML, Hughes LD, Akgiin E, et al.
MDAN-21: A Bivalent Opioid Ligand Containing Mu-Agonist and Delta-
Antagonist Pharmacophores and its Effects in Rhesus Monkeys. Int ] Med
Chem (2012) 2012:327257. doi:10.1155/2012/327257

Smeester BA, Lunzer MM, Akgiin E, Beitz AJ, Portoghese PS. Targeting
Putative Mu Opioid/metabotropic Glutamate Receptor-5 Heteromers
Produces Potent Antinociception in a Chronic Murine Bone Cancer
Model. Eur J Pharmacol (2014) 743:48-52. doi:10.1016/j.ejphar.2014.
09.008

Le Naour M, Akgiin E, Yekkirala A, Lunzer MM, Powers MD, Kalyuzhny AE,
et al. Bivalent Ligands that Target p Opioid (MOP) and Cannabinoidl (CB1)
Receptors Are Potent Analgesics Devoid of Tolerance. ] Med Chem (2013)
56(13):5505-13. d0i:10.1021/jm4005219

Erbs E, Faget L, Scherrer G, Matifas A, Filliol D, Vonesch J-L, et al. A Mu-
delta Opioid Receptor Brain Atlas Reveals Neuronal Co-occurrence in
Subcortical Networks. Brain Struct Funct (2015) 220(2):677-702. doi:10.
1007/s00429-014-0717-9

Ozawa A, Brunori G, Mercatelli D, Wu J, Cippitelli A, Zou B, et al. Knock-In
Mice with NOP-eGFP Receptors Identify Receptor Cellular and Regional
Localization. ] Neurosci (2015) 35(33):11682-93. doi:10.1523/jneurosci.5122-
14.2015

Scherrer G, Tryoen-Toth P, Filliol D, Matifas A, Laustriat D, Cao YQ, et al.
Knockin Mice Expressing Fluorescent -opioid Receptors Uncover G Protein-
Coupled Receptor Dynamics In Vivo. Proc Natl Acad Sci (2006) 103(25):
9691-6. doi:10.1073/pnas.0603359103

Chen C, Willhouse AH, Huang P, Ko N, Wang Y, Xu B, et al.
Characterization of a Knock-In Mouse Line Expressing a Fusion
Protein of « Opioid Receptor Conjugated with tdTomato: 3-
Dimensional Brain Imaging via CLARITY. eNeuro (2020) 7(4). doi:10.
1523/ENEURO.0028-20.2020

Weibel R, Reiss D, Karchewski L, Gardon O, Matifas A, Filliol D, et al.
Mu Opioid Receptors on Primary Afferent
Contribute to Opiate-Induced Analgesia: Insight from Conditional
Knockout Mice. PLoS One (2013) 8(9):¢74706. doi:10.1371/journal.
pone.0074706

Van’t Veer A, Bechtholt AJ, Onvani S, Potter D, Wang Y, Liu-Chen L-Y,
et al. Ablation of Kappa-Opioid Receptors from Brain Dopamine
Neurons Has Anxiolytic-like Effects and Enhances Cocaine-Induced
Plasticity. Neuropsychopharmacol (2013) 38(8):1585-97. doi:10.1038/
npp.2013.58

Bailly J, Del Rossi N, Runtz L, Li JJ, Park D, Scherrer G, et al. Targeting
Morphine-Responsive Neurons: Generation of a Knock-In Mouse Line
Expressing Cre Recombinase from the Mu-Opioid Receptor Gene Locus.
eNeuro (2020) 7(3). doi:10.1523/ENEURO.0433-19.2020

Parker KE, Pedersen CE, Gomez AM, Spangler SM, Walicki MC, Feng SY,
et al. A Paranigral VTA Nociceptin Circuit that Constrains Motivation
for Reward. Cell (2019) 178(3):653-71. doi:10.1016/j.cell.2019.06.034
Baird MA, Hsu TY, Wang R, Juarez B, Zweifel LS. k Opioid Receptor-
Dynorphin Signaling in the Central Amygdala Regulates Conditioned Threat
Discrimination and Anxiety. eNeuro (2021 Jan-Feb) 8(1). doi:10.1523/
ENEURO.0370-20.2020

navl.8 Neurons

Copyright © 2022 Cox and Toll. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Advances in Drug and Alcohol Research | Published by Frontiers

18

February 2022 | Volume 2 | Article 10115


https://doi.org/10.1038/nature10954
https://doi.org/10.1038/nature10954
https://doi.org/10.1038/nature11085
https://doi.org/10.1038/nature10939
https://doi.org/10.1038/nature14886
https://doi.org/10.1126/sciadv.aax9115
https://doi.org/10.1007/bf02245071
https://doi.org/10.1016/j.ejphar.2004.08.028
https://doi.org/10.1016/j.ejphar.2004.08.028
https://doi.org/10.1007/s00213-005-0167-4
https://doi.org/10.1073/pnas.0910180106
https://doi.org/10.1073/pnas.0910180106
https://doi.org/10.1016/j.neuropharm.2013.09.021
https://doi.org/10.1021/acs.jmedchem.8b01679
https://doi.org/10.1021/acs.jmedchem.8b01679
https://doi.org/10.1016/j.pharmthera.2019.04.009
https://doi.org/10.1124/jpet.120.000134
https://doi.org/10.1124/jpet.120.000134
https://doi.org/10.3389/fnins.2020.00765
https://doi.org/10.1111/adb.12639
https://doi.org/10.1021/acschemneuro.1c00149
https://doi.org/10.1021/acschemneuro.1c00149
https://doi.org/10.1007/s10571-020-01034-7
https://doi.org/10.1126/scitranslmed.aar3483
https://doi.org/10.1016/j.bja.2018.10.065
https://doi.org/10.1155/2012/327257
https://doi.org/10.1016/j.ejphar.2014.09.008
https://doi.org/10.1016/j.ejphar.2014.09.008
https://doi.org/10.1021/jm4005219
https://doi.org/10.1007/s00429-014-0717-9
https://doi.org/10.1007/s00429-014-0717-9
https://doi.org/10.1523/jneurosci.5122-14.2015
https://doi.org/10.1523/jneurosci.5122-14.2015
https://doi.org/10.1073/pnas.0603359103
https://doi.org/10.1523/ENEURO.0028-20.2020
https://doi.org/10.1523/ENEURO.0028-20.2020
https://doi.org/10.1371/journal.pone.0074706
https://doi.org/10.1371/journal.pone.0074706
https://doi.org/10.1038/npp.2013.58
https://doi.org/10.1038/npp.2013.58
https://doi.org/10.1523/ENEURO.0433-19.2020
https://doi.org/10.1016/j.cell.2019.06.034
https://doi.org/10.1523/ENEURO.0370-20.2020
https://doi.org/10.1523/ENEURO.0370-20.2020
https://creativecommons.org/licenses/by/4.0/

	Contributions of the International Narcotics Research Conference to Opioid Research Over the Past 50 years
	Introduction
	Early History
	The Search for the Opioid Receptor and its Endogenous Ligand
	Identification of Endogenous Opioids
	Opioid Receptor Heterogeneity and Signal Transduction Pathways
	Opioid Peptides and the Search for Better Analgesic Drugs
	Opioid Receptor Cloning
	Visualizing Sites of Receptor Expression
	Developments in Understanding of Signal Transduction Pathways
	Receptor Dimerization
	Biased Agonism and Relative Efficacy
	Crystal Structures
	New Ligands for Opioid Receptors, and New Research Tools
	What has Been the Impact of the INRC?

	Author Contributions
	Funding
	Author Disclaimer
	Conflict of Interest
	References


