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One of the most remarkable advances in the past
decade has been in unraveling the molecular pro-
cesses in opioid pharmacology. There have also been
substantial advances in our understanding of the
mechanisms involved in the processing of nociceptive
information. It has become obvious that this is a very
complex process, involving multiple neuropeptides,
neurotransmitters, and their respective receptors.
These advances have led to exciting new develop-
ments in the management of acute and chronic pain.
These advances will be surveyed in this review.

Opioids
The three classical opioid receptors—m, d, and k—have
recently been cloned and their nucleotide sequences
characterized. The opioid receptors belong to the large
superclass of G protein-coupled receptors, which all pos-
sess the same general structure: an extracellular amino-
terminal region, seven transmembrane (TM) domains,
and an intracellular carboxy-terminal tail structure. The
endogenous ligands for the opioid receptors are the en-
kephalins, endorphins, and dynorphins, encoded by
separate genes. These pentapeptides vary in their affinity
for the opioid receptor, but none binds exclusively to one
type. A new class of highly selective m-selective endog-
enous peptides—the endomorphines—has recently
been described. Endomorphin-1 and endomorphin-2 are
tetrapeptides structurally unrelated to the other endog-
enous opioid peptides. Their distribution in the central
nervous system mirrors that of the m-opioid receptors,
and they display extremely high affinity and selectivity
for the m receptor (1,2). Their affinity for m receptor
binding sites is more than 1000-fold greater than for d
or k receptors, and they are thought to be the endog-
enous ligands for the m receptor (2,3).

Although the endogenous opioids are analgesic,
their clinical usefulness is severely limited by rapid
biodegradation by peptidases. b-Endorphin is more
resistant to enzymatic degradation than the smaller
enkephalins, but it does not penetrate the blood-brain
barrier. When injected intrathecally, it produces po-
tent, long-lasting analgesia. Enkephalinase inhibitors
are analgesic in animals, and mixed inhibitors of

enkephalin-degrading enzymes are now undergoing
preclinical trials (4).

The cloned opioid receptors are highly homologous,
with 65% similarity in their amino acid sequence. The
most divergent are the extracellular loops and amino-
and carboxy-terminals. Opioid receptor ligands are
bivalent, with one portion mediating signal transduc-
tion and the other determining receptor selectivity.
These are referred to as the message and address
regions, respectively. Signal transduction appears to
involve the TM regions, whereas the function of the
extracellular loops seems to be exclusion of ligands
from the binding sites. The first extracellular loop of
the m- and d-opioid receptors differ in only seven
amino acids, the critical difference lying in one amino
acid at position 108. Replacing lysine at this position in
the d receptor by asparagine allowed the receptor to
bind the m receptor ligand DAMGO with high affinity
(5). The binding pocket of the receptor is formed by
the spatial orientation of various amino acids in the
different TM domains and extracellular loops. Antag-
onists cannot induce the conformational change
needed for receptor activation. However, replacing a
single amino acid, serine, by leucine in TM4 results in
receptors at which antagonists display full agonist
properties (6).

Activation of opioid receptors produces effects that
are primarily inhibitory. Opioid agonists inhibit ad-
enylyl cyclase (decreasing cyclic AMP production),
close N-type voltage-operated calcium channels, and
open calcium-dependent inwardly rectifying potas-
sium channels (Fig. 1). This results in hyperpolariza-
tion and a reduction in neuronal excitability. Changes
in intracellular Ca21 influence the release of neuro-
transmitters and modulate the activity of protein ki-
nases. In contrast to inhibitory activity, nanomolar
concentrations of opioids can produce excitatory ef-
fects by activating excitatory Gs proteins (7). Antago-
nism of excitatory activity may underlie the observa-
tion that co-treatment with extremely low doses of an
antagonist can markedly enhance the analgesic effi-
cacy of opioid agonists (8). The administration of
ultra-low doses of naloxone or nalmefene, a long-
acting antagonist, significantly reduced morphine
consumption by patients after surgery and decreased
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the incidence of side effects such as emesis and pru-
ritus (9,10).

Molecular Biology and Opioid Pharmacology

Cloning of the opioid receptors and other advances,
including antisense technology, has produced spectac-
ular advances in understanding the molecular phar-
macology of opioids (11,12). Studies using mice defi-
cient in the m-opioid (MOR-1) receptor have shown
that the m receptor is essential for the analgesic and
respiratory depressant properties of morphine. Anti-
sense probes targeting exon 1 of the MOR-1 receptor
gene blocked analgesia caused by morphine but not
that by morphine-6b-glucuronide (M6G), heroin, or
6-acetylmorphine, suggesting that they might be act-
ing on a splice variant of the m receptor (13,14). Sub-
sequent research using knock-out mice with disrup-
tions of either the first or second coding exons of
MOR-1 has provided further genetic evidence for a
unique receptor site for M6G and heroin analgesia
(15).

Although morphine and the fentanyl analogs are
thought to activate the same m receptor, the mecha-
nisms involved may be dissimilar (16). The difference
may be caused by the drugs binding at different loca-
tions on the receptor. Mutation of the aspartate amino
acid at position 114 of the receptor to asparagine abol-
ished receptor activation by morphine but had mini-
mal effects on activation by the fentanyl analogs. This
may partly explain the observation that patients with
cancer-related pain refractory to morphine do not ex-
hibit tolerance to fentanyl or sufentanil (17).

The Orphan Opioid Receptor

Soon after the cloning of the opioid receptors, several
investigators reported the isolation of a protein with a
structure typical of a G protein-coupled receptor. The
new protein had approximately 65% homology to m, d,
and k receptors but did not bind classic peptide or non-
peptide opioid ligands. On structural grounds, it was
classified as an opioid receptor and named “opioid
receptor-like 1” (ORL1). It is also referred to as an orphan
receptor because the endogenous ligand was unknown.
The receptor has been identified in humans. ORL1 did
not remain an orphan for long. A novel heptadecapep-
tide was identified as its endogenous ligand and named
nociceptin (18) or orphanin FQ, because it is the en-
dogenous ligand of the orphan receptor, and phenyl-
alanine (F) and glutamine (Q) are the first and last
amino acids of its primary sequence (19). The cellular
responses evoked by nociceptin are similar to those of
the classic opioid receptors. In animals, nociceptin
produces a range of biological actions that differ from
other opioids. It induces analgesia when administered
intrathecally but causes hyperalgesia and reverses
opioid-induced analgesia when given intracerebrov-
entricularly. Nociceptin stimulates food intake, pro-
duces anxiolysis, and has a role in memory and central
information processing.

The broad spectrum of pharmacological effects of
nociceptin suggests multiple therapeutic applications
for ORL1 receptor agonists and antagonists. The de-
velopment of nonpeptide nociceptin antagonists will
almost certainly result in new pharmacological tools
for the management of pain, anxiety, and other patho-
logical states (20). Of particular interest is that drugs
interacting with the ORL1 receptor appear to be free of
abuse potential.

New Opioids

A major side effect of current opioid agonists is respira-
tory depression. Opioids that interact with the k receptor
do not induce respiratory depression. Unfortunately, k
agonists produce a spectrum of side effects, including
locomotor impairment, sedation, central nervous system
disturbances, and diuresis. The first human study of a
new mixed d/m/k opioid receptor agonist (DPI3290) has
recently been reported (21). In animals, DPI3290 dem-
onstrated strong analgesic activity with limited respi-
ratory depression. The results of further investigations
with this new opioid will be eagerly awaited. Another
potent opioid, 14-methoxymetopon, induced no respi-
ratory depression in dogs and caused less hypotension
and bradycardia than sufentanil (22). This compound
may be an agonist at m and k receptors. All its actions
were reversed by naltrexone.

Figure 1. Opioid agonists in micromolar concentrations are primarily
inhibitory, decreasing the activity of adenylyl cyclase (AC), intracellu-
lar cAMP, and the action potential (AP), resulting in neuronal hyper-
polarization. In contrast, nanomolar concentrations cause the opposite
effects, resulting in increased neuronal excitability.
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Transplantation of Opioid-Producing Cells

A novel approach to the management of cancer pain is
transplantation of opioid-producing cells into the ce-
rebrospinal fluid. Chromaffin cells of the adrenal me-
dulla produce high levels of opioid peptides. In ani-
mals, adrenal medullary tissue or isolated chromaffin
cell transplants into the spinal subarachnoid space
produces potent and prolonged analgesia without
neurotoxicity (23). The technique has been used in
patients with intractable cancer pain after failure of
systemic opioids, with significant improvement in
pain and a reduction in systemic opioid requirements
(24).

Opioids and Cannabinoids

There has been a recent resurgence of interest in the
therapeutic applications of cannabis (25). Cannabis
contains a large number of active compounds, canna-
binoids, of which D9-tetrahydrocannabinol is the main
psychotropically active ingredient. Opioids and can-
nabinoids share several pharmacological effects, in-
cluding analgesia, and there is evidence for functional
links between the two systems (26–28). The combina-
tion of opioids and cannabinoids would therefore ap-
pear to offer potentially valuable therapeutic tools for
the management of patients with acute and chronic
pain.

Selective COX-2 Inhibitors
The nonsteroidal antiinflammatory analgesics (NSAIDs)
produce their pharmacological effects by inhibition of
the enzyme cyclooxygenase (COX), which catalyzes the
synthesis of prostaglandins from arachidonic acid. Pros-
taglandins are involved in many homeostatic processes
and are important mediators of inflammation. There are
two COX isoenzymes: COX-1, the constitutive form; and
COX-2, which is induced by exposure to mediators of
inflammation. An important difference between COX-1
and COX-2 is the amino acid at position 523. COX-2 has
a small valine at this position that allows access to a
branched side channel by highly selective COX-2 inhib-
itors. The three-dimensional structure of COX-2 revealed
by radiograph crystallography has been exploited in the
design of drugs that allow them to fit into the active site
of the COX-2 enzyme, but not onto the more cylindrical
active site of COX-1.

Toxicity associated with NSAID therapy is largely
caused by inhibition of COX-1, whereas therapeutic
benefit derives from inhibition of COX-2. Compounds
that selectively inhibit COX-2 are analgesic and anti-
inflammatory, with less of the gastric or renal toxicity
normally associated with NSAIDs. Because only
COX-1 is present in platelets, selective COX-2 inhibi-
tors do not effect hemostasis. There is increasing

evidence, however, that the distinction between the
physiological and pathological roles of the two COX
isoforms is becoming less tenable and that, indeed,
their activities overlap to a considerable degree (29).
COX-2 is constitutively expressed in neurones and
gastric epithelial cells. It may be important in neural
transmission and may play a crucial role in protecting
the gastric mucosa from injury (30). Although the
adverse renal effects of NSAIDs have largely been
attributed to inhibition of COX-1, it is now recognized
that COX-2 has a physiological role in renal homeosta-
sis. COX-2 knock-out mice develop a progressive ne-
phropathy as they age (31). To date, there is no firm
evidence for adverse renal effects in humans with the
presently available COX-2-selective NSAIDs. How-
ever, there is as yet only limited experience with these
drugs, and caution is advised with their use in sus-
ceptible patients.

Although the highly selective COX-2 inhibitors may
have limitations for long-term use, they may be useful
for postoperative pain. In addition to analgesia, they
suppress cytokine production and therefore may be
useful in improving outcome after surgery and
trauma. In the United States, the Food and Drug Ad-
ministration has recently approved celecoxib and ro-
fecoxib. These are respectively about 400 and 1000
times more selective for COX-2 than COX-1. Rofecoxib
is available in Europe. Unfortunately, these newer
drugs are not available in a parenteral formulation.
Parecoxib, a new COX-2 inhibitor that can be given IV
or IM, is currently undergoing clinical trials. When
injectable, selective COX-2 inhibitors become avail-
able, they may well change our approach to the man-
agement of perioperative pain.

Ketamine
Ketamine has been used as an anesthetic for more than
three decades. Its usefulness, however, has been limited
by undesirable side effects. The mechanisms of its ac-
tions involve multiple receptors, including N-methyl-d-
aspartate (NMDA) and non-NMDA glutamate recep-
tors, as well as nicotinic and muscarinic cholinergic and
opioid receptors (32). Much interest has focused on the
noncompetitive binding to the NMDA receptor, which
is thought to be mainly, but not exclusively, responsi-
ble for the anesthetic and analgesic effects of ketamine.
The NMDA receptor is involved in a particular state of
central nervous system sensitization known as wind-
up, which is observed after repeated stimulation of
dorsal horn C fibers. This has generated considerable
interest in the role of ketamine in preemptive analge-
sia (33,34). Improved preemptive analgesia may be
achieved by the combination of IV small-dose ket-
amine and epidural morphine (35). Epidural ket-
amine, in combination with morphine and a local
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anesthetic, may contribute to preemptive analgesia
when given before surgery. There are, however, con-
cerns about the spinal toxicity of epidural ketamine.
Small-dose (,20 mg · kg21 · min21) IV infusions of
ketamine are effective for postoperative analgesia,
with an opioid-sparing effect as large as 50% (36). The
recent introduction of S(1)-ketamine will add to the
renewed interest and application of this interesting
drug.

Anticholinesterases
In the spinal cord, muscarinic cholinergic receptors are
concentrated in the superficial layers of the dorsal horn
of the spinal cord, where they are involved in the mod-
ulation of nociception. Muscarinic cholinergic agonists
and cholinesterase inhibitors hold promise as nonopiate
drugs for the treatment of acute and chronic pain. In
volunteers, lumbar intrathecal neostigmine administra-
tion increases acetylcholine concentrations in cerebrospi-
nal fluid and produces analgesia to noxious stimulation
(37). There have been several reports of the effective-
ness of intrathecal or epidural neostigmine, in combi-
nation with local anesthetics or opioids, for postoper-
ative analgesia (38–40). Intraarticular neostigmine has
also been successfully used for analgesia after knee
surgery (41). A major side effect of spinal neostigmine
is dose-related emesis.

Other Potential Analgesic Compounds
In addition to the drugs discussed above, many other
substances are involved in the processes of nociception
in the spinal cord and in the periphery (42). The neuro-
kinin peptides substance P and neurokinin A are
involved in the transmission and modulation of noci-
ception. Clinical trials have begun with nonpeptide
orally administered neurokinin receptor antagonists
(42). In the dorsal horn of the spinal cord, somatostatin
receptors are found in primary afferent terminals, spi-
nal interneurons, and the axons from descend-
ing pathways. Clinical trials have been conducted
with intrathecal somastatin or the synthetic somasta-
tin analog, octreotide, in patients with cancer (42).
Bradykinin and related peptides are implicated in
inflammation and the induction of nociception and
hyperalgesia. There has been considerable research in
the past two decades to develop selective kinin recep-
tor antagonists. The bradykinin B1 receptor has be-
come a target for pharmacological research, and it can
be expected that B1 antagonists will be developed for
the management of pain and inflammation (43).
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