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Abstract——piates are among the oldest medications
available to manage a number of medical problems.
Although pain is the current focus, early use initially
focused upon the treatment of dysentery. Opium
contains high concentrations of both morphine and
codeine, along with thebaine, which is used in the
synthesis of a number of semisynthetic opioid analge-
sics. Thus, it is not surprising that new agents were
initially based upon the morphine scaffold. The con-
cept of multiple opioid receptors was first suggested
almost 50 years ago (Martin, 1967), opening the pos-
sibility of new classes of drugs, but the morphine-like

agents have remained the mainstay in the medical
management of pain. Termed mu, our understanding
of these morphine-like agents and their receptors has
undergone an evolution in thinking over the past 35
years. Early pharmacological studies identified three
major classes of receptors, helped by the discovery of
endogenous opioid peptides and receptor subtypes—
primarily through the synthesis of novel agents. These
chemical biologic approaches were then eclipsed by
the molecular biology revolution, which now reveals
a complexity of the morphine-like agents and their
receptors that had not been previously appreciated.

I. Historical Overview

“If the entire materia medica at our disposal were
limited to the choice and use of only one drug, I am sure
that a great many, if not the majority, of us would choose
opium; and I am convinced that if we were to select, say
half a dozen of the most important drugs in the Phar-
macopeia, we should all place opium in the first rank. If
we were to inquire, however, into how much the great ma-
jority of the medical men know about the history of this
wonderful product of plant life, which, when judiciously
employed, has proved such a boon to suffering humanity,
if we were to ask about the origin of some of our most
familiar remedies–laudanum or paregoric, for instance—I
fear the information gleaned would be meager.”

(Macht, 1915)

Opium has been used for thousands of years, and its
clinical value cannot be overstated. Pain transcends the
boundaries of all medical specialties and impacts almost
everyone at some stage of their life. There are many
classes of drugs used to relieve pain. Mild to moderate
pain is typically treated with acetaminophen or aspirin or
other nonsteroidal anti-inflammatory drugs (NSAID), but
themainstay of pain management for severe pain remains
the opiates. Their effects on pain are quite intriguing.
Unlike local anesthetics that relieve pain by blocking all
sensory transmission, opiates selectively modulate the
perception of pain without interfering with basic sensa-
tions, such as light touch, temperature, position sense,
and discrimination of sharp and dull. The opioids target
the subjective component of pain, an integrated sensation.
It is not uncommon for a patient to remark after taking an
opiate that “the pain is still there, but it does not hurt.”
Medically, opium was first used by Arabic physi-

cians, with its use spreading outward from the Middle
East to India and China, where it was used to treat
dysentery. Indeed, the use of opium in China was
relatively late, being fostered first by the Portugese in
the mid- to late-1700s and then through the British
East India Company. Its trade increased dramatically
and eventually became a major political issue, leading
to the opium wars between China and England (Macht,
1915).

The early preparations of opium were oral and were
used primarily for relief of diarrhea associated with
dysentery, a common problem. Indeed, oral opium prep-
arations to treat diarrhea, such as laudanum (tincture
of opium), are still available. As the use of opium and
opiates spread and increased, their euphoric and addic-
tive properties became more apparent, along with sig-
nificant abuse (Macht, 1915; Terry and Pellens, 1928).
This had become prominent in the United States in the
mid-1800s, around the time of the Civil War when the
development of the hypodermic syringe permitted mor-
phine to be administered parenterally, which greatly
enhanced its euphoric activity. Opioid abuse became so
problematic in the early 1900s that international treaties
limiting its trafficking were instituted.

The importance of opioids in the treatment of pain has
never been contested. However, the desire to develop
analgesics dissociating pain and abuse potential drove
massive synthetic efforts over the years that generated
hundreds, if not thousands, of analogs and eventually
provided clinicians with dozens of opiate drugs. Although
the vast majority of these agents did not separate an-
algesia from abuse potential and/or many of problem-
atic side effects seen with traditional opiates, the clinical
use of these synthesized drugs has given many insights
into opiate action. Indeed, opiates are in the rare po-
sition where their clinical pharmacology preceded the
development of corresponding animal models and mo-
lecular mechanisms of action. Thus, the clinical pharma-
cology of opiates has driven much of the basic preclinical
research into their mechanism of action.

The initial pharmacologic studies of opiates focused
on the general effects of morphine in humans (reviewed
by Martin, 1963, 1967; Reisine and Pasternak, 1996).
Analgesia is very difficult to study, primarily because of
its extreme subjectivity. Painful stimuli, their thresholds,
and neuronal pathways have been well characterized
both neurophysiologically and neuroanatomically. How-
ever, the clinical perception of pain cannot be defined as
concretely. It is very dependent on the emotional makeup
of the individual, as well as the emotional state and
expectations and desires of the individual at the time. In
his classic study comparing wounded soldiers to civilians
with postoperative pain, Beecher (1946) found that 80%
of the civilians asked for pain relief, whereas only 25% of
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the soldiers made the same request. This difference was
made even more dramatic by the fact that the nociceptive
stimuli were thought to be comparable or more severe in
the soldiers. Clearly, the stress of combat altered the
perception of the nociceptive stimuli. Clinically, opiates
act upon the subjective aspects of pain (Beecher, 1946,
1960; Lasagna, 1964). Patients receiving narcotics are
able to discern noxious stimuli but report no pain. Thus,
the study of analgesia in humans is extremely difficult,
especially its quantification. The subtle nuances and the
importance of context further illustrate the complexity of
pain measurements and must be taken into consider-
ation when comparing experimental and clinical pain
models. These factors also demonstrate the inadequacies
and limitations of preclinical studies of analgesics.
Despite their limitations, animal models were needed

to evaluate new compounds and explore basic questions
in mechanism. The mouse hot-plate test (Woolfe and
MacDonald, 1943) and the tail flick (D’Amour and Smith,
1941) were the first two widely used models. Both are re-
producible and applicable over wide dose ranges (Janssen
and Jageneau, 1957) and highly predictive of analgesic
activity in people. The tail-flick assay is dependent upon
a spinal reflex, with descending supraspinal influences
(Irwin et al., 1951), whereas the hot plate relies upon
a more integrated escape response. However, in most
paradigms, the nociceptive input in these thermal
assays is sufficiently severe that only potent analgesics
show activity, with partial agonists or mixed opioid
agonist/antagonist drugs and most nonopioids, such as
the NSAIDs, often having little effect. Over time, a wide
range of additional assays have been developed and
used to explore different types of pain (Le Bars et al.,
2001), including mechanical stimuli, inflammation, and
neuropathic pain associated with nerve injury to name
a few. The activity, or “efficacy,” of a drug commonly
varies among the different pain models. When assessing
these assays, it is important to consider both the
intensity of the nociceptive stimulus and its nature.
Weaker drugs may show activity only against lower
intensities of nociceptive stimuli and may be inactive
against more severe ones. Efficacy also may differ de-
pending upon the nature of the pain involved. One
example is the difference between the radiant heat tail-
flick assay, which focuses upon a small region of the
tail, and the tail immersion assay. Both are thermal
assays. However, the radiant heat assay might be
like a drop of hot water on a finger, whereas the im-
mersion assay would be equivalent of putting the whole
finger into the hot water bath. Both are widely used and
have been validated, but they are different. Another would
be the traditional abdominal constriction (writhing) assay,
where the ED50 values for opioids are typically approxi-
mately 10-fold lower than in the thermal assays and
where drugs such as the tricyclic antidepressants are
analgesic despite their inactivity in thermal assays
(Spiegel et al., 1983). A full discussion of pain models is

beyond the scope of this review, and the reader is referred
to another review from this journal (Le Bars et al., 2001).

Opioids were first used for their actions on gastrointes-
tinal motility, as noted above. Opiates decrease propulsive
peristaltic contractions, while increasing circular muscle
tone and intraluminal pressure (Reisine and Pasternak,
1996). Early investigators found it easier to examine
opiate mechanisms in isolated organ systems, such as the
guinea pig ileum (Trendelenburg, 1917; Schaumann, 1955;
Kosterlitz and Robinson, 1957a; Paton, 1957), and found
that opiates inhibited the release of acetylcholine (Paton,
1957; Schaumann, 1957; Trendelenburg, 1957; Cox and
Weinstock, 1966). The activity of guinea pig ileum assays
rested with the opioid receptors located in the myenteric
plexus that surrounds the muscle layers of the gut in
these organ preparations. Similar assays using alternative
organ systems have also been used, such as the mouse vas
deferens assay that Kosterlitz used to follow the isolation
and purification of the enkephalins (Hughes et al., 1975).

Morphine (Fig. 1A) was isolated from opium in 1805
(Serturner, 1805; Macht, 1915) and first sold by Merck in
1827, with its popularity increasing with the development
of the hypodermic needle in 1857. Its synthesis was
delayed by its complex ring structure until 1956 (Gates
and Tschudi, 1956). However, modifications of its struc-
ture were made much earlier. Indeed, diacetylmorphine
(heroin) (Fig. 1A) was synthesized in 1874 and marketed
as a nonaddictive cough suppressant by Bayer in the late
1800s—a claim we now find amazing and clearly wrong.

In an attempt to eliminate respiratory depression, Von
Braun (1916) synthesized a new opiate derivative, N-
allylnorcodeine (Fig. 1A), a compound that stimulated
respiration when given alone and reversed morphine-
induced respiratory depression (Pohl, 1915). This discov-
ery of the first antagonist was buried in the literature for
25 years. The next attempt to use an allyl nitrogen
substitution to make an opiate free from respiratory
depression came in the 1940s with the synthesis and
studies of N-allyl-normorphine (nalorphine) (McCawley
et al., 1941; Weijlard and Erickson, 1942; Unna, 1943).
The N-allyl replacement of the N-methyl group created
a new class of drugs that enabled the reversal of res-
piratory depression seen with morphine, but which also
precipitated withdrawal in dependent subjects.

The modern era of opioid research came with the
demonstration of opioid receptors in 1973 (Pert et al.,
1973; Simon et al., 1973; Terenius, 1973) using binding
assays based upon stereoselectivity (Goldstein et al.,
1971). The concept of opioid receptors has a long his-
tory, with selective recognition sites being proposed
much earlier based upon the rigid structural require-
ments for activity (Beckett and Casy, 1965; Portoghese,
1965, 1970). This was followed by extensive studies on
opioid receptor binding, leading to the cloning and ex-
pression of the family of opioid receptors. This review
will focus upon the mu drugs, their receptors, and their
actions.
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II. Opioids
A. Alkaloids

The original opiates, morphine and codeine (Fig. 1A),
were isolated from opium. Their structures provided the
scaffolds upon which many of the current mu opiates are
based. Thebaine, another major component of opium, is
a valuable precursor in the synthesis of many of these
derivatives. Most opiates fall under six chemical classes:
4,5a-epoxymorphinans, morphinans, benzomorphans,
phenylpiperidines, acylic analgesics, and oripavine. These
chemical classes conceptually can be visualized by a sys-
tematic dismantling of the morphine structure.
1. Morphine Analogs. The two major natural opiates

are morphine and codeine (Fig. 1A), which are present
at high levels in opium. As noted above, it took 120
years to establish morphine’s structure (Gulland and
Robinson, 1925) after its initial isolation (Serturner,
1805) and another 30 for its total synthesis (Gates and
Tschudi, 1956). Morphine and codeine analogs were

made before the structure was determined, one of the
earliest being heroin (diacetylmorphine or diamorphine).

Morphine belongs to the 4,5a-epoxymorphinan opiate
class. The structure-activity relationships for morphine
activity have been well established. Although early stud-
ies based upon traditional pharmacological assays pro-
vided many insights into activity, more recent receptor
binding studies have further refined the criteria influenc-
ing the selectivity/affinity of the ligands. Only the natural
(2)isomers are active. A free 3-hydroxyl group is essential
for activity. Blockade of this position dramatically lowers
affinity for mu receptors (Pert et al., 1973). Thus, the ac-
tivity of codeine is thought to be attributed to its de-
methylation to morphine, which helps explain the varying
sensitivity of patients because of differences in CYP2D6
enzymatic activity. Indeed, ultrarapid metabolizers may
even overdose or encounter respiratory depression. This
is well described in several studies looking at the use of
codeine after surgery in children (Kelly et al., 2012;
Voelker, 2012; Kuehn, 2013). It is presumed that similar
situations exist for oxycodone and hydrocodone.

In contrast, changes at the 6-position have proven
very useful, as several morphine metabolites have shown.
Morphine-6b-glucuronide (M6G) is an excellent exam-
ple. A morphine metabolite in humans, M6G has long
been known to have activity (Shimomura et al., 1971),
but its extraordinary potency was not appreciated until
more than a decade later (Pasternak et al., 1987; Paul
et al., 1989b). The sugar moiety impedes the passage of
M6G through the blood-brain barrier, but when that is
avoided by direct injection into the brain, M6G is over
50-fold more potent than morphine. [Unlike humans,
rodents do not glucuronidate morphine at the 6-position
(Inturrisi et al., 1996), which has greatly simplified its
study in rodent models.] Clinically, M6G is now rec-
ognized as a contributor to the overall analgesic activ-
ity of morphine, particularly with chronic dosing (Tiseo
et al., 1995). Indeed, M6G blood levels can accumulate
and exceed those of morphine itself, particularly in the
presence of renal insufficiency or failure. A second mor-
phine derivative, morphine-6-sulfate (Fig. 1A) has been
isolated from brain (Donnerer et al., 1987). Similar to
M6G, this modification at the 6-position markedly en-
hances potency (Zuckerman et al., 1999).

Heroin (Fig. 1A) has acetyl groups at both the 3- and
6-positions, yet it is more potent than morphine. There
are likely several reasons. Acetylation enhances the abil-
ity of the drug to pass the blood-brain barrier, resulting
in greater penetration into the brain from an equivalent
dose. Second, the 3-position is rapidly deacetylated en-
zymatically in the blood to form 6-acetylmorphine (Fig.
1A), a potent metabolite thought to be responsible for
its actions (Inturrisi et al., 1983,1984). Thus, heroin
provides another example of how modifications of the
6-position can influence activity.

Conversion of the 6-hydroxyl group to a ketone,
along with reduction of the 7–8 double bond, has given

Fig. 1. Selected 4,5a-epoxymorphinan compounds.
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us potent analgesics, including hydromorphone, hydro-
codone, and metopon, and a number of 14-hydroxy
analogs, such as the analgesics oxymorphone and oxy-
codone and the antagonists naloxone and naltrexone
(Fig. 1B). One particularly interesting derivative is
14-hydroxymetopon (Schmidhammer et al., 1990; Fürst
et al., 1993; Freye et al., 2000; King et al., 2003). This
derivative is an exceedingly potent analgesic with limited
respiratory depression or inhibition of gastrointestinal
transit. Peripherally acting agents, such as 3-methylnal-
trexone, which is used clinically to counter opioid-induced
constipation, are generated by quaternizing the nitro-
gen, greatly diminishing their ability to transverse the
blood-brain barrier.
6-Position modifications have also generated a large

number of unique agents that have proven valuable in
the laboratory in investigating opioid mechanisms
(Fig. 2), including b-funaltrexamine, naltrindole, and
nor-binaltorphimine, that selectively inhibit mu, delta,
and kappa1 receptors, respectively (Portoghese et al.,
1980, 1987, 1988); naloxonazine and naloxazone, which
block a mu-receptor subtype (Pasternak et al., 1980a,b;
Childers and Pasternak, 1982; Hahn et al., 1982; Hahn
and Pasternak, 1982); and naloxone benzoylhydrazone,
a mu-antagonist/kappa3 agonist (Hahn et al., 1985;
Luke et al., 1988; Clark et al., 1989). Indeed, these
have been extensively used to define receptor classes
responsible for drug actions.
A number of other modifications have been exam-

ined. Reduction of the C7–C8 double bond in morphine
generates dihydromorphine (Fig. 1A), which is more
potent than morphine. Substitutions on the nitrogen
greatly influence the pharmacology of the compound, with
replacement of the N-methyl group of the 4,5a-epoxymor-
phinans with either an N-allyl or N-methylcyclopropyl
group typically converting the compound from an agonist
to antagonist, as first demonstrated with N-allylnorco-
deine (Von Braun, 1916) and N-allylnormorphine (nalor-
phine) (McCawley et al., 1941; Weijlard and Erickson,
1942; Unna, 1943) (Fig. 1A). Nalorphine proved to be
a very unusual compound. It readily reversed morphine
actions, including analgesia and respiratory depression.
However, at higher doses it was analgesic (Lasagna and
Beecher, 1954; Houde and Wallenstein, 1956), actions
that led Martin (1967) to propose that the drug was an
antagonist at the M (morphine; m) receptor and an agonist
at the N (nalorphine) receptor, a concept he termed
receptor dualism. The N receptor probably corresponds to
the current kappa1 receptor. Thus, nalorphine is a mixed
agonist/antagonist and led to the first proposal of opioid
receptor subtypes. Subsequently, several mixed agonist/
antagonists have been developed for clinical use, including
nalbuphine and nalmephene.
2. Morphinans. These analogs lack the 4,5-epoxy

bridge seen in morphine and lack both the C7–C8
double bond and the 6-hydroxyl group (Fig. 3). As with
morphine, the morphinans show rigid stereoselectivity,

with the levo (2)isomers possessing all the opioid ac-
tivity. There are three significant morphinans as follows:
the agonists levorphanol and butorphanol and the an-
tagonist levallorphan. Levorphanol has an N-methyl
group and the antagonist levallorphan an N-allyl group.
Butorphanol is closely related, the difference being an
N-methylcyclobutyl group and a 14-OH. They all display
high affinity for mu receptors in binding assays, but
these changes also lead to a loss of selectivity, with the
compounds displaying high affinity for other receptor
classes (Moulin et al., 1988; Tive et al., 1992; Inturrisi,
2002; Rowbotham et al., 2003; Majumdar et al., 2011).
Their lack of selectivity for mu receptors may help ex-
plain their complex pharmacology, especially with evi-
dence now showing a role for a truncated MOR-1 splice
variant in their actions (see section VIII.C.3.b). Both
levorphanol and butorphanol have been widely used
clinically and are effective analgesics in people.

3. Benzomorphans. Removal of the “C ring” of mor-
phine led to the benzomorphans (Archer et al., 1962,
1996; Fraser and Harris, 1967). The prototypic
benzomorphan is ketocyclazocine (Fig. 4), which Martin
used to formally define kappa receptors over 35 years ago
(Martin et al., 1976). Similar tomost of the benzomorphans,
ketocyclazocine has high affinity for kappa receptors
but shows little selectivity among the other opioid
receptor classes. Ethylketocyclazocine is another
benzomorphan that has proven valuable in pre-
clinical studies. However, it also is relatively non-
selective, as is cyclazocine. These structures typically
have prominent psychotomimetic properties.

Of the vast array of benzomorphans that have been
synthesized, only pentazocine is used clinically. Similar
to nalorphine, pentazocine is a mixed kappa agonist/mu
antagonist, with its analgesic actions residing primarily
in its kappa interactions. Its actions are highly stereo-
selective. Its opioid activity is restricted to the (2)isomer.
However, the (+)isomer is a potent sigma-receptor ago-
nist, which is interesting because sigma agonists lower
opioid analgesic activity (Chien and Pasternak, 1993,
1994, 1995a). Because the clinical formulation of pen-
tazocine in the United States is racemic, containing both
stereoisomers, the presence of the (+)isomer may actually
lower the analgesic actions of the (2)isomer.

4. Oripavines. Etorphine, diprenorphine, and buprenor-
phine are the best known oripavine derivatives (Bentley
and Hardy, 1967). All three oripavines display little se-
lectivity among the various opioid receptor classes. Etor-
phine is about 1000 times more potent an analgesic than
morphine, whereas diprenorphine is a potent antagonist.
Buprenorphine (Fig. 5) is clinically useful both as an
analgesic and in addiction treatment programs. It is ~20-
fold more potent than morphine, but with a complex
selectivity profile (Cowan et al., 1977; Dum and Herz, 1981;
Lewis, 1985; Leander, 1987; Kamei et al., 1995, 1997; Pick
et al., 1997; Lutfy and Cowan, 2004; Ding and Raffa, 2009;
Pergolizzi et al., 2010; Davis, 2012).

6 Pasternak and Pan

https://www.researchgate.net/publication/22210311_The_Effects_of_Morphine-_and_Nalorphine-like_Drugs_in_the_Nondependent_and_Morphine-dependent_Chronic_Spinal_Dog?el=1_x_8&enrichId=rgreq-67d15619-d358-4f38-9fe0-9a1118a5e260&enrichSource=Y292ZXJQYWdlOzI1NzIwNDkzNTtBUzoxNjA2NDEzNzc2NDQ1NDRAMTQxNTMxMTI5NzMxMg==
https://www.researchgate.net/publication/17081512_Naloxazone_long-acting_opiate_antagonist_Effects_in_intact_animals_and_on_opiate_receptor_binding_in_vitro?el=1_x_8&enrichId=rgreq-67d15619-d358-4f38-9fe0-9a1118a5e260&enrichSource=Y292ZXJQYWdlOzI1NzIwNDkzNTtBUzoxNjA2NDEzNzc2NDQ1NDRAMTQxNTMxMTI5NzMxMg==


5. Other. A variety of totally synthetic opiates
avoiding the need for opium have been synthesized
over the years. Meperidine, the prototypic 4-phenyl-
piperidine, is a widely used clinical analgesic, although
its utility is limited by the toxicity and epileptic actions
of its N-demethylated metabolite normeperidine (Kaiko
et al., 1983; Inturrisi, 2002). Methadone is another mu-
selective analgesic, and is the major drug in the acyclic
analgesic class. Synthesized in 1937 in Germany to avoid
interruption of their supplies of opium in case of war
(Bockmuhl, 1948), it was first marketed in the United
States in 1947 by Eli Lilly. A potent analgesic, for many
decades it was used in the United States primarily in
addiction treatment programs, based upon the work of

Dole et al. (1966). More recently, its use has extended
to pain management as well. However, the clinical use
of methadone as an analgesic is complex because of
its prolonged (typically ;24 hours) and widely variable
half-life. A lack of appreciation of the prolonged time
needed to reach steady-state drug levels, typically from
3 to 5 days, has led to inadvertent overdosing and even
death. Its analgesic activity is limited to the (2)isomer,
which is marketed in Europe. In the United States, it is
marketed as the racemic mixture, which may be impor-
tant because the (+)isomer has been reported to have
NMDA antagonist actions (Gorman et al., 1997; Davis
and Inturrisi, 1999). Recent studies have also observed
that methadone can prolong the QT interval of the

Fig. 2. Selective opioid antagonists.

Mu Opioids and Their Receptors: Evolution of a Concept 7

https://www.researchgate.net/publication/19002459_Narcotic_Blockade?el=1_x_8&enrichId=rgreq-67d15619-d358-4f38-9fe0-9a1118a5e260&enrichSource=Y292ZXJQYWdlOzI1NzIwNDkzNTtBUzoxNjA2NDEzNzc2NDQ1NDRAMTQxNTMxMTI5NzMxMg==


electrocardiogram, an issue of potential clinical signif-
icance (Raffa et al., 2012).
Among the most widely used of the synthetic opiates

are the 4-anilidopiperidines, originally developed by
Janssen et al. (1959). This class includes fentanyl
(Fig. 6), sufentanil, remifentanil, alfentanil, carfentanil,
lofentanil, and ohmefentanil, which are mu selective
and 500- to more than 10,000-fold more potent than
morphine. Another agent is loperimide, which is poorly
absorbed from the gastrointestinal tract and is widely
used as an antidiarrheal. The benzimazone opioids also
are potent mu analgesics (Hunger et al., 1957), par-
ticularly etonitazene (Fig. 6), which is over 1000-fold
more potent than morphine in animal models. It is not
used clinically.
Meptazinol (Fig. 6) is a unique opioid. It has been used

clinically to treat moderate to severe pain in Europe. It
produces its analgesic actions through mu receptors,
as clearly shown by its sensitivity to the antagonist
naloxonazine (Robson, 1983; Spiegel and Pasternak,
1984). Yet, it has little respiratory depression or consti-
pation and is said to have a diminished abuse potential.

Agents selective for other opioid receptor classes, such
as the kappa1-selective arylacetamides such as U50,488H
[2-(3,4-dichlorophenyl)-N-methyl-N-[(1R,2R)-2-pyrrolidin-
1-ylcyclohexyl]acetamide], spiradoline, and endaloline,
have been synthesized, but these compounds have not
proven useful clinically because of psychomimetic and
dysphoric actions, as well as a pronounced diuresis. Other
classes of agents selective for delta receptors are also
under investigation.

B. Opioid Peptides

1. Endogenous Opioids. Soon after the discovery of
the opioid receptors, investigators identified materials
within the brain with opioid-like activity and affinity for
the receptors (Table 1). Kosterlitz and Hughes were the
first to sequence the pentapeptide enkephalins (Hughes
et al., 1975), which soon expanded into the following
three families of peptides, each with its own precursor
peptide: preproenkephalin, preprodynorphin, and b-
lipotropin (Berezniuk and Fricker, 2011). Kosterlitz
named the two pentapeptides the enkephalins, referring
to their presence within the brain, whereas Avram
Goldstein coined the term dynorphin for the 17mer he
isolated based upon its very high potency. The enkepha-
lins have been associated with the delta receptors,
dynorphin A with the kappa1 receptors, and b-endorphin
with mu receptors, although it also retains a similar
high affinity for delta receptors. An early article reported
the existence of a high-affinity b-endorphin binding site
on lymphocytes (KD 3 nM) (Hazum et al., 1979). What
makes this high-affinity b-endorphin site so interesting
is that it is insensitive to a number of traditional opioids
at concentrations as high as 1 mM, including naloxone,
cyclazocine, morphine, and the enkephalins. Together, all
three families of opioid peptides are referred to as the
endorphins at the suggestion of Eric Simon, reflecting
a contraction of “endogenous morphine.”

The first public disclosure of the endogenous opioids
came at ameeting of the Neuroscience Research Program
in Boston in 1974 sponsored by Massachusetts Institute
of Technology (Snyder and Matthysse, 1975). A small
conference of less than 50 scientists, it included most of
the major investigators in the opioid field (Fig. 7). The
disclosures were quite dramatic. Hans Kosterlitz an-
nounced that he and John Hughes had isolated, but not
fully purified, a material from the brain that was active
in the mouse vas deferens bioassay and that was re-
versed by the opioid specific antagonist naloxone. By
using receptor binding techniques, both Lars Terenius
and we independently reported an endogenous material
in brain that competed opioid binding. Early in the course
of our own studies characterizing receptor binding, we
observed that incubating brain membranes prior to the
binding assay increased binding by 50%, which was the
result of the dissociation of a morphine-like factor from
the receptor (Table 2) (Pasternak et al., 1975c). [Many
groups continue to incubate membrane preparations

Fig. 3. Morphinan.

Fig. 4. Ketocyclazocine.
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prior to binding assays to dissociate endogenous opioids
and increase binding.] The earliest reports described
partially purified extracts (Hughes, 1975; Pasternak
and Snyder, 1975a; Pasternak et al., 1975a; Terenius
and Wahlstrom, 1975), but these were rapidly followed
by determination of the structure of the enkephalins by
Kosterlitz (Hughes et al., 1975).
The isolation and structural determination of the

enkephalins was quickly followed by the identification
of dynorphin A and b-endorphin (Cox et al., 1975;
Teschemacher et al., 1975; Birdsall and Hulme, 1976;

Goldstein, 1976; Li and Chung, 1976; Li et al., 1976;
Goldstein et al., 1979). The extended peptides all
contain an enkephalin sequence at the N terminus
(Table 1) and all are generated by processing their
respective larger precursors (for review, see Berezniuk
and Fricker, 2011). Both preproenkephalin and pre-
prodynorphin yield a number of opioid peptides, many
of which remain uncharacterized pharmacologically. In
contrast, b-endorphin is the only opioid generated from
a b-lipotropin, which also produces adrenocorticotropin
and a-melanocyte-stimulating hormone.

All of the endogenous opioid peptides share the
enkephalin sequence (Tyr-Gly-Gly-Phe-Leu or Tyr-Gly-
Gly-Phe-Met) at the N terminus, with differing exten-
sions at the C terminus. Dynorphin A is a 17mer con-
taining the TGGFL sequence at its N terminus. The
physiologic roles and the importance of dynorphin A
have been well established, but there was controversy in
the early days about whether dynorphin was simply
a precursor of an enkephalin or whether the enkepha-
lins were simply breakdown products of dynorphin. It is
said that after a single malt whisky or two Kosterlitz
referred to dynorphin as an extended enkephalin,
whereas Goldstein considered the enkephalins to be
truncated dynorphins. The identification of their dif-
ferent precursors put that question to rest. It is notable
that the sequences of both precursors predict a number
of additional opioid ligands. Although their pharmaco-
logical significance is not clear, it is possible that each
of these additional peptides might have its own receptor
and functions. This is well illustrated by BAM22,
a 22-amino acid peptide containing the traditional
N-terminal enkephalin motif (TGGFM). In competition
studies, it displays high affinity for all the traditional
opioid receptors. Yet, it also labels a family of sensory
neuron-specific G protein-coupled receptors, which are
quite distinct from traditional cloned opioid receptors
(Baird et al., 1982; Lembo et al., 2002; Grazzini et al.,
2004; Hong et al., 2004).

The opioid peptides have been extensively studied
and reviewed (Hook et al., 2008; Berezniuk and Fricker,
2011). The enkephalins are the endogenous ligands for
the delta-opioid receptor (DOR-1), whereas dynorphin A
is the endogenous ligand for the kappa1-opioid receptor
(KOR-1). b-Endorphin has high affinity for both mu and
delta sites, and some investigators have suggested that it
is an endogenous mu peptide. However, this classification
may be an oversimplification. For example, dynorphin
A potently inhibits all kappa1-selective radioligand
[3H]U50,488H binding in brain membranes monophasi-
cally, consistent with a single site. Yet, the peptides
dynorphin B and a-neoendorphin, two other opioid pep-
tides containing the [Leu5]enkephalin sequence that
are generated by the dynorphin A precursor, both com-
pete [3H]U69,593 [[3H]methyl-2-phenyl-N-[(5R,7S,8S)-7-
(pyrrolidin-1-yl)-1-oxaspiro[4.5]dec-8-yl]acetamide] binding
in a biphasic manner. These findings imply that

Fig. 5. Buprenorphine.

Fig. 6. Other opioid structures.
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[3H]U50,488H labels two classes of kappa1 binding sites
(kappa1A and kappa1B), with dynorphin A having
similar high affinities for both (Clark et al., 1989). These
additional classes of kappa receptors have not been fully

characterized at the molecular level. With all the potential
opioid peptides that can be generated from the precursors,
it is likely that many more classes of opioid-associated
receptors will be identified in the future.

TABLE 1
Structures of selected endogenous opioid peptides

[Leu5]enkephalin Tyr-Gly-Gly-Phe-Leu
[Met5]enkephalin Tyr-Gly-Gly-Phe-Met
Dynorphin A Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg–Pro-Lys–Leu-Lys-Trp-Asp-

Asn-Gln
Dynorphin B Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr
a-Neoendorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys
b-Neoendorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro
bh-Endorphin Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Leu-Val-Thr-

Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu
Endomorphin-1 Tyr-Pro-Trp-Phe-NH2
Endomorphin-2 Tyr-Pro-Phe-Phe-NH2
Orphanin FQ/nociceptin Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-

Leu-Ala-Asn-Gln

Fig. 7. Neuroscience Research Program Meeting. Photograph of the attendees at the Neuroscience Research Program meeting in Boston, MA, May
19–21, 1974. Seated (left to right): Gavril W. Pasternak, William Bunney, John Hughes, Hans Kosterlitz, Steven Matthysse, Francis O. Schmitt,
Solomon H. Snyder, Avram Goldstein, E. Leong Way, Vincent P. Dole, and Aki Takemori. Middle row (left to right): L. Everett Johnson, Frederic G.
Worden, Robert D. Hall, Candace D. Pert, Yvonne M. Homsy, Parvati Dev, Huda Akil, Floyd E. Bloom, Agu Pert, Peter A. Mansky, William H. Sweet,
Albert Herz, William R. Martin, and Harriet Schwenk. Top row (left to right): Ian Creese, David J. Mayer, Eric J. Simon, Leslie Iversen, Diana
Schneider, Pedro Cuatrecasas, Horace Loh, Arnold J. Mandell, Arthur E. Jacobson, Jose M. Musacchio, and Lars Terenius. From Snyder and
Matthysse (1975).
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Another set of endogenous opioid peptides have been
reported, the endomorphins, endomorphin 1 (Tyr-Pro-
Trp-Phe-NH2) and endomorphin 2 (Tyr-Pro-Phe-Phe-NH2)
(Zadina et al., 1997). These are quite distinct from the
other opioid peptides in that they are highly selective
for mu receptors and do not contain the common
enkephalin sequence located at the N terminus of all
the other opioid peptides. These peptides have been ex-
tensively studied (Fichna et al., 2007), but many ques-
tions remain. Foremost is our lack of understanding of
how these peptides are generated because no precursor
peptide has been identified (Terskiy et al., 2007).
2. Synthetic Mu Peptides. Early studies with the en-

dogenous opioids were complicated by their rapid enzy-
matic degradation. However, substitution of a D-amino
acid in the 2-position, typically D-Ala, markedly enhanced
their stability (Pert et al., 1976b). Since then, a vast array
of opioid peptides have been synthesized with striking
differences in their receptor binding selectivity and phar-
macology (Hawkins et al., 1989; Schiller et al., 1989,
1992; Dooley et al., 1995; Schiller, 1999, 2005). One of
the most important is [D-Ala2,MePhe4,Gly(ol)5]enkephalin
(DAMGO), which is used extensively to label mu-opioid
receptors in binding assays and as a mu opioid pharma-
cologically. Conversely, [D-Pen2,D-Pen5]enkephalin (DPDPE)
is a highly selective and enzymatically stable delta ligand.
Over the years thousands of compounds have been gen-
erated, many of which are highly selective for mu or delta
receptors.
Although a comprehensive overview of opioid peptides

is beyond the scope of this review, two other compounds
deserve mentioning. The tetrapeptide TAPS (Tyr-D-Arg-
Phe-Sar) is a mu-selective ligand in binding assays, as
well as a potent analgesic (Paakkari et al., 1992, 1993;
Vonhof et al., 2001). Unlike the other mu opioids, TAPS
is a respiratory stimulant. This dissociation between an-
algesia and respiratory depression is quite unique and
potentially useful. Early studies indicated that mor-
phine analgesia and respiratory depression could be dis-
tinguished by naloxonazine, which antagonized morphine
analgesia but not its respiratory depressant effects (Ling
et al., 1983, 1985). Although TAPS was not developed as
a drug, it illustrates the potential of analgesics lacking
respiratory depression.

The other peptide is metkephamid (Frederickson et al.,
1981; Burkhardt et al., 1982). One of the early enkeph-
alin derivatives, it was initially thought to be selective for
delta receptors but actually labels both delta and mu
receptors. What sets metkephamid apart is that it
underwent clinical trials (Calimlim et al., 1982; Bloom-
field et al., 1983; Pasanisi et al., 1985) and was the first to
show enkephalin effects in humans.

C. Mu Antagonists

A major step forward in opioid pharmacology came
with the synthesis of naloxone, the first pure antagonist
(Blumberg et al., 1961; Lewenstein and Fishman, 1966;
Garfield, 1983). As noted on the awarding of the 1982
John Scott Award to Fishman and Blumberg, in 1960,
Jack Fishman was studying steroid chemistry at Sloan-
Kettering Institute in New York while he also was
working in the private laboratory of Mozes Lewenstein
where he synthesized naloxone, N-allylnoroxymorphone.
At the time that he synthesized the compound, Fishman
did not know Harold Blumberg, but both Blumberg and
Lewenstein worked at Endo Laboratories. When Lew-
enstein licensed the drug to Endo Laboratories, Blum-
berg immediately evaluated it, which lead to the first
report of the antagonist properties of the compound the
following year (Blumberg et al., 1961). The importance of
this compound cannot be overstated. Naloxone is one of
the most widely used opioids and is the primary treat-
ment of overdose and opioid-induced respiratory depres-
sion. It also has been instrumental in assessing and
defining opioid actions in preclinical studies. As Hans
Kosterlitz would always ask after a presentation, “Is it
naloxone reversible?”

Over the years, a number of selective mu-opiate an-
tagonists have been synthesized based upon the pure
antagonist naltrexone/naloxone scaffold that has proven
invaluable in defining the pharmacology of opioids. The
work of Portoghese et al. (1980, 1987, 1988) truly stands
out. They synthesized the prototypic mu-antagonist
b-funaltrexamine (b-FNA), the delta antagonist naltrin-
dole, and the kappa1 antagonist nor-binaltorphimine
(norBNI) (Fig. 2), which are still used to define the phar-
macology of the different receptor classes. However, there
are many caveats with their use. For example, b-FNA
is a selective, irreversible mu antagonist, lasting for
several days after its administration. However, it has
reversible kappa actions, requiring that it be given 24
hours before testing to enable free drug (and thus the
kappa activity) to be eliminated. Although naltrindole
and norBNI can both be used to selectively block delta
and kappa1 actions, it is also important to remember
that their selectivity is limited and higher doses may
block alternative receptor sites. Finally, norBNI is in-
triguing in that its antagonist actions last for weeks or
longer, despite the elimination of the drug itself. Thus,
its actions are not those of a simple competitive antag-
onist (Melief et al., 2011).

TABLE 2
Release of opioid factor with incubation of brain tissue

Rat brain homogenates were centrifuged, resuspended, and incubated at the
indicated temperature/time. The soluble extracts were then tested in a [3H]naloxone
binding assay and the inhibition determined. From Pasternak et al. (1975c).

Addition
[3H]Naloxone Binding

cpm Inhibition

%

None 4142
0° Supernatant, 40 min 3154 24
25° Supernatant, 40 min 1905 54
37° Supernatant, 40 min 1493 64
37o Supernatant, 120 min 1166 72
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Several very useful mu-selective peptide antagonists
were developed based upon the somatostatin sequence
(Maurer et al., 1982; Pelton et al., 1985a,b; Gulya et al.,
1986). H-D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2
(CTOP) and D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2
(CTAP) are both are highly selective mu-opioid antago-
nists and have been extensively used to define the phar-
macology of mu receptors. [3H]CTAP has been used in
receptor binding assays, providing a more selective alter-
native to either [3H]naloxone or [3H]naltrexone to exam-
ine muantagonist binding sites.
b-FNA, CTAP, and CTOP all are highly selective mu

antagonists and block all mu actions. However, there also
are analogs that can distinguish among mu activities,
raising the question of multiple subtypes of mu receptors
(Wolozin and Pasternak, 1981). Naloxazone was the first
described, followed by naloxonazine, which supplanted
the former’s use (Fig. 2). Although b-FNA, CTAP, and
CTOP block all mu actions, naloxonazine and naloxazone
are more selective (Pasternak et al., 1980a,b, 1983;
Wolozin and Pasternak, 1981; Childers and Pasternak,
1982; Spiegel et al., 1982b; Holaday et al., 1983; Ling
et al., 1983, 1984, 1985, 1986; Wood and Pasternak,
1983; Heyman et al., 1988; Paul and Pasternak, 1988).
In these studies, naloxazone and/or naloxonazine
blocked morphine analgesia without blocking respira-
tory depression, the inhibition of gastrointestinal tran-
sit, and most signs of physical dependence, all actions
that were readily reversed by b-FNA. As with b-FNA,
naloxazone andnaloxonazine have both reversible and irre-
versible actions, with the irreversibly blocked sites defined
as mu1, whereas the reversibly blocked ones are desig-
nated as mu2. Given short term, naloxonazine and
naloxazone antagonize all mu actions and compete with
all mu receptors. To achieve selectivity in vivo, these
compounds, like b-FNA, are given 24 hours prior to
testing to permit the elimination of free drug and the
reversible blockade of mu2 receptors. Given immediately
prior to testing, the compounds lose their selectivity. The
naloxonazine-sensitive receptors have an unusual bind-
ing profile as well as pharmacology, which is discussed
below (section V.A).
Naloxonazine is a dimer, the equivalent of two

molecules of naloxone with a hydrazine bridge. Naltrex-
onazine and oxymorphonazine, the naltrexone and oxy-
morphone analogs of naloxonazine, also display intriguing
pharmacologies, as do analogs containing dihydrazide
bridges in place of the hydrazine (Hahn et al., 1982). As
with the antagonists, the agonist oxymorphazone has
a prolonged activity, producing analgesia lasting over 24
hours that correlates with an irreversible blockade of the
receptor. Yet, the analgesic response is readily reversed by
naloxone (Galetta et al., 1982). Inasmuch as the blockade
of the receptor by oxymorphazone is irreversible and is not
lost when naloxone is given, naloxone cannot act by simply
displacing the oxymorphazone, implying the presence of
interacting sites in which naloxone binds to one site and

reverses activity of the other despite the continued occu-
pation by the agonist. This suggestion of receptor dimer-
ization came long before the cloning of the receptors and
30 years before it was confirmed by the crystal structure
studies of the mu receptor (Manglik et al., 2012).

Portoghese suggested that the long duration of action
of his bifunctional compounds reflect the simultaneous
binding to two receptor pockets (Erez et al., 1982).
However, this is not the case for naloxonazine and its
analogs. The irreversible inhibition also is seen with
asymmetrical azines in which one of the opiates does not
bind to the receptors. For example, methylation of the
3-position eliminates the affinity of naloxone for mu
receptors. Yet, the asymmetric azine composed of naloxone
and 3-methylnaloxone still elicits the same long-lasting
activity seen with naloxonazine. Similar results are seen
with the hydrazide series as well. Thus, these agents do
not simultaneously label two binding pockets, and their
mechanism(s) of prolonged activity differ from that that
proposed by Portoghese for his bivalent ligands (Erez
et al., 1982; Portoghese et al., 1986; Bolognesi et al., 1996).

Over the years, a vast array of additional opioids has
been synthesized, with widely varying structures and
selectivities. However, a full overview of all opiates and
their structure-activity relationships is beyond this review.

D. Endogenous Mu Alkaloids

There is strong evidence for the presence of endog-
enous morphine and codeine within the brain. First
proposed by Gintzler and Spector using immunologic
techniques (Gintzler et al., 1978; Shorr et al., 1978;
Donnerer et al., 1986, 1987; Grobe et al., 2010), these
observations are supported by several other laboratories
(Hazum et al., 1981b; Killian et al., 1981; Goldstein
et al., 1985; Weitz et al., 1986). The question arose
whether the endogenous morphine is synthesized in
the brain or whether it is absorbed from foodstuffs,
particularly with its isolation from milk and plants
other than the poppy (Hazum et al., 1981b). Although
ingestion remains one potential mechanism for accu-
mulation of endogenous morphine, there is evidence
it can be synthesized de novo by mammals (Goldstein
et al., 1985; Weitz et al., 1987; Poeaknapo et al., 2004;
Boettcher et al., 2005; Grobe et al., 2010) and even in
isolated cells (Poeaknapo et al., 2004; Boettcher et al.,
2005; Han et al., 2010). In addition to morphine, other
metabolites have been isolated from brain, including
morphine-6b-glucuronide and morphine-6-sulfate (Fig.
1A). These two analogs are notable because of their far
greater analgesic potency than morphine (Pasternak
et al., 1987; Paul et al., 1989b; Zuckerman et al., 1999).

III. Mu Opiate Pharmacology
A. Historical Overview

The opiates have been used for millennia, but the
modern history of opiate analgesics starts with the
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isolation of morphine in 1805 (Serturner, 1805). The full
addictive potential of morphine was not fully realized
until the availability of both the hypodermic needle and
pure morphine enabled parenteral administration of
very high doses. The realization of the profound ad-
dictive properties of morphine initiated the quest for
nonaddictive alternatives. In the early 20th century the
United States, the National Academy of Sciences/
National Research Council Committee on Drug Addic-
tion and Narcotics established a program to identify
nonaddictive morphine substitutes (Isbell, 1977; Lasagna,
1984). Initially funded by the Rockefeller Founda-
tion and the City of New York Bureau of Social Hygiene,
the effort soon received support from the pharmaceutical
industry. This effort had a number of important aspects.
As noted by Lasagna (1984), “First, it provided an
identifiable motivating force and research support
umbrella. Second, it was able not only to achieve a
‘marriage’ between investigators (both in industry and
academia) and drugs deserving investigation, but to
arrange for the addiction liability testing of promising
drugs both at the primate facility at the University of
Michigan and at the clinical testing facility at the
Addiction Research Center in Lexington, Kentucky.
Third, the program supported methodologic research,
which was badly needed at that time.” The National
Research Council Committee evolved to become the
Committee on Problems of Drug Dependence.
Although efforts were made to develop nonaddictive

drugs, few inroads were made. The partial agonist/
antagonists came closest to minimizing the addictive
potential but suffered from limited analgesic activity
and/or the precipitation of withdrawal in patients depen-
dent upon other opiates. Many, including nalorphine,
also were associated with severe psychotomimetic side
effects. However, the research yielded much informa-
tion, particularly the development by Houde and
Wallenstein of methodology and statistical analysis
permitting the formalized establishment of the relative
potency of the different opiate drugs (Wallenstein,
1984). The availability of these tables giving relative
doses of the various opiates provided valuable informa-
tion for physicians when prescribing the drugs. Indeed,
it is still common to see physicians carrying cards with
these drug ratios.
With the availability of an array of morphine-like

(i.e., mu) opiates, clinicians made a number of important
observations. First, it was not uncommon for patients to
respond differently to each opiate. This was not a simple
matter of sensitivity to opioids in general. Some patients
would respond well to one mu opiate and not another,
whereas the reverse might be seen in a different patient.
Second, physicians found that although the equianalge-
sic dosing tables were helpful in naive patients, the
relative potencies of the drugs in tolerant patients
differed markedly. All the mu opiates show cross-
tolerance, but this is often not complete (section III.G).

This is best illustrated when switching a morphine-
tolerant patient from morphine to methadone, when
the equianalgesic methadone dose determined from
the tables needs to be reduced by 50–75% (Cherny
et al., 2001). It is clear that incomplete cross-tolerance
among mu opiates can be quite profound and has major
clinical implications, including being the basis for
opioid rotation. Third, the side effect profile of different
opiates within a single patient can differ. It is not
unusual for a patient incapable of tolerating morphine
because of nausea and/or vomiting to take methadone
without a problem. Together, these observations raised
major questions regarding the receptor mechanism(s)
of action of these drugs. They also illustrate the value
of clinical insights and experience in focusing pre-
clinical opiate research.

For those interested in the early pharmacology of
opioids, Krueger et al. (1941) prepared an extensive and
comprehensive two volume overview of opiate action
prior to World War II. What is impressive about this
treatise is how much was known about opioid pharma-
cology before the current “molecular era.” Indeed, it is
humbling to see how much we forgot and what we have
“rediscovered.”

Within the opioid field, addiction and analgesia are
intimately intertwined. Many approaches have been
used to explore addiction, but one of the major sources
of our clinical understanding of these drugs came from
the Addiction Research Center, which was originally the
Research Division of the U.S. Narcotics Farm, a 1200-
bed facility established in 1935 in Lexington, Kentucky,
to treat addicts. This facility explored the actions of
opioids in established addicts, obtaining detailed de-
scriptions and comparisons of the opioids. It was unique
in its ability to provide clinical insights into the phar-
macological actions and perceptions of a range of drugs.
The Lexington facility was moved to Baltimore as part
of the intramural program of the National Institute on
Drug Abuse in 1979. The history of the Center has been
well reviewed (Campbell, 2006, 2010; Campbell et al.,
2008).

B. Bioassays

Although the hallmark of opiate pharmacology is its
in vivo pharmacology, bioassays have played a major
role in defining these drugs (Cox, 2011). The guinea pig
ileum contraction assay was first described over 50 years
ago (Schaumann, 1955; Kosterlitz and Robinson, 1957a;
Paton, 1957). This assay involves measuring the
strength of a contraction of the muscle, induced by the
electrically induced release of acetylcholine. Opiates
such as morphine inhibit this release (Schaumann,
1957; Cox and Weinstock, 1966), leading to a decreased
contraction. These assays provide a means of screening
a vast array of drugs, both agonists and antagonists,
quickly and inexpensively, requiring very small amounts
of material, and were the standard for the evaluation of
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novel agent before the availability of opioid binding
assays. Preparations incubated with opioids for extended
times provide a model of tolerance, with the subsequent
removal of the opiate or the addition of an antagonist
yielding a model of withdrawal. The identification of the
opioid binding sites quickly replaced the use of bioassays
as screening, with the “sodium shift” (section IV.D.1)
even providing an estimate of the agonist/antagonist
nature of the compound (Pert et al., 1973; Snyder et al.,
1975), but bioassays still were quite useful. In the mid-
1970s several groups attempted to identify endogenous
opioid materials from the brain. Kosterlitz used the
mouse vas deferens bioassay to identify the material and
monitor its purification. They termed the material
“enkephalin” to indicate it was isolated from the brain
and subsequently labeled the enkephalin receptors
“delta,” based upon the “d” in the vas deferens assay
that was used in its isolation.

C. Analgesia

The actions of morphine have been well studied, and
analgesia remains the major focus of mu opioid action.
Studies of morphine analgesia even go back to Darwin,
who tried to assess whether morphine was active in
plants “but with no certain result” (Darwin, 1875;
Krueger et al., 1941). Early studies also examined
analgesia in a host of species ranging from the frog to
mammals (Krueger et al., 1941). It is extraordinary how
much was known before the “modern era.” The Straub
tail is still considered by many to be a hallmark of mu
opiate action, but most investigators are not aware that
it was first reported over a century ago (Straub, 1911).
Early investigators also emphasized differences in re-
sponses among species and even among strains of
mice—supporting a physiologic basis of the clinical
observations. Many of these very early studies, which
have not been digitized and are not listed in many search
engines, are difficult to retrieve, particularly as libraries
have scaled down their collections, essentially losing
a vast repository of opioid pharmacology.
The study of analgesia requires the presence of pain.

A large number of assays have been developed and
reviewed (Le Bars et al., 2001). Detailed descriptions
and analysis of the various assays is beyond the scope
of this review. Several factors must be considered
whenever analyzing opioid analgesia. The first is the
intensity of the nociceptive stimulus. Clinically, lower
doses of drug are required to relieve mild pain than
severe pain. Drugs with ceiling effects may be effective
for mild pain and not for more severe pain. The second
is more difficult to assess and involves the quality/type/
nature of the pain. Pain encompasses many different
sensations. Three major types of pain have been pro-
posed: somatic, visceral, and neuropathic. However, they
rarely exist alone, and most clinical situations are com-
binations of them. The various types of pain differ in
their sensitivities to therapeutic drugs and are described

by terms such as sharp, dull, aching, burning, throbbing,
shooting, and cramping. Finally, in the clinical situation,
the meaning of the pain is crucial. The perception of pain
does not always correlate with nociceptive intensity.
Context is important. In Beecher’s (1946) reports with
soldiers during World War II, he noted that wounded
soldiers requested less morphine than patients under-
going elective surgery back in the United States despite
the greater severity of the soldiers’ wounds. Anecdotal
evidence for the role of context in the perception of pain
abounds, as shown by athletes being unaware of a pain-
ful injury until the game is over. The brain “filters” pain
depending upon its context. In addition to its minimiza-
tion in stressful situations or with distraction, the per-
ception of pain may be enhanced in other situations.
Clinically, this is can be seen when a patient equates
pain with a serious medical problem, such as progression
of cancer. The importance of context led many inves-
tigators to believe that experimental pain models in
humans, or in animals, are not accurate models of the
clinical situation (Raymond Houde, personal communi-
cation). Although the animal models are valuable and
provide important information and insights, they are
limited in that they do not take into consideration the
subtleties of human pain perception.

Morphine is a potent analgesic given systemically.
However, the doses needed vary enormously among
species. For example, most mice and rats show an ED50
for morphine of approximately 5 mg/kg s.c. in thermal
assays such as tail flick and hot plate, whereas a total
morphine dose of 10 mg is adequate in most people
(corresponding to ;0.15 mg/kg s.c.). Likewise, the
analgesic/respiratory depression therapeutic index is far
smaller in humans than in rodents. Even within a species,
different strains can vary markedly, as can sex (Mogil,
1999; Mogil et al., 2000a; Mogil and Bailey, 2010). These
differences in sensitivity recapitulate clinical observations.

One of the most dramatic examples of strain differ-
ences is the CXBKmouse, which is relatively insensitive
to morphine (Baron et al., 1975; Reith et al., 1981; Kest
et al., 1998a). However, CXBK mice retain their sensi-
tivity toward many other mu opioids (Fig. 7), including
methadone, heroin, fentanyl, and morphine-6b-glucuronide
(Rossi et al., 1996; Chang et al., 1998; Pasternak, 2004,
2010). Additional studies have explored the roles of genetic
backgrounds and sex issues in more detail (Kepler et al.,
1991; Gear et al., 1999; Kest et al., 1999; Lariviere et al.,
2002; Wilson et al., 2003a,b; Gintzler et al., 2008;
Chakrabarti et al., 2010; Mogil and Bailey, 2010). Thus,
these preclinical studies suggest a genetic basis for differing
sensitivities of individuals to each opiate and to different
relative potencies of mu opiates from patient to patient.

1. Sites of Action. The site of action of opiate action
has been explored since the early 1900s (reviewed in
Krueger et al., 1941). Regions of the central nervous
system sensitive to morphine were initially defined
by administering morphine into discrete areas using
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microinjection techniques (Pert and Yaksh, 1974). The
most prominent sites in the brain stem include the
periaqueductal gray, n. raphe magnus, n. reticularis
gigantocellularis, and the locus coeruleus, whereas at
the spinal level the dorsal horn is most important. Much
effort has been devoted to defining the circuits and
interactions among these regions using both pharmaco-
logical and electrophysicological approaches (Bodnar
et al., 1991; Morgan et al., 1992; Kiefel et al., 1993; Rossi
et al., 1993, 1994b; Gutstein et al., 1998; Mitchell et al.,
1998; Fields and Martin, 2001; Julius and Basbaum,
2001; Basbaum and Julius, 2006; Basbaum et al., 2009).
Evidence also supports a peripheral opioid component of
pain relief (Stein and Yassouridis, 1997; Stein et al.,
2003). Opioid receptors are present on dorsal root ganglion
cells and on peripheral nerves. Administered topically in
a model that lacks any appreciable systemic absorption,
morphine and other opioids are potent analgesics, in-
dicating a peripheral effect (Kolesnikov et al., 1996a,b,
2000, 2004; Kolesnikov and Pasternak, 1999).
2. Synergy. Synergy is an important component of

mu analgesia. There are many aspects of synergy that
need to be considered when evaluating both clinical and
preclinical studies. First is the interaction between
opioids and other classes of drugs. Opioids have long
been marketed as combination products, initially with
acetaminophen and aspirin and then with NSAIDs such
as ibuprofen. Clinicians appreciate the advantages of
both classes of drugs together, and there is preclinical
evidence suggesting the possibility of synergy between
these agents (Kolesnikov et al., 2003b; Zelcer et al.,
2005). Opiates also are used extensively with local
anesthetics, particularly when administered epidurally
or intradurally (Nordberg, 1984; Payne, 1987; Arner
et al., 1988), an approach validated in animal models
(Durant and Yaksh, 1986). Synergy also exists between
opiates and local anesthetics when they are adminis-
tered topically (Kolesnikov et al., 2000, 2003a). Synergy
is seen with opioids and clonidine. Reports of interac-
tions between mu and delta drugs go back to the 1980s,
with a more recent report demonstrating synergy be-
tween mu opioids (Porreca et al., 1987; Sutters et al.,
1990; Horan et al., 1992; Ossipov et al., 1997; He and
Lee, 1998; Fairbanks and Wilcox, 1999; Grabow et al.,
1999; Kovelowski et al., 1999; Bolan et al., 2002). In the
mu synergy study, the combination of morphine and

methadone elicits the most robust synergy, whereas
most other combinations are additive.

Regional synergy is important in mu opioid actions.
Yeung and Rudy (1980) first demonstrated regional
interactions between spinal and supraspinal morphine
in rats. In this classic study, they reported profound
synergy when morphine was given both spinally and
supraspinally simultaneously (Table 3). It has been
suggested that morphine tolerance may reflect, in part,
the loss of this synergy (Roerig et al., 1984). However,
regional interactions are not limited to spinal/supraspinal
sites. A number of studies have documented other syn-
ergistic regional interactions (Rossi et al., 1993, 1994b;
Kolesnikov et al., 1996b; Pavlovic and Bodnar, 1998;
Bodnar, 2000). Within the brain stem, microinjection
studies reveal multiplicative interactions among several
brain stem nuclei, including the periaqueductal gray,
rostral ventral medulla, locus coeruleus, and amygdala.

Clinically, synergy probably plays a major role in the
efficacy of epidural opioid analgesia. Administration of
an opioid into the epidural space leads to high concen-
trations of drug at the spinal level because of its
diffusion into the cerebrospinal fluid within the thecal
sac. However, the epidural space is highly vascular and
Batson’s venous plexus provides an efficient means for
absorbing the drug directly into the blood. Thus, in this
route of administration, the patient gains the advan-
tages of both local (i.e., spinal) and systemic drug, a
combination that produces profound synergy in a mouse
model (Kolesnikov et al., 1996b). In a mouse model,
intrathecal administration of a morphine dose that gives
less than a 20% analgesic response alone shifts the
systemic analgesic ED50 value over 10-fold to the left
while a lower dose shifts the curve approximately 6-fold
(Table 4). This intrathecal/systemic interaction may help
explain the prolonged, potent analgesic responses seen
clinically with epidural morphine analgesia.

Synergy between peripheral and central sites also is
important (Kolesnikov et al., 1996b; King et al., 2001a)
because systemic drugs activate both at the same time.
Peripheral/central synergy even complicates interpretation
of drugs administered intracerebroventricularly. Morphine
and most opiates are substrates for transporters impor-
tant in maintaining the blood-brain barrier, such as
P-glycoproteinandmultidrug resistant protein.These trans-
porters secrete opiates that diffuse from the blood into
brain back into the systemic circulation, thereby pro-
viding a “barrier” to their entry into the brain. It is not as
widely appreciated that this same system secretes opioids
given intracerebroventricularly into the systemic circula-
tion where they can contribute to the overall pharmaco-
logical actions (King et al., 2001a) as well as other agents
such as tumor necrosis factor (Bodnar et al., 1989).

D. Opioid/Sigma1 Interactions

Although originally proposed by Martin, sigma
receptors now refer to a class of “receptor” without

TABLE 3
Morphine spinal/supraspinal synergy in rats

Morphine analgesia was assessed with either administration supraspinally,
spinally, or simultaneously in both regions in a 1:1 ratio. Adapted from Yeung and
Rudy (1980).

Morphine ED50

Supraspinal Spinal

mg

Each site alone 10 4.2
Both sites simultaneously 0.35 0.35
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affinity for active opiates. The sigma1 receptors have
been cloned in a number of species (Hanner et al., 1996;
Kekuda et al., 1996; Seth et al., 1997; Pan et al., 1998a;
Mei and Pasternak, 2001). Structurally, the proteins
are highly conserved among species and do not fall
within any known receptor class, with two transmem-
brane domains and intracellular C and N termini. Fur-
thermore, there is no known transduction mechanism
for the receptors. They do not couple to G proteins, and
there is no indication of any kinase activity. However,
they physically associate with a range of G protein-
coupled receptors, including the opioid receptors, as well
as potassium and NMDA calcium channels (Yamamoto
et al., 1995; Wilke et al., 1999; Lupardus et al., 2000;
Aydar et al., 2002; Kim et al., 2010). Although active
opioids do not label sigma receptors, many of the inac-
tive (+)benzomorphans, such as (+)pentazocine will
potently label the site.
What makes sigma1 receptors relevant is their ability

to modulate opioid action. This can be seen biochemi-
cally, where sigma antagonists enhance the intrinsic
activity of opioid drugs (Kim et al., 2010). This is
illustrated by the ability of sigma1 antagonists to shift
leftward the opioid dose-response curves for stimulation
of [35S]GTPgS binding without altering either the
maximal stimulation by the opioid or the binding af-
finity of the opioid for its receptor. In other words, in the
presence of sigma1 antagonists opioids attain their
maximal stimulation of [35S]GTPgS binding at lower
receptor occupancy—i.e., increasing intrinsic activity.
Sigma1/opioid interactions also have been docu-

mented in vivo with opioid analgesia. Administration
of a sigma1 antagonist or downregulation of the sigma1
receptor with antisense potentiates morphine and
kappa analgesia (Chien and Pasternak, 1994, 1995b;
Pasternak, 1994; King et al., 1997a,b; Mei and Pasternak,
2007; Cobos et al., 2008; Entrena et al., 2009a,b; Kim
et al., 2010; Sanchez-Fernandez et al., 2013). Sigma1
receptors also play a role in differences in sensitivity
among several strains of mice. For example, the sigma1
antagonist haloperidol enhances the potency of the kappa1
analgesic U50,488H and eliminates the difference in
sensitivity between CD-1 and BALB-c mice (Chien and
Pasternak, 1994). These haloperidol effects are not
mediated thorough dopamine receptors because the D2-
selective drug sulpiride is ineffective and the haloperidol
effect persists in a D2 knockout mouse (King et al., 2001b).

E. Other Actions

Opiates have a variety of additional actions, in-
cluding depression of respiration; inhibition of gastro-
intestinal transit, nausea, and vomiting; and a host of
endocrinological effects. Full descriptions of these are
beyond the scope of this review, and readers are re-
ferred to a number of reviews (Cicero, 1980; Reisine
and Pasternak, 1996; Pattinson, 2008; Diego et al.,
2009, 2011; Cox, 2011; Elliott et al., 2011; Wald, 2012).
However, it is worthwhile to highlight several aspects
of these additional functions.

Constipation and respiratory depression remain
among the most troublesome of all opioid side effects.
Respiratory depression is always a clinical concern, al-
though it is rarely a problem in the outpatient setting
in the absence of underlying pulmonary disease. On the
other hand, constipation is almost universal, requiring
laxatives in a high percentage of patients on opioids for
more than a couple of days. This problem has now been
addressed pharmacologically with two of the following
U.S. Food and Drug Administration-approved peripher-
ally acting antagonists: methylnaltrexone and alvimopam.
Methylnaltrexone achieves its peripheral activity by
quaternizing the nitrogen, limiting its ability to traverse
the blood-brain barrier. Alvimopam, on the other hand, is
administered orally and its actions are restricted to the
gastrointestinal tract because, in large part, of its very
poor water solubility and limited systemic absorption.

Pruritus, or itching, is a common problem with mor-
phine and many of the other analgesics, especially with
epidural administration. Although many had assumed
that that this was attributed to histamine release me-
diated through the same mu receptors as analgesia,
several reports suggest that this may not entirely
explain the symptom. According to Andoh et al.
(2008), intracisternal morphine and morphine-6b-
glucuronide are both analgesic, but only morphine
produces pruritus. Furthermore, the facial scratching
seen with morphine is insensitive to naloxonazine
while analgesia is blocked, leading them to conclude
that morphine analgesia and pruritus are mediated
through different receptor subtypes. More recently, a
study has suggested that pruritus is produced through
a heterodimer of the MOR-1D splice variant with the
gastrin-releasing peptide receptor (Liu et al., 2011).

Although the endocrine effects of opioids have been
well described, there has been little attention to them

TABLE 4
Intrathecal/systemic morphine synergy in mice

Morphine intrathecal ED50 is 305 ng (153, 501). Morphine given intrathecally at a dose less than 10% of its intrathecal
ED50 shifted the systemic analgesic dose-response curve over 6-fold. From Kolesnikov et al. (1996b).

Systemic Morphine ED50 Systemic Shift

mg/kg s.c. -fold

Systemic alone 3.1 (1.6, 4.4)
+ 25 ng of Intrathecal morphine 0.5 (0.4, 0.8) .6
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clinically. Morphine impacts prolactin and growth hor-
mone release (Spiegel et al., 1982a) as well as altering
a wide range of other hormones (Cicero, 1980). De-
creased testosterone levels have garnered most of the
attention over the past few years. The loss of muscle
tone, sexual dysfunction, and psychological effects can
be a significant problem with chronic administration of
opiates, particularly in the setting of opioid mainte-
nance programs.

F. Tolerance/Incomplete Cross-Tolerance/
Dependence/Withdrawal

Chronic administration of opioids leads to a reduction
in the response—tolerance. Alternatively, tolerance can
be defined as the need to increase the dose of a drug to
maintain a response. Clinically, this often is seen over
a period of days to weeks, but in animal models tol-
erance can be seen in rats in hours (Cox et al., 1968). A
wide range of different and unrelated mechanisms im-
pact tolerance, indicating that tolerance involves the
convergence of many pathways to a common behavioral
response. Interference with any one is sufficient to im-
pact tolerance, much like a tug of war with many
different people pulling on the same rope. Each is con-
tributing to the final effort and the loss of any one of
them leads to a similar effect.
It is also important to recognize that there is a wide

range of tolerance. Many paradigms used in preclinical
models are associated with modest 2-fold changes in
tolerance. In the clinic, patients have developed far
more extensive tolerance. Indeed, in our experience at
Memorial Sloan-Kettering, we treated a patient who
required and tolerated intravenous morphine doses
~1000-fold higher than those used in naive patients.
Despite the extraordinary dose, the patient remained
awake and communicative (Richard Payne, personal
communication). It may well be that the mechanisms
responsible for producing tolerance may be dependent
upon the dose/duration of drug treatment. If so, treat-
ments active with modest levels of tolerance may not be
as effective as the degree of tolerance increases, which
may need to be considered in clinical trials.
Although tolerance develops to all mu-opioid actions,

the rate of tolerance development may vary. For ex-
ample, tolerance develops slowly, if at all, to opioid-
induced miosis and its characteristic pinpoint pupils.
Clinically, many feel that tolerance to the respiratory
depressant and constipating actions develop more slowly
than to analgesia, leading to a decreased therapeutic
index with chronic administration and increasing anal-
gesic tolerance and thereby increasing problems with
side effects. When side effects become intolerable, clin-
icians often use “opioid rotation,” in which the patient
is switched or rotated to a different mu opioid, often
regaining analgesic sensitivity because of incomplete
cross-tolerance (Cherny et al., 2001; Pasternak, 2001;
Inturrisi, 2002; Chou et al., 2009). Thus, understanding

tolerance and finding ways to avoid it would be
advantageous.

A basic question clinically is whether tolerance is
a continuously progressive response to opiate use or
whether tolerance eventually achieves a “steady state”
with a constant drug dose/regimen (Fig. 8) (Pasternak,
2007). Clinical experience suggests that a steady state
does develop (Foley, 1993). Once a cancer patient has
been titrated to an effective dose, it is not unusual to
manage them with a stable dose of opiate for prolonged
periods of time (weeks to months or longer). Indeed, in
cancer patients, the need for dose escalation in these
stabilized patients is usually an indication of an in-
crease in the severity of the pain attributed to the pro-
gression of disease rather than increased tolerance.
However, stable dosing does not mean that the patient
is not tolerant. Because the doses of analgesics in these
patients are often far greater than those needed in naive
patients, they are likely tolerant, but their “tolerance” can
be stable for extended periods of time.

Opioid tolerance encompasses a diverse range of
mechanisms, making it difficult to integrate them into
a unified theory. The ability to modulate morphine tol-
erance was first reported with the cholecystokinin an-
tagonist proglumide based upon the observation that
cholecystokinin is a functional “antagonist” of opiate
analgesia and the suggestion that the cholecystokinin
antagonist proglumide reversed morphine tolerance
(Faris et al., 1983; Watkins et al., 1984). Although
proglumide potentiates morphine analgesia in tolerant
animals, it has similar actions in naive animals (Bodnar
et al., 1990). Thus, simply enhancing morphine analgesia
in tolerant animals is not sufficient to imply a role in
tolerance. To assess the role of a drug in tolerance, it is
necessary to show that it lowers the shift in the opioid
dose-response curve between naive and chronically
treated subjects. Testing the drug only in tolerant
animals cannot differentiate between simple potentiation

Fig. 8. Two hypothetical models of opioid tolerance. In the Progressive
Model tolerance continues to increase over the full duration of the drug
administration. In the Steady-state Model, tolerance increases, but
reaches a steady state that can be maintained over long periods of time.
Adapted from Pasternak (2007).
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and reversal/prevention of tolerance. A number of sys-
tems can modulate opioid tolerance.
1. Adenyl Cyclase. The first suggestion of a bio-

chemical basis for opioid tolerance was put forward by
Way and then Cox in the 1960s when they showed that
morphine tolerance is dependent upon protein synthesis
(Way et al., 1968; Cox and Osman, 1969). Collier ex-
tended this concept of a biochemical mechanism for
tolerance development to “hypertrophy of the cyclic
AMP system” (Collier and Roy, 1974; Collier, 1980).
Opiates, similar to many drugs acting through Gi and/or
Go, inhibit the stimulation of adenyl cylcase. Collier
showed that growing and then testing neuroblastoma
NG108 cells in the presence of morphine had little effect
upon basal cAMP production or on its stimulation by
either prostaglandin E1 or adenosine. However, addition
of naloxone increased the stimulation of cAMP levels
3- to 5-fold in the morphine-exposed cells but not in
control cells. On the basis of these observations, he
proposed that tolerance involves a compensatory in-
crease in the adenyl cyclase enzyme so that in the
continued presence of morphine cAMP levels return to
relatively “normal” levels despite the continued in-
hibition by the opiate. Removing the opioid inhibition
by the administration of the antagonist naloxone then
uncovers this compensatory upregulation of adenyl cy-
clase activity. This model is consistent with the de-
pendence of tolerance on protein synthesis (Way et al.,
1968; Cox and Osman, 1969). Although not appreciated
at the time, it should be noted that the NG108 cell line
used expresses delta receptors but not mu receptors.
However, similar results have been observed in cells
containing mu-opioid receptors.
2. N-Methyl-D-Aspartate Antagonists and Nitric-

Oxide Synthase Inhibitors. The NMDA antagonist MK-
801 [(5S,10R)-(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]
cyclohepten-5,10-imine maleate or dizocilpine] was the
first compound that convincingly prevented/reversed
opioid tolerance (Trujillo and Akil, 1991; Ben-Eliyahu
et al., 1992), followed by similar reports for a range of
NMDA antagonists (Gutstein and Trujillo, 1993; Kolesni-
kov et al., 1993a, 1994; Tiseo and Inturrisi, 1993; Elliott
et al., 1994, 1995; Trujillo and Akil, 1994). Nitric oxide is
closely linked to NMDA receptor functions in a variety of
systems. Thus, it is not surprising that a series of nitric-
oxide synthase (NOS) inhibitors also prevent/reverse
morphine tolerance (Kolesnikov et al., 1992, 1993b; Babey
et al., 1994), implicating the involvement of the full
NMDA-nitric oxide cascade.
Further evidence for the role of NMDA receptors

comes from the 129/SvEv mouse (Kolesnikov et al.,
1998), results that were subsequently confirmed (Crain
and Shen, 2000a). Unlike traditional mice, 129/SvEv
mice do not develop tolerance to morphine because of
a defect at the level of the NMDA receptor that can be
by bypassed by stimulating nitric-oxide synthase di-
rectly (Kolesnikov et al., 1998).

Crain and Shen have long proposed that tolerance
may involve the enhanced function of an opioid ex-
citatory system that is blocked by ultralow doses of
antagonists, perhaps explaining the ability of ultralow
antagonist doses to potentiate morphine analgesia as
well as the “hyperalgesia” seen in experimental models
(Crain et al., 1988; Crain and Shen, 1990; Shen and
Crain, 1992, 1994). This excitatory opioid system is
reportedly inactive in the SvEv mice, consistent with
the lack of tolerance development and consistent with
the earlier work localizing the problem to the level of the
NMDA receptor. Attempts to use NMDA antagonists
clinically have not been successful, possibly because of
the inability to escalate doses sufficiently because of the
psychotomimetic side effects associated with their use.

3. Enkephalin Systems. The enkephalin system has
been implicated in morphine tolerance, starting with the
observation by Takemori and colleagues that morphine
tolerance is prevented by delta-receptor antagonists
(Abdelhamid et al., 1991), followed by the demonstration
that an antisense targeting the delta-opioid receptor has
a similar effect (Kest et al., 1996). The absence of mor-
phine tolerance in both a DOR-1 and in an enkephalin
knockout mouse further validated the role of the delta-
receptor/enkephalin system (Zhu et al., 1999; Nitsche
et al., 2002).

4. P-Glycoprotein. Evidence also suggests a distri-
butional aspect of morphine tolerance (Aquilante et al.,
2000; Lötsch et al., 2000; Zong and Pollack, 2000; King
et al., 2001a). Morphine is a substrate for the trans-
porter P-glycoprotein (Pgp) (Callaghan and Riordan,
1993), an important component of the blood-brain
barrier (Schinkel et al., 1994). Its disruption increases
morphine’s analgesic potency. Long-term morphine
administration upregulates Pgp expression in the brain,
raising the possibility that these increased Pgp levels
may contribute to morphine tolerance by lowering its
penetration into the brain. This was confirmed with
studies showing that removing Pgp in a knockout model
or downregulating it through antisense approaches pre-
vents the development of morphine tolerance (Lötsch
et al., 2000; Zong and Pollack, 2000; King et al., 2001a).
Similar findings have been reported with a second
ATP transporter, multidrug-resistant protein (Su and
Pasternak, 2013).

The importance of distributional factors is consistent
with observations that mice tolerant to systemic mor-
phine show no change in morphine’s analgesic potency
when the drug is given supraspinally or spinally, thereby
bypassing the blood-brain barrier (Roerig et al., 1984).
These findings were replicated, showing no difference
in the spinal and supraspinal morphine ED50 values
despite over a 2-fold shift in the systemic ED50 value
(Kolesnikov et al., 1996b). The later study went one step
further and shows a dramatic 19-fold shift in the anal-
gesic activity of peripheral morphine in these same ani-
mals, raising the possibility of an important peripheral
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component of morphine analgesia and tolerance (King
et al., 2001a; Su and Pasternak, 2013).
5. Trafficking. Similar to other membrane proteins

and G protein-coupled receptors, mu-opioid receptors
undergo extensive trafficking (Keith et al., 1998;
Whistler et al., 1999; Von Zastrow et al., 2003; Von
Zastrow, 2011). The intriguing aspect of these studies is
the observation that in some paradigms morphine does
not internalize MOR-1, whereas other mu agonists such
as DAMGO do (Keith et al., 1998). It has been suggested
that failure to internalize MOR-1 by morphine might be
responsible for the development of tolerance (Whistler
et al., 1999). The trafficking aspects of these studies are
quite intriguing and offer sophisticated insights into the
cell biology of opioid receptors. However, several issues
argue against internalization being prime factor in mor-
phine tolerance in vivo. Inherent in this concept is that
drugs that induce internalization, such as methadone,
would not be expected to produce tolerance. However,
methadone tolerance is a widely recognized entity.
Second, several lines of evidence indicate that these
trafficking patterns do not hold for all the MOR-1 splice
variants. MOR-1C internalizes in vivo after morphine
or DAMGO administration, whereas MOR-1 internal-
ized only with DAMGO (Abbadie and Pasternak, 2001).
In other studies, Von Zastrow and colleagues found
marked differences in trafficking among a series of
MOR-1 splice variants, with MOR-1B, MOR-1D, and
MOR-1E showing far more degradation than MOR-1
itself and emphasizing that alternative splicing of the C
terminus of the receptor affects trafficking (Tanowitz
et al., 2008).
It also has been suggested that mu/delta hetero-

dimers play a role in morphine tolerance (Gupta et al.,
2010; He et al., 2011). He and colleagues proposed that
activation of delta receptors in a mu/delta heterodimer
leads to a diminished response due to degradation of
the mu receptor. Although this hypothesis is intriguing
and may help explain the earlier observations linking
enkephalin systems to morphine tolerance, it has not
yet been fully validated.
A particularly intriguing aspect of their study was

their result with an engineered protein, MORTM1-TAT.
This construct corresponds to the first transmembrane
domain of MOR-1 coupled to TAT (transactivator of
transcription), which enables its insertion into the
membrane. They report that the construct disrupts the
mu/delta dimer, implicating TM1 in the association of
DOR-1 with MOR-1, and show that the construct en-
hances morphine analgesia and blocks tolerance. What
makes the MORTM1-TAT construct particularly inter-
esting is the fact that a number of single-domain splice
variants of MOR-1 corresponding to TM1 have been
reported (Du et al., 1997; Pan and Pasternak, 2011; Xu
et al., 2013), raising the question as to whether these
endogenous single TM MOR-1 variants play a physio-
logic role in tolerance.

6. Other. Several other mechanisms also have been
linked to opioid tolerance. Protein kinase C has been
implicated by several groups (Mayer et al., 1995;
Granados-Soto et al., 2000), as has b-arrestin2 (Bohn
et al., 1999, 2000, 2002, 2003; Raehal and Bohn, 2011;
Groer et al., 2011). In these studies, knocking out
b-arrestin2 increases the sensitivity of the mice to mor-
phine and delays the production of tolerance. Struc-
tural changes associated with membrane sialic acid at
the spinal level are seen after long-term administra-
tion of morphine (El Maarouf et al., 2011). Another
intriguing report implicates platelet-derived growth
factor receptor-b (PDGFb) signaling in morphine
tolerance in rats (Wang et al., 2012). This is particu-
larly interesting because this pathway can be blocked
by imatinib, which is currently approved for clinical
use. The question, however, will be whether the side
effects of imatinib, which is used as a chemotherapeutic
drug, will preclude its use in blocking opioid tolerance.

G. Incomplete Cross-Tolerance

Cross-tolerance among opiates is an accepted and
important clinical concept. Patients highly tolerant to
one mu opiate display tolerance to them all. However,
clinicians also appreciate that cross-tolerance among
drugs is not always complete. Indeed, the presence of
incomplete cross-tolerance is the foundation for the
practice of opioid rotation (Cherny et al., 2001; Chou
et al., 2009). As the dose of an opioid is increased, it is
common for side effects to become limiting, preventing
additional dose escalation. If the pain is not under good
control despite dose-limiting side effects, clinicians
typically will switch patients to a different opiate, often
regaining analgesic activity at doses of the second drug
far lower than expected based upon the level of tolerance
to the first agent. As noted earlier, these differences can
be quite dramatic when switching from morphine to
methadone. Incomplete tolerance can be demonstrated
in animal models. Whereas complete tolerance is seen
betweenmorphine and codeine, incomplete cross-tolerance
is observed between morphine and several other mu
drugs, including morphine-6b-glucuronide, heroin, and
methadone (Lange et al., 1980; Rossi et al., 1996).
Unidirectional cross-tolerance, an extreme example of
incomplete cross-tolerance, exists between morphine
and levorphanol (Moulin et al., 1988). Rats tolerant to
morphine remain sensitive to levorphanol, whereas
animals tolerant to levorphanol are also tolerant to
morphine. In this situation, levorphanol acts through
multiple opioid receptors (section VIII.C.3.b), sharing
only the mu receptor with morphine. Long-term admin-
istration of levorphanol produces tolerance at all of the
receptors, including mu, resulting in cross-tolerance to
morphine. Long-term dosing with morphine, on the
other hand, produces tolerance only at the mu receptor,
leaving levorphanol’s activity at the other receptor
classes intact.
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IV. Opioid Binding Sites: Early Studies

A. Identification of Opioid Binding Sites

The concept of receptors has had an integral role in
pharmacology for over a hundred years (Langley, 1909;
Ehrlich, 1913; Clark, 1933; Gaddum, 1937). The pro-
posal of opioid receptors goes back many decades, first
being proposed based upon the rigid structure-activity
relationships of the opiates (Beckett and Casy, 1954,
1965; Beckett, 1956; Beckett et al., 1956a,b; Janssen
et al., 1960, 1966; de Stevens, 1965; Portoghese, 1966,
1970; Jacobson et al., 1970). However, they were not
demonstrated experimentally until 1973 (Pert and
Snyder, 1973; Simon et al., 1973; Terenius, 1973), after
many unsuccessful attempts (Chernov and Woods,
1965; Ingoglia and Dole, 1970; Navon and Lajtha,
1970; Berkowitz and Way, 1971; Goldstein et al., 1971;
Hug and Oka, 1971; Seeman et al., 1972; Clouet and
Williams, 1973; Van Praag and Simon, 1966). Most used
the concept of stereospecificity, looking at the difference
in binding of active and inactive stereoisomers, as de-
scribed by Goldstein et al. (1971). In hindsight, these
early attempts failed because of technical problems, in
particular, the limited sensitivity of radioligands of low
specific activity. On the basis of estimations that the
concentration of morphine in the brain needed for ac-
tivity was approximately 0.1 mM or higher, investigators
assumed micromolar affinities of opiates for their re-
ceptors, whereas the actual affinities were in the low
nanomolar range, concentrations not feasible with low
specific activity 14C radioligands. Second, the low abun-
dance of the receptors further complicates their de-
tection with 14C radioligands.
Three laboratories reported the biochemical demon-

stration of opioid binding sites using different radio-
ligands as follows: [3H]naloxone (Pert et al., 1973),
[3H]dihydromorphine (Terenius, 1973), or [3H]etorphine
(Simon et al., 1973). The binding was validated in a
variety of approaches. First, the binding is stereospecific
and highly selective for opiates (Table 5), fulfilling the
criteria needed for a receptor. Second, the receptor is
present in nervous tissues where opiates are assumed to
act. Prior to receptor binding, many investigators used
bioassays to assess opiate actions, particularly the guin-
ea pig ileum contraction bioassay (Schaumann, 1955;
Kosterlitz and Robinson, 1957a,b; Paton, 1957). The
demonstration of opioid binding sites in the myenteric
plexus of the guinea pig ileum provides additional strong
support for the relevance of the binding sites (Table 5)
(Pert and Snyder, 1973; Creese and Snyder, 1975).
At the time, few distinctions were appreciated be-

tween the three radioligands used to describe the bind-
ing. Of the three, the agonist [3H]dihydromorphine is
clearly the most mu selective followed by the antago-
nist [3H]naloxone, which at the concentrations used is
still relatively selective for mu sites. However, the ago-
nist [3H]etorphine is nonselective, labeling additional

receptor classes that were not appreciated at the time,
including delta and kappa1 (Martin et al., 1976; Lord
et al., 1977) and kappa2 and kappa3 receptors (Zukin
et al., 1988; Clark et al., 1989; Rothman et al., 1992).

Despite the limited available structural information
on the receptors, a number of important characteristics
of the receptors were described, both biochemical and
pharmacological. The protein nature of the receptor was
established by its sensitivity to the proteases trypsin
and chymotrypsin and insensitivity toward DNase,
RNase, neuraminidase, and phospholipase C (Simon
et al., 1973; Pasternak and Snyder, 1974a, 1975c) and
by the sensitivity of opioid binding to protein modifying
reagents, particularly those targeting sulfhydryl groups
(Pasternak et al., 1975c; Wilson et al., 1975). However,
these early studies also reveal a marked sensitivity of
opioid binding to detergents, possibly explaining the
difficulties many laboratories encountered when trying
to isolate and purify the receptors. For example, low
Triton X-100 concentrations potently inhibit mu opioid
binding without solubilizing the receptor, as shown by
the restoration of binding when the detergent is washed
away from the membranes. This sensitivity to detergent
may explain the sensitivity of opioid binding to phos-
pholipase A (Pasternak and Snyder, 1974b; Abood et al.,
1978), which liberates fatty acids. Additionally, cerebro-
side sulfate was implicated in opioid binding (Law et al.,
1978, 1979).

TABLE 5
Opioid-receptor binding affinities

The ability of drugs to compete [3H]naloxone binding was determined using either
brain homogenates or the intestine. It is given as an ED50—the concentration able to
compete half the specific binding. From Pert and Snyder (1973).

Drug ED50

M

Brain homogenate
(2)-Naloxone 1 ! 1028

(2)-3-Hydroxy-N-allylmor-phinan (levallorphan) 1 ! 1029

Levorphanol 2 ! 1029

(2)-Nalorphine 2 ! 1029

(2)-Morphine 6 ! 1029

(2)-Methadone 2 ! 1028

(6)-Pentazocine 5 ! 1028

(+)-Methadone 2 ! 1027

(6)-Propoxyphene 1 ! 1026

(+)-3-Hydroxy-N-allylmorphinan 5 ! 1026

Dextrorphan 8 ! 1026

(2)-Codeine 2 ! 1025

Phenobarbital *
Serotonin *
Norepinephrine *
Carbamylcholine *
Choline *
Atropine *
Histamine *
Colchicine *

Intestine, minced preparation
Levorphanol 8 ! 1028

(2)-Morphine 3 ! 1026

Dextrorphan 4 ! 1025

Codeine 1 ! 1024

*No effect at 1024 M.
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B. Localization of Binding Sites

The validation of the binding sites was further
established with the localization of the binding sites,
both at the cellular level and regionally.
1. Cellular Localization of Opioid Receptors.

The initial studies confirmed the association of the
binding sites with synaptosomal membranes (Pert and
Snyder, 1973; Pert et al., 1974b; Mule et al., 1975),
consistent with a neurotransmitter receptor. The
binding sites are associated with both pre- and post-
synaptic membranes, as revealed by lesioning the
dorsal roots of the spinal cord, which lowers spinal
binding by approximately 50% (Lamotte et al., 1976).
Receptors also are observed on peripheral nerves
(Young et al., 1980). In these studies, the investiga-
tors autoradiographically labeled receptors on the
vagus nerve, documenting their presence and demon-
strating axonal flow.
2. Regional Localization of Opioid Receptors.

Homogenate binding quickly established marked re-
gional binding differences among brain structures
(Table 6) (Hiller et al., 1973; Kuhar et al., 1973; Wong
and Horng, 1973; Lee et al., 1975). These homogenate
studies established a relationship between binding and
the limbic system, regions important in opioid action
(Herz et al., 1970; Pert and Yaksh, 1974), whereas the

absence of binding to white matter emphasizes the
neuronal association of the receptors.

Homogenate binding studies have some advantages,
including the ability to quantify results and character-
ize the binding more readily. However, they are limited
by the size of the dissected region and the amount of
tissue needed for the assays. Autoradiography provides
detailed distributions of the binding sites not achiev-
able with homogenate binding. Opiate receptor auto-
radiographic approaches were among the very first
demonstrating the distribution of neurotransmitter
receptors (Pert et al., 1975, 1976a; Schubert et al.,
1975; Atweh and Kuhar, 1977a,b,c; Young and Kuhar,
1979). The most detailed early studies correspond most
closely to the distribution of mu receptors despite the
use of [3H]diprenorphine. The later availability of
selective agents enabled the mapping of mu, kappa,
and delta sites (Goodman et al., 1980; Duka et al., 1981;
Foote and Maurer, 1982; Wamsley et al., 1982; Maurer
et al., 1983; Goodman and Snyder, 1982a,b; Mansour
et al., 1987). Opioid receptor autoradiography also
was one of the first to use digital subtraction (Goodman
and Pasternak, 1985). Digital subtraction autoradiog-
raphy permits the virtual visualization of competed
(i.e., “lost”) sites. This approach was used to map the
mu1 receptors in the brain (Goodman and Pasternak,
1985), showing a distribution quite similar to the

TABLE 6
Opioid-receptor binding in regions of monkey brain

The indicated regions of monkey brain were dissected, homogenized, and receptor binding performed with the agonist
[3H]dihydromorphine. Adapted from Kuhar et al. (1973).

[3H]Dihydromorphine Binding

fmol/mg protein fmol/mg protein

Cerebral hemispheres Extrapyramidal areas
Frontal pole 11.9 Caudate nucleus (head) 19.4
Superior temporal
gyrus

10.1 Caudate nucleus (body) 9.0

Middle temporal gyrus 7.1 Caudate nucleus (tail) 8.9
Inferior temporal
gyrus

6.0 Putamen 11.7

Precentral gyrus 3.4 Globus 7.7
Postcentral gyrus 2.8 Internal capsule 5.4
Occipital pole 2.3 Midbrain

White matter areas Superior colliculi 10.6
Corpus callosum ,2 Inferior colliculi 6.7
Corona radiata ,2 Interpeduncular nucleus 13.7
Anterior commissure 5.4 Raphe area 8.2
Fornix ,2 Periaqueductal gray 31.1
Optic chiasm ,2 Cerebellum-lower brain

stem
Limbic cortex Pons (ventral) 1.4

Anterior amygdala 65.1 Cerebellar cortex ,2
Posterior amygdala 34.1 Dentate nucleus 1.9
Hippocampus 12.5 Floor of fourth ventricle 6.3

Hypothalamus Pyramidal tract 3.0
Medial hypothalamus 24.2 Lower medulla 5.8
Anterior
hypothalamus

24.3 Spinal cord (thoracic)

Posterior
hypothalamus

24.7 Dorsal column (white) 3.1

Hypothalamus 32.2 Lateral cord (white) 3.3
Mammillary bodies 5.0 Gray matter 8.8

Thalamus
Medial thalamus 24.6
Lateral thalamus 7.8
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mapping predicted by homogenate binding and from
studies in the CXBK mouse (Moskowitz and Goodman,
1985a,b).
The cloning of the receptors has enabled more se-

lective and comprehensive mapping at both the mRNA
level with in situ hybridization and at the protein level
using imunohistochemical approaches (Mansour et al.,
1994a,b; Arvidsson et al., 1995a,b; Ji et al., 1995). How-
ever, there remains some debate on immunohistochem-
ical approaches because of issues of antibody selectivity.
Thus, autoradiographic approaches that are dependent
upon “function” (i.e., the ability to bind a ligand) still
provide a valuable resource.

C. Development

Developmental studies quickly established the cau-
dal to rostral appearance of binding sites in the rat,
with profound increases in binding levels in the first
several weeks postnatally (Clendeninn et al., 1976;
Coyle and Pert, 1976; Garcin and Coyle, 1977). Phar-
macologically, the high sensitivity of young rats to the
respiratory effects of morphine (Kupferberg and Way,
1963) contrasts with the later development of analgesic
sensitivity (Zhang and Pasternak, 1981). Young 2-day-
old rats are more sensitive to morphine’s respiratory
depressant effect (ED50 2.5 mg/kg s.c.) than its analgesic
one (ED50 56 mg/kg s.c.), whereas their relative potency
is reversed at day 14 when the effects on respiratory
depression are less (ED50 9.3 mg/kg s.c.) and those on
analgesia are greater (ED50 1.4 mg/kg s.c.). The in-
creased sensitivity of the older rats to morphine an-
algesia is even more surprising in view of the increasing
blood-brain barrier over this same period. The appear-
ance of morphine’s increasing analgesic sensitivity cor-
responds to the appearance of the mu1 binding site,
whereas respiratory depression correlates with the tra-
ditional mu2 site, a dissociation also observed with the
antagonists naloxazone and naloxonazine in which block-
ade of the mu1 sites prevents morphine analgesia but
not respiratory depression (Pasternak and Hahn, 1980;
Pasternak et al., 1980a,b; Pasternak, 1981; Wolozin
and Pasternak, 1981).

D. Discrimination of Agonist and Antagonist Binding

One of the most intriguing aspects of the early studies
of opioid binding is the ability to distinguish between
agonist and antagonist binding states of the receptor,
first shown with sodium ions (Table 7) (Pert et al., 1973;
Snyder et al., 1974). A major advantage of the opioid
system is the availability of many pairs of structurally
close opioid agonists and antagonists, a number of which
were available in radiolabeled form, thus permitting
a direct comparison of their binding. A wide range of
biochemical approaches subsequently distinguished
agonist and antagonist binding, including monovalent
and divalent cations, enzymes, reagents, and even assay
incubation temperatures (Pert et al., 1973; Creese et al.,

1975; Pasternak et al., 1975b,c; Pasternak and Snyder,
1975c; Wilson et al., 1975; Blume, 1978a,b; Childers and
Snyder, 1978; Blume et al., 1979). It is presumed that
the treatments affect the stabilization of different, in-
terconverting receptor states, with the antagonist con-
formation being the most stable.

The concept of agonist and antagonist receptor con-
formations is important in binding assays. It is presumed
that antagonists label both agonist and antagonist states
with similar high affinity, whereas high-affinity agonist
binding is restricted to only the agonist conformation.
This concept is supported by the observation that the
Bmax values for radiolabeled agonists and antagonists
in brain or cell lines are not the same, with antagonist
binding typically 2- to 3-fold greater than agonist bind-
ing. When first observed in brain, the question arose of
whether antagonists might simply label additional
classes of receptors. However, similar differences have
also been observed in cells expressing the cloned mu
receptor.

The concept that antagonists label both conforma-
tions while agonists only label one becomes important
when interpreting binding data, particularly competi-
tion approaches. Many of the early studies used the
agonist [3H]dihydromorphine, whereas [3H]DAMGO is
commonly used today. Both are agonists at mu re-
ceptors and therefore will yield Bmax values that ty-
pically are only a fraction of those that would be labeled
by an antagonist such as [3H]naloxone or the more mu-
selective ligand, [3H]CTAP. Thus, 3H agonist binding
does not provide a full estimate of the expression levels
of the receptor. On the other hand, competitions against

TABLE 7
Discrimination of opioid agonist and antagonist binding

The effects of many of the treatments that diminish agonist binding are more
pronounced in the presence of sodium chloride. Although EGTA preferentially
chelates Ca2+ over Mg2+ or Mn2+, EDTA binds them all. Both EDTA and EGTA will
chelate the heavy metals. Note that binding is extremely sensitive to trypsin, which
at only 1 mg/ml lowers agonist binding by approximately 90% and antagonist binding
by approximately a third. From the literature (Pert et al., 1973; Creese et al., 1975;
Pasternak and Snyder, 1975c; Pasternak et al., 1975b,c; Wilson et al., 1975).

Treatment
Effect on Receptor Binding

Agonist Antagonist

Ions
Na1+ ↓ —a

Mg2+ and Mn2+ ↑ 2
Cu2+ and Ni2+ and Fe2+ ↓↓ ↓
Anions — —

Chelators
EDTA ↓ —a

EGTA —
Enzymes

Trypsin ↓↓ ↓
Chymotrypsin ↓ ↓
Phospholipase A ↓ ↓

Reagents
N-Ethylmaleimide ↓ —
Iodoacetate ↓ —
Carbodiimide ↓ —
Temperature (0° compared with 25°C) ↓ ↑

aBinding may increase due to the dissociation of endogenous agonists in brain
tissue.
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3H agonists may provide more insightful estimates for
Ki values for the active receptor conformation.
Radiolabeled antagonists have their own issues, par-

ticularly with competition studies. Because agonists
have poor affinity for the antagonist conformation of
the receptor, which represents the majority of the
labeled sites, the apparent IC50 value of an agonist in
a competition study actually corresponds to a composite
value obtained by competing both the high-affinity
agonist and the lower affinity antagonist conformations.
Thus, the Ki value may appear significantly greater
(i.e., a lower affinity) than when using a radiolabeled
agonist. This can be even more pronounced if con-
ditions include sodium ions. An argument can be made
to use a radiolabeled antagonist when looking at
changes in total receptor number (i.e., Bmax), whereas
radiolabeled agonists might be more suitable for deter-
mining relative affinities (i.e., Ki) in competition stud-
ies. Thus, conditions of a binding assay are crucial
when interpreting affinities and binding studies.
1. Sodium Effect. Sodium ions have the ability to

stabilize the antagonist conformation of G protein-coupled
receptors (GPCR), as first demonstrated for opioid re-
ceptors in 1973 (Pert et al., 1973) and subsequently
extended to a wide range of other GPCRs. This dis-
covery resulted from a disagreement between Adele
Snowman and me (G.W.P.). In December of 1972, I ob-
served that ethylenediaminotetracetic acid (Na2EDTA)
dramatically enhanced [3H]naloxone binding and had
suggested that she perform the experiment. Her find-
ings contradicted mine—her binding dramatically de-
creased. She used the agonist [3H]dihydromorphine,
whereas I used the antagonist [3H]naloxone, providing
the first evidence of the sodium effect and of general
differences in binding between GPCR agonists and
antagonists. The demonstration that sodium ions
enhance [3H]antagonist binding and lower [3H]agonist
binding was then generalized to a series of paired
3H-labeled agonists and antagonists (Table 8). The
increased antagonist binding resulted from the “uncov-
ering” of additional binding sites attributed to the
temperature- and time-dependent dissociation of an
endogenous inhibitor in the tissue—the opioid peptides
(Table 2) (Pasternak et al., 1975c). The effect is limited
to sodium ions and is not seen with other monovalent
cations, such as potassium or ammonium. Likewise,
the binding is not sensitive to a range of anions,
including chloride, sulfate, fluoride, bromide, iodide,
thiocyanate, perchlorate, and formate.
The ability of sodium to lower agonist, but not an-

tagonist, affinity was then used to establish the “sodium
shift,” which enabled the assessment of the agonist/
antagonist character of a ligand in a simple competition
binding assay (Table 9) (Pert et al., 1973). The shift is
defined as the ratio of the IC50 values of the compound
in question against the antagonist [3H]naloxone in the
presence and absence of sodium chloride (Table 9). The

affinity of agonists in the presence of sodium ions is
decreased, leading to a ratio greater than 1, whereas
antagonist affinity is unaffected, leading to a ratio of
approximately 1. The ratio of partial agonists is inter-
mediate. This approach has proven helpful in assessing
new opioid, and its use has been extended to other
GPCR systems. The effect of sodium ions is particularly
dramatic on a very high-affinity binding site (Ki , 1 nM)
common to both [3H]naloxone and [3H]dihydromorphine
(Pasternak and Snyder, 1975b). Sodium ions increase
the high-affinity [3H]naloxone site while eliminating the
high-affinity [3H]dihydromorphine one, consistent with
an interconverting single binding site.

Although the opioid receptor was the first to dem-
onstrate the sodium effect, it generalizes to a wide
range of G protein-coupled receptors. Recently, crys-
tallographic analysis of the adenosine A2A receptor
identified the binding pocket for sodium (Liu et al.,
2012). It is located deep in within the transmembrane
portion of the receptor, similar to a hypothetical loca-
tion suggested a location first proposed in 1976 for both
sodium and divalent (i.e., magnesium/manganese) ions
(Pasternak et al., 1976).

TABLE 8
Effects of sodium on binding of 3H-labeled opiate agonists and

antagonists to rat brain homogenates
Each radioligand was labeled with tritium and stereospecific binding assessed in

rat brain membranes. Binding in the presence of sodium chloride (100 mM) was
determined and is presented as a percentage of the control binding. Modified from
Pert et al. (1973).

Radiolabel Control Binding Binding in NaCl (100 mM)

cpm % control

Agonists
[3H]Dihydromorphine 2256 6 113 30
[3H]Oxymorphone 669 6 31 56
[3H]Levorphanol 1292 6 61 72

Antagonists
[3H]Nalorphine 408 6 22 145
[3H]Naloxone 1582 6 80 241
[3H]Levallorphan 2861 6 123 129

TABLE 9
Effects of sodium on inhibition of opioid agonists and antagonists of

stereospecific [3H]naloxone binding in rat brain homogenates
The IC50 values for the designated competitor against [3H]naloxone binding in the

absence (Control) and presence of sodium chloride (100 mM) were determined. The
sodium shift was calculated as the ratio of the IC50 values in the presence and
absence of sodium chloride (IC50 sodium chloride/IC50 control). Modified from Pert
et al. (1973).

Competitor Control NaCl (100 mM) Sodium Shift

Naloxone 1.5 1.5 1
Naltrexone 0.5 0.5 1
Diprenorphine 0.g 0.g 1
Cyclazocine 0.9 1.5 1.7
Levallorphan 1 2 2
Nalorphine 1.5 4 2.7
Pentazocine 15 50 3.3
Etorphine 0.5 6 12
Meperidine 3,000 50,000 17
Levorphanol 1 15 15
Oxymorphone 1 30 30
Dihydromorphine 3 140 47
Propoxyphene 200 12,000 60
Phenazocine 0.6 80 133
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2. Divalent Cations and GTP. In contrast to sodium
ions, certain divalent cations enhance agonist binding,
effectively counteracting the effects of sodium ions
(Table 7) (Pasternak et al., 1975b). Although they are
effective alone, the relative increases in agonist bind-
ing are far more pronounced when examined in the
presence of sodium ions. Mn2+ is most effective followed
by Mg2+. Interestingly, Ca2+ ions are without activity.
Many laboratories now routinely include MgCl2 in
their binding buffers. These divalent cation actions are
concentration dependent, with much higher concen-
trations lowering both agonist and antagonist binding.
A reduction in both agonist and antagonist binding is
seen with heavy metal divalent cations, including Ni2+,
Cu2+, and Fe2+. Much like sodium shifts, manganese
and/or magnesium shifts can be used to assess the
agonist/antagonist character of a ligand and there is an
excellent correlation between the two, but divalent
shifts are not often used.
The role of endogenous divalent cations is illustrated

by the ability of the chelator EDTA to lower agonist
binding and render it more sensitive to sodium ions.
EGTA, which is selective for calcium ions over either
magnesium or manganese, had little effect upon opioid
agonist binding, implicating a role for endogenous mag-
nesium and/or manganese in receptor function. Inasmuch
as many proteolytic enzymes are calcium dependent,
EDTA is often used in the buffers along with protease
inhibitors to minimize receptor degradation when pre-
paring tissues. Because EDTA also chelates both Mg2+

and Mn2+, investigators should consider adding back
MgCl2 during the binding assay. GTP and its stabilized
nonhydrolyzable analogs GppNHp (guanosine 59-
[b,g-imido]triphosphate) and GTPgS also lower opioid
agonist, but not antagonist, binding (Childers and
Snyder, 1978), results similar to those of the b-adren-
ergic receptor (Lefkowitz et al., 1976, 1982, 1984).
3. Protein Modifying Reagents, Enzymes, and

Temperature. Agonist and antagonist binding also are
differentiated by a number of other treatments (Creese
et al., 1975; Pasternak and Snyder, 1975c; Pasternak
et al., 1975b,c; Wilson et al., 1975). These include a
wide range of protein modifying reagents, particu-
larly those targeting sulfhydryl groups, as well as the
proteolytic enzymes trypsin and chymotrypsin and
even the temperature of the binding assay. Again, their
ability to selectively lower agonist binding is more
pronounced in the presence of sodium ions. These
observations clearly impact the design and approach to
receptor binding assays and further imply a greater
stability of the antagonist conformation of the receptor.

V. Pharmacological Evidence for Multiple Mu
Receptor Subtypes

Clinicians have had extensive experience with a wide
range of opiate analgesics, most of them mu, and have

compiled general principles in their use (Payne and
Pasternak, 1992; Jacox et al., 1994; Foley, 1996; Chou
et al., 2009). Foremost is the need to individualize
therapy, both with regards to the choice of opioid and
its dose. Insensitivity to one mu opioid or its asso-
ciation with severe side effects, such as nausea and
vomiting, may not extend to a different mu opioid.
Clinical experience also tells us that there is no way to
predict the optimal drug or its dose. Whereas one mu
opioid may work well in one patient, a different patient
may respond better to a different mu opioid.

Many of these observations have been recapitulated
in preclinical models. The importance of genetic back-
grounds in the sensitivity of mouse strains to opiates
has long been known (Baran et al., 1975; Reith et al.,
1981; Pick et al., 1991; Brodsky et al., 1994; Mogil
et al., 1994, 1995, 1996; Woolfolk and Holtzman, 1995;
Kamei et al., 1997; Chang et al., 1998; Elmer et al.,
1998; Hoffmann et al., 1998; Kest et al., 1998b;
Lacroix-Fralish and Mogil, 2009), starting with the
early studies on the insensitivity of CXBK mice to mor-
phine. However, perhaps the most intriguing aspect of
the CXBK mice is their ability to discriminate between
morphine and other mu opioids (Fig. 9) (Rossi et al.,
1996; Chang et al., 1998; Neilan et al., 2003). Although
the potency of morphine in CXBK mice is markedly
decreased relative to a standard mouse (CD-1), the mu
opiates methadone, heroin and 6-acetylmorphine (the
active component of heroin), morphine-6b-glucuronide,
and fentanyl retain equivalent potencies in both animal
strains. Thus, genetic backgrounds clearly impact the
sensitivity of the mouse strains to opioids and, in some
situations, can differentiate among different mu opioids.
This is hard to reconcile with the concept that all mu

Fig. 9. Opioid analgesia in CXBK mice. With use of the radiant heat
tailflick assay, the indicated opiates were given at equianalgesic doses to
either CD-1 or CXBK mice, and the responses were determined. Adapted
from the literature (Rossi et al., 1996; Chang et al., 1998).
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opioids share a single mechanism through a single mu-
opioid receptor.

A. Receptor Binding

The concept of multiple mu receptors was first for-
mally proposed in 1981 (Wolozin and Pasternak, 1981)
based in large part upon earlier binding studies
(Pasternak and Snyder, 1975b). The earlier study
reported the presence of a very high-affinity binding
site for both opioid agonists and antagonists in addition
to the previously described sites. The later paper ex-
tended this to enkephalin sites and demonstrated that
both mu and delta ligands labeled this new site with
very high affinity, clearly distinguishing it from mu-
selective and enkephalin-selective (delta) sites. The com-
mon site for mu opiates and enkephalins was termed
mu1, whereas the mu-selective site was labeled mu2.
The enkephalin-selective site corresponded to the delta
receptor (Lord et al., 1977; Chang and Cuatrecasas,
1979). The binding paradigms underlying this proposal
were subsequently validated by Munson and Rodbard
and colleagues using a computer modeling approach
(Lutz et al., 1984; Munson et al., 1984). The regional
distribution of these sites has been established auto-
radiographically (Moskowitz and Goodman, 1985a,b),
including through the use of digital subtraction ap-
proaches (Goodman and Pasternak, 1985).
Many of the studies looking at multiple mu receptors

were facilitated by two antagonists, naloxazone and
naloxonazine (Fig. 2) (Pasternak et al., 1980a,b; Hazum
et al., 1981a; Childers and Pasternak, 1982; Hahn and
Pasternak, 1982; Hahn et al., 1982). Similar in struc-
ture, these two antagonists are capable of selectively and
irreversibly blocking the mu1 binding sites (Table 10).
However, to use these drugs, it is important to recognize
that they also will label mu2 sites reversibly. In vivo,
sufficient time must be given to permit the elimination
of free drug before a selective antagonism of mu1 sites
can be seen. Likewise, in vitro, the free drug must be
washed away to achieve a selective blockade of the mu1
sites. Their ability to selectively block mu1 sites provided
important validation of the proposal of multiple mu
receptors, as shown by the loss of the mu1 binding site in

brain tissue after treatment with either naloxazone
or naloxonazine, leaving the mu-selective (mu2) and
enkephalin-selective (delta) receptors. In competition
studies, this treatment eliminates the morphine-
sensitive component of [3H]enkephalin binding and
the enkephalin-sensitive component of [3H]dihydro-
morphine binding.

Soon after our proposal of multiple mu receptors,
Rothman and Westfall (1982a,b, 1983) suggested three
classes of mu and delta receptors. In his model, Roth-
man proposed a physical association (i.e., “complex”)
between the mu and delta receptors, but conceptually it
is similar to the mu1/mu2/delta model in that it proposed
the two selective sites as well as a “complexed” site with
very high affinity for both mu and delta ligands. At that
time, there was no experimental evidence to support
a physical association of the mu and delta receptors
because their structures were unknown. However, sub-
sequent studies have confirmed that mu and delta
receptors can dimerize (Cvejic and Devi, 1997; George
et al., 2000; Gomes et al., 2000, 2002, 2004; Law et al.,
2005; Rutherford et al., 2008; He et al., 2011; Pasternak
and Pan, 2011). Most recently, Rothman and co-workers
suggested that the mu/delta heterodimer may corre-
spond to the “complexed” site (i.e., mu1) site (Rutherford
et al., 2008). Others also report the appearance of novel
binding sites with the coexpressed MOR-1 and DOR-1
receptors, consistent with the possibility that the
heterodimer may represent the mu1 site (George et al.,
2000; Gomes et al., 2004; Law et al., 2005; Kabli et al.,
2010). Although strongly suggestive, the complexity of
the mu receptor MOR-1 gene and its splice variants
(section VIII) raises a number of issues. With dozens of
splice variants identified in mice, rats, and humans
(Bare et al., 1994; Du et al., 1997; Pan et al., 1998b,
1999, 2000, 2001, 2003, 2005a,b; Pasternak et al., 2004;
Doyle et al., 2007b; Xu et al., 2009, 2011; Gris et al.,
2010), it is not yet clear which one(s) dimerize with delta
receptors and how this affects their pharmacology.

B. Pharmacology

1. Analgesia. As with the binding studies, both
naloxazone and naloxonazine associate the mu1 and
mu2 receptors with various pharmacological actions
(Table 11). Administered the day before pharmacolog-
ical testing, the drugs provide a valuable model to
assess the role of mu1 sites. The first studies associate
mu1 receptors with systemic morphine analgesia
(Pasternak et al., 1980a,b). Subsequent studies ex-
plored the role of mu1 sites in supraspinal and spinal
morphine analgesia, with interesting results (Paul
et al., 1989a). Naloxonazine blocks supraspinal mor-
phine analgesia, but not spinal analgesia, suggesting
that different mu receptor mechanisms act in these
two regions. CXBK mice further support different mu
analgesic mechanisms (Pick et al., 1993). CXBK mice
are insensitive to systemic morphine, requiring doses

TABLE 10
Opioid binding to multiple mu and delta sites in brain

As shown, mu1 sites have very high affinity for both mu and most delta ligands,
whereas mu2 and delta sites are selective. Adapted from Wolozin and Pasternak
(1981).

Approximate KD Values

Mu1 Mu2 Delta

nM

Morphine
Saturation studies 0.4 11 —
Competition studies ,1 8 71

[D-Ala2,D-Leu5]Enkephalin
Saturation studies 0.5 — 5
Competition studies ,1 50 8
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5- to 10-fold higher than in traditional mouse models,
such as CD-1 mice. Likewise, intracerebroventricular
morphine given into CXBK mice is ineffective at doses
10-fold greater than the ED50 in control CD-1 mice. In
contrast, at the spinal level, morphine given intrathe-
cally retains full analgesic activity and is equipotent
in the CXBK and the CD-1 mice. These results are
consistent with a supraspinal mu1 system that is defi-
cient in the CXBK mouse and a spinal mu2 analgesic
system that is intact. The lack of mu1 receptors in CXBK
mice was demonstrated autoradiographically, support-
ing this proposal (Moskowitz and Goodman, 1985a,b).
Differences between the supraspinal mu receptor mech-
anisms for supraspinal analgesia and spinal/supraspinal
synergy also exist. Yeung and Rudy (1980) report pro-
found synergy between spinal and supraspinal sites in
rats, a synergy also present in both CXBK mice and
CD-1 controls. In contrast to supraspinal administration
in CXBK where morphine is relatively inactive, supra-
spinal morphine synergizes with spinal morphine in
CXBK mice as effectively as in control CD-1 mice. This
implies a mu1 analgesic mechanism for supraspinal mor-
phine alone and a mu2 mechanism for its contributions
to spinal/supraspinal synergy.
2. Other Opioid Actions. Constipation and respira-

tory depression accompany all the traditional mu opi-
oids. Although the peripheral antagonists alvimopan
and N-methylnaltrexone are helpful clinically, the opti-
mal approach remains the development of analgesics
lacking gastrointestinal transit and respiratory side
effects. The feasibility of this concept rests upon the
ability of several drugs to dissociate mu analgesia from
these side effects. For example, naloxonazine blocks mor-
phine analgesia without antagonizing morphine-induced
inhibition of gastrointestinal transit (Heyman et al.,
1988; Paul and Pasternak, 1988) or respiratory de-
pression (Ling et al., 1983, 1985). Morphine analgesia

developmentally also is dissociable from respiratory
depression (Zhang and Pasternak, 1981) (section IV.C);
neonatal rats are far more sensitive to the respiratory
depressant effects of morphine than analgesia, where-
as adolescent and adult animals show a reversed
sensitivity.

An early approach to minimize side effects involved
the development of mixed agonists/antagonists and par-
tial mu agonists. Many of the mixed agonists/antagonists
are potent antagonists at mu receptors and elicit their
analgesic actions through alternative sites, such as
traditional kappa1 receptor or kappa3 receptors (sec-
tion VIII.C.3.b). However, several other agents have
unique actions. Meptazinol is an effective mu analgesic
lacking significant respiratory depression or consti-
pation (Robson, 1983; Spiegel and Pasternak, 1984).
Likewise, the peptide TAPS is a potent mu analgesic
with respiratory stimulant activity (Paakkari et al.,
1993; Vonhof et al., 2001). These pharmacological pro-
files might be explained if agents were mu1 agonists/
mu2 antagonists. However, the most promising approach
may involve new receptor targets as described below.

VI. Molecular Biology of Mu Receptors

The breakthrough in our understanding of the
molecular aspects of opioid receptors came with the
cloning of the delta receptor DOR-1 in 1992 (Evans
et al., 1992; Kieffer et al., 1992). This was followed
closely by the cloning of the mu (MOR-1) (Chen et al.,
1993a; Eppler et al., 1993; Thompson et al., 1993; Wang
et al., 1993) and kappa1 (KOR-1) opiate receptors (Chen
et al., 1993b; Li et al., 1993; Meng et al., 1993) and the
closely related ORL1 (also known as KOR-3) receptors
(Bunzow et al., 1994; Chen et al., 1994; Fukuda et al.,
1994; Keith et al., 1994; Mollereau et al., 1994; Nishi
et al., 1994; Pan et al., 1994, 1995; Homberg et al.,
2009). Structurally, they fall into the family of
G protein-coupled receptors. Only a single gene was
identified for each of the three classes of opioid receptors,
raising the question of the relationship of the gene with
the pharmacological evidence for subtypes of mu
(Pasternak and Snyder, 1975b; Pasternak et al.,
1980b; Wolozin and Pasternak, 1981), delta (Jiang
et al., 1991), and kappa receptors (Zukin et al., 1988;
Clark et al., 1989; Rothman et al., 1990; Reisine and
Pasternak, 1996). Correlating the pharmacologically
defined subtypes and the gene has proven difficult.
One of the kappa subtypes, kappa2, appears to be
a heterodimer between DOR-1 and KOR-1 (Jordan
and Devi, 1999), but the molecular basis for the two
U50,488H-sensitive sites (Clark et al., 1989; Rothman
et al., 1990) or delta-receptor subtypes (Cowan et al.,
1985; Portoghese et al., 1990, 1993; Jiang et al., 1991;
Mattia et al., 1991; Chakrabarti et al., 1993; Sofuoglu
et al., 1993; Buzas et al., 1994; Miyamoto et al., 1994;
Ohkawa et al., 1997; Rossi et al., 1997; Zhu et al., 1999)

TABLE 11
Naloxonazine-sensitive and -insensitive actions

Compiled from the literature (Pasternak et al., 1980b, 1983; Hahn and Pasternak,
1982; Ling et al., 1983, 1984, 1985, 1986; Munson, 1983; Wood and Pasternak, 1983;
Bodnar et al., 1988; Heyman et al., 1988; Mann et al., 1988a,b; Paul and Pasternak,
1988; Paul et al., 1989a; Janik et al., 1992; Pick et al., 1993; Honkanen et al., 1996).

Morphine Effect
Sensitivity

b-Funaltrexamine Naloxonazine

Analgesia
Systemic Yes Yes
Supraspinal Yes Yes
Spinal Yes No
Supraspinal/spinal synergy Yes Yes

Respiratory depression Yes No
Inhibition of gastrointestinal transit Yes No
Prolactin release Yes Yes
Growth hormone release Yes No
Physical dependence Yes Mixed
Feeding Yes Yes
Nigrostriatal dopamine release No
Alcohol intake Yes
Pruritus No
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remains unknown. It is interesting, however, that some
delta ligands still elicit analgesia in a DOR-1 knockout
animal (Nitsche et al., 2002), raising the possibility of
a second delta-opioid receptor gene. Finally, evidence
suggests that the kappa3 receptor may correspond to
a heterodimer of a truncated MOR-1 splice variant (see
section VIII.C.3b) (Majumdar et al., 2011).

A. MOR-1

Mu-opioid receptor genes have been identified in
over 30 different species ranging from nonmammalian
vertebrates such as white suckerfish and frog to a wide
range of mammals (Fig. 10). Similar to other members
of the GPCR family, computer modeling of the cloned
MOR-1 predicts a seven-transmembrane protein that
has now been confirmed crystallographically (Figs. 11,
12, 13) (Manglik et al., 2012). GPCRs represent one
of the largest gene families in the mammalian ge-
nome (Attwood and Findlay, 1994; Kolakowski, 1994;
Fredriksson et al., 2003), with seven transmembrane
domains, an extracellular N terminus and intracellular
C terminus. The structure of GPCRs was first ex-
trapolated from rhodopsin (Palczewski et al., 2000) and
the b2 receptor (Rasmussen et al., 2011). All of the full-
length opioid receptors contain several conserved
motifs of the rhodopsin family, such as the DRY motif
at the boundary between TM3 and the second in-
tracellular loop, xBBxxB (where B represents a basic
amino acid residue) motif in the third intracellular
loop, NSxxNPxxY motif in TM7, and cysteine residues
in the carboxyl-terminal tail for potential prenylation
with the transmembrane domains organized in a coun-
terclockwise manner.
At the amino acid level, MOR-1 is 60–70% homolo-

gous to the other opioid receptor families, including
ORL-1, particularly in the transmembrane and in-
tracellular loop regions. The N terminus, C terminus,
and the second and third extracellular loops provide
most of the diversity (Fig. 14). The opioid binding pocket
and the G protein-coupling domain were originally
assessed by chimera and mutagenesis approaches (for
review, see Minami and Satoh, 1995; Law and Loh,
1999; Chavkin et al., 2001). Chimeras involving mu/
delta and mu/kappa receptors implicate the extracellu-
lar loops 1 and 3 and TMs 2, 6, and 7 in mu ligand
binding (Fukuda et al., 1995; Wang et al., 1995; Watson
et al., 1996; Dietrich et al., 1998; Seki et al., 1998). A
number of individual residues involved with binding
have been identified by site-directed mutagenesis (Xue
et al., 1994; Minami et al., 1996; Xu et al., 1999a; Zhang
et al., 1999; Bonner et al., 2000; Ulens et al., 2000). The
domains and residues involved in G protein coupling,
mu agonist-induced receptor phosphorylation, internal-
ization, and desensitization have also been described
using similar approaches (Minami and Satoh, 1995;
Law and Loh, 1999; Chavkin et al., 2001). Among the
more interesting observations was the ability of a

D164Q point mutation in the DRY motif to produce
a constitutively active mu receptor (Li et al., 2001).
However, all of these predictions now need to be re-
assessed using the recently published crystal structure
(Manglik et al., 2012).

The mature MOR-1 receptor on Western blots or with
affinity labeling is approximately 70 kDa, far greater
than the predicted protein weight of approximately
45 kDa. Western blots also can show additional bands
depending upon the tissue and the methods used to
isolate and purify the receptor, possibly due to combi-
nations of degradation and ubiquitination (Xu et al.,
2013). Glycosylation is important because the 70-kDa
band is lowered to the predicted protein molecular mass
of 45 kDa after treatment with N-glycanase (Liu-Chen
and Phillips, 1987; Liu-Chen et al., 1993). The N
terminus has several predicted N-linked glycosylation
sites (NxS/T). N-Glycosylation may also have functional
relevance because there is evidence suggesting differ-
ential N-glycosylation among brain regions (Huang
et al., 2008), and the A118G mutation altering glyco-
sylation has been implicated in addiction (Bart et al.,
2005; Kreek and LaForge, 2007; Kroslak et al., 2007).

The recent report of the crystal structures of all three
classes of opioid receptors has provided important
insights (Granier et al., 2012; Manglik et al., 2012; Wu
et al., 2012). By use of the T4 lysozyme fusion protein
strategy with truncation of the N and C termini to
facilitate crystallization, Manglik and co-workers con-
firm that MOR-1 is composed of seven-transmembrane
a-helices with a conserved disulfide bridge between
C140 and C217. The structure was solved with the
antagonist b-funaltrexamine covalently attached. The
ligand makes contact with TM3, TM5, TM6, and TM7,
with a covalent attachment to K233, confirming that it
is a member of the class A family of G protein-coupled
receptors, with a binding pocket within the trans-
membrane domains. The binding site is quite in-
triguing. Unlike other GPCRs where the ligands are
typically buried within transmembrane domains, the
study demonstrates that the binding pocket of MOR-1 is
open and exposed to the extracellular surface (Fig. 12).
This observation is consistent with numerous studies
indicating that large bulky groups can be placed at the
6-position of morphine and morphine-like scaffolds
without impairing MOR-1 binding affinity. Finally, they
observed that MOR-1 readily dimerizes and forms
oligomers. Homodimerization involves an association
between TM5 and TM6, whereas the oligomers show an
association of the homodimers through an association
between TM1, TM2, and helix 8, which is located on the
intracellular C terminus (Fig. 13).

The insights into the binding pocket and the trans-
membrane domain interactions in the formation of
dimers and oligomers are valuable. However, several
features of the resolved structure of the mu recep-
tor deserve comment. Crystallization of membrane
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proteins is often quite difficult, leading to the use of the
T4 lysozyme and the truncation of the N and C termini
to facilitate crystallization of the mu receptor. The
binding pockets in all the full-length splice variants are
identical and are contained within the crystals solved
in the current study. However, the mu-opioid receptor
undergoes extensive 59 and 39 splicing that involves the
N and C termini, regions that have been removed from
the constructs used in the current study (section VIII).
Thus, the current structure is the first step to a better
understanding of mu-opioid receptor function.

B. Phylogeny and Evolution

The initial receptor binding studies reported binding
in vertebrates, with low levels in invertebrates (Pert
et al., 1974a). However, these early studies were quite
limited in their sensitivity compared with current mo-
lecular biologic techniques (section VIII) as were the
predominately mu radioligands. Subsequent studies
reveal binding in insects and in mollusks (Stefano
et al., 1980, 1982), although these studies typically do
not attempt to address the concept of receptor classes
The opioid receptor genes OPRM1 (MOR-1), OPRD1

(DOR-1), OPRK1 (KOR-1), and OPRL1 (ORL1) are
expressed only in vertebrates (Fig. 10), consistent with
the early binding studies (Pert et al., 1974a). They have
been identified in over 45 vertebrate species directly
by molecular cloning or by bioinformatic analysis of
available genomic sequence data. Phylogenetic analysis

suggests two rounds of genome-wide duplication (pale-
oploidization) from a single ancestral opioid gene
(unireceptor) (Ohno, 1999; Escriva et al., 2002; Lundin
et al., 2003), with the first yielding the ancestral DOR-
1/MOR-1 and ORL-1/KOR-1 genes. The duplication
then led to DOR-1 and MOR-1, as well as KOR-1 and
ORL-1 (Dreborg et al., 2008; Larhammar et al., 2009;
Stevens, 2009). The predicted MOR-1 protein sequen-
ces from 27 species reveals four major clades as follows:
1) fish, 2) amphibians, 3) birds, and 4) mammals,
mimicking the evolutionary tree of life (Fig. 10A).
Sequence alignments of MOR-1 from multiple species
show the regions with the highest homology among the
species are in the transmembrane domains and the
three intracellular loops, the structures important for
mu ligand binding and G protein coupling.

The structure of the OPRM1 gene (Fig. 15) evolved
(Herrero-Turrion and Rodríguez, 2008). In the early
teleosts, the OPRM1 gene contains five exons, with the
first two exons encoding the receptor from the N terminus
through TM4. Evolutionarily the two introns between the
last three exons were lost, generating a single third exon
in zebrafish and mammals that encodes the last three
transmembrane domains. Thus, all seven transmem-
brane domains are encoded by three exons, a structure
that is conserved in the other opioid receptor genes.
Only the OPRM1 gene further evolved to contain both
39 and/or 59 splicing that led to coding sequence
differences, starting with the chicken (Fig. 10B).

Fig. 10. Phylogency of mu-opioid receptors. Overview of the species variations in MOR-1. (A) Schematic of species. (B) Comparison of exons 4, 7, 11 in
mammals. From Pan and Pasternak (2011).
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Alternative splicing of MOR-1 was first observed at
the 39 region, with the replacement of exon 4 and its 12
amino acids by a variety of exon combinations encod-
ing 1 (hMOR-1B4 and rMOR-1D) to 88 amino acids
(mMOR-1U) (Figs. 15, 16, 17, 18). The mouse OPRM1
gene contains ten alternatively spliced exons down-
stream of exon 3, whereas the rat has 9 and humans
have 6 (Figs. 15–18). The full length 39-splice variants

differ only at the tip of the C terminus. Thus, they
share identical binding pockets and intra- and extra-
cellular loops. Exon 4 is the predominant 39 exon in the
C-terminal tail of MOR-1 in 19 species (Fig. 10B). The
12 amino acid exon 4 sequences are identical in thirteen
mammalian species, with one amino acid variation in
four species and three amino acid differences in two
other species. Exon 7 was first identified in the mouse
(Pan et al., 1999) and has been identified in 12 mouse
variants (Pan et al., 1999, 2000, 2001, 2005b; Doyle
et al., 2007a,b). It is translated in only four variants and
is within the 39-untranslated region (UTR) in the other
eight because of upstream termination of translation.
However, the translated sequences differ among the
variants because of frame shifts. Exon 7-associated
splice variants have been isolated andmapped to the rat
and human OPRM1 genes, with sequence alignments
showing its presence in an additional 13 mammalian
OPRM1 genes (Fig. 10B). Among species, the predicted
amino acid sequences from exon 7 show high homology.
Exon 7 has another distinction. The 70 bp of the gene for
cytohesin exchange factor 1 (IPCEF1), which is in the
opposite orientation from OPRM1, overlaps with the
exon 7 sequence in the mouse (Pan et al., 2005a). This
overlap is conserved in all the species containing exon 7.

Exon 11 is the major exon associated with 59 splicing.
Originally identified in mice and located approximately
30 kb upstream of exon 1 (Pan et al., 2001), exon 11, and
its splice variants have been identified in an additional
eight mammalian OPRM1 genes by homologous cloning
or bioinformatic searches, including rat and human
(Pan et al., 2001, 2009; Xu et al., 2006, 2009; Gris et al.,
2010) (section VIII). Exon 11 contains its own promoter
that is distinct from the promoter responsible for
generating the exon 1 variants. In addition to several
full-length variants with predicted protein sequences
identical to MOR-1 itself (i.e., mMOR-1H, mMOR-1i,
mMOR-1J), these exon 11-associated variants include
a number of truncated proteins predicting only six
transmembrane domains. Initially considered of ques-
tionable relevance, recent work using an exon 11
knockout mouse now reveals that they are important
in the actions of many established opioid analgesics
(section VIII.C.3.b) (Pan et al., 2009; Majumdar et al.,
2011, 2012).

The binding characteristics of mu-opioid receptors
have also evolved. Studies in white suckerfish,
frog, and rough-skinned newt reveal high-affinity
[3H]naloxone binding with a mu-like selectivity (Newman
et al., 2000, 2002). However, the receptors display
lower affinities for mu agonists such as DAMGO and
decreased activity in the inhibition of cAMP accumu-
lation and coupling to a G protein-gated inward-
rectifying potassium channel (Darlison et al., 1997).
Amino acids known to be crucial for either mu agonist
or antagonist binding, such as D114 in TM2 (Surratt
et al., 1994; Bot et al., 1998; Xu et al., 1999b), D147 in

Fig. 11. Crystal structure of MOR-1. The crystal structure of MOR-1 was
determined with b-funaltrexamine covalently attached within the
binding pocket. (A) Side view of the crystal structure of MOR-1 with
b-funaltrexamine docked within the binding pocket. Note that the
binding pocket involves TM3, TM5, TM6, and TM7 and that the C and
N termini have been truncated. (B) View from extracellular side (top) and
form the intracellular side (bottom). Reprinted by permission from
Macmillan Publishers Ltd: [Manglik A, Kruse AC, Kobilka TS, Thian FS,
Mathiesen JM, Sunahara RK, Pardo L, Weis WI, Kobilka BK, and
Granier S (2012) Crystal structure of the m-opioid receptor bound to
a morphinan antagonist. Nature 485:321–326].
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TM3 (Li et al., 1999), and W318 in EL3 (Bonner et al.,
2000; Ulens et al., 2000; Xu et al., 2000), are conserved.
As MOR-1 evolved, the affinity of DAMGO for the
receptor increases.

C. Single Nucleotide Polymorphisms

Scientists have long desired a marker to predict
vulnerability to opioid abuse. With an estimated 10
million single nucleotide polymorphisms (SNPs) in the
human genome, they are an important source of
variability among individuals. Over 4,000 SNPs have
been identified in the human mu-opioid receptor gene
based upon the International HapMap Project data-
base (International HapMap3 Consortium, 2010),
raising questions on their role(s) in contributing to
vulnerability of opioid addiction, abuse, and depen-
dence (Uhl et al., 1999; Ikeda et al., 2005; Kreek et al.,
2005a,b; Mayer and Hollt, 2006; Mogil et al., 2000b).
Several have been correlated with clinical vulnerabil-
ity to opioid addiction (Hoehe et al., 2000; Tan et al.,
2003; Bart et al., 2004, 2005) and substances of abuse,
including alcohol (Ray and Hutchison, 2004; Bart
et al., 2005; Kim et al., 2004b,c) and nicotine (Lerman
et al., 2004; Berrettini and Lerman, 2005). The A118G
SNP has been the most extensively studied and
proposed to be associated with heroin addiction. In
model systems, the A118G SNP reportedly increases
the affinity of MOR-1 for b-endorphin (Bond et al.,
1998; LaForge et al., 2000; Kreek and LaForge, 2007;
Kroslak et al., 2007) and/or lowers MOR-1 expression
(Zhang et al., 2005), although some controversy
remains. A mouse model carrying an A112G mutation
mimicking the human A118G SNP displays a lower
level of mMOR-1 mRNA and protein expression and

demonstrates a reduced analgesic response to morphine
and sex-specific reductions in morphine-induced re-
warding properties (Mague et al., 2009). Interpreting
the consequences of the A118G SNP in vivo is com-
plicated by the fact that this mutation is present in
all the full-length MOR-1 splice variants, making it
difficult to determine which one(s) are responsible for
these actions (section VIII).

Other SNPs have been examined. R265H and S268P
reportedly alter receptor/G protein coupling and cal-
modulin binding, as well as mu agonist-induced re-
ceptor signaling (Koch et al., 2000; Befort et al., 2001b;
Wang et al., 2001). Exon 1 promoter activity is in-
fluenced by several other SNPs (Hoehe et al., 2000;
Kraus et al., 2001; Bayerer et al., 2007). One SNP
altered a STAT (signal transducers and activators of
transcription type) 6 binding site and thereby lowered
promoter activity (Kraus et al., 2001). CXBK mice are
insensitive to morphine analgesia (sections III.C and
V.B.1). Interestingly, an A to C polymorphism in the
exon 1 promoter lowers Sp1 binding, leading to de-
creased MOR-1 transcripts (Lee et al., 2004). However,
CXBK mice also contain an intracisternal A-particle
element in the 39-noncoding region that also influences
expression levels (Han et al., 2006)

Fig. 12. Crystal structure of the binding pocket of MOR-1 with
b-funaltrexamine. The crystal structure of MOR-1 was determined with
b-funaltrexamine covalently attached within the binding pocket. The left
is a side view of the structure with a “transection” of the receptor to show
the docking of the ligand. The view on the right is looking at the docking
of the ligand from the extracellular surface. Reprinted by permission from
Macmillan Publishers Ltd: [Manglik A, Kruse AC, Kobilka TS, Thian FS,
Mathiesen JM, Sunahara RK, Pardo L, Weis WI, Kobilka BK, and
Granier S (2012) Crystal structure of the m-opioid receptor bound to
a morphinan antagonist. Nature 485:321–326].

Fig. 13. Crystallization of MOR-1 dimers. Schematic showing the
dimerization structure of MOR-1. The formation of homodimers involves
interactions between TM5 and TM6. Oligomerization forms from
interactions of the homodimers through TM1, TM2, and helix 8.
Reprinted by permission from Macmillan Publishers Ltd: [Manglik A,
Kruse AC, Kobilka TS, Thian FS, Mathiesen JM, Sunahara RK, Pardo L,
Weis WI, Kobilka BK, and Granier S (2012) Crystal structure of the
m-opioid receptor bound to a morphinan antagonist.Nature 485:321–326].
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D. Binding Studies

Although mu-opioid receptor binding had long been
studied in brain, we now know that these results
represent the labeling of a heterogeneous mixture of mu
receptors because of the presence of an array of splice
variants in the brain with similar affinities for mu
opioids. Working with the cloned receptor avoids these
issues. When transiently or stably expressed in mam-
malian cell lines the cloned rat (Chen et al., 1993a;
Thompson et al., 1993; Wang et al., 1993; Bunzow et al.,
1995), human (Pan et al., 2003; Wang et al., 1994c;
Raynor et al., 1995) and mouse MOR-1 (Kaufman et al.,
1995; Pan et al., 1999) receptor display high affinity and
selectivity for known mu-selective ligands such as
DAMGO and morphine. Indeed, the binding character-
istics of the cloned receptor are remarkably similar to
those previously seen in brain. Correlating the cloned
receptors with the pharmacologically defined subtypes

has been difficult, particularly because dozens of MOR-1
splice variants potentially have the ability to form
both homodimers and heterodimers with other mem-
bers of the opioid receptor family as well as unrelated
G protein-coupled receptors (Bunzow et al., 1994; Chen
et al., 1994; Keith et al., 1994; Pan et al., 1994, 1995,
2002; Uhl et al., 1994; Wang et al., 1994b; Jordan and
Devi, 1999; George et al., 2000; Gomes et al., 2000;
Befort et al., 2001a; Liu et al., 2011).

E. Regional Expression of MOR-1 in the Central
Nervous System

1. mRNA. Northern blots of MOR-1 mRNA reveal a
major band of approximately 11–16 kb in mice (Kaufman
et al., 1995; Pan et al., 2001), rats (Thompson et al.,
1993; Minami et al., 1994), and humans (Raynor et al.,
1995; Pan et al., 2003). Most of the mRNA corresponds
to UTR because the coding region of MOR-1 covers only

Fig. 14. Amino acid sequence of MOR-1 in mice, rats, and humans. The predicted amino acid sequences of MOR-1 in mice, rats, and humans are
shown. The transmembrane domains are shown by the underlined regions. The exon junctions are also indicated. The consensus sequences are shown
below the individual species.
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;1.2 kb. In both mouse and human transcripts, exon 4
contains a poly(A) site and is expressed as a 10- to 13-kb
exon (Ide et al., 2005; Wu et al., 2005). Northern blot
analysis also reveals several smaller bands dependent
upon the probes used in the mouse (Pan et al., 2001), rat
(Thompson et al., 1993), and human brains (Pan et al.,
2003; Raynor et al., 1995), raising the possibility of
alternative splicing. Ribonuclease protection assays
reveal the highest MOR-1 mRNA levels in the thalamus
and the lowest in the cerebellum, with moderate levels
in the hypothalamus, brain stem, and spinal cord (Wang
et al., 1993), results also seen with the superior quan-
tification obtained with solution hybridization analysis
(Brodsky et al., 1995a,b).
The regional distribution of MOR-1 mRNA in the rat

was examined using in situ hybridization approaches
soon after the cloning of the receptor (Delfs et al.,
1994a,b; Mansour et al., 1994a; Minami et al., 1994;
Kaufman et al., 1995). Overall, there is an excellent
correlation between the distribution of the mRNA and
previous autoradiographic approaches (section IV.B.2)

(Atweh and Kuhar, 1977a,b,c; Goodman and Pasternak,
1985; Waksman et al., 1986; Mansour et al., 1995a, 1987).
Regions high in MOR-1 mRNA include the periaqueduc-
tal gray, the locus coeruleus, and raphe magnus, all of
which have been implicated in supraspinal mu analgesia.
Somatosensory regions associated with pain perception,
including the dorsal root ganglia, the spinal tri-
geminal nucleus, the dorsal horn of the spinal cord,
and the thalamus, also contain MOR-1 mRNA, as does
the nucleus of the solitary tract, the nucleus ambiguus,
the parabrachial nucleus, and the bed nucleus.

Although the in situ hybridization mapping corre-
sponds closely to earlier receptor distributions, there
are several mismatches. Despite relatively high levels
of mu binding in the cortex and dorsal raphe nucleus,
little mRNA is observed there. It is presumed that the
receptors in these regions are localized presynaptically
on neurons targeting these regions from elsewhere.

Studies in human brain are more limited. Overall,
the expression patterns of MOR-1 mRNA in most
regions of human brain are similar to those in the rat

Fig. 15. Schematic of human, mouse and rat OPRM1. A schematic representation of the OPRM1 gene in humans, mice, and rats is shown. The exon
and intron distances are not drawn to scale. Exons and introns are shown as boxes and horizontal lines, respectively. Intron sizes are indicated as
kilobases (kb). The exon and intron distances are not drawn to scale. Promoters are indicated by arrows. Exons are numbered based upon the published
data (Pan and Pasternak, 2011).
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(Peckys and Landwehrmeyer, 1999). However, there is
stronger labeling in human cortex and hippocampus
than in the rat and weaker labeling of brain stem nuclei.
Expression levels of many of the variants generated

by alternative splicing of the OPRM1 gene contain a

premature termination codon that may subject them to
regulation by nonsense-mediated mRNA degradation
(NMD), a process that degrades a mRNA with a stop
codon located more than 50 nucleotides upstream of the
last exon-exon junction. Among a total of 32 full-length

Fig. 16. Schematic of MOR-1 splicing in the mouse. A composite schematic of the various splice variants of mMOR-1 reported in the literature is shown
(Pan and Pasternak, 2011). Variants are grouped as full length, 7TM, 6TM, and 1TM with the predicted structure shown to the right and the exons
color coded to match the splicing schematic. Predicted protein sequences for the spliced sequences for the variant are documented in Tables 13–15. The
exon composition of mMOR-1Eii, mMOR-1Eiii and mMOR-1Eiv is identical to that of mMOR-1E, except for an insertion of exon 19 between exons 7 and
8. Their predicted protein sequences, however, are identical to mMOR-1E due to termination of translation in exon 6. Only partial sequences were
reported for mMOR-1Eii and mMOR-1Vi (Doyle et al., 2007b).
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splice variants in the mouse OPRM1 gene, 11 are sub-
jective to be regulated by NMD (Table 12). Two of the
17 splice variants in the rat OPRM1 gene and 4 of the 20
variants in the human ORPM1 gene are potential
targets (Table 12). NMD may account for low expression
levels of these NMD-targeted variant mRNAs within the
brain. It remains to be seen whether the marked dif-
ferences of expression of the variants targeted by NMD,
such as mMOR-1E and mMOR-1V, reflect region-specific
NMD or other RNA processing mechanisms.
2. Immunohistochemistry. The anatomic distribution

of mu opioid binding sites was established long before
the cloning of MOR-1. However, immunohistochemical
approaches offer a number of advantages and provide an
important validation. Whereas autoradiographic ap-
proaches are dependent upon the binding characteristics
of the receptor, immunohistochemistry documents the
presence of an epitope, a short amino acid sequence
specific to the receptor. This epitope may, or may not,
correspond to an intact and functional receptor. The
immunohistochemical distribution of MOR-1 was evalu-
ated by several groups (Arvidsson et al., 1995b; Mansour

et al., 1995b; Ding et al., 1996; Moriwaki et al., 1996).
The antisera in these studies were generated against
epitopes on the C terminus encoded by exon 4. Attempts
to generate antibodies against the N terminus or the
extracellular loops have proven difficult, presumably
because of the extensive glycosylation of the extracellu-
lar surface of the receptor. Overall, the anatomic
distribution of the immunoreactivity corresponds quite
well with autoradiographic studies, although some
discrepancies exist. For example, autoradiographic bind-
ing studies indicate high levels of binding in the cerebral
cortex, the lateral and basolateral nuclei of the amyg-
dala, and the medial geniculate nucleus of the thalamus,
although these regions show little or no immunoreactiv-
ity. These differences might simply reflect technical and/
or sensitivity issues, but they may also be explained by
the multiple MOR-1 splice variants. The full-length
MOR-1 splice variants bind opiates with affinities and
selectivities similar to MOR-1 and would be labeled
autoradiographically. Yet they do not contain exon 4 and
would not be recognized by the antibodies used in these
early studies. Differences in the regional distribution of

Fig. 17. Schematic of MOR-1 splicing in the rat. A composite schematic of the various splice variants of rMOR-1 reported in the literature is shown.
Variants are grouped as full length, 7TM, 6TM, and 1TM with the predicted structure shown to the right and the exons color coded to match the
splicing schematic. Predicted protein sequences for the spliced sequences for the variant are documented in Tables 13–15.
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some these splice variants have been reported (Abbadie
et al., 2000a,b,c, 2004; Zhang et al., 2006).
The opposite also is seen, with several regions

showing immunoreactivity but no mu opioid binding,
including the dentate gyrus of the hippocampus,

stratum oriens and radiatum of Ammon’s horn, some
pretectal nuclei, and the accessory facial nucleus
(Mansour et al., 1995b; Ding et al., 1996). Again, these
variations may be due to technical differences, but it is
important to note that there are splice variants
containing exon 4 (MOR-1G) that, when expressed
alone, do not bind traditional mu opiates (Majumdar
et al., 2011). Thus, autoradiographic and immunohis-
tochemical approaches are complementary.

The in situ hybridization distributions correlate
well with the immunohistochemistry (Arvidsson et al.,
1995b; Mansour et al., 1995a; Ding et al., 1996;
Moriwaki et al., 1996). Yet several mismatches exist,
such as the dorsal horn of the spinal cord. Here, the
superficial layers I and II are labeled autoradiographi-
cally and immunohistochemically but contain little
MOR-1 mRNA (Arvidsson et al., 1995b; Mansour et al.,
1995b; Ding et al., 1996). This mismatch is most easily
explained by the presence of presynaptic receptors on
nerve terminals from neurons projecting from the dorsal

Fig. 18. Schematic of MOR-1 splicing in humans. A composite schematic of the various splice variants of hMOR-1 reported in the literature is shown.
Variants are grouped as full length, 7TM, 6TM, and 1TM with the predicted structure shown to the right and the exons color coded to match the
splicing schematic. Predicted protein sequences for the spliced sequences for the variant are documented in Tables 13–15.

TABLE 12
MOR-1 splice variants subject to nonsense-mediated mRNA degradation

Mouse OPRM1 Variant Rat OPRM1 Variant Human OPRM1 Variant

mMOR-1E rMOR-1D SV1
mMOR-1Eiii rMOR-1Z SV2
mMOR-1Eiv hMOR-1Y
mMOR-1F hMOR-1Z
mMOR-1Q
mMOR-1R
mMOR-1T
mMOR-1T(D2)*
mMOR-1Vii
mMOR-1W
mMOR-1Z

*mMOR-1T(D2) is similar to mMOR-1 except that it contains additional exons
6/7/19/8/9 downstream of exon 4 in the 59-untranslated region (see Fig 16).
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root ganglion and from rostral sites (Gamse et al., 1979;
Fields et al., 1980; Besse et al., 1990).
3. Developmental Expression of MOR-1. Early stud-

ies examining the developmental appearance of mu
receptors used receptor binding and autoradiographic
approaches (Gintzler et al., 1980; Bardo et al., 1981;
Kent et al., 1981; Zhang and Pasternak, 1981). Although
helpful, most of these studies were limited by technical
constraints that were solved with the cloning of MOR-1.
With more sensitive probes it was possible to establish
the spatial and temporal expression of MOR-1. For ex-
ample, in situ hybridization studies reveal the expres-
sion of MOR-1 mRNA as early as embryonic day E10.5
in the facial-vestibulocochlear preganglion complex of
the mouse, 1 day later than the expression of KOR-1
mRNA in the gut epithelium (E9.5) and 2 days earlier
than the expression of DOR-1 mRNA in peripheral
tissues (E12.5) (Zhu et al., 1998). MOR-1 mRNA
labeling in most regions resembles that in adult brain
by E17.5 (Zhu et al., 1998). In these studies, in situ
hybridization detects MOR- 1 mRNA earlier (E10.5)
than receptor binding (E12.5), illustrating the impor-
tance of the sensitivity of the approach. This is further
supported by the ability of reverse-transcription poly-
merase chain reaction (RT-PCR) to detect MOR-1
mRNA as early as E8.5 or E9.5 (Ko et al., 2002; Xu
et al., 2006). The MOR-1 mRNA in striatal anlage is
homogeneously labeled at E14–E19, but starts showing
the characteristics patches seen autoradiographically
in adults by E20–E21 (Georges et al., 1998).

VII. The OPRM1 Gene

Initially, the mu-receptor gene OPRM1 was defined
by MOR-1 and was considered to contain only four
coding exons and three introns. Subsequent studies
have isolated a number of splice variants, extending the
gene at both the 59 and 39 regions (Fig. 15). Currently,
the mouse OPRM1 gene contains at least 18 exons
spanning over 270 kb, whereas the human one is
composed of at least 12 exons over 210 kb. It remains to
be seen whether additional exons will be uncovered. The
gene is complex, with two independent promoters, one
associated with exon 1 and the other with exon 11. This
is important in understanding some of the pharmacol-
ogy seen in the knockout animals, because there are
models that selectively delete exon 1-associated var-
iants or exon 11-associated variants.

A. Chromosomal Mapping of OPRM1

A single copy of the mu-opioid receptor gene (OPRM1)
is present in a wide range of species. The human
OPRM1 initially was mapped to 6q24–25 using in situ
hybridization (Wang et al., 1994a), whereas the mouse
gene is on proximal chromosome 10, a region corre-
sponding to the human chromosome 6q by linkage
analysis using different interspecific backcrosses (Kozak

et al., 1994; Giros et al., 1995; Kaufman et al., 1995).
Morphine analgesia and hypothermia is mapped to the
same location in proximal chromosome 10 in the mouse,
supporting their association with the OPRM1 gene
(Berrettini et al., 1994; Belknap et al., 1995). Their
precise chromosomal localization was then determined
by sequence analysis of the genome databases, map-
ping the gene in over 30 different species. The mouse
OPRM1 gene is located at 3.27–3.61 Mb of chromosome
10, and the human OPRM1 gene is located at
154.3–154.7 Mb of chromosome 6.

Despite its localization to different chromosomes
among species, adjacent gene loci are relatively con-
served among mammalian species. For example, anal-
ysis of the mammalian genes reveal that the OPRM1
gene locus is flanked by a regulator of G protein sig-
naling 17 (RGS17) gene and subunit 5 of the splicing
factor 3b (SF3b5) gene with similar distances at the
59 and 39 regions, respectively (Herrero-Turrion and
Rodríguez, 2008). The IPCEF1 gene overlaps with the
OPRM1 gene at the 39 ends with opposite orientations in
several mammalian species (Pan, 2005), raising ques-
tions about their respective regulation during chromatin
remodeling and transcription.

B. Promoters

The regulation of the OPRM1 gene is complex.
Although initial studies identified and characterized
the promoter associated with exon 1, the subsequent
identification of exon 11 and its associated variants led
to the identification of a second upstream promoter
associated with exon 11 (Fig. 19). Thus, the gene has
two independent promoters that modulate the expres-
sion of two sets of MOR-1 splice variants.

1. Exon 1 Promoter. The exon 1-associated (E1)
promoter is located to a ;1.5-kb region immediately
upstream of exon 1 and has been the focus of many
investigations in mouse, rat, and humans (Min et al.,
1994; Kraus et al., 1995; Liang et al., 1995; Wendel and
Hoehe, 1998; Mayer et al., 1996; Wei and Loh, 2011) and
has been reviewed (Wei and Loh, 2011). The E1
promoter conforms to a dual-promoter model with a
separation of approximately 500 bp between the two
active regions and is conserved at the nucleotide level
in both mouse and human (Ko et al., 1997; Liang and
Carr, 1997; Xu and Carr, 2001). The activity of the
proximal promoter is stronger than the distal promoter
(Liang and Carr, 1997; Xu and Carr, 2001; Ko et al.,
2002). Ribonuclease protection assays and RT-PCR
reveal multiple transcriptional start points (Min et al.,
1994; Kraus et al., 1995; Mayer et al., 1996). The E1
promoter exhibits many characteristics of a “house-
keeping gene,” with cis-acting elements with high GC
content such as Sp1 and Ap1 but lacking a TATA box.

The mouse E1 promoter contains proximal and distal
regions with a number of cis-acting elements regulat-
ing promoter activity such as the Sp binding element,
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NF-kB, cyclic adenosine monophosphate response
element-binding protein, Oct-1, interleukin (IL)-4, Sox,
STAT6, and neurorestrictive suppressor element (NRSE)
(Liang and Carr, 1996; Ko et al., 1998; Andria and Simon,
2001; Kraus et al., 2001, 2003; Lee et al., 2003; Kim et al.,
2004a). For example, expression in nonneuronal cells is
suppressed by binding of the neuron-restrictive silencer
factor (NRSF) to a 21-bp cis-acting NRSE element in the
proximal promoter region (Kim et al., 2004a). The binding
of Sp1 and Sp3 to a 10-bp Sp binding element in the
proximal promoter stimulated promoter activity while the
same Sp binding element interacted with the M1 and M2
isoforms of Sp3 to suppress the promoter activity (Choi
et al., 2005). A number of transacting factors also have
been identified. By use of DNA affinity purification cou-
pled with matrix-assisted laser desorption ionization/time
of flight mass spectrometry, two repressors, aCP3 and
poly(ADP-ribose) polymerase-1 (PARP-1), were found
(Choi et al., 2008a,b).
Cytokines, including the interleukins, tumor necro-

sis factor, and interferon-g also modulate MOR-1
expression through the induction of transacting factors
that act through their corresponding cis-acting ele-
ments (Kraus, 2009). For example, IL-4-induced de
novo synthesis of MOR-1 transcripts is induced in a

number of immune cells by IL-4 acting through a
STAT6 cis-acting element with the induced STAT6
factor (Borner et al., 2004). Likewise, MOR-1 tran-
scripts are increased by TNF, which induces NF-kB,
which then interacts with three NF-kB binding sites
(Kraus et al., 2003).

The expression of MOR-1 is also under epigenetic
control, with DNAmethylation and histone modification
in the E1 promoter region accounting for silencing and
activating the gene in undifferentiated and differenti-
ated P19 cells, respectively, and for the unique regional
expression of MOR-1 mRNA in some brain regions
(Hwang et al., 2007, 2009), with methyl-CpG-binding
protein 2 and the chromatin remodeling factors, in-
cluding Brg1 and Dnmt1, playing a role.

2. Exon 11 Promoter. After the identification of the
exon 11-associated splice variants (section VIII.B.1),
a second promoter associated with exon 11 (E11) was
located approximately 30 kb upstream of exon 1 and
characterized (Pan, 2002). The activity of the E11
promoter correlates well with the expression of the exon
11-associated splice variants, as seen by its greater
activity in neuronal-like cells, such as the neuroblas-
toma cell lines NIE-115 and SHSY-5Y, than in Chinese
hamster ovary (CHO) cells. The promoter has a basal

Fig. 19. Schematic of the OPRM1 gene promoters in mice. Exons 11 and 1 are indicated by black boxes. The 59-flanking regions and defined promoter
regions are shown by lines. Transcription start points (tsp) and translation start codon (ATG) are indicated by arrows. Cis-acting elements that bind to
corresponding trans-acting factors are shown by boxes of various shapes/colors along the promoter regions. TATA, TATA-binding protein; AP-1,
activator protein 1; AP-2, activator protein 2; CCAAT, CCAAT box binding factors; C/EBP, CCAAT/enhancer-binding proteins; cMyc/Max, cMyc and
Max factors; NRSE, neurorestrictive silencer element; Oct-1, octamer-1; Sp1, specificity protein 1; Sp3, specificity protein 3; CRE, cyclic adenosine
monophosphate (cAMP) response element binding protein; 34 bp, 34-bp element; Sox, Sry-like high-mobility-group box gene; PARP1, poly(ADP-ribose
polymerase 1; PCBP, polyC-binding protein; STAT1, signal transducers and activators of transcription type 1.
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core region with a putative TATA box, a negative region,
and a positive region. The TATA box appears to be
crucial for the E11 promoter activity, as revealed by
mutational analysis. There are several other cis-acting
elements near the TATA box that modulate activity,
including NF-1 and cMyc/Max. It has been proposed that
a preinitiation complex is assembled through binding
TBP to the TATA box and the subsequent recruitment
of other general transcription factors to the basal core
region, whereas the assembling of the transcription
complex and initiation is further regulated by cMyc-
Max-like and NF-1-like proteins (Pan, 2002).
There are clear differences between the E1 and the

E11 promoters. First, the exon 11 promoter contains
a TATA box, whereas the exon 1 promoter does not.
Second, the exon 11 promoter contains a single major
transcription start point, contrasting with the multiple
transcription start points in the exon 1 promoter. Third,
the exon 1 promoter has several GC-rich cis-acting
elements like Sp1 and AP-2 that are involved in
transcriptional regulation in TATA-less promoters that
are absent in the exon 11 promoter. Thus, the E11
promoter appears to be a eukaryote class II promoter
associated with RNA polymerase II, whereas the E1
promoter seems to be similar to a housekeeping gene.
Finally, each promoter controls the expression of
a different set of splice variants.
Further evidence for differences are seen in the

temporal expression of exon 11- and exon 1-associated
mRNA transcripts in C57BL/6J mice during ontogeny
and in a transgenic mouse model (Xu et al., 2006).
The expression of the exon 11 transcripts (E13.5) can
be detected embryonically 4 days later than exon 1
promoter-driven transcripts (E9.5). A transgenic model
incorporating a construct, in which a 3.7-kb exon 11
promoter and a 8.9-kb exon 1 promoter drove expres-
sion of tau/LacZ and tau/green fluorescent protein
reporters, respectively, further documents differences
in activity in some brain regions such as the hippo-
campus and substantia nigra.

VIII. Alternative Splicing of the OPRM1 Genes

Pharmacological studies suggesting mu-opioid re-
ceptor subtypes are hard to reconcile with a single copy
of the OPRM1 gene. Thus, it is not surprising to find
that the OPRM1 gene undergoes extensive alternative
splicing (Figs. 16–18). The similar splicing patterns in
rodents and humans imply that alternative splicing is
important evolutionarily and functionally. Of the three
opioid receptor genes, only the mu receptor undergoes
extensive alternative splicing of coding exons. Indeed,
the complexity of the splicing far exceeds the pharma-
cologically implied subtypes. Three sets of variants
have been identified in both rodents and in humans.
One comprises the full-length 7TM variants that all
contain exons 1, 2, and 3 that encode the N terminus

and all transmembrane domains with extensive 39
splicing at the tip of the C terminus in which exon 4 is
replaced by a series of alternative exons. The second
set involves exon 11-associated variants with their
59 splicing, many of which generate truncated 6TM
proteins because of the absence of exon 1 due to exon
skipping. The last group comprises truncated var-
iants with a single transmembrane domain encoded
by exon 1, also a result of exon skipping. The first
evidence of alternative splicing of MOR-1 came from
the human variant hMOR-1A (Bare et al., 1994) and
the rat variant rMOR-1B (Zimprich et al., 1995), with
similar variants in mice (Pan et al., 1999, 2005b; Pan,
2005).

A. Full-length Variants and 39 Splicing

1. Rodent. The mouse OPRM1 gene undergoes ex-
tensive 39 splicing, in which exon 4 is replaced by
a series of alternative exons (Fig. 16) (Y.-X. Pan,
J. Xu, M. Xu, R. Yu, E. Bolan, A.K. Gilbert, and G.W.
Pasternak, submitted manuscript; Pan et al., 1999,
2000, 2005b; Kvam et al., 2004; Doyle et al., 2007a,b;
Pan and Pasternak, 2011). All of the full-length variants
contain exons 1, 2, and 3, which encode the entire MOR-1
receptor except for the terminal 12 amino acids. Thus,
all of the full-length variants contain identical binding
pockets, consistent with the high affinity of all of the
variants for mu opioids. Although many of the
variants share 39 exons, the amino acid sequences
downstream of those encoded by exon 3 are all unique
for each variant due to reading-frame shifts and/or
early termination (Table 13). It is interesting that the
length of the C terminus encoded by these alterna-
tively spliced exons varies extensively, from only two
amino acids in mMOR-1B5 to 88 in mMOR-1U with
some containing putative phosphorylation sites for
protein kinase C, cAMP- and cGMP-dependent protein
kinase, and casein kinase II. A variety of splice
patterns exist with the full-length variants, including
intron-retention, exon inclusion/skipping, and alter-
native 39 splicing.

Splicing in the rat shows a similar pattern to that in
mice (Fig. 17) (Pasternak et al., 2004; Pan, 2005; Xu
et al., 2011). The first variant reported was rMOR-1B,
in which exon 4 was replaced by exon 5, leading to
a different set of C-terminal amino acids (Zimprich et al.,
1995). The mouse also contains an exon 5 homolog,
leading to mMOR-1B. However, alternative splicing in
exon 5 generates five different variants in the mouse
(mMOR-1B1 through mMOR-1B5), two in rats (rMOR-
1B1 and rMOR-1B2), and five in humans (hMOR-1B1
through hMOR-1B5) with different C-terminal amino
acid sequences depending upon which splice site within
exon 5 is used (Pan, 2005; Pan et al., 2005b).

mMOR-1A, rMOR-1A, and mMOR-1O are intron-
retention variants with silent donor splice sites in exons
3a and 7a, respectively. Splicing at exon 18 provides yet
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another example of alternative 392splice sites that
generate two different C-terminal variants, mMOR-1V
and mMOR-1W (Doyle et al., 2007a).
The exon composition of rat rMOR-1C1 is identical to

that in the mouse, with a high homology at the amino
acid level for the 30 amino acids encoded by rat exon 7
compared with the mouse exon 7 (83%) and human
exon O (67%) (Pasternak et al., 2004). However, the
amino acid composition of the rat exon 8 differs from
the mouse exon 8, with exons 8 and 9 in the rat in
rMOR-1C1 yielding 35 amino acids compared with only
22 in the mouse homolog. The rat also differs from the
mouse with the isolation of a second variant, rMOR-
1C2, containing the same exon composition as rMOR-
1C1 except for an alternative splice site upstream of
exon 9a that results in insertion of exon 9b (Pasternak
et al., 2004). Therefore, both variants share identical
protein sequences through exon 8, but differ in the

sequences encoded by exon 9a (four amino acids) in
rMOR-1C1 or exon 9b (21 amino acids) in rMOR-1C2.
rMOR-1D has a splicing pattern resembling mMOR-1D,
but translation of the rat exon 8 predicts a single
threonine residue (Pasternak et al., 2004). The splice
pattern of rMOR-1P also is similar to that in the mouse.

2. Human. The human splicing patterns are simi-
lar to those in rodents, with alternative 39-splicing,
intron-retention and exon skipping (Fig. 18). hMOR-1A
was the first splice variant isolated (Bare et al., 1994),
leading to the identification of its homolog in both mice
and rats. This, in turn, led to the subsequent cloning of
a range of human variants, most from human neuro-
blastoma cell lines (Cadet et al., 2003; Pan et al., 2003,
2005a; Choi et al., 2006; Chou et al., 2006; Shabalina
et al., 2009; Xu et al., 2009, 2011). As in rodents, most
of the variants are generated through the exon 1
promoter and produce full-length G protein-coupled

TABLE 13
Amino acid sequences downstream of exon 3 resulting from 39 splicing of OPRM1

The amino acid sequences resulting from 39 splicing are presented. Although some of the variants share the same downstream exons, the translated amino acid sequences
for all sets of exons are unique because of frame shifts and the early termination. Note that 59 splicing results in several variants with identical exon compositions downstream
of exon 3 and these all share the same amino acid sequences.

Species Variant Exons Amino Acid Sequence Downstream of Exon 3

Mouse mMOR-1 4 LENLEAETAPLP
mMOR-1A 3b VCAF
mMOR-1B1 5a KIDLF
mMOR-1B2 5ab KLLMWRAMPTFKRHLAIMLSLDN
mMOR-1B3 5abc TSLTLQ
mMOR-1B4 5abcd AHQKPQECLKCRCLSLTILVICLHFQHQQFFIMIKKNVS
mMOR-1B5 5abcde CV
mMOR-1C 7/8/9 PTLAVSVAQIFTGYPSPTHVEKPCKSCMDRGMRNLLPDDGPRQESGEGQLGR
mMOR-1D 8/9 RNEEPSS
mMOR-1E/Eii/Eiiii/Eiv 6/7/8/9 KKKLDSQRGCVQHPV
mMOR-1F 10/6/7/8/9 APCACVPGANRGQTKASDLLDLELETVGSHQADAETNPGPY

EGSKCAEPLAISLVPLY
mMOR-1H/-1i/-1J 4 LENLEAETAPLP
mMOR-1O 7ab PTLAVSVAQIFTGYPSPTHVEKPCKSCMDR
mMOR-1P 15 IMKFEAIYPKLSFKSWALKYFTFIREKKRNTKAGALPPLPTCHAG

SPSQAHRGVAAWLLPLRHMGPSYPS
mMOR-1V/-1Vii 18/6/7/8/9 KQEKTKTKSAWEIWEQKEHTLLLGETHLTIQHLS
mMOR-1U 7/19/8/9 PTLAVSVAQIFTGYPSPTHVEKPCKSCMDSVDCYNRKQQTGSLRKNKKK

KKRRKNKQNILEAGISRGMRNLLPDDGPRQESGEGQLGR
mMOR-1W(D2) 18/6/7/8/9 LAFGCCNEHHDQR
mMOR-1T(D2) 4 LENLEAETAPLP

Human hMOR-1 4 LENLEAETAPLP
hMOR-1A 3b VRSL
hMOR-1B1 5a KIDLFQKSSLLNCE
hMOR-1B2 5ab RERRQKSDW
hMOR-1B3 5abc GPPAKFVADQLAG
hMOR-1B4 5abcd S
hMOR-1B5 5abcde VELNLDCHCENAKPWPLSYNAG
hMOR-1O O PPLAVSMAQIFTRYPPPTHREKTCNDYMKR
hMOR-1X X CLPIPSLSCWALEHGCLVVYPGPLQGPLVRYDLPAI

LHSSCLRGNTAPSPSGGAFLLS
hMOR-1Y Y/5abc IRDPISNLPRVSVF
hMOR-1i 4 LENLEAETAPLP

Rat rMOR-1 4 LENLEAETAPLP
rMOR-1A 3b VCAF
rMOR-1B1 5a KIDLF
rMOR-1B2 5ab EPQSVET
rMOR-1C1 5abc PALAVSVAQIFTGYPSPTHGEKPCKSYRDRPRPCGRT

WSLKSRAESNVENHFHCGAALIYNNVNFI
rMOR-1C2 5abcd PALAVSVAQIFTGYPSPTHGEKPCKSYRDRPRPCGRTWSLKSRAESN

VENHFHCGAALIYNNELKIGPVSWLQMPAHVLVRPW
rMOR-1D 5abcde T
rMOR-1H1/H2/i1/i2/i3 4 LENLEAETAPLP
rMOR-1P 15 GAEL
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receptor variants in which exon 4 is replaced with
a variety of alternative exons. As in rodents, the
human exon 5 has five alternative 39-splice sites (5a,
5b, 5c, 5d, and 5e), generating five C-terminal variants
(hMOR-1B1–hMOR-1B5). Although highly homolo-
gous, the predicted amino acid sequence of the human
exon 5a contains an extra 13 amino acids beyond the
five amino acids that are identical to those predicted
from the mouse and rat exon 5a. Unlike hMOR-1B1,
the nucleotide sequences and predicted amino acid
sequences from human exons 5b, 5c, 5d, and 5e and
hMOR-1B2, hMOR-1B3, hMOR-1B4, and hMOR-1B5
also differ from the mouse homologs.
The human exon O, a homolog of the mouse exon 7a

and the rat exon 7, is located 128 kb downstream of
exon 4, a distance very close to the 131 and 120 kb
between exon 4 and the exon 7 homologs in mouse and
rat, respectively. The predicted sequence of the 30
amino acids in the human exon O share ;65% identity
with the corresponding sequences predicted from exon
7a in mMOR-1O or mMOR-1C and exon 7 from rMOR-
1C1 (Pan et al., 1999, 2003; Pasternak et al., 2004).
One difference between the human splicing and that in
rodents is that the downstream exons 8 and 9 present
in rodents have not yet been identified in the human
OPRM1 gene.
Exon X in humans is located ;2 kb downstream of

exon 3, a distance similar to exon 15 in the mouse (Pan
et al., 2005b). Despite some homology between exon X
and exon 15 at the nucleotide level, their predicted
amino acids differ significantly. The insertion of exon Y
between exons 3 and 5c distinguishes hMOR-1Y from
hMOR-1B3 (Pan et al., 2005b).
There also is an exon 11-associated full-length rat

variant, rMOR1H2. Translation from the exon 11a
AUG predicts a novel full length, 7TM N-terminal
variant containing an additional 50 amino acids at the
N terminus compared with the original rMOR- 1 (Xu
et al., 2011), a structure similar to that of hMOR-1i. In
vitro translation studies reveal that the exon 11a AUG
is the preferential initiation site rather than the exon
1a AUG. When expressed in CHO cells, the additional
50 amino acids in rMOR-1H2 do not affect opioid
binding affinity, but they do alter agonist-induced
G protein activation, with an increased potency in
agonist stimulated [35S]GTPgS binding and no change
in maximal levels (Xu et al., 2011).
Similar to the rat, there is an exon 11-associated full-

length human variant generated by 59 splicing, hMOR-
1i (Xu et al., 2009). Similar to the rat rMOR-1H2, the
human variant hMOR-1i has an extended N terminus
due to the loss of 105 bases (exon 1b) spliced out from
exon 1. Translation from exon 11 predicts a small
peptide because of early termination. However, the ATG
from exon 1c, which is 279 bases upstream of the
initiation ATG in hMOR-1, predicts a novel protein
sequence of 93 amino acids fused immediately upstream

to those encoded in hMOR-1, leading to a greatly
elongated N-terminal length, with the remainder
of the sequence identical to hMOR-1. The additional
N-terminal sequence does not contain any predicted
glycosolation sites or transmembrane regions, consis-
tent with a classic GPCR structure. The generation of
the protein has been confirmed with in vitro translation
where proteins translated from the upstream AUG
in exon 1c predominate over those from the typical AUG
in exon 1a. In these studies, two bands comparable
to products using the first and second AUGs of exon 1c
are seen. When expressed in CHO cells, the extra 93
amino acids in hMOR-1i do not affect opioid binding
affinities but significantly change agonist-induced
G protein activation. Whereas the potencies of several
opiates (morphine and buprenorphine)for stimulation of
[35S]GTPgS in hMOR-1i is similar to that in MOR-1, the
potency of b-endorphin, dynorphin A, and M6G is
reduced by 3- to 4-fold (Xu et al., 2009).

B. Truncated MOR-1 Variants

1. Exon 11-Associated 6TM Variants. In addition to
the 39 splicing that leads to full-length variants with
7TM domains, two classes of truncated variants have
been identified in rodents and humans. These include
variants containing exon 1 that encode a single trans-
membrane (1TM) protein and exon 11-associated var-
iants that predict a 6TM protein. As noted above, exon
11 is located approximately 30 kb upstream of exon 1
and is under the control of its own promoter, which is
distinct from the promoter responsible for generating
the exon 1-associated full-length variants.

In the mouse, exon 11 and its variants were initially
identified using 592RACE (rapid amplification of cDNA
ends) with primers located in exon 2 (Fig. 16) (Pan et al.,
2001; Pan, 2005). These studies yielded an additional
three exons, exons 12, 13, and 14, as well as nine exon
11-associated splice variants in which exon 11 is the
first exon. Exon 12 is located ;28 kb upstream of exon
1, just 2 kb downstream from exon 11, whereas exons 13
and 14 are located 35 and 36 kb downstream of exon 1,
respectively.

The mouse has three exon 11-associated variants
that contain exons 1, 2, 3, and 4 (mMOR-1H, mMOR-1i,
and mMOR-1J). Translation from the AUG in exon 1 in
these variants generates the same protein as MOR-1
itself. Translation from exon 11, on the other hand,
yields a short protein (,10 kDa) due to early termina-
tion of translation. Although both sets of proteins can be
documented using in vitro translation, the smaller
peptides have not been identified within the brain,
suggesting that the major product of these variants is
the same protein as MOR-1 but under the control of
a different promoter (Pan et al., 2001).

The remainder of the mouse exon 11-associated
variants generates 6TM proteins that also undergo 39
splicing. Three proteins, mMOR-1G, mMOR-1M, and
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mMOR-1N, have exon 11 spliced directly to exon 2, with
differing C termini (Table 14). Whereas mMOR-1G has
a terminal exon 4, mMOR-1M has exons 7/8/9, the same
39 composition as mMOR-1C, and mMOR-1N has exons
8/9, the same 39 composition as mMOR-1D (Pan et al.,
2001, 2005b). Western blots using an antiserum against
exon 11 suggest that these variants are expressed in
mouse brain (Abbadie et al., 2004). Although mMOR-1K
and mMOR-1L also lack exon 1, inclusions of small exons
between exons 11 and 2 (exon 13 in mMOR-1K and exon
14 in mMOR-1L) lead to early termination within the
small exons when using the exon 11 AUG and short
peptides (,10 kDa). However, they may still be trans-
lated starting with a methionine residue at the beginning
of exon 2, which leads to a 6TM protein identical to
that of mMOR-1G, with the exception of the lack of the
exon 11 coding sequence. This is analogous to the mu3
receptor proposed by Stefano and co-workers (Cadet
et al., 2003).
Similar variants have been identified in rat (Fig. 17)

(Xu et al., 2011). After mapping a mouse exon 11
homolog in the rat to a locus approximately 21 kb
upstream of exon 1, a distance similar to that in the
mouse and humans, we isolated several rat exon 11-
associated variants (Xu et al., 2011). Although rMOR-
1G1 and rMOR-1G2 have similar splicing patterns,
they use alternative 59 splice sites in exon 11. By use of
the exon 11a AUG as the translational start codon,
rMOR-1G2 encodes a 6TM protein. The predicted pro-
teins from rMOR-1G1 are more complicated. rMOR-1G1
contains exons 11a/11b/2/3/4. If translation is initiated
from the AUG in exon 11a, a small peptide of only seven
amino acids is predicted based upon the stop codon in
exon 11b. However, rMOR-1G1 might still be able to
generate a 6TM protein by initiating translation from
the first AUG in exon 2, a situation analogous to
mMOR-1K, mMOR-1L, hMOR-1G1, hMOR-1K, and the
mu3 receptor.

Five rat variants contain exons 11, 1, 2, 3, and 4,
with alternative splicing among exons 11a, 11b, 1a, 1b,
and 1c generating different transcripts (Xu et al.,
2011). Despite their different 59nucleotide sequences,
rMOR-1H1, rMOR-1i1, rMOR-1i2, and rMOR-1i3 all
predict the same protein sequence as the original
rMOR-1 when using AUG in exon 1a as the trans-
lational start codon. Translation in these variants from
the exon 11a AUG predicts short proteins because of
early termination of translation. Thus, four exon 11-
containing transcripts encode the identical rMOR-1
protein as the original rMOR-1, a situation similar to
the mouse with mMOR-1H, mMOR-1i, and mMOR-1J.

59 Splicing of the human OPRM1 gene generates
similar truncated variants (Fig. 18). Searching the
human genome database reveals a mouse exon 11
homolog 28 kb upstream of exon 1 with the subsequent
isolation of four full-length variants, hMOR-1G1,
hMOR-1G2, hMOR-1i, and hMOR-1H by RT-PCR
cloning (Xu et al., 2009). Splicing from two alternative
59 splice sites in the human exon 11 (exons 11a and
11b) directly to exon 2 generates two 6TM variants
hMOR-1G1 and hMOR-1G2, each lacking exon 1, which
encodes TM1. Translation from exon 11a in hMOR-1G1
leads to termination of translation in exon 11b, but use
of the AUG from exon 2 predicts a six TM protein, as in
the mouse and rat variants.

Mu3 is a 6TM protein proposed by Stefano and
colleagues (Cadet et al., 2003). It reportedly contains
exons 2 and 3, followed by a new exon of 149 bp and
a portion of exon 4 (202 bp). Translation from the AUG
within exon 2 predicts a 6TM protein similar to hMOR-
1G1, with the exception of the replacement of the
C-terminal 12 amino acids encoded by exon 4 by 26 amino
acids encoded by the new exon. Although there is
a consensus splice site upstream of the new exon, the
exact splice sites between the new exon and exon 4
are not clear because of ambiguous sequences. When

TABLE 14
Amino acid sequences resulting from 59 splicing of OPRM1

The exon 11 sequences are immediately upstream of exon 2, as noted. The N-terminal fusion sequences exon 11-
associated splice variants are found in the rat and human variants, as noted. In the human variant hMOR-1i, translation
is initiated at the AUG at the beginning of exon 1c, which encodes 49 aa,and the proceeds through exon 1a, with an
additional 44 aa generated by the exon 1a sequence immediately upstream of the AUG used to initiate translation in
MOR-1. In the rat variant rMOR-1H2, the additional sequence comes from exon 11a, which is joined to exon 1. Translation
in the full exon 11a/b leads to a truncated protein corresponding to only the first 7 aa shown for exon 11a alone. The *
designates the termination of translation due to a stop codon, and the indicated peptide is the complete product.

Species Exon Variant Amino Acid Sequence

Exon 11 sequences
Mouse Exon 11 mMOR-1G/M/N MMEAFSKSAFQKLRQRDGNQEGKSYLR
Human Exon 11a/b hMOR-1G1 MMRAKSISTKAGKPSRFIWKKILL*

Exon 11a hMOR-1G2 MMRAKSISTKAGKPSR
Rat Exon 11a rMOR-1G2 MGSGPML

Exon 11a/b rMOR-1G1 MGSGPML*
N-terminal fusion sequences

Human Exon 1c/a hMOR-1i MCLHRRVPSEETYSLDRFAQNPPL
FPPPSLPASESRMAHAPLLQRC
GAARTGFCKKQQELWQRRKEAAEAL
GTRKVSVLLATSHSGARPAVST

Rat Exon 11a rMOR-1H2 MGSGPMLAGPCKNLTEPRAAVRGRG
WGAWNPKSLSALSYSLPSPQQAFST
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expressed in COS-1 cells, the mu3 clone shows only
moderate binding affinity toward morphine (Ki 29 nM),
naltrexone (Ki 31 nM), and naloxone (Ki 39 nM) using
a [3H]dihydromorphine binding assay and displays
functional properties similar to their earlier report
(Cadet et al., 2003).
hMOR-1K contains an exon homologous to the mouse

exon 13 (Shabalina et al., 2009). Located 3 kb upstream
of exon 2, the human exon 13 has no predicted coding
sequence. However, the use of the AUG within exon 2
predicts a 6TM protein identical to that of hMOR-1G1.
It is noteworthy that a SNP located upstream of exon 13
contains a conserved internal ribosome entry site and
influences expression of hMOR-1K at both the mRNA
and protein levels. Together, there are at least four
human 6TM variants indicated as follows: hMOR-1G1,
hMOR-1G2, hMOR-1K, and mu3.
2. Single Transmembrane Domain Variants. In

addition to the 6TM truncated proteins, a series of
single transmembrane domain variants have been
identified in mice, rats, and humans (Figs. 16–18)
(Du et al., 1996, 1997; Kvam et al., 2004; Pan, 2005;
Pan and Pasternak, 2011; Xu et al., 2013). The
transmembrane domain of all of them corresponds to
TM1, which is encoded by exon 1. It is hard to imagine
how these proteins could function independently as
a receptor. However, they potentially are of interest.
First, they contain TM1, the transmembrane domain
missing in the 6TM variants, thus raising the in-
teresting question of whether they could complement
the 6TM variants to form a functional “full-length”
receptor containing 7TM regions. This is particularly
intriguing given that coimmunoprecipitation studies
show that 1TM1 and 6TM variants can physically
associate, although there is not yet evidence demon-
strating that the complex comprises a functional re-
ceptor. Second are some findings by He et al. (2011). As
discussed earlier, their construct containing the first
TM of MOR-1 coupled to TAT (MORTM1-TAT) physi-
cally associates with DOR-1, thereby dissociating the
MOR-1/DOR-1 heterodimers. In vivo, MORTM1-TAT
increases morphine’s analgesic responsiveness and
prevents morphine-induced analgesic tolerance. Thus,
the 1TM variants may have interesting modulatory
roles through influencing dimerization. More recent
studies demonstrate the ability of the 1TM variants to
enhance the expression of the full-length variant MOR-1
by a chaperone function, minimizing receptor turnover,
and thereby play an important role in analgesia (section
VIII.C.2) (Xu et al., 2013).
Five single TM mouse variants have been isolated,

four of which are generated by exon skipping and are
associated with the exon 1 promoter (Table 15) (Du
et al., 1996, 1997; Kvam et al., 2004; Pan, 2005; Pan and
Pasternak, 2011; Xu et al., 2013). Translation from the
exon 1 AUG in mMOR-1Q, mMOR-1R, and mMOR-1Z,
which lack exon 2, leads to termination of translation

within exon 3 because of a frame shift. Thus, all three
predict a single protein with one transmembrane
domain consisting of the same N terminus and TM1
domain of MOR-1 from exon 1, followed by a carboxyl
tail of 127 amino acids encoded by exon 3. The ad-
ditional exons downstream of exon 3 contained within
these variants are within the 39-UTR. The rat contains
a similar 1TM variant, rMOR-1Z.

The fourth exon 1-associated single TM variant,
mMOR-1S, is generated by splicing from exon 1 directly
to exon 4, skipping exons 2 and 3. Translation from the
exon 1 AUG in mMOR-1S terminates immediately upon
reaching exon 4 because of a reading-frame shift, pro-
ducing a shorter C terminus than the variants lacking
only exon 2. The rat contains a similar 1TM variant,
rMOR-1S.

An exon 11-associated variant, mMOR-1T, has an
exon composition similar to mMOR-1H, with the
exception of the insertion of exon 16 between exons 1a
and 2 (Pan, 2005). Translation from the exon 1 AUG
terminates in exon 16, generating a single TM protein
comprising 95 amino acids from exon 1 containing the
N terminus and TM domain followed by an extension of
the C terminus of 20 amino acids from exon 16. Initiating
translation from the exon 11 AUG yields a short protein
of 84 amino acids identical to mMOR-1H.

Four similar single TM variants have been isolated
from humans (Choi et al., 2006; Du et al., 1997). Similar
to its rodent homolog, hMOR-1S lacks exons 2 and 3,
with exon 1 spliced directly to exon 4. It was first
identified from the SH-SY-5Y neuroblastoma cell line,
and these studies observed a mRNA abundance similar
to hMOR-1 itself (Du et al., 1997). Similar to the mouse,
hMOR-1Z skips exon 3, leading to a single TM variant
containing TM1 with translation terminated within
exon 3. The SV1 and SV2 variants were identified in
human NMB cells, in which exon B or exons A/B are
inserted between exons 1 and 2, respectively (Choi et al.,
2006), also generating a single TM variant with
termination of translation in exon B or A. Functionally,
SV1 and SV2 reportedly modulate hMOR-1 binding
when coexpressed, lowering [3H]diprenorphine binding.

C. Characterization of MOR-1 Splice Variants

The existence of the variants alone does not ensure
that they are pharmacologically relevant, but several
lines of evidence support their functional significance.

1. Regional Distribution of MOR-1 Variants.
Northern blots of MOR-1 yield different banding pat-
terns depending upon the exon sequences used to probe
the mRNA (Thompson et al., 1993; Mansour et al.,
1994a; Raynor et al., 1995; Pan et al., 2001), supporting
the concept of alternative splicing of the OPRM1 genes.
In situ hybridization approaches examined the distri-
bution of MOR-1 mRNA in the brain in a more an-
atomically relevant way (Mansour et al., 1994a;
Minami et al., 1995; Zhu et al., 1998; Peckys and
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Landwehrmeyer, 1999). Looking back at these studies,
interpreting them leaves a number of questions
because most exons are shared among more than one
variant, meaning that the hybridization probes may be
labeling more than one species of mRNA, depending
upon the actual probe sequence. Semiquantitative RT-
PCR reveals marked regional differences for many of
the variants, in contrast to the relatively universal
distribution of mMOR-1 mRNA (Fig. 20) (Pan et al.,
1999, 2000, 2001). For example, in mouse brain, the
thalamus has high expression levels of mMOR-1C with
little expression of mMOR-1D and mMOR-1E mRNAs
(Pan et al., 1999). The striatum and hypothalamus
highly express mMOR-1E mRNA, whereas mMOR-1D
mRNA levels are higher in the cortex, brain stem, and
periaqueductal gray (Pan et al., 1999). At the time of
these studies, only the full-length variants were
known. Now it is clear that some of the probes will
amplify more than one variant because of 59 splicing.
In human brain, hMOR-1G2 is highly expressed in the
prefrontal cortex, piriform cortex, nucleus accumbens,

and pons but not in the temporal cortex and spinal cord
(Xu et al., 2009). Although semiquantitative RT-PCR
has a number of disadvantages and the quantification
is only approximate, these findings imply that the
OPRM1 gene undergoes region-specific splicing.

Assessing the regional distribution of the variants at
the protein level is not simple because of the combina-
tion of both 39 and 59 splicing. Autoradiography was used
extensively in early studies, and the distributions were
helpful in understanding opioid action. However, auto-
radiography is limited by its inability to distinguish
among the full-length MOR-1 variants because they
have similar binding affinities for the radiolabeled
drugs. Greater accuracy can be achieved using imuno-
histochemistry (Arvidsson et al., 1995b; Ding et al.,
1996; Mansour et al., 1995b; Moriwaki et al., 1996).
However, this also has its limitations. The initial studies
used antisera generated against exon 4. Although this
antiserum labels MOR-1, it also labels truncated splice
variants that also express the exon 4 epitope and will not
label the other 39-spliced variants. Finally, there has

TABLE 15
Single TM variants of OPRM1: Amino acid sequences downstream of exon 1

The amino acid sequences downstream of exon 1 for the single TM variants are presented.

Species Variant Amino Acid Sequence Downstream of Exon 1

Mouse mMOR-1Q/R/Z VHRLHPHVLSSHMVLGEPAQNLCLHLRLHHAGPHHHCVLWTDDLTTQECPHAVGLQRKG
QEPAQDHPDGAGGRGCIYCLLDPHPHLCHHQSTDHDSRNHF
PDCFLALLHCLGLHKQLPEPSSLCVPG

mMOR-1S S
mMOR-1T RSHMELPLYLPRLPSLHWSK

Human hMOR-1S S
hMOR-1Z FHRLYTNILSSNLVLGKPAEDLCFHLRLHY

ASAHHYRVLWTDDLAPQECPHALWLQRKGQES
SKDHQDGAGGGGCVHRLLDSHSHLRHH

SV1 RYSWFVIGGPEGRRKQRRLGEDKRARGCGEKG
SV2 SSWF

Rat rMOR-1S S
rMOR-1Z VHRLHPHVLPPNLVLGEPAQNLCLYLRFHHADPHHHCVLRPDDLTTQERSHAIGLQRKGQESA

QDHPDGAGGRGCIYRLLDPHPHLRHHQSADHDSRNHI
SDRFLALLHCFGLHEQLPESSSLRLPG

Fig. 20. Regional mRNA splice variants. The regional distribution of the indicated splice variants was determined using RT-PCR, with b2-
microglobulin as an internal control. Adapted from Pan et al. (1999, 2001).
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been much discussion on the pitfalls of immunohisto-
chemistry and the potential of labeling unrelated
proteins. Thus, these studies also must be interpreted
cautiously.
Even with the above caveats, it is interesting to

examine the immunohistochemical distribution of a
number of variants using antisera against C-terminal
epitopes or against exon 11 (Abbadie et al., 2000b,c,
2004; Zhang et al., 2006). For example, an antisera
against the epitope of the C terminus in the exon 7/8/9
variants differ from the labeling using antisera against
an exon 4 epitope in the medial eminence, thalamic
nuclei, and nucleus ambiguus (Abbadie et al., 2000c).
Even when variants are expressed in the same regions,
such as the dorsal horn of the spinal cord, confocal
microscopy reveals that the two antisera label different
cell populations (Abbadie et al., 2000c). Another antise-
rum raised against a mouse exon 8/9 epitope uniquely
labels the dentate gurus, the mossy fibers of the
hippocampal formation, and the nucleus of the solitary
tract (Abbadie et al., 2000b), whereas an antiserum
raised against an exon 3/5a epitope predominantly
labels the olfactory bulb (Schulz et al., 1998). The exon
4 epitope is predicted in eight mouse variants, four of
which generate the identical protein as mMOR-1
(mMOR-1, mMOR-1H, mMOR-1i, and mMOR-1J),
whereas the others can potentially generate truncated
6TM variants (mMOR-1G, mMOR-1i, and mMOR-1J).
Similarly, the epitope in the exon 7/8/9 variants might
label either mMOR-1C and/or mMOR-1M, whereas the
epitope in the exon 8/9 variant could label either mMOR-
1D and/or mMOR-1N. Distinguishing among these var-
iants will be challenging.
It is interesting to note the apparent mismatch

between mRNA and protein levels. For example,
expression of mMOR-1C and mMOR-1M mRNA is
lower than mMOR-1 mRNA (Pan et al., 1999, 2001).
Yet, immunostaining of the epitope in the mouse exons
7/8/9 variants is readily seen and appears similar to
that of mMOR-1 itself (Abbadie et al., 2000c). Although
this may simply reflect the sensitivity of the two
antisera, there may be differences in the relationship
between mRNA and protein levels, possibly because of
protein and/or mRNA stability issues.
Exon 4 and the exon 7/8/9 containing variants were

also compared ultrastructurally, as well as their as-
sociation with the peptide CGRP (Abbadie et al., 2001).
The exon 7/8/9-LI in the superficial laminae of the
spinal cord is localized almost exclusively presynapti-
cally and colocalizes with calcitonin gene-related pep-
tide (CGPR), whereas the labeling of the exon 4 epitope
displays an equal pre- and postsynaptic distribution and
does not show colocalization with CGPR.
2. Biochemical Characterization of MOR-1 Splice

Variants. With all the full-length variants containing
the identical TM domains that define the binding pocket,
one question is whether their C-terminal differences

affect their affinities and/or selectivities for mu opioids.
More intriguing, these C-terminal differences may affect
biased signaling. The importance of b-arrestins in GPCR
signaling has been extensively reviewed (Raehal et al.,
2011; Reiter et al., 2012). It is noteworthy that the mu-
opioid receptor was the first to reveal biased agonism
(Bohn et al., 1999; Groer et al., 2007; Violin and
Lefkowitz, 2007). Recently, Violin and colleagues reported
the synthesis of a G protein-biased ligand, TRV130 ([(3-
methoxythiophen-2-yl)methyl]({2-[(9R)-9-(pyridin-2-yl)-6-
oxaspiro[4.5]decan-9-yl]ethyl})amine), with potent anal-
gesic actions and fewer potential side effects, presumably
attributed to its biased agonism (Dewire et al., 2013).
Thus, biased agonism is likely to play a more important
role in opioid pharmacology in the future. We do not yet
know whether biased signaling will change for a drug
when examined in different C-terminal splice variants,
but considering the wide array of structural differences
generated by 39 splicing, it seems likely that they will. If
so, this will add yet another layer of complexity to our
understanding of opioid action.

When expressed in CHO cells, the full-length variants
display similar affinities for the mu opiates and are mu
selective, the one exception being mMOR-1B4 (Pan
et al., 1999, 2000, 2003, 2005a,b; Pasternak et al., 2004;
Xu et al., 2009). Small differences are seen among the
variants for some of the endogenous opioid peptides. For
example, both b-endorphin and dynorphin A show over
4- to 5-fold higher affinity for mMOR-1D than mMOR-1.
On the other hand, hMOR-1 demonstrates a 2-fold
higher affinity than hMOR-1X (Pan et al., 2003). The
reasons for these differences are not clear because the
binding pockets are identical, but differences in the
C termini may produce subtle conformational changes,
either alone or through their ability to recruit other
proteins to the receptor complex.

Mu receptors are inhibitory, as seen by their ability
to inhibit stimulated adenylyl cyclase activity (Blume
et al., 1979; Law et al., 1981; Childers, 1991; Knapp
et al., 1995; Standifer et al., 1996; Standifer and
Pasternak, 1997). As with other GPCRs, mu agonists
induce G protein activation, as demonstrated by stimu-
lation of [35S]GTPgS binding (Childers, 1991). Although
all the agonists stimulate [35S]GTPgS binding in the
full-length variants, there are differences among the
variants when testing individual drugs for both potency
(i.e., EC50 values) and efficacy (i.e., maximal stimulation)
(Abbadie et al., 2000c; Bolan et al., 2004; Pasternak
et al., 2004; Pan et al., 2005a,b). Furthermore, the
correlation between binding affinity (Ki) and potency
(EC50) in the [35S]GTPgS binding assays is weak. For
example, b-endorphin stimulates [35S]GTPgS binding
over 20-fold more potently in rMOR-1 than in rMOR-
1C1 despite its similar binding affinity (Pasternak et al.,
2004), implying differences in their intrinsic activities
because maximal [35S]GTPgS binding is seen at differ-
ent receptor occupancies. There also is no obvious
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correlation between potency and efficacy. Finally, func-
tional differences also are observed for the full length 59-
splice variants hMOR-1i and rMOR-1H2 with their
extended N termini in agonist-induced [35S]GTPgS binding
assays (Pan et al., 2003; Xu et al., 2009).
Mu-opioid receptors primarily couple to inhibitory

G proteins, such as Gai/Gao, inhibiting adenylyl cyclase
and decreasing intracellular cAMP levels, although
they can have stimulatory effects under certain cir-
cumstances (Crain et al., 1988; Cruciani et al., 1993;
Crain and Shen, 2000b). As with the stimulation of
[35S]GTPgS binding, both potency (IC50 values) and
efficacy (maximal inhibition) for a range of opioids
differ among the full-length 39-splice variants when
examined for inhibition of forskolin-stimulated cAMP
accumulation (Pan, 2005). However, the [35S]GTPgS
binding results do not always correspond with those
from the adenylyl cyclase assays. For example, b-endorphin
is the more potent in [35S]GTPgS binding assays but
more efficacious in adenylyl cyclase assays (Pan, 2005;
Pan et al., 2005b). Although these differences may be
attributed to a wide range of factors, including different
assay conditions, they raise intriguing questions re-
garding the role of biased agonism and 39 splicing.
MOR-1 trafficking has been extensively studied (Keith

et al., 1996, 1998; Sternini et al., 1996; Whistler et al.,
1999; Fan et al., 2005; Von Zastrow, 2011). As noted
above, the inability of morphine to induce rapid in-
ternalization of MOR-1 is not universal among the MOR-1
splice variants (Abbadie and Pasternak, 2001; Tanowitz
and Von Zastrow, 2003; Tanowitz et al., 2008). The
efficient postendocytic sorting of MOR-1 is dependent
upon a sequence termed the MOR1-derived recycling
sequence (MRS), located at the tip of the C terminus and
encoded by exon 4 (Tanowitz and Von Zastrow, 2003).
Several C-terminal variants, including mMOR-1B,
mMOR-1D, and mMOR-1E, lack the MRS because of
alternative 39 splicing and show inefficient receptor
recycling after DAMGO-induced endocytosis in HEK293
cells, further supporting the functional roles of C-terminal
splicing (Tanowitz et al., 2008). mMOR-1D andmMOR-1E
display robust morphine-induced receptor phosphoryla-
tion and internalization compared with the lack of re-
sponsiveness of mMOR-1 (Koch et al., 2001). The inability
of morphine to internalize mMOR-1C in this study
contrasts with the internalization of mMOR-1C in the
brain when the drug was given intracerebroventricularly
(Abbadie and Pasternak, 2001), raising the interesting
possibility that trafficking may be dependent upon the
cell type in which the receptor is being expressed. It is
important to remember that morphine will interact with
all the full-length splice variants, so its inability to in-
ternalize one may not be predictive of its overall in vivo
actions, which probably represent the summation of its
actions at many variants simultaneously.
Similar to many receptors, phosphorylation is thought

to be important in mu-opioid receptor regulation, having

been implicated in a range of actions, including de-
sensitization, tolerance, dependence, and internalization
and biased agonism (Koch et al., 1998; Law et al., 2000;
Deng et al., 2001; Von Zastrow et al., 2003; Wang, 2003;
Bohn et al., 2004; Waldhoer et al., 2004; Violin and
Lefkowitz, 2007; International HapMap3 Consortium,
2010; Law, 2011; Reiter et al., 2012). Most phosphory-
lation sites are contained within the intracellular loops
and C terminus in regions encoded by exons 2 and 3.
However, consensus sequences have suggested potential
sites for b-adrenergic receptor kinase, protein kinase C,
casein kinase, tyrosine kinase, and cAMP- and cGMP-
dependent protein kinases within the alternatively
spliced exons downstream from exon 3 (Pan et al.,
1999, 2003, 2005b; Zimprich et al., 1995; Pasternak
et al., 2004; Doyle et al., 2007a,b). Threonine 394, located
at the C-terminal tip of MOR-1, is an excellent example.
Encoded by exon 4, it is a major residue for DAMGO-
induced receptor phosphorylation of rMOR-1, as shown
by the loss of 90% of DAMGO-induced phosphorylation
with a T394A mutation (Deng et al., 2000) and its
correlation with the elimination of DAMGO-induced
adenylyl cyclase superactivation (Wang et al., 2007).
Serine 375, also located at the C terminus, can be
phosphorylated by mu agonists, such as DAMGO,
fentanyl, etonitazene, and morphine. However, in a
knock-in mouse expressing the S375A mutant mu
receptor, analgesic tolerance to high-efficacy agonists,
including fentanyl and etonitazene, is attenuated,
whereas morphine tolerance is unaffected, suggesting
that phosphorylation may differentially mediate the
actions of various mu agonists (Grecksch et al., 2011)
Thus, 39 alternative splicing clearly affects phosphoryla-
tion patterns and internalization of the various variants.

3. Role of Alternative Splicing of MOR-1 in Opioid
Analgesia. A number of approaches have correlated
the various cloned opioid receptors with analgesia. The
first approach involved antisense, followed by the
generation of a series of knockout mice. Each approach
has its advantages and disadvantages. Antisense ap-
proaches can be used in a mature animal, avoiding
potential compensatory developmental changes. How-
ever, it is only a partial knockdown, and when dealing
with administration in the brain its targets are diffusion
limited. Antisense mapping provides a valuable ap-
proach in assessing the potential role of splice variants
functionally. It was initially demonstrated with the
delta-opioid receptor DOR-1 shortly after it was cloned
(Standifer et al., 1994) and has been used to explore the
effects of splice variants of neuronal nitric oxide on
opioid analgesia (Kolesnikov et al., 1997, 2009; Paster-
nak and Pan, 2000; Pasternak and Kolesnikov, 2005). It
provides a means of selectively targeting different
regions of the mRNA, enabling the selective down-
regulation of only those splice variants containing the
target sequence. It is even possible to target the splice
site junction between two exons and selectively target
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a variant without a unique exon (Kolesnikov et al.,
1997; Xu et al., 2013).
Knockouts have a complete loss of the targeted

sequences, but their absence during development may
lead to compensatory systems, making behavioral
analysis, in particular, difficult to interpret. This can
be addressed with conditional knockouts, but most
models used to study opioid function are traditional
knockouts. Knockouts often will eliminate all gene
products, depending upon the constructs, making it
very difficult to assess the individual contributions of
splice variants. However, this is not always the case.
Some knockouts continue to express splice variants not
containing the targeted regions, as first reported with
a knockout of neuronal NOS (Huang et al., 1993;
Eliasson et al., 1997). Neuronal NOS undergoes
extensive splicing. The knockout mouse targeted exon
2, but a variant that lacks exon 2, neuronal NOSb, is
still expressed in the animal. Thus, targeting one exon
within a gene does not necessarily eliminate all gene
expression. As discussed below, a similar situation is
seen in several MOR-1 knockout mice.
a. Full-length variants
i. Antisense mapping. The first demonstration of

the functional significance of MOR-1 in morphine
analgesia was presented at a symposium in November
of 1993 honoring William Martin (Uhl et al., 1994) in
which an antisense against exon 1 of MOR-1 adminis-
tered into the periaqueductal gray of the rat blocked
morphine analgesia (Rossi et al., 1994a). Antisense
approaches also provided a means to document the
functional significance of the other opioid receptor
families (Adams et al., 1994; Bilsky et al., 1994; Chien
et al., 1994; Lai et al., 1994a,b; Pan et al., 1994,1995;
Rossi et al., 1994a; Standifer et al., 1994; Tseng et al.,
1994; Cha et al., 1995; Chen et al., 1995). Antisense
approaches have now been used against a wide range of
opioid functions, but the focus here will be on analgesia.
Antisense mapping of MOR-1 in both mice (Rossi

et al., 1995a, 1996) and rats (Rossi et al., 1994a, 1995b)
reveals very interesting findings (Table 16). Supra-
spinally, targeting exons 1 and 4 lowers morphine
analgesia without impacting the effectiveness of mor-
phine-6b-glucuronide (M6G). Conversely, probes target-
ing exons 2 and 3 decrease M6G analgesia but not that
of morphine. Thus, these early studies imply that both
morphine and M6G analgesia are mediated through the
mu-opioid receptor gene OPRM1 but through different
variants. A more recent study examined the effect of
downregulating mMOR-1S using an antisense targeting
the exon 1/exon 4 splice junction. Decreasing the levels
of the 1TM variant lowered the levels of MOR-1 ex-
pression, consistent with the chaperone function of the
1TM variant, and decreased morphine’s analgesic re-
sponse (Xu et al., 2013). Thus, it is possible that the
decreased analgesia seen with the antisense probes
targeting either exon 1 or exon 4 might be acting by

targeting the full-length 7TM variant MOR-1 or the
1TM variant.

Early work showed that supraspinal, but not spinal,
morphine analgesia is blocked by naloxonazine,
implying a different mechanism of action for the two
sites (Paul et al., 1989a). Antisense studies also reveal
a difference between supraspinal and spinal morphine
analgesia, with antisense probes targeting exon 4
blocking both sites, whereas the exon 1 antisense blocks
only supraspinal morphine analgesia. Antisense ap-
proaches also demonstrate the importance of variants
containing exons 6, 7, 8, 9, and 10 in systemic morphine
analgesia (Pan et al., 1999, 2000). Because these exons
encode a range of different splice variants, these results
imply that morphine analgesia cannot be explained by
a single receptor. Presumably, each variant involved
contributes to the overall effect. With all of them
contributing to a common response, it is easy to see
how removal of any one decreases activity.

ii. Knockout models. Knockouts of the OPRM1 gene
using various gene targeting strategies have explored
mu receptor function, including an exon 2 disruption
(Matthes et al., 1996), deletion of the coding region of
exon 1 (Schuller et al., 1999), deletion of both the
coding and promoter regions of exon 1 (Sora et al.,
1997), deletion of both exons 2 and 3 (Loh et al., 1998),
and deletion of exon 11 (Pan et al., 2009) as recently
reviewed (Ansonoff et al., 2011). Each model is unique,
and comparing results among them provides interest-
ing insights into morphine analgesia.

Disrupting exons 1, 2, and/or 3 leads to a virtually
complete loss of morphine function, indicating that
morphine responses depend upon the exon 1-associated
full-length variants. The exon 1 knockout mouse gener-
ated by Pintar and colleagues (Schuller et al., 1999) is
particularly interesting. Although exon 1 is disrupted in
this model, the other exons are still expressed, as
evidenced by the persistence of an exon 2–3 band on
PCR and immunohistochemically using an antisera
against the exon 7/8/9 epitope. As with the other
knockouts that target exons 1, 2, and/or 3, morphine is

TABLE 16
Antisense mapping MOR-1 exons

Antisense mapping involved designing antisense oligodeoxynucleotides (DNA) of
approximately 20–25 bases that targeted the specific indicated exons were
administered either supraspinally or spinally and their effect on analgesia
determined. Compiled from the literature (Rossi et al., 1994a, 1995a,b; Kolesnikov
et al., 1996b; Pan et al., 1999; Pasternak and Pan, 2000; Pasternak, 2001; Abbadie
et al., 2002).

Targeted Exon

1 2 3 4 6 7 8 9 10

Supraspinal
Morphine Yes No No Yes Yes Yes Yes Yes Yes
M6G No Yes Yes No No No No No No

Spinal
Morphine No No No Yes ND ND ND ND ND

Peripheral (topical)
Morphine Yes No No Yes ND ND ND ND ND

ND, not determined.
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inactive in the Pintar mice. However, heroin, 6-acetyl-
morphine (the active metabolite of heroin), and morphine-
6b-glucuronide retain full analgesic activity, although
with a slightly lower potency (Fig. 21).
Assessing heroin and morphine-6b-glucuronide

actions with the other knockout models gives additional
insights. Mice with disruption of exons 2 and/or 3 lose
sensitivity toward heroin analgesia, implying that
variants containing these exons are a component of their
target. However, heroin and morphine-6b-glucuronide
reportedly are inactive in an exon 1 knockout model
generated by Uhl and colleagues, in which both the exon
and at least a portion of the promoter were deleted
(Kitanaka et al., 1998). The reasons underlying these
differences between the two exon 1 knockout animals
remain unclear. The Pintar mice still express the exon
11-associated variants, but it is not known whether the
exon 1 knockout animals generated by Uhl, which have
lost a larger region of the gene, still express them. In
addition to a possible loss of promoter activity, the
elimination of a longer stretch of the gene might
influence the overall splicing of the gene, leading to
a more wide-spread disruption of splicing and loss of
variants.
The exon 11 knockout mice reveal a very different

pharmacology. Unlike the others, eliminating the exon
11-associated splice variants has little effect on
morphine analgesia (Table 17). However, the exon 11-
associated variants are important in the actions of
some mu opioids, as seen by the decreased analgesic
potency of heroin and morphine-6b-glucuronide and
several other mu drugs (Table 17). These observations
suggest a role for both the exon 1-associated and the
exon 11-associated variants in mu analgesia, with some
mu drugs acting through one or the other or both sets of
variants.
b. Truncated variants: 6TM. Questions regarding

the functional significance of the truncated exon 11-
associated truncated variants have been raised. As
noted above, loss of these variants in the exon 11

knockout mouse impairs the analgesic actions of several
mu opiates, but not morphine (Table 17). The functional
significance of these splice variants has been further
strengthened by the actions of a series of unique
analgesics based upon 39-iodobenzoyl-6b-naltrexamide
(IBNtxA) (Fig. 22) (Majumdar et al., 2011, 2012). Despite
being a naltrexone derivative, this ligand is 10-fold more
potent an analgesic than morphine. Additional testing
reveals a very interesting pharmacology (Fig. 23).
Despite its profound analgesic actions, it has no re-
spiratory depression, displays no evidence of physical
dependence with chronic dosing, and shows no cross-
tolerance with morphine. In addition, it displays no
reward behavior in a conditioned place preference model
and has minimal effects on gastrointestinal transit.
Thus, its pharmacological profile has many advantages
over traditional opiates. However, its mechanism(s) of
action have proven even more intriguing.

To assess the possibility that the drug might be
acting through either delta or kappa1 receptors, it was
examined in a triple knockout mouse generated from
Pintar’s exon 1 MOR-1, DOR-1, and KOR-1 knockout
mice (Fig. 23). Traditional opioids are inactive in this
animal, but IBNtxA retains full activity. However,
IBNtxA is inactive in the exon 11 MOR-1 knockout

Fig. 21. Opiate analgesia in an exon 1 MOR-1 knockout mouse. With use of the radiant heat tailflick assay, dose-response curves were carried out in
wild-type and exon 1 MOR-1 knockout mouse with the indicated opiate. Adapted from Schuller et al. (1999).

TABLE 17
Opioid analgesia in an exon 11 MOR-1 knockout mouse

Analgesia was assessed in either wild-type C57 (WT C57) or in mice with
a disruption of exon 11 (exon 11 KO). Results (means 6 S.E.M. of independent
determinations) are from the literature (Pan et al., 2009; Majumdar et al., 2011).

Drug
Analgesic ED50

Shift
WT C57 Exon 11 KO

mg/kg

Morphine 1.58 6 0.17 2.6 6 0.5 1.6
Methadone 1.53 6 0.06 1.8 6 0.14 1.2
IBNtxA 0.53 6 0.07 . 20 .35
NalBzoH 22 6 5.3 .100 .5
Nalbuphine 47 6 15 .200 .4
Levorphanol 0.1 6 0.01 0.72 6 0.13 7
Butorphanol 5.9 6 3.9 .100 .15
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mouse, implicating an exon 11-associated splice vari-
ant in its actions. Thus, the knockout studies indicate
that the target of this drug is generated by the mu-
opioid receptor gene OPRM1, based upon the loss of
effect with the exon 11 knockout, whereas the other

knockouts indicate that the target does not involve any
exon 1-containing MOR-1 variants or delta or kappa1
receptors. Together, these observations imply that the
target contains one of the truncated 6TM exon 11-
associated variants.

A radiolabeled version of the drug, [125I]IBNtxA,
identifies an opioid binding site in the triple knockout
mice that is lost in both the exon 11 (Majumdar et al.,
2011) and in the exon 2 (Matthes et al., 1996) knockout
mice (Fig. 24). The selectivity of the binding site is very
unusual (Table 18). Although many mu drugs, such as
morphine and DAMGO display very poor affinity for
the site, as do selective kappa1 (U50,488H) and delta
[[D-Pen2,D-Pen5]enkephalin or DPDPE] compounds,
the binding is readily competed by a large number of
established opioid analgesics, including many that
have been used clinically. The selectivity profile is
reminiscent of the kappa3 binding site proposed over
20 years ago (Clark et al., 1989), although some differ-
ences exist.

Fig. 22. Structure of IBNtxA.

Fig. 23. In vivo pharmacology of IBNtxA. (A) IBNtxA analgesia was
assessed in wild-type (WT) or triple knockout (KO) mice with a disruption
of exon 1 in MOR-1, DOR-1, and KOR-1. ED50 values: WT 0.22 mg/kg
(0.13, 0.32); Triple KO 0.39 mg/kg (0.15, 0.58). (B) Analgesia was assessed
with a fixed dose of IBNtxA (0.5 mg/kg) in wild-type, triple knockout (see
above) and exon 11 knockout mice. (C) Respiratory rates were determined
following saline or either IBNtxA (2.5 mg/kg) or morphine (20 mg/kg) at
doses 5-fold greater than their analgesic ED50. (D) Conditioned place
preference was carried out with saline, IBNtxA, or morphine in a 2-
compartment. In contrast to morphine, IBNtxA did not produce place
preference. Adapted from Majumdar et al. (2011).

Fig. 24. [125I]BNtxA binding. (A) Saturation studies were carried out
with [125I]BNtxA mouse brain membranes from either wild-type mice
with blockers or triple KO mice. (B) [125I]BNtxA binding was determined
in E1, E11, or E2 MOR-1 KO mice in the presence of mu (CTAP), kappa1,
U50,488H (kappa1), or delta (DPDPE) blockers, whereas the triple KO
mice were assayed without blockers. Adapted from Majumdar et al.
(2011).
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Identifying the [125I]IBNtxA binding site at the
molecular level is not yet complete, but there are
a several insights. First, the binding levels in brain
are not influenced by loss of the exon 1-associated
variants. Second, binding is lost in the exon 11 knockout
and also in the exon 2 knockout (Fig. 24) (Majumdar
et al., 2011). These observations are consistent with
those looking at analgesia and indicate that the binding
site includes a 6TM exon 11-associated variant contain-
ing exon 2 and not exon 1. Humans, mice, and rats all
have these variants (section VIII.B.1). When expressed
alone, the 6TM variants display poor affinity for any
opioids, including [125I]BNtxA. However, when coex-
pressed with another G protein-coupled receptor, high-
affinity [125I]BNtxA binding is seen, presumably
because of the formation of heterodimers containing
the 6TM variant (Table 19). The natural partners of the
heterodimer are not yet known. However, there is the
interesting possibility that these 6TM/E11 heterodimers
represent a class of receptors rather than a single one.
c. Truncated variants: 1TM. The last group of splice

variants includes the single transmembrane proteins
(Figs. 16 and 17). Although they were first reported
shortly after the initial cloning of MOR-1 (Du et al.,
1996, 1997), their functional significance was unclear.

This was particularly intriguing because the abun-
dance of the single TM mRNA is quite high in
neuroblastoma cells. More recent studies confirm the
relevance of these variants (Xu et al., 2013).

Selective downregulation of the single TM variant
mMOR-1S using an antisense approach diminishes
morphine analgesia in vivo. Although the single TM
variants are incapable of binding opioids alone, they
have a chaperone-like action, physically associating
and stabilizing the full-length variant MOR-1 in the
endoplasmic reticulum. The single TM protein slows
the turnover of the full-length MOR-1, thereby elevat-
ing its expression levels and increasing morphine’s
potency (Xu et al., 2013).

IX. The Future

The opioid field is among the oldest in pharmacology.
Yet, it continually provides surprises, often just when
we think we understand the system. For close to a
century, it was assumed that morphine and other
opiates acted through a single mechanism and receptor,
only to find from the morphine/nalorphine combination
studies in the 1950s that more than one class exists. The
biochemical identification of the receptors was antici-
pated, but the discovery of the endogenous peptides was
surprising, particularly the prediction of a host of
additional putative opioids derived from processing of
the larger precursors. Indeed, we still do not have a firm
understanding of the roles for many of these additional
putative opioid peptides, although one, BAM-22, labels
a distinct family of sensory neuron-specific G protein-
coupled receptors (Baird et al., 1982; Lembo et al., 2002;
Grazzini et al., 2004; Hong et al., 2004). Whether the
others also will have receptors identified remains to be
seen.

TABLE 18
Binding selectivity of [125I]BNtxA binding in a mu/delta/kappa1 knockout mouse

[125I]BNtxA binding was performed in triple knockout mice generated by the Pintar laboratory with disruptions of exon
1 of MOR-1, as well as DOR-1 and KOR-1. These animals have no demonstrable [3H]DAMGO, [3H]U69,593, or [3H]
DPDPE binding. Results are from Majumdar et al. (2011).

Inactive Drugs Ki Active Drugs Ki

nM nM

Mu Selective Antagonists
Morphine .1000 b-Funaltrexamine 36 6 5.3
CTAP .1000 Naloxone 51.9 6 1.4
DAMGO .1000 Naltrexone 20.5 6 1.8
Oxymorphone .1000 Diprenorphine 2.2 6 0.71
Oxycodone .1000 Levallorphan 0.34 6 0.02
Morphine-6-glucuronide .1000 Benzomorphans
b-Endorphin .1000 Ketocyclazocine 0.04 6 0.01
Meperidine .1000 (2)-SKF10,047 13.5 6 1.6

Kappa1 Selective (2)Ethylketocyclazocine 0.21 6 0.11
U50,488H .1000 Cyclazocine 1.8 6 0.67
DynorphinA .1000 kappa3
a-Neoendorphin .1000 Naloxone benzoylhydrazone 0.59 6 0.15

Delta Selective Nalorphine 3.7 6 1.45
DADLE .1000 Levorphanol* 8.8 6 2.5
DPDPE .1000 Buprenorphine* 1.8 6 0.93
SNC80 Nalbuphine* 3.47 6 1.18

Butorphanol* 2.9 6 1.55

TABLE 19
Binding of [125I]BNtxA in transfected HEK cells

[125I]BNtxA binding was determined in HEK cells transfected with either the 6TM
variant mMOR-1G, ORL1, or both. No binding was detectable in the cells transfected
with either of the proteins alone. However, high-affinity binding was determined in
cells cotransfected. From the Majumdar et al. (2011).

Transfection [125I]BNtxA Binding KD

nM

mMOR-1G alone No binding detected
ORL1 alone No binding detected
mMOR-1G + ORL1 0.24 6 0.03
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Although clinical observations long ago clearly
implied that more than one receptor is responsible
for mu actions, a conclusion supported by traditional
pharmacological studies, the number, and the com-
plexity of splice variants of the mu-opioid receptor gene
OPRM1 was unanticipated. The newest insights come
with the truncated MOR-1 variants. Although known
for over decade, their functional significance is only
now becoming apparent. The concept of GPCR di-
merization is well established in pharmacology and
heterodimers between the traditional opioid receptors
leading to targets with unique pharmacological profiles
have been well documented. In addition to the mu/
delta dimers already discussed, the KOR-1/DOR-1
dimer corresponds to the pharmacologically defined
unique kappa2 receptor (Jordan and Devi, 1999; Zukin
et al., 1988), whereas MOR-1 can dimerize with ORL1
(KOR-3) to form a functionally distinct receptor (Pan
et al., 2002). The truncated 6TM variants appear to
generate novel receptor targets with greatly advanta-
geous pharmacological profiles, which was not antici-
pated. The possibility of a family of heterodimers
generated by truncated MOR-1 splice variants opens
the door to a whole family of new receptor targets.
Even the single TM variants are relevant, opening
questions of the significance of truncated variants in
GPCRs in general. Single TM GPCR variants are not
restricted to the opioid receptor family. Approximately
7% human GPCR genes, other than the olfactory
receptor ones, have one or more potential single TM
domain splice variants predicted by searching the
genomic databases. Although their expression has yet
to be verified experimentally, they might serve similar
functional roles in other GPCR families. Overall, one is
struck with the complexity of the mu-opioid system,
confirming the observation that “the only simple things
in science are scientists.”
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