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OPIOID PEPTIDES AND THEIR
RECEPTORS: OVERVIEW AND

FUNCTION IN PAIN MODULATION

GAVAN P. MCNALLY
AND HUDA AKIL

Few neurotransmitter systems have fascinated the general
public as much as the endorphins, otherwise known as the
endogenous opioid peptides. They have been termed the ‘‘her-
oin within’’ and endowed with the power to relieve pain
and allow one to experience ‘‘runner’s high’’ or enjoy the
taste of chocolate. Although these powers may or may not
withstand close scientific scrutiny, there is little question
that endogenous opioid systems play a critical role in modu-
lating a large number of sensory, motivational, emotional,
and cognitive functions. As inhibitory neuropeptide trans-
mitters, they fine-tune neurotransmission across a wide
range of neuronal circuits, setting thresholds or upper limits.
In addition, they have served as prototypes for understand-
ing many structural and functional features of peptidergic
systems. Thus, the first neuronal receptor binding assays
were conducted on opioid receptors. The first peptides to
be discovered and identified after the hypothalamic neuro-
hormones (oxytocin and vasopressin) were the endogenous
opioids. The first mammalian cyclic DNA (cDNA) to be
cloned was an opioid precursor (proopiomelanocortin),
which also served as the prototype for genes that encode
multiple active substances and process them in a tissue-
specific and situation-specific manner.
Scientific studies of these systems during the last 30 years

have uncovered a complex and subtle system that exhibits
impressive diversity in terms of the number of endogenous
ligands (more than a dozen) yet amazing convergence at the
level of receptors (only three major types). Based on the
results of these studies, the endogenous opioids have been
implicated in circuits involved in the control of sensation,
emotion, and affect, and a role has been ascribed to them
in addiction—not only to opiate drugs, such as morphine
and heroin, but also to other highly abused drugs, such as
alcohol. This chapter cannot do justice to the rich body of
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information we possess on the endogenous opioid system.
However, we attempt to give the reader key information
about the biochemical nature of the system, along with an
update on our understanding of the recently cloned recep-
tors and their functions. Finally, we describe the regulation
of pain responsiveness as one example of a function me-
diated by opioids to illustrate the complexity of their role.

OPIOID PEPTIDES AND THEIR RECEPTORS

Genes and Proteins

The opioid peptide precursors are encoded by three genes:
pre-proopiomelanocortin, pre-proenkephalin, and pre-pro-
dynorphin. Each precursor is subject to complex post-trans-
lational modifications that result in the synthesis of multiple
active peptides. These peptides share the common N-termi-
nal sequence of Tyr-Gly-Gly-Phe-(Met or Leu), which has
been termed the opioid motif; this is followed by various C-
terminal extensions yielding peptides ranging from 5 to 31
residues in length. The major opioid peptide encoded by
pre-proopiomelanocortin is �-endorphin. In addition to �-
endorphin, the proopiomelanocortin precursor encodes the
nonopioid peptides adrenocorticotropic hormone (ACTH),
�-melanocyte-stimulating hormone (�-MSH), and �-lipo-
tropic pituitary hormone (�-LPH). Pre-proenkephalin en-
codes multiple copies of Met-enkephalin, including two ex-
tended forms of Met-enkephalin (a heptapeptide and an
octapeptide), and a single copy of Leu-enkephalin. Pre-pro-
dynorphin encodes three opioid peptides of various lengths
that all begin with the Leu-enkephalin sequence: dynorphin
A, dynorphin B, and neoendorphin (Fig. 3.1).
The �-opioid receptors (MORs), �-opioid receptors

(DORs), and �-opioid receptors (KORs) have been isolated
and cloned. The mouse DOR receptor was the first opioid
receptor cloned (1,2), and this initial cloning facilitated the
rapid cloning of MOR and KOR from various rodent spe-
cies (3–9). The coding regions of human genes for these
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FIGURE 3.1. The opioid-peptide precursors. (FromAkil H, Owens C, Gutstein H, et al. Endogenous
opioids: overview and current issues. Drug Alcohol Depend 1998;51:127–140, with permission.)

receptors were subsequently isolated and chromosomally as-
signed (10–12). These studies confirmed earlier pharmaco-
logic data indicating that all three receptors belong to the
superfamily of seven transmembrane-spanning G protein-
coupled receptors. A high degree of structural similarity ex-
ists between the three opioid receptors, which is highest in
transmembrane domains 2, 3, and 7 and the first and second
intracellular loops. The extracellular loops diverge consider-
ably among the three receptor classes, and this divergence
may explain differences in ligand selectivity among the opi-
oid receptors (Fig. 3.2).
The relationship between the opioid peptides and their

receptors is complex. This has been reviewed in detail else-
where (13), and we will note only some salient features. It is

FIGURE 3.2. The opioid receptors display a high degree of struc-
tural similarity. Numbers refer to the percentages of amino acid
identity between the cloned �-, �-, and �-opioid receptors.

clear from studies of the cloned receptors that high-affinity
interactions between each of the precursor and receptor
families are possible (14). For example, the proenkephalin
peptide Tyr-Gly-Gly-Phe-Met-Arg-Phe binds with sub-
nanomolar affinity to each of the cloned receptors. Simi-
larly, although binding with greater affinity to the KOR,
several of the shorter prodynorphin peptides bind with rea-
sonable affinity to the MOR and DOR. By contrast, the
binding of shorter proenkephalin peptides Leu-Enk (Tyr-
Gly-Gly-Phe-Leu) and Met-Enk (Tyr-Gly-Gly-Phe-Met)
readily discriminates between the three receptor families.
Overall, the KOR displays the greatest selectivity across the
endogenous ligands, with an approximately 1000-fold dif-
ference in affinity between the most preferred (Dyn A 1–7)
and least preferred (Leu-Enk) ligand, whereas the MOR
and DOR differ only across a 10-fold range (14). These
differences in selectivity could indicate the existence of dis-
tinct mechanisms for ligand recognition, such that MOR
and DOR recognize the common Tyr-Gly-Gly-Phe core,
whereas the KOR discriminates among the larger variation
in C-terminal regions. Indeed, elegant studies in which re-
ceptor chimeras were used have identified the critical do-
mains in the three opioid receptors that help discriminate
among the endogenous ligands (13).
Further attempts to detect novel opioid receptors re-

sulted in the isolation of a clone with high structural homol-
ogy to the opioid clones but little or no binding affinity for
the opioid ligands (15,16). The structural similarity be-
tween this orphan (or opioid receptor-like) opioid receptor
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(ORL-1) and the opioid receptors is highest in the trans-
membrane regions and cytoplasmic domain and lowest in
the extracellular domains critical for ligand selectivity (see
below). A ligand for the receptor was subsequently identi-
fied by two groups using chromatographic fractionation
techniques coupled to ORL-1-mediated inhibition of ade-
nylyl cyclase (17,18). This 17-amino acid peptide is iden-
tical in length and C-terminal sequence to dynorphin A.
Curiously, the N-terminal is slightly modified (Phe-Gly-
Gly-Phe) from the opioid core described above. It has been
termed orphanin-FQ or nociceptin because of its putative
ability to lower pain thresholds. The orphanin-FQ/nocicep-
tin (OFQ/N) precursor has been cloned from mouse, rat,
and human and has been localized on the short arm of
human chromosome 8 (19,20). In addition to OFQ/N,
evidence suggests that this precursor may encode other bio-
logically active peptides. Immediately downstream to OFQ/
N is a 17-amino acid peptide (OFQ-2) that also starts with
phenylalanine and ends with glutamine but is otherwise
distinct from OFQ/N, and a putative peptide upstream
from OFQ/N may be liberated on post-translational pro-
cessing (nocistatin). The OFQ/N system is a distinct neuro-
peptide system with a high degree of sequence identity to the
opioids. This slight change in structure results in a profound
alteration in function. Thus, OFQ/N is motivationally neu-
tral, as indexed by conditioned place preference (21), and
has pain modulators distinct from those of the opioid pep-
tides (see below). However, changes in as few as four amino
acids endow the ORL-1 receptor with the ability to recog-
nize prodynorphin products while still retaining recognition
of OFQ/N (22). These findings suggest that unique mecha-
nisms may have evolved to ensure selectivity against the
opioids versus selectivity for OFQ/N.

Issues and Complexities Revealed by
Multiple Pharmacologic Forms, Splice
Variants, and Receptor Dimers

The molecular cloning studies described above identified
only a single gene encoding each of the opioid receptors.
These findings contrast with results of pharmacologic stud-
ies indicating the existence of two subtypes of MOR and
DOR and up to four subtypes of KOR, and suggesting
additional receptor families (23–26). For example, the
DOR1 subtype is held to display greater affinity for the
agonist DPDPE, whereas the DOR2 subtype displays
greater affinity for the agonist deltorphin 2 (26). These two
subtypes may also make independent contributions to DOR
antinociception (27). It is possible that further molecular
cloning will identify unique genes encoding these receptor
subtypes. However, several authors have suggested that if
multiple opioid-receptor subtypes exist, they could be de-
rived from a single gene, and multiple mechanisms might
exist to achieve these distinct pharmacologic profiles. In this
section, we consider two such pathways to opioid-receptor

diversity: alternative splicing of receptor RNA and dimeriza-
tion of receptor proteins.
Alternative splicing of receptor heteronuclear RNA (e.g.,

exon skipping and intron retention) has been accorded an
important role in producing in vivo diversity within many
members of the superfamily of seven transmembrane-span-
ning receptors (28). For example, alternative splicing of the
coding region for the N-terminus of the corticotropin-re-
leasing hormone CRH-2 receptor results in �, �, and �
variants, each with a unique tissue distribution (see ref. 28
for review). It follows that splice variants may exist within
each of the three opioid-receptor families and that this alter-
native splicing of receptor transcripts may be critical for the
diversity of opioid receptors. A technique used extensively
to identify potential sites of alternative splicing is antisense
oligodeoxynucleotide (ODN) mapping. The ability of anti-
sense ODNs to target specific regions of cDNA allows sys-
tematic evaluation of the contribution of individual exons
to the observed properties of a receptor. Antisense ODN
targeting of exon 1 of the cloned rat and mouse MOR
prevents morphine analgesia in these species (29–31). By
contrast, administration of antisense ODNs targeting exon
2, which are inactive against morphine analgesia, prevents
the analgesia produced by heroin, fentanyl, and the mor-
phine metabolite morphine-6-�-glucuronide (M6G) (29-
31). A similar disruption of M6G but not morphine analge-
sia is observed following administration of antisense ODNs
targeting exon 3 (29). These results suggest that unique
MOR mechanisms may mediate the analgesic effects of a
variety of opiate alkaloids, and are consistent with the claim
that these unique receptor mechanisms could be achieved
via alternative splicing. The use of antisense ODNs has also
resulted in the identification of potential sites for splice
variation in the KOR and DOR (32). Central to the claim
that these results reflect the existence of opioid-receptor
splice variants is the in vivo isolation of such variants. A
splice variant of the MOR has been identified that differs
considerably within its C-terminus (33). As might be ex-
pected on the basis of the location of the alternative splicing,
this variant exhibits a binding profile similar to that of the
cloned MOR but does not readily undergo the desensitiza-
tion frequently observed following agonist exposure. Thus,
although it differs in composition, the existence of this splice
variant cannot explain the results described above. However,
just such a variant was detected in mice subjected to targeted
disruption of exon 1 (34). Thus, transcripts of the MOR
that contained exons 2 and 3 were identified in exon 1-
deficient mice. Moreover, whereas morphine analgesia was
abolished, heroin and M6G analgesia was retained in these
mice (see below).
The physical interaction of receptors to form a unique

structure (dimerization) has also been accorded an impor-
tant role in regulating receptor function. For example, di-
merization of GABABR1 (�-aminobutyric acid subtype B
receptor 1) and GABABR2 subunits is required for the for-
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mation of a functional GABAB receptor (35). Both the
cloned KORs and DORs have been found to exist in vitro
as homodimers (36). However, the most important demon-
strations of this kind are those showing dimerization be-
tween different functional opioid-receptor types. Jordan and
Devi (37) coexpressed tagged KOR and DOR or tagged
KOR and MOR and used coprecipitation techniques to
show that KOR and DOR can exist as heterodimers in vitro.
Dimerization of these receptors profoundly altered their
properties. The affinity of the heterodimers for highly selec-
tive KOR and DOR agonists and antagonists was greatly
reduced. Instead, the heterodimers showed greatest affinity
for partially selective agonists such as bremazocine. This
pharmacologic profile is similar to that claimed for the
KOR2-receptor subtype, which suggests that receptor di-
merization may explain at least part of the discrepancy be-
tween the molecular and pharmacologic properties of opioid
receptors. Heterodimerization thus offers a mechanism for
the formation of novel receptor forms and a possible expla-
nation for the in vivo diversity of opioid receptors. It will
be of particular interest to identify those factors governing
formation of opioid-receptor heterodimers, to determine if
and how frequently opioid receptors dimerize in vivo, and
to generate ligands that selectively recognize the dimerized
form of the receptors.

Signal Transduction Mechanisms and
Their Adaptation after Chronic
Stimulation

The opioid receptors couple to G proteins inhibiting ade-
nylyl cyclase, activating inwardly rectifying K� channels
and decreasing the conductance of voltage-gated Ca2�

channels (38). These mechanisms of signal transduction
have been verified by studies of the cloned receptors ex-
pressed in a variety of host cells (see ref. 39 for review).
Studies with the cloned receptors have also indicated that
the opioid receptors may couple to an array of other second
messenger systems, which include activation of the mitogen-
activated protein (MAP) kinases and the phospholipase C-
mediated cascade leading to the formation of IP3 (inositol-
1,4,5-triphosphate) and diacyl glycerol (see ref. 40 for re-
view). Prolonged exposure to opiates results in adaptations
at multiple levels within these signaling cascades. The signif-
icance of these adaptations rests, at least in part, in the causal
relationship that may exist between them and those seen at
the organismic level following iterated exposure to opiates,
such as tolerance, sensitization, and withdrawal. We con-
sider two such adaptations: those related to cyclic adenosine
monophosphate (cAMP) signaling and those related to re-
ceptor densensitization and internalization.
In an elegant series of experiments using rat locus ceru-

leus (LC) neurons, Nester and co-workers identified in-
creased levels of protein Gi� and protein Go�, adenylyl cy-
clase, and protein kinase A following prolonged in vivo

exposure to morphine (41–43). This up-regulation of the
cAMP signaling pathway mediates the increased excitability
of LC neurons observed after prolonged exposure to mor-
phine and has been invoked as a causal mechanism for the
increased or ‘‘rebound’’ activity of LC neurons frequently
observed when the drug is withdrawn (44,45). It follows
that these compensatory adaptations in cAMP signaling
could be causal to the opiate withdrawal syndrome observed
at the organismic level. Consistent with this possibility, in-
fusions of a protein kinase A inhibitor into the LC reduced
the severity of the antagonist-precipitated withdrawal syn-
drome in rats (46,47). Importantly, these adaptations are
not unique to opioid receptors in the LC. Increased levels of
adenylyl cyclase and protein kinase A in response to chronic
morphine exposure have also been detected in the nucleus
accumbens and amygdala (48). However, the changes in
levels of G-protein subunits induced by this treatment are
more complex, with decreased levels of Gi� detected in the
nucleus accumbens and increased levels of Gi� and Gio in
the amygdala. These widespread changes are also of signifi-
cance at the organismic level. For example, infusions of a
protein kinase A inhibitor into the periacqueductal gray
(PAG) reduced the severity of the antagonist-precipitated
withdrawal syndrome (47), and inactivation of Gi and Go

proteins in the nucleus accumbens reduced heroin self-ad-
ministration in rats (49).
The desensitization, internalization, and sequestration of

opioid receptors following their activation may also consti-
tute mechanisms for adaptation in signaling relevant for
understanding alterations in the physiologic impact of op-
iates. For example, phosphorylation of MOR and DOR via
protein kinase C results in a transient desensitization that
could subserve acute tolerance to opiates (50–53). Similarly,
the internalization of opioid receptors via a classic endocytic
pathway may have important implications for the physio-
logic impact of opiates. The internalization of opioid recep-
tors occurs in a ligand-specific manner. For example,
DAMGO and methadone promote internalization of the
MOR, but morphine does not (53,54). This ligand-specific
internalization is determined, at least in part, by differences
in the conformational changes induced by the ligand and
is independent of its ability to stimulate G-protein signaling
(55). These findings may offer a novel explanation of differ-
ences in the efficacy and abuse potential of various opiates.
However, at the time of this writing, few attempts have
been made to study the relevance of these alterations in
signaling to the adaptations seen in response to opiate expo-
sure in vivo. Perhaps the most interesting are demonstra-
tions that acute morphine analgesia is enhanced in mice in
which the gene encoding �-arrestin 2 was disrupted (56).
Opioid-receptor internalization is mediated, at least in part,
by the actions of the G protein-receptor kinases (GRKs).
The GRKs selectively phosphorylate the agonist-bound re-
ceptor promoting interactions with �-arrestins, which inter-
fere with G-protein coupling and promote receptor inter-



Chapter 3: Opioid Peptides in Pain Modulation 39

nalization (56). Demonstrations that acute morphine
analgesia is enhanced in mice lacking �-arrestin 2 are consis-
tent with a role for the GRKs and arrestins in regulating
alterations in responsivity to opiates in vivo. This finding
is even more intriguing given the inability of morphine to
support arrestin translocation and receptor internalization
in vitro (57).

RECEPTOR AND LIGAND KNOCKOUTS:
INSIGHTS, ISSUES, AND COMPLEXITIES

Advances in understanding the molecular biology of the
opioid family, coupled with developments in recombinant
technology, have resulted in the generation of mice with
targeted disruptions of various opioid genes. The study of
these animals offers unique insights into opioid-receptor
function. The initial study of these mice has allowed evalua-
tion of the critical receptor subtypes mediating the effects
of a variety of opiate alkaloids and the selective peptide
agonists. In addition, they have identified potential interac-
tions between receptor subtypes and suggested novel func-
tions for opioids (e.g., reproductive function).

MOR Knockouts

The MOR gene has been disrupted via targeted deletion of
exon 1 (34,58,59), exon 2 (34), or exons 2 and 3 (60).
Disruption of exons 2 and 3 had no detectable effect on
development, health, and fertility (60), whereas disruptions
of exon 1 impaired sexual function in male mice, manifested
by reduced mating activity, decreased sperm count and mo-
tility, and smaller litter size (59). Evidence was also found
for alterations in hematopoiesis—specifically, increased
proliferation of granulocyte-macrophages and erythroid and
multipotential progenitor cells—in exon 1 knockout mice
(59). Assessment of these mice has revealed that the MOR
is absolutely necessary for the analgesic effects of morphine.
Thus, systemic, intracerebal ventricular, and intrathecal ad-
ministration of morphine failed to produce analgesia as as-
sayed by tail flick, hot plate, and paw withdrawal tests across
a wide dose range. For example, doses of morphine as high
as 56 mg/kg failed to produce analgesia in exon 1 knockout
mice (58), and the median effective dose (ED50) for mor-
phine analgesia in exon 2 knockout mice exceeded 100 mg/
kg (a potency shift of two orders of magnitude) (34). The
MOR is also required for the rewarding (indexed by levels
of conditioned place preference) and immunosuppressive
effects of injections of morphine, and for the physical de-
pendence induced by such injections (indexed by somatic
signs of morphine withdrawal) (60,61). By contrast, the
analgesic efficacy of heroin and the major morphine metab-
olite M6G remains intact in exon 1-deficient mice (34).
This result is consistent with the antisense mapping studies
described above. Although successfully identifying the criti-
cal receptor substrate for the therapeutic and recreational

uses of morphine, these experiments have failed to address
the involvement of MOR in basal pain sensitivity convinc-
ingly. For example, considerable controversy has sur-
rounded the ability of an injection of naloxone to produce
hyperalgesia in otherwise intact animals, and this has not
been resolved by studies of the MOR knockout mice. Sora
et al. (58) reported that MOR knockout mice displayed
increased sensitivity to noxious stimulation, but this hyper-
algesia was not readily detected by others (60). This differ-
ence could be related to differences in the impact of specific
exon deletion, as in measurements of reproductive function.
Alternatively, a stress-induced analgesia, such as that pro-
voked by exposure to novel handling procedures or contex-
tual cues, may have decreased basal pain sensitivity among
control animals.
In addition to providing insight into the mechanisms of

actions of the opiate alkaloids, studies of MOR knockout
mice have allowed systematic investigation into the poten-
tial interactions between the three opioid-receptor families
in vivo. Studies of DOR function in MOR knockout mice
have failed to detect compensatory changes in either the
number or localization of DORs (62). Similarly, no signifi-
cant alteration in DOR signal transduction, as indexed by
G-protein and adenylyl cyclase activity, has been observed
(63). By contrast, the analgesic efficacy of DOR agonists
in these mice may be slightly reduced. Specifically, a reduc-
tion in DPDPE analgesia appears most robust, whereas the
analgesic effects deltorphin 2 have been found intact or
slightly attenuated (63,64). This evidence for MOR-me-
diated effects of DOR agonists is intriguing and consistent,
at least in part, with the possibility of interactions between
MOR and DOR in vivo. However, it is worth bearing in
mind that these studies uniformly indicate the preservation
of a large component of DOR function in MOR knockout
mice. Studies of KOR function in MOR knockout mice
have also failed to detect significant alterations in receptor
number, distribution, and signal transduction (62,63).
However, no evidence has been found of a reduction in the
analgesic efficacy of KOR agonists, unlike that of DOR
agonists, in MOR knockout mice (64).

DOR Knockouts

The DOR gene has been disrupted in mice via targeted
disruption of exon 2 (65). This deletion had no detectable
effects on the health or reproductive function of the mice.
Deletion of exon 2 completely abolished [3H]DPDPE and
[3H]deltorphin 2 binding in the brain, which indicates that
the putative subtypes of the DOR are encoded by the same
gene product. Studies of pain sensitivity in these mice indi-
cate that basal pain sensitivity is unaffected by disruption
of theDOR gene. Spinal DPDPE and deltorphin 2 analgesia
is significantly reduced in the DOR knockout mice. By
contrast, the analgesic efficacy of intracerebral ventricular
infusions of DPDPE and deltorphin 2 remains intact. The
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retention of supraspinal but not spinal DOR analgesia in
DOR knockout mice is surprising. This could be evidence
for a novel receptor mechanism because this residual supra-
spinal analgesia is reduced by naltrexone but not by selective
MOR or KOR antagonists. Disruption of the DOR gene
has no significant effect on the levels and distribution of
either MOR or KOR, nor is any effect noted on the levels
and distribution of proenkephalin, prodynorphin, and pro-
opiomelanocortin. Similarly, no significant alterations
occur in the analgesic effectiveness of morphine, M6G, and
the � agonist U50,488H.

KOR Knockouts

The KOR gene has been disrupted in mice via targeted dele-
tion of the initiation codon and N-terminal coding region
(66). This disruption had no detectable effects on the health
of the mice but increased litter size. The deletion completely
abolished [3H]CI-977 binding in the brain. Studies of pain
sensitivity revealed that KOR knockout mice are hyperalge-
sic when assayed by the acetic acid writhing test but not
the formalin, tail pressure, tail flick, and hot plate tests.
This finding is consistent with the important role accorded
KOR in the regulation of visceral nociception. Systemic
injection of the KOR agonist U50,488H failed to produce
an analgesic response as assayed by the tail flick and hot
plate tests. Similarly, the locomotor depressive effects and
aversive motivational effects of the injection (indexed by
conditioned place aversion learning) were abolished. These
results indicate that the analgesic and motivational effects
of the prototypical KOR agonist are mediated via actions
at the receptor(s) encoded by the KOR gene and are consis-
tent with results of antisense mapping studies indicating
that ODNs directed against each of the three exons of the
KOR gene disrupt the analgesic efficacy of U50,488H. The
effects of disruption of the KOR gene on the activity of
dynorphin B and �-neodynorphin, whose selectivity in anti-
sense mapping studies differs considerably from that of
U50,488H (67), remains unclear. Disruption of the KOR
gene had no significant effect on the levels and distribution
of either MOR or DOR (68), nor was any effect noted on
the level and distribution of proenkephalin, prodynorphin,
and proopiomelanocortin (67) . Interestingly, the analgesic
efficacy of morphine was retained, but the aversive motiva-
tional effects of the dependence induced by iterated expo-
sures to morphine were reduced. This finding supports
demonstrations of a role for dynorphin and the KOR in
opiate withdrawal (69).

Pre-proenkephalin Knockouts

Mice with targeted deletions of exon 3 of the pre-proen-
kephalin gene have been created (70). Although this disrup-
tion had little effect on levels of prodynorphin- and proopio-
melanocortin-derived peptides, a large up-regulation of

MOR binding in the striatum was observed (71). Neither
fertility nor gross abnormalities developed in the enkephalin
knockout animals. These mice displayed increased anxiety
and fear-related behaviors (indexed by freezing, hiding, and
performance in an open field and elevated O maze). These
results suggest that enkephalins are important in the nega-
tive feedback control of anxiety and aversive motivation.
Enkephalin knockout mice appeared hyperalgesic when
tested with the hot plate, but not the tail flick, test. How-
ever, because the procedure for this test involved repeated
exposure to the hot plate apparatus, it is again unclear
whether the experimental mice were hyperalgesic or whether
the control mice were hypoalgesic as a consequence of re-
peated testing in the hot plate apparatus. The enkephalin
knockout mice also showed altered sensitivity when assayed
by the formalin test. Specifically, a decrease in recuperative
behaviors (lifting and licking the injected paw) could be
mimicked by injection of naloxone (10 mg/kg) in wild-type
control mice, which suggests that the proenkephalin-derived
peptides may regulate responding in the formalin test. This
result is also difficult to interpret because naloxone does not
modulate formalin pain in rats under resting conditions. In
short, across three measures of pain sensitivity, three differ-
ent influences of the deletion of the pre-proenkephalin gene
were detected: no effect in the tail flick test, increased sensi-
tivity (hyperalgesia) in the hot plate test, and decreased sen-
sitivity (indexed by recuperative responding) in the formalin
test. Although dissociations between these measures are not
uncommon, the pattern of responding across the three mea-
sures is difficult to interpret and underscores the complexity
of pain modulation by aversive motivational states such as
anxiety and fear. Indeed, these mice displayed intact analge-
sic responses to stressors (swim stress) that produce nalox-
one-reversible analgesia. This result is consistent with the
binding studies reviewed above, indicating the potential for
high-affinity interactions between peptides derived from the
proopiomelanocortin and prodynorphin precursors and
each receptor class.

Orphanin-FQ-Receptor and Ligand
Knockouts

The gene encoding the ORL-1 receptor has been disrupted
via targeted deletion of exon 1 (72), and the OFQ/N precur-
sor has been disrupted via targeted deletion of exon 2 (73).
Studies of these mice have proved particularly interesting.
First, they have confirmed that the role of OFQ/N in pain
modulation is quite distinct from that of the other opioids.
Thus, disruption of the ORL-1 receptor had no effect on
basal pain sensitivity in the tail flick test but prevented the
development of tolerance to morphine analgesia (72),
whereas disruption of the OFQ/N precursor consistently
decreased pain sensitivity on the same measure. This dis-
crepancy between the effects of receptor and precursor dis-
ruption could be interpreted to mean that post-translational
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processing of the OFQ/N precursor may result in the pres-
ence of multiple active peptides that interact with unique
receptors to produce different physiologic effects (see
above). However, these studies uniformly indicate that if
OFQ/N and the ORL-1 receptor have any role in pain
modulation, it is facilitative (or pronociceptive) rather than
inhibitory (or antinociceptive). Second, these studies have
confirmed that OFQ/N serves an important role in the reg-
ulation of emotional responsiveness. Specifically, OFQ/N
knockout mice display increased anxiety (indexed by perfor-
mance in the elevated plus maze, open field, and light–dark
box) and enhanced basal and post-stress glucocorticoid lev-
els. Interestingly, these findings contrast with the effects of
administration in rats. Devine et al. (74) have shown that
infusions of OFQ/N increase plasma ACTH and glucocor-
ticoid levels in the unstressed animal and prolong the stress
response in the stressed rat. The reasons for this discrepancy
are unclear. Finally, these studies have suggested an impor-
tant role for the OFQ/N system in learning and memory
processes. Thus, OFQ/N-receptor knockout mice show en-
hanced hippocampal long-term potentiation and a moder-
ately enhanced performance in tests of spatial learning (75).
However, the OFQ/N-precursor knockout mice do not
show enhanced performance in the same test of spatial learn-
ing (73). Regardless of the reason for the discrepancy be-
tween the OFQ/N andORL-1 knockout mice, the interpre-
tation of these effects on learning and memory is difficult.
For example, the spatial task used in these experiments can
be mediated by several learning strategies. Clearly, a more
sophisticated characterization of the nature of the potential
learning and memory deficits in these mice is required, and
the results described above provide an important starting
point.

Summary

Studies of mice with targeted disruptions of opioid-receptor
and peptide genes have enabled important insights into the
function of the opioid family. Chiefly, they have made pos-
sible the identification of the critical receptor substrates for a
variety of opiate alkaloids and opioid peptides. These studies
have also provided insights into the functional diversity of
each receptor class. For example, it is clear that the two
subtypes of DOR identified in pharmacologic studies are
encoded by the single cloned DOR gene. Furthermore, the
retention of MOR- and KOR-independent supraspinal
DPDPE analgesia in these mice raises the possibility that
further, unidentified opioid-receptor variants may exist. A
similar possibility is raised by the retention of heroin and
M6G analgesia in mice with targeted deletions of the MOR.
These results suggest that complex post-transcriptional
modifications play an important role in producing the in
vivo diversity of opioid-receptor pharmacology. At the time
of this writing, only OFQ/N-receptor and OFQ/N-precur-
sor knockout mice have been studied in more complex be-

havioral tasks. However, the widespread distribution of opi-
oid peptides and their receptors in the central nervous
system, in addition to their critical role in controlling an
animal’s interaction with its environment, ensure that it is
only a matter of time before mice are studied with more
behaviorally sophisticated and ecologically relevant mea-
sures of attention, learning, memory, and motivation. Fi-
nally, it is worth noting that this first generation of genetic
manipulations are neither tissue-specific nor conditional.
Compensatory adaptation within the opioid-peptide and
receptor family following the targeted disruption of one of
its members appears to be minimal. Indeed, in the studies
reviewed above, the only evidence for such compensation
has been obtained for measures of receptor binding in pre-
proenkephalin knockout animals. Nonetheless, the possibil-
ity of widespread adaptation in nonopioid systems cannot
be discounted. Thus, the application of tissue-specific and
inducible knockout techniques to the opioid receptors and
their peptides remains an exciting area of research.

AN EXAMPLE OF OPIOID FUNCTION AND
ITS CLINICAL IMPLICATIONS: OPIOIDS AND
PAIN CONTROL

Understanding the role of opioids in pain modulation is
not only of clinical importance but also of historical interest.
Demonstrations that microinjections of morphine into var-
ious brainstem regions are analgesic (76), and that injections
of naloxone partially reverse the analgesia produced by focal
electric stimulation in these regions (77,78), provided the
first physiologic evidence for an endogenous opioid system.
In this section, we briefly review the neural circuits subserv-
ing opioid analgesia and discuss recent findings relevant to
these actions. Many excellent reviews of this topic are avail-
able (79,80).

Functional Anatomy of Opioids in
Descending Pain Control Circuits

It is well established that the analgesic effects of opioids
arise from their ability to inhibit directly the ascending
transmission of nociceptive information from the spinal
cord dorsal horn, and from their ability to activate pain
control circuits that descend from the midbrain, via the
rostral ventromedial medulla (RVM), to the spinal cord
dorsal horn. Opioid peptides and their receptors are distrib-
uted throughout these descending pain control circuits (81,
82). MOR messenger RNA (mRNA) or binding has been
detected throughout the PAG, pontine reticular formation,
median raphe, nucleus raphe magnus and adjacent giganto-
cellular reticular nucleus in the RVM, and spinal cord. In-
spection of the discrepancies between levels of receptor
binding and mRNA expression provide important insights
into the mechanisms of MOR analgesia. For example, the
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presence of significant MOR binding in the superficial dor-
sal horn but scarcity of mRNA expression suggests that the
majority of these spinal MOR binding sites are located pre-
synaptically on the terminals of primary afferent nocicep-
tors. This conclusion is consistent with the high levels of
MOR mRNA expression in dorsal root ganglia (DRG). A
similar mismatch between MOR binding and mRNA
expression can be found in the dorsolateral PAG (strong
binding vs. sparse mRNA). DOR mRNA and binding have
been detected in the ventral and ventrolateral quadrants of
the PAG, pontine reticular formation, and gigantocellular
reticular nucleus, but only at low levels in the median raphe
and nucleus raphe magnus. Like MOR binding sites, DOR
binding sites are present in significant numbers in the dorsal
horn without detectable mRNA expression, which suggests
an important role for presynaptic actions of DOR in spinal
analgesia. Finally, KOR mRNA and binding are widely dis-
tributed throughout the PAG, pontine reticular formation,
median raphe, and nucleus raphe magnus and adjacent gi-
gantocellular reticular nucleus. Again, significant levels of
KOR binding but sparse levels of mRNA have been found
in the dorsal horn. Although all three receptor mRNAs are
found in the DRG, they are localized on different classes
of primary afferent nociceptors. Thus, MOR mRNA has
been detected in medium- and large-diameter DRG cells,
DOR mRNA in large-diameter cells, and KOR mRNA in
small- and medium-diameter cells. This differential localiza-
tion could be linked to functional differences in pain modu-
lation.
The distribution of opioid receptors in descending pain

control circuits indicates substantial overlap between MOR
and KOR. The largest differentiation between these two
receptors and DOR is in the PAG, median raphe, and nu-
cleus raphe magnus (82). A similar differentiation of MOR
and KOR from DOR is observed in the thalamus, which
suggests that interactions between KOR and MOR may be
important for modulating nociceptive transmission from
the dorsal horn as well as in higher nociceptive centres.
The actions ofMOR agonists are invariably antinociceptive,
whereas those of KOR agonists can be either antinociceptive
or pronociceptive. Consistent with the anatomic overlap
between the MOR and KOR, the pronociceptive actions
of the KOR appear to be mediated by a functional antago-
nism of the actions of the MOR. The MOR produces anti-
nociception within descending pain control circuits, at least
in part, via the removal of GABAergic inhibition of RVM
projecting neurons in the PAG and spinally projecting neu-
rons in the RVM (79). Pan et al. (83) have presented evi-
dence from both in vitro slice preparations and in vivo pain
responding that the pain modulatory effects of the KOR in
the brainstem oppose those of the MOR. Thus, activation
of the KOR hyperpolarized the same RVM neurons hypo-
polarized by the MOR, and microinjections of a � agonist
into the RVM antagonized the analgesia produced by mi-
croinjections of DAMGO into this region. These data are

among the strongest that opioids can have pronociceptive
in addition to antinociceptive effects and could explain be-
havioral evidence for a reduction in hyperalgesia following
injections of naloxone.
As described above, significant opioid-receptor binding,

little detectable expression of receptor mRNA in the spinal
cord dorsal horn, but large levels of this mRNA in DRG
have been observed. The anatomy of spinal opioid receptors
suggests that their actions relevant to analgesia at this level
are predominantly presynaptic. At least one presynaptic
mechanism viewed as having clinical significance is the inhi-
bition of spinal tachykinin signaling. Indeed, it is well estab-
lished that opioids decrease the noxious stimulant-evoked
release of tachykinins from primary afferent nociceptors (84,
85). Recently, the significance of this action has been ques-
tioned. Measuring the internalization of neurokinin recep-
tors following noxious stimulation, Trafton et al. (86) dem-
onstrated that at least 80% of tachykinin signaling remains
intact after the intrathecal administration of large doses of
opioids. These results indicate that although opioid admin-
istration may reduce tachykinin release from primary affer-
ent nociceptors, the reduction has little functional impact
on the actions of tachykinins on postsynaptic nociceptive
neurons. The obvious implication of this finding is that
either tachykinin signaling is not central to nociception and/
or opioid antinociception at the spinal level, or that, con-
trary to the conclusions suggested by anatomic studies, the
presynaptic actions of opioids are of little analgesic signifi-
cance.
Just as important insights have been made into brainstem

and spinal mechanisms for opioid analgesia, so too have
insights been made into forebrain mechanisms for such an-
algesia. It is well established that the actions of opioids in
bulbospinal pathways are critical to their analgesic efficacy.
It has been less clear what role should be accorded forebrain
actions and whether these actions are independent of those
in bulbospinal pathways. There can be little doubt that opi-
oid actions in the forebrain contribute to analgesia because
decerebration prevents analgesia when rats are tested for
pain sensitivity with the formalin test (87), and microinjec-
tions of opioids into the several forebrain regions are analge-
sic in this test (88). However, because these manipulations
frequently leave intact the analgesic efficacy of opioids in
measures of phasic nociception, such as the tail flick test, a
distinction has been drawn between forebrain-dependent
mechanisms for morphine analgesia in the presence of tissue
injury and bulbospinal mechanisms for this analgesia in the
absence of tissue injury. In an important series of experi-
ments, Manning and Mayer (89,90) have shown that this
distinction is not absolute and that opioid actions in the
forebrain are also important to analgesia, both in measures
of tissue damage and in acute, phasic nociception. Thus,
systemic morphine analgesia in both the tail flick and forma-
lin tests was disrupted by either lesioning or reversible inacti-
vation of the central nucleus of the amygdala. The involve-
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ment of the amygdala in morphine analgesia is particularly
interesting because this structure has been implicated in
the environmental activation of pain control circuits, and
it projects extensively to those brainstem regions involved
in descending pain control (80).

Role of OFQ/N and ORL-1 in Pain
Modulation

OFQ/N mRNA and peptide are present throughout the
descending pain control circuits described above. For exam-
ple, OFQ/N-containing neurons are present in the PAG,
the median raphe, throughout the RVM, and the superficial
dorsal horn (91) This distribution overlaps with that of the
opioid peptides, but the degree of colocalization remains
unclear. ORL-1 binding and mRNA can be detected in the
PAG, median raphe, and RVM (92). In the spinal cord,
ORL-1 mRNA expression is stronger in the ventral than in
the dorsal horn, but levels of binding are higher in the dorsal
horn. High levels of ORL-1 mRNA are also found in the
DRG. Despite this clear anatomic evidence for a role of the
orphanin system in pain modulation, its function remains
unclear. As reviewed above, targeted disruption of the ORL-
1 receptor had little effect on basal pain sensitivity according
to several measures, whereas targeted disruption of the
OFQ/N precursor consistently elevated pain sensitivity in
the tail flick test, findings that suggest an important role
for OFQ/N in regulating basal pain sensitivity. Intrathecal
injections of OFQ/N have been reported to be analgesic as
assayed by the tail flick and formalin tests (93,94). Similarly,
these injections attenuated the hyperalgesia produced by
constriction injury of sciatic nerve (95). However, the pro-
found motor effects of these injections render interpretation
of changes in response latency difficult. The effects of supra-
spinally administered OFQ/N are also difficult to interpret;
hyperalgesia has been detected across a variety of measures,
but failures to detect hyperalgesia have also been reported.
Three interesting results may explain at least part of the

variations noted in the effects of the orphanin opioid system
in modulating pain. First, Rossi et al. (95,96) reported a
biphasic effect of OFQ/N administration, characterized ini-
tially by hyperalgesia and later by analgesia. Second, Grisel
et al. (97) reported that OFQ/N does not affect basal pain
sensitivity but does reduce analgesia according to the site
of administration. Finally, Heinricher et al. (98) reported
that OFQ/N exerts an inhibitory effect on several classes
of RVM neurons whose activity has been implicated in pro-
ducing analgesia and hyperalgesia at the spinal level. These
results suggest that the effects on pain modulation observed
following administration of OFQ/N in the intact animal
are influenced by route, time since administration, the pres-
ence of stressors that provoke analgesia (e.g., novel handling
or test procedures), and the current balance of activity in
pain modulatory neurons in the RVM. The development
of specific ORL-1-receptor antagonists will undoubtedly

enable a rapid clarification of the role of the orphanin opioid
system in pain modulation.

CONCLUSIONS AND FUTURE DIRECTIONS

The interplay between the orphanin system and the endoge-
nous opioids represents a prime example of evolutionary
changes that have led to subtle diversity in structure and
significant alteration in function. Indeed, this entire pepti-
dergic family exemplifies the way in which an increase in
genetic diversity can lead from simple on/off signaling to a
complex pattern of signaling wherein multiple, coordinately
secreted peptides interact with multiple receptors to effect
a complex regulation of functions as diverse as pain respon-
siveness, stress regulation, control of feeding, and modula-
tion of development, learning, and memory. Many ques-
tions remain to be answered in the context of the opioid
family. At the most basic level is the question of whether
additional members of the family exist. The completion of
sequencing of the human genome and the rat or mouse
genome should help answer this question. We should be
able to lay to rest the questions of whether additional opioid-
receptor types or subtypes exist, and whether other endoge-
nous ligands that are uniquely selective for a particular re-
ceptor type exist. In particular, endomorphin 1 (Tyr-Pro-
Trp-Phe) and endomorphin 2 (Tyr-Pro-Phe-Phe) have been
proposed by Zadina et al. (99) to be endogenous, highly
selective � ligands. However, their precursor remains un-
cloned, although the genome project should help clarify the
matter. Further, as we obtain full sequences of the genomes
of other species, we should be able to track the fascinating
evolutionary history of this peptide family.
At functional levels, many questions remain, especially

concerning the exact role of endogenous opioids in addictive
and emotional behavior and psychiatric disorders. Because
these disorders are typically of a complex genetic nature,
involving the interaction of multiple genes with one another
and with the environment, it is likely that the endogenous
opioid genes are involved in vulnerability to certain brain-
related illnesses. Here again, progress in genomics and com-
plex genetics should open new avenues for investigating the
likely role of the opioid molecules in a range of psychiatric
disorders.
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