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There are few pharmaceuticals superior to opiates for the treatment of pain. However, with concerns
of addiction, withdrawal and questionable efficacy for all types of pain, these compounds are far from
a magical panacea for pain-relief. As it is unlikely that other classes of compounds will supersede the
opioids in the very near future, it is important to both optimize current opioid therapies and curb the
astounding diversion of opioids from their intended analgesic use to non-medical abuse. In optimizing
opioid therapeutics it is necessary to enhance the clinical awareness of the benefits of treating pain and
combine this with aggressive strategies to reduce diversion for non-medical use. At the heart of the issue
of opioid misuse is the role of opioid systems in the reward circuitry, and the adaptive processes associ-
ated with repetitive opioid use that manifest during withdrawal. Emerging pharmacological insights of
opioid receptors will be reviewed that provide future hope for developing opioid-based analgesics with
reduced addictive properties and perhaps, reduced opponent processes. In addition, with the increased
understanding of nociceptive circuitry and the molecules involved in transmitting pain, new therapeutic
targets have become evident that may result in effective analgesics either alone or in combination with
current opioid therapies.

© 2010 Published by Elsevier Ireland Ltd.
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1. Controversial issues surrounding opioid therapeutics
1.1. The importance of opioid pain medications

Opioid therapeutics are the most effective analgesics avail-
able for certain types of pain. Opioid-based treatment of pain has
been considered for several centuries. Thomas Sydenham, a 17th-
century English medical pioneer, wrote: “Among the remedies
which pleased almighty God to give to man to relieve his suffer-
ings, none is so universal and as efficacious as opium.” For many
decades the opium derivatives morphine and codeine have been
used to relieve the pain associated with a range of ailments such as
diarrhea, coughing, post-operative pain and cancer (Hamilton and
Baskett, 2000). In spite of this long history of the clinical benefits
of opioids and a valuable selection of available natural alkaloids,
semi-synthetic, and synthetic opioid medications, pain has tra-
ditionally been under-treated for a number of reasons. The most
significant reason being that pain is considered a symptom of the
primary illness, and the medical focus has been on treating the
illness without addressing the associated pain. Pain has been con-
sidered either as an endurable consequence or as an indicator of
the underlying disease. Another common misconception has been
that chronic pain should not be treated by opioids due to their side
effects (Rosenblum et al., 2008).

There are serious consequences that may arise by ignoring the
treatment of pain associated with certain illnesses. Dr. John Liebe-
skind’s research has brought awareness to these consequences,
establishing that pain is not just a byproduct of illness, but that it
also adversely impacts recovery. In 1993, he studied the effects of
surgery-related pain in rats with lung cancer and determined that
tumors metastasized faster in rats that did not receive analgesics,
compared torats that were given morphine. This demonstrated that
the stress, resulting from pain, inhibited immunological defenses
and thatinrodents, as well as in humans, “pain can kill” (Liebeskind,
1991). Throughout his career Dr. Liebeskind argued that doctors
and medical students should be better trained in pain management
to ensure that patients do not suffer the debilitating consequences
of untreated pain.

There are several consequences of untreated pain. Immuno-
supression can be induced by both untreated perioperative pain
and severe thermal injury (Daniel et al., 2007). Untreated pain
can exacerbate underlying medical conditions, decrease activity
and conditioning, decrease productivity, delay rehabilitation, and
increase emotional distress causing psychological symptoms, sleep
deprivation, and inability to manage daily activities (Pasero, 2007).
Prolonged suffering from acute pain can lead to intractable pain
through peripheral and central sensitization and result in neurohu-
moral changes and neuronal remodeling (Dunwoody et al., 2008).

Dr. John Liebeskind’s efforts to rectify the under-treatment of
pain were subsequently echoed by the educational initiatives of
academic programs, accreditation organizations, professional pain
societies, and the pharmaceutical industry (Carr and Reuben, 2005).

These initiatives focused on hospitalized patients and succeeded in
increasing the use of opioids for acute pain due to cancer, AIDS, or
other life-threatening illnesses. However, medical educators and
patient advocates soon argued that individuals should not have to
be on the verge of death to merit aggressive pain management. As
a result, the clinical success of opioid-based treatment of chronic
non-malignant pain appeared in the medical literature (Jackman
et al., 2008). Pain specialists unable to keep up with the demands
of those suffering from debilitating ailments such as back, neck
and joint pain, advocated that primary care physicians should pre-
scribe opioids for better pain management (Portenoy and Russell,
1996).

Opioid analgesics provide more than just reprieve from phys-
ical and psychological pain; they can also relieve stress, negative
emotional states, insomnia, and induce a sense of well-being.
Some individuals are uniquely susceptible to the rewarding effects
of opioids. In addition, taking an opioid-based analgesic offers
expedient relief and is far more convenient than any lifestyle
changes that could reduce pain such as a weight loss or phys-
ical therapy programs aimed at reducing musculoskeletal pain.
These factors contribute to an overtreatment of pain often accom-
panied by a tacit reluctance on the part of some pain specialists,
patient advocates, and the pharmaceutical industry to discuss
the legitimate risks associated with long-term opioid treatment
(Rosenblum et al., 2008). An important example of this is the con-
sumer lawsuit against the manufacturers of oxycotin extended
release (Oxycontin), the Purdue Frederick Company, who pleaded
guilty to falsely claiming that this highly abusive drug was less
addictive and less subject to abuse than other pain medica-
tions.

1.2. Individual pain management programs

Opioids are therefore beneficial analgesics for many types of
pain but they carry the risk of significant side effects in some indi-
viduals. This has been the subject of many extensive reviews, such
as that by Geppetti and Benemei (2009), so will not be further dis-
cussed here. However, the advantages and disadvantages of opioid
therapy are briefly summarized below.

1.2.1. The arguments in favor of opioid therapy.

(a) Opioid drugs, if used properly, can be highly effective for many
forms of pain and are generally of low organ toxicity (Raffa,
2006).

(b) There is extensive literature showing that treating pain is crit-
ical in order to achieve a favorable quality of life and improve
medical outcome (Haanpaa et al., 2009).

(c) If monitored carefully and used for acute pain attenuation,
addiction is a minimal side effect of opioid use in most patients
(Compton and Volkow, 2006).
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1.2.2. The arguments against opioid therapy.

(a) Mu opioid-directed therapeutics are not efficacious for all types
of pain. For example migraines and inflammatory pain do not
respond well to opiates (Bigal et al., 2008; Gatti et al., 2009).

(b) The side effects associated with opioid analgesics may be
extensive and complex. These include an array of adaptive,
often-times opponent processes such as tolerance, addiction,
withdrawal, diarrhea, agitation, hyperalgesia and dysphoria.

The individual nature of the arguments for and against opioid
therapy suggest that there is no global answer as to whether opi-
oid therapy should or should not be used, nor indeed which dose
of a particular opioid is best for each patient. Rather the answer is
specific to the patient, each requiring an individualized medication
program tailored to suit their needs and match their status. Fac-
tors such as type of pain, age, immune status, gender, response
to different doses of different opioids and the development, or
likelihood of developing associated side-effects would determine
the opioid therapy to be used. Furthermore, as these factors may
change over time, constant re-evaluation and re-adjustment would
be required to maintain adequate pain-relief and minimize any
adverse-effects and the risk of abuse or diversion. The necessity
of such individualized pain management regimes has led to a num-
ber of readily available questionnaires to screen and monitor for
addiction, and guidelines to assist prescribing practitioners (Chou,
2009c).

1.2.3. Opioids for different types of pain. Without prospective stud-
ies supporting the long-term management of chronic pain with
opioid analgesics, healthcare providers have applied the same prin-
ciples to treat malignant, acute or chronic pain (Ballantyne and
Mao, 2003), although each is different. Acute pain serves a func-
tional purpose, and is most often self-limiting. In contrast, chronic
pain is subjective, multidimensional and can arise from, or lead
to, psychological distress, with no identifiable endpoint (Grichnik
and Ferrante, 1991). Ideally, the treatment of the latter type of
pain should consist of interdisciplinary services including a care-
ful evaluation, medication and interventional treatments, physical
therapy, behavioral interventions, psychiatric evaluation and voca-
tional assessment and training, not just opioid analgesics. However,
comprehensive programs are costly and generally not available
(Ashburn and Rubingh, 1999; Ashburn and Staats, 1999).

Opioid-based individual pain regimens have shown slow, but
measurable progress has been made in treating chronic non-
malignant pain, a historically undertreated population (Soin et al.,
2008; Panjabi et al., 2008; Katz, 2008; Collado and Torres, 2008).
This is partly because these patients are difficult to treat as their
pain is often mixed with complex conditions such as mental ill-
ness, musculoskeletal problems, metabolic conditions and social
stresses. Inadequate practitioner training to monitor and treat
these patients has compounded the problem (Yanni et al., 2008).

The importance of opioid-based pain management of cancer
patients is well recognized. Due to the nature of the disease
and the accompanying pain, there is less reluctance to pre-
scribe opioids for such pain. However, additional training and
research is needed to optimize individual treatment regimens.
There has been some progress in this direction, as shown
by the use of controlled release opioid formulations (Hanna
et al., 2009), adjunctive medication and the practice of opi-
oid rotation when diminished analgesic efficacy occurs (Slatkin,
20009).

Whether malignant or non-malignant in nature, opioid-based
management of chronic pain is becoming more acceptable and
hence more frequently used. However, the risks associated
with chronic opiate treatment must be recognized and tem-

pered by an individualized program that caters to the patient
and his/her changing needs during the course of their ill-
ness.

1.3. Increased pharmaceutical opioid production and sales

Efforts to address the under-treatment of pain have resulted
in a dramatic increase in the sales and production of opioid
analgesics in recent years (Kuehn, 2007) (Fig. 1). In 1997, 50.7
million grams of commonly used opioids were prescribed, and
by 2006, this figure increased to 115.3 million grams, a ~130%
increase over a 9 year period. However, closer analysis shows
that most of this increase occurred during the last 4 years of this
period. From 2002 to 2006, the number of hydrocodone prescrip-
tions increased from 103 to 125 million, those for methadone
from 2 to 4 million, and oxycodone from 28 to 38 million
(Chou et al., 2009a; Drug Enforcement Administration, 2007). This
increased number of prescriptions translated into a similar, if
not exaggerated, increase in the sales of opioids in the United
States, methadone sales increased 1177%, oxycodone 732%, and
hydrocodone 244% over the same period (Manchikanti and Singh,
2008).

1.4. Addiction, abuse and side effects of opioid therapies

Although the increase in the number of prescriptions and the
use of opioids has significantly improved the treatment of pain, this
has been accompanied by an increased incidence of opioid abuse
and addiction. Unfortunately no prospective studies alerted pri-
mary care providers to these side effects, nor that some population
groups or individuals would be more susceptible to addiction. For
example 3-16% of the population have a biogenetic vulnerability
to addiction and are at greater risk of becoming addicted during
long-term opioid use (Savage, 1996). This is shown by the abuse
of opiates by 24% of patients suffering from back pain (Martell et
al,, 2007). The elderly and untreated mentally ill patients are at-
risk populations, who, suffering with social isolation or other social
issues, may develop substance abuse behaviors (Solomon et al.,
2006; Gfroerer et al., 2003; Sullivan et al., 2005).

This underestimation of the population at risk from opioid treat-
ment has had major consequences. Compulsive opioid use can
devastate the lives of the abusers and those around them. Sufferers
may have limited insight into their condition, confusing addiction
with pain-relief (Robinson and Berridge, 2001). For those who find
opiates rewarding, the patterns of abuse range from being occa-
sionally problematic to severe, with worrying reports of individuals
traversing the path from prescription opioid dependency to intra-
venous heroin (Siegal et al., 2003). A secondary problem, and one
with major societal implications, is the considerable diversion of
opioid therapeutics for non-medical use.

In addition to the risk of addiction there are other potential side
effects associated with opioid use. These include nausea, vomiting,
constipation, urinary retention, hormonal alterations and sexual
dysfunction (Katz and Mazer, 2009), opioid-induced hyperalgesia
(King et al.,2005b; Hay et al., 2009), immunosupression (Schwacha,
2008), sleep apnea (Walker and Farney, 2009) drowsiness, feelings
of disorientation, and dizziness. Some of these, such as constipa-
tion, could, in the future, be treated with peripherally acting opioid
antagonists (Webster et al., 2008). For other side effects, a strict
adherence to therapeutic dosing and avoidance of contra-indicated
substances such as benzodiazepines and alcohol must be followed.
Opioid-induced immunosuppression has also been observed but it
remains a controversial issue as to its relative role in relation to
pain and stress-induced immunosuppression (Vallejo et al., 2004;
Sacerdote et al., 2008; Roy and Loh, 1996).
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1.5. Increase in non-medical opioid use, abuse and dependence

The increase in non-medical opioid use has paralleled the
increase in opioid prescribing trends. According to the Sub-
stance Abuse and Mental Health Services Administration, the 2008
National Survey on Drug Use and Health show that 2.1% of people
over age 12 report using prescription pain relievers non-medically
in the past month (SAMHSA, 2008). Recent trends show that the
non-medical use of pain relievers varied by age; 3.2% of 12-17 year
olds abused opioids in 2002 in the month prior to the survey, this
declined to 2.7% in 2007. However young adults 18-25 years old,
4.1% abused opioids in 2002 in the month prior to the survey, this
increased to 4.6%in 2007. A similar increase in non-medical use was
seen in the over 26 year-old adult group, which increased from 1.3
to 1.6% over the same period (Studies, 2009). Potential sources of
narcotics are family and friends. Pill sharing and non-medical use
of opioids is often modeled by the family members, friends and
social networks (Compton and Volkow, 2006; McCabe et al., 2009).
Unfortunately the misuse of prescription drugs is a growing trend
worldwide and, according to the International Narcotics Control
Board, will become as prevalent as that of the well-known illicit
drugs (Zarocostas, 2007).

Striking a balance between medical underuse and overuse of
opioids while benefiting patients is a daunting task yet essential
to address. Multiple approaches targeting lay, regulatory, phar-
maceutical and medical audiences must be acknowledged. Dr.
Liebeskind’s goal of improved pain management education for
healthcare providers must be realized in combination with edu-
cation on opioid pharmacologic safety and addiction medicine
principles (Chou et al., 2009b). SAMHSA and the U.S. Food and Drug
Administration recently launched a public outreach effort to help
ensure the safe use of methadone. The National Institute on Drug
Abuse has ongoing translational studies to develop psychosocial
and pharmacologic strategies and reduce prescription drug misuse
while supporting the appropriate medical use. Some new direc-
tions are emerging from basic research that has shown promise in
pre-clinical studies that may also address these issues.

2. Research directions seeking solutions
2.1. Optimizing opioid therapies

Although opiates are effective analgesics, in some individu-
als these compounds are highly effective in enhancing mood.
Ultimately, novel scientific approaches coupled with creative phar-
macology could separate these diverse physiological effects aiming
to manage pain without affecting the reward pathways. However,
such modality-specific opioids have not yet, and may never, be
clearly defined. Alternately, our understanding of pain, addiction
neurobiology, and the dynamic and interactive nature of receptor
targets for analgesic medications seem promising and may pro-
vide a different pain management strategy. The following section
reviews scientific considerations identified at the basic level with
implications for improved management of pain.

2.2. The importance of opioid receptor complexes

Opioid systems are key systems for the control of pain. Impor-
tantly, opioid receptors are expressed throughout nociceptive
processing circuitry and present multiple sites for inhibiting noci-
ception. As a consequence, local application of opioid drugs induces
analgesia via mu opioid receptors in the following areas: In the
periphery where neurons from the dorsal root ganglia (DRG) sense
painful stimuli; in the spinal cord where DRG neurons synapse with
brain-bound nociceptive neurons; in the brain-stem structures,
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Fig. 1. Indicators of increased opioid use between 1997 and 2006. (a) Prescrip-
tion and sales of opioid drugs from 1997 to 2006. Data from the Drug Enforcement
Administration (DEA, 2007) show an increase in prescription number as well as a
dramatic increase in the amount of opiate prescribed between 1997 and 2006. (b)
Past Year Initiates. Results from Substance Abuse and Mental Health Services Admin-
istration (SAMHSA) of the 2006 National Survey on Drug Use and Health indicates
past year initiation of non-medical opioid pain reliever use has been significantly
higher than that of marijuana (SAMHSA, 2008).

such as the Periaqueductal Gray that process nociceptive input;
in the cortex and areas of the reward system that are responsible
for higher processing of pain. These brain regions contain opioid
receptors that, when activated, diminish the sensation of pain.

Animal, cellular and molecular models over the past decade have
begun to reveal features of the “opioid receptor” that give hope for
the optimization of drugs targeting opioid receptors for pain-relief
without the detrimental effects of respiratory depression, addic-
tion, constipation. The view of the opioid receptor as a signaling
on/off switch has changed. The current view of the receptor is a
component of a dynamic protein complex within the membrane.
The receptor is capable of orchestrating the interaction of many dif-
ferent proteins and the final complexes formed dependent upon;
the available proteins for interacting with the receptor, the history
of the local environment of the receptor, and the ligand occupying
the receptor (Evans, 2004). The signaling cascades that are acti-
vated depend upon the complex formed, which also dictates the
trafficking and desensitization mechanisms of the receptor (Kelly
et al., 2008). Fig. 2 shows the proteins that have been implicated in
mu opioid receptor complexes leading to signaling, trafficking and
functional regulation of the receptor and indeed other receptors
that are associated with the complex.
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So why should the view of the receptor as a dynamic com-
plex change how we view opioid therapeutics? There are two key
issues: The first is that different ligands can induce the formation of
different complexes that result in different signaling and traffick-
ing cascades. The second is that different receptor environments,
perhaps in different areas of brain or parts of the cell, can signal
and traffic receptors in different ways in response to the same lig-
and. This opens up the exciting possibility for individual ligands to
have distinct effects on the array of opioid behaviors and adaptive
processes—effects ultimately dependent upon signaling and regu-
latory pathways activated by specific complexes. The on/off switch
as the image of an opioid receptor has transformed to a sophis-
ticated sensor that responds in different ways, depending on the
local environment and how the sensor is manipulated.

Here we will focus on what has been learned from behav-
ioral studies and cellular studies on dorsal root ganglia neurons
from animals lacking (-arrestins, key molecules in the forma-
tion of signaling and trafficking opioid receptor complexes (Reiter
and Lefkowitz, 2006). 3-arrestin 1 and [3-arrestin 2 are molecules
named for one of their many functions, namely to bind to recep-
tors following agonist activation and “arrest” further signaling via
G-proteins. As indicated in Fig. 2, B-arrestins are implicated both in
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the signaling and trafficking of opioid receptors. 3-Arrestins bind
multiple signaling, trafficking, and regulatory proteins in addition
to receptors. Thus, B-arrestins provide a hub for the formation of
receptor complexes. In a classical sequence of events, agonist bind-
ing to a G-protein coupled receptor (GPCR), such as the mureceptor,
promotes G-Protein activation by GDP/GTP exchange and the con-
formational rearrangements ultimately result in $-arrestin 1 or
2 binding to the receptor. B-Arrestin binding is often facilitated
by kinases such as G-protein receptor kinases or GRK’s that phos-
phorylate intracellular components of the receptor (generally the
C-terminal tail), and thereby increase affinity of the receptor for
the B-arrestins. 3-arrestins act as linkers for a series of other pro-
teins including kinases (such as cSrc and JNK3, a c-Jun N-Terminal
Kinase) and scaffolding proteins involved in trafficking (such as
alpha-adaptin-2). The agonist interaction with the receptor gen-
erates a cluster of proteins in close proximity of the receptor to
accomplish signaling (Fig. 2A), regulatory and trafficking (Fig. 2B)
events.

Multiple studies now implicate different opioid drugs induc-
ing different receptor-containing protein complexes. One of the
initial observations was found in cell lines containing the delta
opioid receptor whereby treatment with several opioid peptides
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Fig. 2. Mureceptor signaling complexes. (A) Mu receptor signaling complexes. Agonists of the mu receptor bind to extracellular regions of this GPCR. This leads to dissociation
of the cognate G-proteins from the receptor which, either through a conformational change, or physical dissociation, separate into the ai and 3y subunits. G-protein uncoupling
is often followed by receptor phosphorylation, typically mediated by the GPCR kinases, GRK2 and GRK3, and potentially other kinases such as the Calcium/CaMK11 or Protein
Kinase A or C. Receptor phosphorylation initiates desensitization of the receptor and leads to the recruitment of the scaffolding protein B-arrestin 2 and perhaps other
non-G-protein mediated components such as by c-Src. The a or By subunits of the G-proteins initiate a series of signaling cascades or second messenger systems. The Gai
subunit couples with the adenylate cyclase cascade to inhibit intracellular accumulation of cAMP. The GB+y subunits couple with ion channels such as the inwardly rectified
K* channels and the Ca?* channels to inhibit neuronal activity and may also modulate adenylate cyclase. In addition to these pathways, mu receptor agonists activate the MAP
kinase cascade in a G-protein/B-arrestin/GRK3 dependent manner, and so affect multiple processes ranging from nuclear events orchestrated by the MAP kinase cascade
and membrane-localized events such as receptor desensitization and transactivation of the receptor tyrosine kinase, Epidermal Growth Factor (EGF) receptor to influence
the EGF pathway. (B) Mu receptor trafficking complexes. Following mu receptor activation by ligands such as DAMGO, etorphine, fentanyl and methadone, the mu receptor
internalizes in DRG neurons. As the mu receptor is a Class A receptor, it rapidly dissociates from B-arrestin 2 and is internalized into clathrin-coated pits. These pits evolve into
Rab5 associated early endosomes and the receptor then recycles back to the cell membrane through either the Rab4- or Rab11-mediated early or late recycling pathways. The
recycled receptor is dephosphorylated, resensitized and capable of signaling when returned to the cell membrane. Mu receptor internalization and desensitization requires
an intact 3-dimensional structure, as suggested from cells lacking the actin-cytoskeleton protein, Filamin A (Onoprishvili et al., 2008). Such ligand-dependent recycling of
the mu receptor is dependent on the sequence of the C-terminus. If this sequence is exchanged with that of the delta opioid receptor, 3-arrestin recruitment is prolonged and
the receptor is degraded rather than recycled (Walwyn et al., 2006). The internalization of the mu receptor is p38 dependent, this kinase phosphorylates the early endosomal
antigen 1 and Rabenosyn5, both components of the early endosome (Mace et al., 2005). Interestingly the non-internalizing mu receptor agonist, morphine, neither activates
p38 nor internalizes the mu receptor suggesting that p38 activation is a critical component of mu receptor internalization (Tan et al., 2009). Although we do not know
whether ligand-dependent internalization of the mu receptor requires the non-receptor tyrosine kinase, c-Src, we have found that c-Src and 3-arrestin 2 are required for
ligand-independent or constitutive receptor internalization and recycling. This pathway removes constitutively, or tonically, active mu receptors from the cell membrane in
a c-Src and B-arrestin 2 manner. However, if either of these 2 molecules are inhibited the receptor remains on the cell membrane with measurable physiological effects.
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and alkaloid agonists but not morphine induced loss of sur-
face opioid binding (Von Zastrow et al.,, 1993). Subsequently,
many agonist-selective receptor-mediated effects have been docu-
mented, including receptor phosphorylation, receptor trafficking,
receptor signaling and receptor desensitization (Evans, 2004).
Research indicating that the same drug can induce different com-
plexes in different environments is less well documented, but
has been implicated in a study of mu receptor trafficking in
dendrites and cell bodies. In this study, morphine was found to
induce effective internalization in processes but not in cell bodies
(Haberstock-Debic et al., 2003).

Multiple studies have shown that activation of or even just the
presence of other GPCR’s can influence the pharmacology, function,
and trafficking of mu receptors (Alfaras-Melainis et al., 2009). One
example from our studies is the interaction of mu receptors and
aya adrenergic receptors in DRG cells (Tan et al., 2009). Primary
cultures of mouse DRG neurons express multiple opioid receptors
(Mu, delta and kappa) as well as a4 adrenergic receptors. Activa-
tion of apa adrenergic receptors with an agonist such as clonidine
is able to cause desensitization and internalization of oy adrener-
gic receptors and mu opioid receptors. Likewise, activation of mu
opioid receptors with a peptide mimetic of enkephalin ([D-Ala2,N-
MePhe*,Gly-ol° Jenkephalin or DAMGO) causes internalization and
desensitization of both Mu and a5, adrenergic receptors. Cloni-
dine or DAMGO-induce receptor cross-regulation can be disrupted
by p38 MAP kinase inhibition. p38 inhibition also blocks DAMGO-
induced mu receptor desensitization and internalization, although
aya adrenergic receptor desensitization and internalization by
clonidine is unaffected. Like p38, 3-Arrestin 2 also appears to be
required for cross-regulation of Mu and a4 adrenergic receptors.
However, unlike p38 inhibition, (3-Arrestin 2 is required for a;a
adrenergic receptor desensitization and not desensitization of mu
receptors (Tan et al., 2009). The data clearly demonstrate that the
action at one receptor can markedly influence the responsivity and
trafficking of a different receptor. The hypothesized complex fol-
lowing DAMGO activation of mu opioid receptors in DRG neurons
is indicated in Fig. 3A.

Treatment with either morphine or DAMGO shows that differ-
ent agonists lead to different signaling pathways and trafficking
in DRG neurons (Tan et al., 2009). Firstly, DAMGO is found to
cause internalization of mu receptors in the DRG neurons, but
morphine does not. Secondly, morphine does not cause cross-
desensitization or internalization of a,, adrenergic receptors as
does DAMGO. And thirdly as might be anticipated, morphine does
not activate p38 kinase that is observed with DAMGO treatment.
However, mu receptor desensitization still occurs after treatment
with morphine, and morphine-induced desensitization does not
depend upon activation of p38 suggestive of different mecha-
nisms for desensitization via morphine and DAMGO. This has
been explored in other systems where morphine desensitization is
shown to be PKC-dependent but not GRK-dependent, and DAMGO
desensitization GRK-dependent but not PKC-dependent (Kelly et
al., 2008). In DRG neurons, morphine desensitization does not
appear to be PKC-dependent (unpublished observation) and it is
anticipated that different cells will have different desensitization
mechanisms for the same ligand activating the receptor. A hypoth-
esis for a morphine-induced complex in DRG neurons is depicted
in Fig. 2A.

The bottom line from the experiments described above in DRG
neurons as well as analogous studies in other systems, is that
protein complexes that form around the mu receptor are ligand-
dependent, dependent on cell type and compartment within the
cell, and regulated by recent history of the receptor environment.
Though experiments are still in the early stages of research, it is
clear that the differential formation of complexes will contribute
to individual differences between drugs targeting opioid receptors

and other GPCRs. It is probable that optimal complex formation for
a designated treatment will become a future criteria for searching
therapeutic targets and add to an already long list of requirements,
including receptor specificity, receptor potency, receptor efficacy,
low organ toxicity, blood brain barrier permeability, and metabolic
stability.

2.3. Upregulation of Mu receptor constitutive activity

Mice lacking 3-arrestin 2 have revealed another important char-
acteristic of mu receptor trafficking. mu opioid receptors can be
constitutively active and activate G-proteins in the absence of
agonist ligands. In DRG neurons we have shown that constitu-
tively active receptors are efficiently removed from the cell surface,
a process that appears dependent upon cSrc and [3-arrestin 2
(Walwyn et al., 2007). Thus in DRG neurons from [3-arrestin 2
knockout mice or cells from wild-type mice in the presence of
c-Src inhibitors, there is an increased level of surface constitu-
tive activity of mu opioid receptors that constantly inhibits Ca2*
channels in a similar (but not identical) fashion to agonists. This
constant constitutive activity appears not to have desensitized mu
opioid receptor signaling, since mu agonist dose-response curves
in DRG neurons from wild-type and (3-arrestin 2 knockout mice
are indistinguishable. Given that constitutive activity of mu recep-
tors is enhanced in B-arrestin 2 knockout DRG neurons, we have
determined if this would result in mu mediated analgesia in the
absence of agonists. 3-arrestin 2 knockout mice were found to
have anincreased nociceptive threshold in the tailimmersion assay
supporting previously published data (Bohn et al., 1999). Recent
unpublished data from our laboratory support the notion that this
opioid-mediated basal analgesia or increased nociceptive thresh-
old in the -arrestin 2 knockout mice is indeed due to mu-receptor
constitutive activity and not due to activation of opioid receptors
by endogenous opioid ligands. This finding is of potential clini-
cal relevance since it presents a novel therapeutic target, namely
the interference of mu-receptor interaction with [3-arrestin 2, as a
mechanism to develop analgesia that appears to not be susceptible
to complete desensitization. Furthermore, the [3-arrestin 2 knock-
out mice do not appear to have an elevated basal hedonic tone,
based upon indistinguishable mu-antagonist-induced aversion in
wild-type and B-arrestin 2 KO mice. Currently, we are screen-
ing for allosteric regulators and neutral antagonists that disrupt
arrestin interactions yet retain constitutive activity of mu opi-
oid receptors in hopes to discover new-non-agonist ligands of the
mu receptor that use constitutive activity to produce an analgesic
response.

2.4. Mu receptor splice variants

Target therapeutics differentiating behavioral effects of mu ago-
nists could also result from drugs selective for splice variants of
the mu receptor. Differential splicing of mu receptor RNA tran-
scripts has been described resulting in receptors with different
sequences at both the N- and C-terminus of the protein (Pan, 2005,
review; Pasternak, 2004 ). These alternatively spliced mu receptors
have different distributions, trafficking and desensitization prop-
erties (Koch et al., 2001; Tanowitz et al., 2008) and thus agonists
selective for these different variants would be expected to gener-
ate differential behavioral profiles. However, whether drugs can be
developed with sufficient selectivity in vivo for individual splice
variants or that expression of selective splice variants is appro-
priate for differentiating reward, pain modulation and adaptive
processes has not been clearly demonstrated. The differential in
vivo effects that have been observed among some mu agonists have
been attributed to variation in interaction with different splice vari-
ants of the receptor, although, as implicated above, there are many
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Fig. 3. Morphine vs DAMGO receptor signaling complexes. The differential internalization, pharmacology of desensitization and signaling of the DAMGO-treated receptor
(A) and morphine-treated mu receptor (B) in DRG neurons (see text) can be explained by ligand-specific receptor complex formation. An interesting difference between
the morphine vs DAMGO-activated mu opioid receptors is a ligand-dependent interaction with the a4 adrenergic receptor. Our data suggest that in DRG neurons this
ligand-dependent receptor-receptor interaction is p38, B-arrestin 2 and possibly internalization-dependent. DAMGO, an internalizing mu receptor agonist, results in both
internalization and desensitization of the a4 receptor whereas morphine, a non-internalizing mu receptor agonist, neither internalizes nor desensitizes the a4 receptor

(Tan et al., 2009).

different mechanisms by which behavioral heterogeneity of mu
agonists might be mediated.

2.5. Optimizing opioid actions by targeting other systems

One strategy to optimize opioid therapeutics that has not been
sufficiently explored at the clinical level and has been revealed by
rodent models using antagonists and knockout approaches is that
several systems appear to work with the opioid system circuitry
to control reward and opioid adaptive processes (for review see
Bryant et al., 2005). Thus, the cannabinoid CB1 receptor appears
to be required for opioid reward but not opioid analgesia and the
substance P receptor, NK1, is required both for full morphine-
reward and morphine-induced hyperalgesia that emerges during
withdrawal (King et al., 2005a). The application of mixed opioid-
NK1 or opioid-CB1 antagonists could be useful; especially in pain
patients that are high-risk for addiction and that require opioid
analgesics. However, the side effects in humans of the CB1 antago-
nist Rimonabant in promoting depression and suicidal behaviors
(Lee et al,, 2009) and the lack of a suitable NK1 antagonist has
not facilitated the testing of opioid combinations with CB1 or
NK1 antagonists at the clinical level. Interestingly, agents that
prevent hyperalgesia also reduce tolerance demonstrating sim-
ilar underlying cellular adaptations to chronic opioids. Exciting
work by De-Yong Liang and colleagues suggests that different
strains of mice have a greater susceptibility to develop hyperal-
gesia after opioid administration and polymorphisms of the 32
adrenergic receptor ([32-AR) gene were linked to these differences
(Liang et al., 2006). Using the selective [32-AR antagonist butox-
amine, the investigators observed a dose-dependent reversal of
OIH. This study holds promise that the addition of a 32-AR antag-
onist to a chronic opioid regiment in humans might improve the
long-term analgesic efficacy (Liang et al., 2006). Similar promising
results have been found with antagonists of different compo-

nents of the system such as CCK and NK1 (review; Bryant et al.,
2005). The development of non-addictive opioid formulas should
be a goal of pharmaceutical companies despite the lost revenue
that would occur by negating abuse liability of their drug prod-
ucts.

2.6. Novel pharmacological targets for analgesia besides opioids

More recently there has been considerable interest in the
development of non-opiate based pharmacological and non-
pharmacological targets to treat pain. Some of these targets are
receptors or ions channels in all or specific subsets of neurons
directly involved in the pain pathways, while others target non-
neuronal cell types.

2.6.1. The cholinergic system. The cholinergic system, whether
modulating the levels of acetylcholine directly or activating
the ligand-gated ion channel receptors or G-protein coupled
muscarinic receptors, can influence nociception. Inhibitors of
acetylcholinesterase, for example neostigmine, prevent the hydrol-
ysis of acetylcholine and increase acetylcholine accumulation in the
synapse. This increases the inhibition of excitatory post-synaptic
neurotransmission as well as enhancing pre-synaptic inhibition,
both effects decreasing pain. Although difficult to discern which
types of receptors are involved, non-specific agonists of both the G-
protein coupled muscarinic and nicotinic ligand-gated cholinergic
ion channels are able to decrease acute, chronic, or inflammatory
pain. Unfortunately, such agonists are commonly associated with
unwanted side effects due to the activation of other systems mak-
ing non-specific cholinergic compounds unattractive analgesics.
However, more specific compounds targeting ion-channel receptor
subunits involved in analgesia but not other nicotinic receptor func-
tions, could make outstanding targets for new therapeutics (Jones
and Dunlop, 2007).
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2.6.2. Delta opioid receptors. Convincing pain-relieving effects
mediated of the delta opioid receptor, another member of the opi-
oid receptor family, have been difficult to show in standard animal
pain models. However, in states of inflammation or after chronic
morphine, a ‘priming’ effect occurs increasing delta receptor activ-
ity (Gendron et al., 2007), and delta-mediated analgesia (Cahill et
al., 2001). In addition to the lack of effect in the normal state, delta
receptor agonists produce serious side effects, the worst of which
are life-threatening seizures, making the well-known delta com-
pounds unlikely therapeutics. However, different delta agonists
have recently been developed that do not show such unwanted side
effects (Codd et al., 2009). These compounds show different phos-
phorylation, kinase recruitment and internalization profiles with
matching differences in their physiological effects (Pradhan et al.,
2009). Furthermore the delta receptor has recently been shown to
be expressed in a different class of primary afferent neurons than
the mu receptor suggesting that delta-based analgesics may have a
different physiological effect than those targeting the mu receptor
(Scherrer et al., 2009).

2.6.3. Other GPCRs. Many other G-protein coupled receptors are
expressed in the pain pathways and are either well-accepted anal-
gesics or hold promise as future analgesic targets. For example,
clonidine, an agonist of the a,, adrenergic receptor is frequently
used to treat post-operative pain, as is ocreotide, a somato-
statin analog. A potential target is the cannabinoid system, the
receptors of which are more ubiquitously expressed in the cen-
tral nervous system than the opioid receptors. Cannabinoids can
induce analgesia but, the psychoactive side effects of centrally
acting cannabinoids limits their use. This has sparked interest
in a peripherally restricted class of cannabinoid receptors to
treat pain of a peripheral nature (Karst and Wippermann, 2009).
Given the positive effect of the cannabinoids on analgesia and its
widespread distribution, this system may offer less risk of addic-
tion, withdrawal, and overdose than opioid drugs if the appropriate
cannabinoid-like compounds can be found with minimal side-
effects.

Although many of these alternative strategies targeting G-
protein coupled receptors (GPCR) appear promising, many carry
unwanted side effects, often a result of non-specific activation of
receptors outside the nociceptive pathways. Agonists of differ-
ent receptor populations, each at an ineffective analgesic dose,
can reduce off-target effects and become analgesic when co-
administered. Such combinatorial drug therapies, for example
those targeting the cannabinoid and opioid systems, may become
promising analgesics (review; Karst and Wippermann, 2009).
Another approach to increase pharmacological specificity is to
target receptors/molecules expressed only in the nociceptive path-
way. One example is the sensory neuron-specific GPCRs (SNSRs,
Dong et al., 2001) which are only expressed in a limited subset
of dorsal root and trigeminal ganglia neurons. Recent evidence
from an siRNA knockdown approach shows that these recep-
tors increase the response to inflammatory pain (Ndong et al.,
2009), suggesting that SNSR antagonists may be analgesic. Further-
more the appreciation that many GPCR’s form heterodimers has
opened the potential of heterodimer-selective ligands. For example
6’-guanidinonaltrindole (6’-GNTI)is areported analgesic that selec-
tively activates spinal delta-kappa opioid receptor heterodimers
(Waldhoer et al., 2005).

2.6.4. Ion channels. Manipulation of specific ion channels to treat
pain is a novel and exciting area of the analgesic field that many
pharmaceutical companies have adopted. Ziconotide, for exam-
ple, is an N-type calcium channel inhibitor derived from the cone
marine snail, thatis currently available (Williams et al., 2008). How-
ever, the quest for greater specificity is an underlying issue of ion

channel-mediated analgesia. Different approaches have been used
to address this concern, one of which is to target spatially restricted
ion channels such as the Nav1.8 and 1.9 sodium channels, the acid
sensing ASIC3 channels, or the purinergic, ATP-sensing channels,
all of which are expressed in dorsal root ganglia neurons, the first
order sensory neurons of the pain pathway (review; Patapoutian et
al.,, 2009). Similarly, many pharmaceutical companies are currently
focusing on antagonists that block or agonists that desensitize the
transient receptor potential channels, in particular the thermo-
TRPV1 and TRPA1 channels expressed in the heat-sensing neurons
of dorsal root ganglia (Patapoutian et al., 2009). The large pore size
of the open TRPV1 channel has also been used to gain intracel-
lular access to only these heat-sensing neurons by the lidocaine
derivative, QX-413 (Patapoutian et al., 2009). In some cases, the use
of partial agonists with lower efficacies and reduced side effects,
such as Sazetidine-A, a partial nicotinic 32 agonist with effective
analgesic properties, has been explored (Cucchiaro et al., 2008).

2.6.5. Othermoleculartargets. Although not oftenrecognized for its
involvement in pain, nerve growth factor (NGF) is a major mediator
of inflammatory and neuropathic pain. Antibodies to this diffusible
growth factor, or small peptides acting as an NGF receptor and
able to absorb NGF, have been assessed as analgesics (Watson et
al.,, 2008). Another interesting compound is an anti-TNFa antibody
that has been typically used to treat inflammatory conditions such
as rheumatoid arthritis and psoriasis, but may also have analgesic
properties (Seadi Pereira et al., 2009).

2.7. Opioids and the immune system

Opioid-mediated analgesia may also be influenced by
the peripheral release of opioid peptides, -endorphin, met-
enkephalin, and dynorphin, from specific immune cells during
inflammation. These are the granulocytes, lymphocytes, and
monocytes, each population releasing opioids at different stages
of the inflammatory process. The granulocytes are the first to
be recruited to the site of inflammation and require an intact
chemokine cascade, series of adhesion molecules, and other
chemo-attractants to direct their migration. Once at the site, they
increase the release of opioid peptides in a p38 and PI3K dependent
manner (review; Rittner et al., 2008). These opioids bind to the
peripheral nerve terminals of the primary afferent neurons, which
express the delta, mu, and kappa opioid receptors. This initiates the
opioid signaling cascade to increase hyperpolarization and inhibit
neurotransmitter release, thus reducing the sensation of pain.
Such peripherally restricted release of opioids from immune cells
appears not to induce tolerance, and certainly is not associated
with the central side effects of the centrally acting opioids (Smith,
2008). This suggests that peripherally-restricted opioids may be
more attractive alternative compounds than their centrally acting
counterparts for peripheral pain.

2.8. Non-classical opioid receptors and targets

Opioids may also activate astrocytes and microglia, and accel-
erate the development of tolerance and the opponent process,
hyperalgesia, by enhancing nitric oxide and pro-inflammatory
cytokine production (Wang et al., 2009). This can partially be pre-
vented by the +£enantiomers of naloxone or naltrexone, which bind
with the toll-like 4 receptors on microglia (Hutchinson et al., 2008).
Another interesting non-classical opioid receptor is the opioid-
growth factor receptor present in glia and neurons, which binds
with met-enkaphalin and through direct effects on DNA synthesis,
affects proliferation (Zagon et al., 2002).
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3. Conclusion

It must be recognized that opioid pharmaceuticals fulfill a valu-
able niche in the treatment of pain and that “opiophobia” can deny
patients effective treatment and perhaps the opportunity for a
more positive outcome. To address diversion and prescription drug
misuse, increased monitoring of opioid medications, awareness of
pain modalities not optimum for opioid treatments and detection
of patients drug shopping or patients likely to become addicted
are all measures that can be currently instated. Progress on the
basic research front has focused on the reduction of analgesic tol-
erance yet of more clinical importance is the control of hedonic
circuitry and opponent processes. Promising strategies identified
in rodent models include co-administration of opioid drugs with
NK1-antagonists, which reduce reward activation and nociceptive
adaptations that result in hyperalgesia. The possibility of the upreg-
ulation of surface constitutively-active mu opioid receptors offers
an alternative, untested, therapeutic strategy for analgesia without
addiction. The identification of drugs with selective trafficking and
signaling via opioid receptors that stem from differential ability to
form selective receptor complexes is slowly revealing itself as an
exciting new area for differentiating opioid analgesics. Drugs form-
ing selective complexes, identifying selective preformed receptor
heterodimers, or perhaps selective for specific Mu-receptor splice
products have the potential to improve opioids as effective med-
ications for pain with lessened opponent processes and addictive
liability. It is anticipated that drugs targeting receptors other than
opioid receptors will become analgesics of choice, which will avoid
the dilemmas that individuals prescribing analgesic medications
are now facing.
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