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Molecular Insights Into p Opioid Pharmacology
From the Clinic to the Bench

Gavril W. Pasternak, MD, PhD

Abstract: Most of the opioids used in clinical practice exert their
effects through p opioid receptors. Yet, subtle but important
pharmacological differences have been observed among the p
opioids. Their potency, effectiveness, and adverse effects can vary
unpredictably among patients. These clinical differences among the
1 opioids strongly argue against a single receptor mediating their
actions. The cloning of the p opioid receptor has greatly enhanced
our understanding of the complexity of this system and has
provided possible mechanisms to explain these observations. A
single p opioid receptor gene has been identified, but we now know
that it generates a multitude of different p opioid receptor subtypes
through a mechanism commonly used to enhance protein diversity,
alternative splicing. Early studies identified a number of splice
variants involving the tip of the C-terminus. This region of the
receptor is far away from the binding pocket, explaining why these
variants still exhibit the same selectivity for p opioids. However, the
differences in structure at the C-terminus influence the activation
patterns of the p opioids. In addition, a second series of variants
has been isolated that involves alternative splicing at the N-
terminus. Together, these sets of p opioid receptor splice variants
may help explain the clinical variability of the p drugs among
patients and provide insights into why it is so important to
individualize therapy for every patient in pain.
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HISTORICAL PERSPECTIVE

Pain is a difficult sensation to quantify, in part due to
its subjectivity and variability among individuals. However,
even for a single individual, the perception of pain from the
same nociceptive input can vary widely depending on the
setting in which it occurs. Pain is an integrated perception
with subconscious components that differ from moment
to moment and is unique to each individual, raising
the possibility of a sensory filtering system capable of
modulating pain perception. Indeed, evidence now suggests
that opioids act through the activation of this system.
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In the early 1970s, Mayer and Liebeskind! found that
electrical stimulation of specific regions of rat brains, such
as the periventricular gray, the central gray, and parts of the
midbrain, produced profound analgesia, a response that
could be blocked by the opioid antagonist, naloxone. The
sensitivity of the response to naloxone implied that
electrical stimulation was releasing endogenous opioid-like
materials within the brain, compounds subsequently
identified as enkephalins and endorphins.?? Opioids
activate these filtering systems by mimicking the actions
of the endogenous opioids. What truly sets the opioids
apart from other analgesics is their unique ability to
diminish pain perception without altering more objective
sensations, such as light touch, temperature, or position;
providing insights into the characteristics and power of this
sensory filtration system.

Three families of endogenous opioids (enkephalins,
dynorphins, and B-endorphin) have been identified, as have
3 major families of opioid receptors (respectively: p, 8, and
K1), a family of evolutionally conserved receptors present in
most vertebrates.* Of these receptors, the p opioid receptors
(MORs) are particularly important clinically, as most of the
opioids used in patients target these receptors, including the
drug morphine.

BEHAVIORAL OBSERVATIONS SUPPORTING
THE EXISTENCE OF MOR SUBTYPES

Mu opioids are defined by their selectivity for MOR-1.
Compounds that are highly selective for MORs include
morphine (which is metabolized in the liver to morphine-3-
glucuronide—an inactive and potentially toxic byproduct,
and morphine-6B3-glucuronide, which is a potent analgesic
in its own right),>® codeine, fentanyl, heroin, methadone,
oxymorphone, and oxycodone. For years, many pharma-
cologists considered these agents interchangeable, consis-
tent with similar structures across many of the opioids and
their similar selectivity for p receptors (Fig. 1). However,
clinicians have long been aware of subtle, but important
pharmacological differences among them. Clinically, their
potency and effectiveness can vary unpredictably among
patients, with some patients achieving excellent relief with
one agent, whereas other patients requiring a different drug.
Side effects such as nausea and vomiting also differ among
individuals, wherein 1 p drug is intolerable, but another p
analgesic is suitable. Thus, the most effective drug for one
patient may not be the best one for another individual.
Finally, the presence of incomplete cross-tolerance among
the p opioids is another example of differences among the
drugs. Patients highly tolerant to 1 p opioid may regain
their sensitivity when switched to another p opioid, an
observation which has led to the practice of opioid
rotation.” In opioid rotation, patients no longer able to
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FIGURE 1. Structures of common p opioids.

tolerate further escalation of a drug due to side effects,
are switched to a different opioid, often leading to the
restoration of analgesic sensitivity at doses of the second
drug far lower than might have been anticipated.

Animal models illustrate the importance of genetic
backgrounds in these subtle differences. For example, a
fixed dose of morphine yields widely varying analgesic
responses in different strains of mice. In one study, a fixed
dose of morphine produced analgesia in 90% of BALB-c
mice, but in none of the CXBK strain, with other strains
showing intermediate responses. However, it was not simply
a matter of one strain being more, or less, sensitive to all of
the p drugs. Although the CXBK mice were insensitive to
morphine, they responded normally to heroin, methadone,
fentanyl, and morphine-6B-glucuronide,® clearly differentiat-
ing the responses to these drugs on a genetic basis, very much
like the clinical observations of varying patient responses to
different opioid drugs.”!® These preclinical studies support
the hallmark of opioid therapy—the need to individualize
treatment for each individual.

The complexity of p opioid pharmacology is also
indicated by analgesic studies exploring different combina-
tions of opioids administered together.'! Despite the
fact that the drugs in these studies were all classified
as p-selective, select combinations displayed profound
synergy, implying that perhaps, their mechanistic effects
were unique. This was particularly evident with combina-
tions of methadone and either morphine, morphine-6f3-
glucuronide, codeine, or the active metabolite of heroin,
6-acetylmorphine.

It is difficult to reconcile all of these observations with
a single receptor. Indeed, pharmacological studies led to the
suggestion of the existence of multiple MORs more than
25 years ago.'> Much of this evidence has been derived
from studies examining several unusual p antagonists in
the laboratory. In molecular studies, these p antagonists
differentially block one subpopulation of MOR binding
sites.!>!# In vivo studies of these same antagonists have
clearly dissociated morphine analgesia from respiratory
depression, the inhibition of GI transit, and many aspects
of physical dependence.'®> On the basis of these classical
studies, 2 MOR subtypes were proposed.'> However, it was
not until the p receptor was cloned that we began to
appreciate its true complexity.
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ALTERNATIVE SPLICING OF THE C-TERMINUS
OF MOR

Several groups first cloned MOR a little more than 15
years ago. The cloned receptor, MOR-1, is derived from a
single gene, raising the question of how to reconcile a single
gene with multiple receptors. We now know that the single
MOR gene generates dozens of protein subtypes through a
prevalent mechanism used to enhance protein diversity,
termed alternative splicing.

Although the human genome contains only approxi-
mately 20,000 to 30,000 genes,'®!7 these genes are
responsible for generating many-fold more proteins, there-
by greatly enhancing the diversity and complexity of
organisms. Genes comprise sequences that are contained
within mRNA, termed exons, and sequences that are not,
termed introns. By changing the composition of the exons,
many different proteins can be assembled. The process of
combining the exons together is termed splicing, while
including different sets of exons within an mRNA is
alternative splicing (Fig. 2). It has been estimated that at
least 60% of genes produce at least 1 alternative mRNA.!8
The process of alternative splicing involves a macromole-
cular machine composed of proteins and RNAs—the
spliceosome—that removes introns and joins exons to-
gether to form mRNAs, which are then read by the ribo-
some to generate proteins.!??° Alternative splicing is under
a number of controls, making it an important mechanism

Protein ( ]
mRNA | Exon 1| Exon 2|
Gene | Exon 1 Exon 2 Exon 3
mRNA | Exon 1| Exon 3|
Protein [ ]

FIGURE 2. Alternative mRNA splicing.
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FIGURE 3. Alternative mRNA splicing of MOR-1 leads to a combinatorial diversity of pu opioid receptor proteins. MOR-1 receptor splice

variants are depicted. MOR indicates p opioid receptor.

ultimately leading to differences among individuals in many
areas, including cancer, asthma, and other diseases.'®

MOR-1 is comprised a number of exons that combine
to form a wide range of splice variants (Fig. 3); MOR-1
itself contains 4 exons. Like other G-protein-coupled
receptors, MOR-1 is comprised of 7 transmembrane (TM)
domains with an extracellular N-terminus and an intracel-
lular C-terminus (Fig. 4). The first 3 exons are responsible
for encoding the N-terminus and all 7 TM domains,
whereas exon 4 encodes only the last 12 amino acids in
the intracellular C-terminus. The major series of MOR
variants in mice involves replacing exon 4 with a set of
alternative exons,?’"23 a splicing pattern that is relatively
conserved between humans,2*27 mice,2!23 and rats.2$:2°
The binding pocket for all of the full-length MOR variants
is identical, as the pocket is comprised of the 7 TM domains
encoded by exons 1, 2, and 3. Their differences are limited
to only the tip of the C-terminus, far from the binding
pocket, explaining why the variants all retain their high
affinity and selectivity for p opioids.?” However, the
differences in the amino acid sequence at the C-terminus
do appear to be important. Although their binding affinities
are similar, the activation patterns of the various p opioids
for the full-length receptor differ, possibly explaining their
subtle pharmacological differences.

Immunohistochemical imaging studies reveal that the
MOR-1 variants are widely distributed throughout the
nervous system, including within regions of the brain and
spinal cord involved in pain processing. Yet, confocal
microscopy of cells labeled for 2 different variants, MOR-1
and MOR-1C, in the dorsal horn of the spinal cord reveal
that cells typically generate 1 variant and not the other,
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raising interesting possibilities regarding the mechanisms
and control of splicing.” Staining studies also show that
MOR-1 receptors are present in the periphery, labeling
dorsal horn neurons and peripheral nerves, including some
innervating the skin and blood vessels. Evidence suggests
that these peripheral receptors can be targeted to help
relieve pain.

Beyond varying regional distributions,® the receptor
variants also likely serve different functions. Although the
binding pockets of the full-length variants are identical,
their overall pharmacological functions are defined by both
the transduction systems through which they couple and by
the neurons, and thus the pathways, in which they are
found. Although we often envisage the receptor in the
membrane associated with a G-protein, it is, in fact, a
component of a large molecular complex of numerous
additional proteins. The composition of the intracellular
receptor complex is defined by many factors, including the
amino acid sequences located at the tip of the intracellular
C-terminus. These complexes, called the receptorsome, are
integral to transducing the signal initiated at the MOR.
Although much of the emphasis has been placed on the
G-proteins and identifying which specific ones associate with
the receptor variants, many other proteins influence the
activation of the G-protein, and thus, the effects of opioids.
Studies have implicated a number of different proteins in
the signal transduction process, but they have not been
systematically examined for specificity to individual var-
iants. Indeed, the full complement of proteins within a
single opioid receptor complex of a receptor has not yet
been fully documented. Still, there is evidence that the
MOR variants do differ functionally.
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One feature of an opioid is its ability to stimulate the
opioid receptor, which biochemically is associated with its
ability to activate G-proteins. This can be measured by
examining the incorporation of a radiolabeled GTP analog.
Using this approach, it has been clearly shown that different
variants can be activated to differing extents by each opioid.
In other words, each opioid has a distinct activation profile
of specific receptor variants. Although this can easily be
demonstrated with variants singly expressed in a cell,
characterization of the variants expressed in the brain—
where all the variants coexist, may be more difficult, raising
the interesting question of how the actions of a drug should
be interpreted.

The affinity of an individual opioid has little variation
between receptor subtypes. Thus, when administered in
vivo, it would be expected that the opioid would bind to all
the variants equally well; however, the ability of the drug to
activate each variant is different. Ultimately, the outcome
of administering an opioid to an individual is the result of
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the sum of the effects of binding of the drug simultaneously
to the multiple receptor splice variants. Thus, differing
composite activation profiles of the drugs are likely to
explain the nuances and subtle differences in responses to
opioids among patients.>!

KNOCKOUT MICE

Establishing the functional significance of a cloned
gene can be most elegantly explored using animals that
have portions of that gene deleted. Indeed, the importance
of the full-length MOR-1 variants has clearly been
demonstrated in studies with animals that have a disrupted
MOR-1 gene.3?34 Removal of exon 1 eliminates all of the
full-length variants, as exon 1 is a necessary component
within all of them. Therefore, it was not surprising to see
that administering morphine to these knockout models was
without effect. Yet, one exon 1 knockout mouse presented
with particularly interesting characteristics. Like the
others, morphine actions were totally lost, as were those
of methadone, when given systemically (Fig. SA; Table 1).
Similarly, the analgesic actions of morphine and a p
peptide, DAMGO {[D-Ala?,MePhe*,Gly(ol)’]-enkephalin}
given centrally were also lost in the exon 1 knockout mouse
(Fig. 5B), whereas both morphine-6-glucuronide and
6-acetylmorphine, the active metabolite of heroin, retained
their analgesic activity.?* The lack of effects of the deletion
of exon 1 on the two x drugs: U50,488H and naloxone
benzoylhydrazone (NalBzoH), and the d-selective peptide:
DPDPE [(D-Pen?,D-Pen’)enkephalin], were important con-
trols. Although these observations implied that morphine-
6-glucuronide and heroin have different mechanisms of
action than morphine, additional experiments with selective
antagonists and antisense approaches clearly showed that
they were still acting through MORs. Furthermore, this
analgesia persisted in triple knockout mice also lacking
d and « receptors, and exon 1 of MOR-1, indicating that
this residual analgesia was not the result of cross-activating
d and « opioid receptors.

The exon 1 knockout mice also continued to make
mRNA transcripts of the MOR-1 gene, as shown by reverse
transcription-polymerase chain reaction and immunohisto-
chemistry—which revealed the continued expression of
epitopes associated with some of the splice variants. The
immunostaining of the exon 4 epitope was markedly
diminished, but not completely abolished. Staining with
the exons 7/8/9 epitope was similar to that seen in wild-type
mice. These data raised the question of whether or not the
persistent analgesia seen in these animals might result from
a MOR-1 variant lacking exon 1. Although the presence of
variants in which exon 4 was replaced with combinations of
other exons had been well established, no N-terminal
splicing had been observed. However, our laboratory
explored this possibility in depth and identified a second
promoter associated with a new exon, exon 11, which was
located more than 20kb upstream of exon 1 and its
promoter. Additional cloning studies then isolated a series
of exon 11-associated variants of MOR-1 with splicing at
the N-terminus of the receptor, in both mice and humans,
including clones that did not contain exon 1.27-3

Like the full-length C-terminus variants, these exon 11-
associated variants displayed a regional distribution of mRNA
distinct from MOR-1 itself and most of the other variants.
Three of the exon 11 variants generate the same receptor
at the protein level as MOR-1, whereas a different three,
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FIGURE 5. Opioid analgesia in a MOR-1 exon 1 knockout
mouse.3* Analgesic action of opioids in wild-type, heterozygous,
or homozygous mice. A, Groups of mice (n=8) received
subcutaneous injections of 13 mg/kg morphine, 2 mg/kg metha-
done, 5mg/kg of the k; drug U50,488H, or 60 mg/kg of the i3
drug NalBzoH (naloxone benzoylhydrazone), and were tested for
analgesia 30 minutes later. B, Groups of mice (n=9) received
intracerebroventricular injections of 0.7 pg morphine, 6 ng of the
pn  peptide DAMGO {[D-Ala?,MePhe* Gly(ol)*]-enkephalin},
12.5ng M6G (morphine-6-glucuronide) or 1.2 ug 6-acetylmor-
phine, and were tested for analgesia 15 minutes later. C, Groups
of mice (n=8) received intrathecal injections of 0.8 ug morphine,
12.5ng M6G or 500ng of the & peptide DPDPE [(D-Pen?,
D-Pen”)enkephalin] and were tested for analgesia 15 minutes
later. Analgesia is expressed as the percentage of mice respond-
ing. Reprinted from Nat Neurosci. 1999;2:151-156.

Morphine

MOR-1G, MOR-1M, and MOR-IN, predict proteins lack-
ing exon 1 and possessing the exon 11 peptide epitope.
Western blots confirm their presence within the brain, and
immunohistochemistry images show unique distributions.
However, these 3 variants predict only 6 TM regions, not
the 7 normally associated with G-protein-coupled recep-
tors. A full understanding of how these truncated receptors

© 2009 Lippincott Williams & Wilkins

TABLE 1. Effect of Exon-specific Knockouts of MOR-1 on
p Opioid Analgesia

Exon 1 (mg/kg, Exon 11 (mg/kg,

Subcutaneously) Subcutaneously)
Drug WT KO Shift WT KO  Shift
Morphine 50 >100 >20 1.6 2.6 1.6
M6G 3.8 8.5 2.3 092 193 21
Heroin 1.2 4.0 2.7 0.58 32 5.5
Fentanyl 0.024  0.230 9.7

EDs, values (mg/kg, subcutaneously) were determined from dose-
response curves in groups of animals for the exon 1 knockout studies®* and
the exon 11 knockout studies.3

KO indicates knockout; MOR, p opioid receptor; WT, wild type.

act at the molecular level has not been elucidated, although
there are some evidence suggesting that they may act
through dimerization with full-length variants. Several
of the other exon 1l-associated variants predict small
(<10kDa) peptides, however, these have not been
identified within the brain, raising questions with regard
to their endogenous expression and relevance.

Potentially, the variants lacking exon 1 could be
responsible for the residual analgesia from heroin and
morphine-6B-glucuronide. To assess this possibility, we
generated another knockout mouse in which exon 11 was
eliminated, while leaving exon 1 intact.?® These animals
responded normally to morphine and methadone, with
EDjs, values that were not statistically different from wild-
type animals (Table 1).343¢ However, the potency of heroin,
morphine-6B-glucuronide and fentanyl was markedly
reduced, implying that exon 11-associated variants lacking
exon 1 are important in the analgesic actions of heroin and
other opioids.

CONCLUSIONS

Clinicians have been at the forefront of opioid
pharmacology, recognizing subtleties in drug actions that
would not be possible using animal models. Extensive
experience has clearly documented the importance of
individualizing opioid therapy. Variable responses among
patients for individual drugs and for multiple drugs within
a single patient preclude “‘rules” in opioid use. Although
many questions remain, recent molecular studies suggest
intriguing possible explanations regarding why this varia-
bility among a single class of drug exists, such as the
existence of multiple MOR subtypes.

A single MOR gene has been identified, however, this
does not preclude the existence of many distinct MORs.
Alternative splicing is an important mechanism for
generating protein diversity and it has been well documen-
ted regarding the MOR gene in mice, rats, and humans.
Two general classes of splice variants have been identified.
The major class of MOR splice variants includes the
full-length 7 TM domains and involves exchanging exon 4
for combinations of alternative exons. These are interesting
in several respects. Their binding pockets are identical as
they are formed from a portion of the protein that is
completely conserved among the variants. Yet, C-terminal
differences among the variants appear to impact the proteins
comprising the receptor complex and thus their transduction
systems. Furthermore, whereas many of the variants are
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present in the same regions of the nervous system, they are
often expressed by different cells—suggesting further poten-
tial functional differences at the level of the neuronal
circuitry. Opioids likely bind to all of these 7 TM variants
equally well, but they differ in their activation profiles,
perhaps explaining their subtle, but real, pharmacological
differences. From the perspective of pharmacologists,
this offers an interesting new approach toward drug
design, as it may be possible to engineer novel drugs based
on these relative activation profiles and not simply based
on affinity.

The second set of splice variants involves the
N-terminus and also shows C-terminal splicing similar to
the first group, as well. These variants include a set of
three 6 TM variants that appear to be important in heroin
and morphine-6fB-glucuronide analgesia. The pharmaco-
logical relevance of these truncated variants raise intri-
guing questions regarding G-protein-coupled receptors in
general.

Research into MOR pharmacology has made enormous
strides in recent years, but the more we learn, the more
complex it becomes. One can only assume that this will
continue. These findings support the clinical paradigm of the
individualization of therapy for every patient in pain and
provide a mechanistic understanding of why this approach is
needed. The existence of multiple MOR splice variants
also provides some insight into a potential explanation for
the variability among drugs in one individual and among
patients. Genetic backgrounds are important in animal
models and it is reasonable to assume that genetics are an
important factor impacting patients, as well.

Identifying the genetic difference(s) will be a major goal
in the coming years. Single nucleotide polymorphisms (SNPs)
are the most common genetic alteration, and a number
of these have been identified within the MOR gene. One,
involving a single nucleotide change at position 118 (ie,
A118G) has been suggested to influence opioid function by
clinical studies, but the effects of this SNP in laboratory
studies have been somewhat controversial. In addition, many
other SNPs exist that have not yet been fully evaluated. Most
investigations have focused on MOR-1 itself. Extending these
studies to the splice variants may prove quite interesting.
More extensive mutations are possible and this possibility
also needs to be explored. How these mutations may impact
the sensitivity of the patient to a drug may not be simple. We
often believe that the genetic changes will alter affinity or
activation profiles, and this is certainly possible. However,
mutations in either exons or introns alike may also impact
relative splicing patterns, and thus, influence absolute or
relative levels of the variants. Genetic alterations may alter
trafficking of the mRNA or the receptor within the cell,
leading to functional changes. Finally, genetic variability may
reside “downstream” from the receptor itself; in much the
same way as cutting any link in a chain will give the same
results. This may help explain the association of opioid
sensitivity to other neurotransmitter systems. The future
promises further interesting developments in the field of
opioid pharmacology.
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