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Abstract
This article provides a brief overview of earlier work of our group on the peripheral signaling of
pain, summarizes more recent studies on the role of opioids in chronic neuropathic pain, and
speculates on the future of gene-based therapies as novel strategies to enhance the peripheral
modulation of pain. Neurophysiological and psychophysical studies have revealed features of
primary afferent activity from somatic tissue that led to improved understanding of the physiology
and pathophysiology of pain signaling by nociceptive and non-nociceptive fibers. The
demonstration of peripheral opioid mechanisms in neuropathic pain suggests a potential role for
these receptors in the modulation of pain at its initiation site. Our work has focused on
characterizing this peripheral opioid analgesia in chronic neuropathic pain such that it can be
exploited to develop novel and potent peripheral analgesics for its treatment. Ongoing research on
virus-mediated gene transfer strategies to enhance peripheral opioid analgesia is presented.

Introduction
I am honored and humbled to receive the 2010 John J. Bonica Award from the American
Society of Regional Anesthesia and Pain Medicine (ASRA)—honored by the opportunity to
celebrate the accomplishments of a visionary leader in the pain field, and humbled to be
included among the elite group of clinicians and scientists who have been prior recipients of
the award since its inception in 1988 (see Supplemental Digital Content 1,
http://links.lww.com/AAP/A40, for list of Bonica Award recipients).

John Bonica, the first chairman of the Department of Anesthesiology at the University of
Washington in Seattle, was a clinician-educator, a scientist, and a leader par excellence. He
led the department from 1960 to 1978 and continued to serve the institution as Professor
Emeritus until his retirement in 1992. Bonica dedicated his life to educating physicians on
pain management, developing and promoting the concept of multidisciplinary pain clinics,
and advancing clinical and basic science research on pain. Among his major
accomplishments was the founding of the International Association for the Study of Pain. I
was fortunate to join the Department of Anesthesiology at the University of Washington as a
resident in 1977— part of the last batch of physicians to be trained under Dr. Bonica’s

Correspondence to: Srinivasa N. Raja, MD, Division of Pain Medicine, Department of Anesthesiology/CCM, Johns Hopkins
University, 292 Osler, 600 N. Wolfe Street, Baltimore, MD 21287, Phone: 410-955-1822, sraja@jhmi.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Reg Anesth Pain Med. Author manuscript; available in PMC 2013 March 1.

Published in final edited form as:
Reg Anesth Pain Med. 2012 March ; 37(2): 210–214. doi:10.1097/AAP.0b013e31823b145f.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://links.lww.com/AAP/A40


chairmanship. My interests in regional anesthesia and pain were kindled during those
residency years and reinforced by meeting pioneers in the field, such as Drs. Bridenbaugh,
Covino, Cousins, Katz, Moore, Raj, and others at the ASRA meetings in the early 1980s.

I was introduced to pain research by Drs. James Campbell and Richard Meyer in the
Department of Neurosurgery at Johns Hopkins University, and the three of us worked
together for more than two decades. This review will provide a brief overview of our
group’s earlier work in the peripheral signaling of pain, summarize more recent clinical and
experimental studies on the role of opioids in chronic neuropathic pain, and speculate on the
future of gene-based therapies as novel strategies to enhance peripheral modulation of pain.

The Peripheral Signaling of Pain
In the early 1980s, studies in our laboratory focused on the peripheral neural apparatus that
responds to noxious stimuli to the skin. The characteristics of the response of single afferent
fibers, teased from peripheral nerves in primates, to stimuli applied to their cutaneous
receptive fields were correlated with psychophysical ratings of pain to the same stimuli in
human volunteers. These studies allowed inferences to be made on the functional roles of
different types of nociceptive fibers that innervate the skin and provided the
neurophysiologic basis (ie, peripheral sensitization) for the hyperalgesia that results from
cutaneous injuries, such as a skin burn or a surgical incision1 (reviewed in Raja et al2). We
further examined which afferent fibers signaled allodynia, a common presentation of acute
and chronic pain states, using models of acute burn injury and clinical neuropathic pain
states, such as nerve injury, postherpetic neuralgia, and complex regional pain syndrome
(CRPS).3–5 These studies led to the understanding that hyperalgesia at the site of injury
(primary hyperalgesia) can be produced when nociceptors are sensitized by an
“inflammatory soup” composed of prostaglandins, bradykinin, and cytokines released at the
injury site.6, 7 In addition, we demonstrated that the characteristics of primary hyperalgesia
and secondary hyperalgesia (increased pain sensitivity that occurs around the injury site)
differ.5, 8 In studies of subjects with nerve injury-associated pain and allodynia, we
presented multiple lines of evidence, using differential ischemic and local anesthetic blocks
and latency measurements in response to stepped displacement stimuli to indicate that
myelinated primary afferents, perhaps A-beta fibers (sensitized myelinated nociceptors or
low-threshold mechanoreceptors), signal the hyperalgesia.3 Studies by Woolf et al9–11 and
several other groups have demonstrated that the secondary hyperalgesia is the result of
central sensitization. Additional studies we conducted in patients who had conditions, such
as CRPS and postamputation pain, suggested that the input from peripheral nociceptors
could be modulated by adrenergic mechanisms.12, 13

Clinical Efficacy of Opioids for Chronic Pain
In the 1990s, the role of opioids in the management of patients with chronic non-cancer pain
was highly controversial, with diametrically opposed schools of thought. Unfortunately, few
controlled trials had been carried out to help resolve the issue. Based on preliminary
observational studies on the efficacy of chronic opioid therapy for neuropathic pain, we
conducted 2 double-blind, randomized controlled trials of the efficacy of opioids for
postherpetic neuralgia and postamputation pain.14, 15 Controlled-release morphine
effectively attenuated pain in subjects with postherpetic neuralgia, and patients preferred
treatment with the opioid to treatment with the tricyclic antidepressant nortriptyline.14 In
amputees with postamputation pain, therapy with controlled-release morphine, but not
mexiletine, resulted in a decrease in intensity of pain, but that form of therapy was also
associated with a higher rate of side effects and no improvement in self-reported levels of
overall functional activity and pain-related interference in daily activities.15
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These studies, as well as those by other investigators, indicate that opioids are effective in
providing short-term relief for chronic non-cancer pain.16, 17 However, the beneficial effects
of opioids on function were not studied with objective measures. In a 16-week, prospective,
open-label study that used an actigraph as an objective measure of function, we observed
that a reduction in pain intensity was associated with a corresponding increase in functional
activity in neuropathic pain patients treated with transdermal fentanyl.18 However, the
systemic use of opioids is associated with significant adverse effects, including constipation,
sedation, respiratory depression, etc. Additionally, concern has been growing about the
increasing abuse of prescription opioids in the community, particularly among teenagers and
young adults.19, 20

Modulating the Nerve Injury-Induced Plasticity of the Peripheral Nervous
System

A considerable body of evidence built over the last decade suggests that, after tissue injury
and inflammation, the analgesic effect of opioids may be mediated partly by peripheral
opioid receptors.21–23 Opioid receptors are synthesized in dorsal root ganglion (DRG) cells
and transported to their central and peripheral terminals in the spinal cord and peripheral
tissues, respectively.24, 25 We postulated that a similar peripheral opioid mechanism may
play a role in chronic pain states, such as neuropathic pain that results from a partial nerve
injury. The presence of peripheral opioid receptors would provide a novel target that could
be activated by peripherally restricted opioids. Such a peripherally active agent is an
attractive treatment strategy for several reasons:26 1) An agent that works primarily on the
peripheral nociceptors will target “pain at its source”27 and act on the pain-signaling
pathway in the peripheral nervous system (PNS) before the signals diverge over multiple
pathways in the central nervous system (CNS). 2) Analgesic drugs restricted to the PNS are
less likely to produce “off-target” CNS-mediated adverse effects, such as sedation and
cognitive dysfunction.28, 29 3) PNS-acting drugs are likely to be associated with fewer drug
interactions and a larger safety profile (for example, topical local anesthetics and
capsaicin).30 4) Interrupting pain signals in the periphery may prevent the development of,
or reverse, the CNS neuroplastic changes that underlie central sensitization.31, 32

In studies conducted during the last 5 years, we observed that the expression of opioid
receptors in the periphery and spinal cord are altered after peripheral nerve injury, and that a
peripheral opiate receptor-mediated antihyperalgesia occurs in experimental animals.33, 34

Using a rat model of persistent neuropathic pain (ligation of the L5 spinal nerve root, L5
SNL), we characterized the temporal and spatial expression of mu-opioid receptor (mOR)
mRNA and protein in primary afferent neurons. We found that the expression of mOR
mRNA and protein underwent dynamic changes in primary afferent neurons after L5 SNL.
In rats with an L5 SNL, the mOR mRNA transiently decreased on day 7 and then increased
significantly on day 14 in adjacent uninjured L4 DRG cells.34 We postulated that these
temporal changes in mOR expression that occur after nerve injury are likely to have
functional consequences on pain behaviors and opioid analgesia.

In a behavioral study of rats with L5 SNL, we examined whether activation of the peripheral
mORs could effectively alleviate neuropathic pain.33 Systemic loperamide hydrochloride, a
peripherally acting mOR-preferring agonist, dose-dependently reversed the mechanical
allodynia after SNL. Several lines of evidence suggested that this effect of loperamide was
mediated primarily through activation of peripheral mORs in local tissue. For example, the
anti-allodynic effect of systemic loperamide was blocked by systemic pretreatment with
naloxone hydrochloride or the peripherally acting MOR-preferring antagonist,
methylnaltrexone. The anti-allodynic effects of systemic loperamide were also blocked by
ipsilateral intraplantar pretreatment with methylnaltrexone and the highly selective mOR
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antagonist CTAP, but not by the delta-opioid receptor antagonist, naltrindole. These
observations were consistent with our postulate that peripheral mORs are a potential
analgesic target and that peripherally acting mOR agonists may represent a promising
therapeutic approach for alleviating neuropathic pain.

Enhancing Peripheral Opioid Receptors—Virus-Mediated Gene Transfer
Strategies

Gene therapy has been used to introduce a potentially therapeutic DNA or RNA sequence
into cells for the treatment of experimental and clinical pain.35 Although many gene therapy
strategies have been employed to deliver analgesic genes to the nervous system, viral
vectors (modified viruses that have been disabled by recombination to reduce pathogenic
potential) are most commonly used.36, 37

Several adeno-associated or herpes simplex (HSV) recombinant viruses have been used in
experimental animals to effectively increase the expression of the mOR or the endogenous
opioid ligand enkephalin (Enk) in afferent neurons.38 Such studies have generally used viral
gene transfer strategies to deliver preproenkephalin cDNA to DRG or trigeminal neurons in
different animal models of chronic pain.39–47 The opioid peptides are synthesized and stored
in the sensory neurons, and activation of these neurons results in release of the peptides
along with other endogenous peptides—a form of self-medication for pain.

As compared with adeno-associated virus, the use of recombinant HSV offers several
advantages as a vector: 1) Because of the natural neurotropism of the parent wild-type virus,
the viral vector can be injected subcutaneously or applied topically. The HSV vector targets
primary afferent neurons that innervate the inoculation site, thus bypassing the need for
surgical delivery of virus. 2) HSV can naturally establish a lifelong latent state as an
intranuclear element in sensory neurons of the DRG.48 In animal models, expression of
virus-delivered marker genes persists for 3 to 4 months, suggesting the possibility of long-
term ef?cacy.38, 43, 49 3) Immunological studies have shown that a broad range of sensory
neurons in the DRG and trigeminal ganglia, including nociceptors, are able to establish
latent infections.

HSV-1–mediated expression of Enk in DRG neurons has been shown to attenuate capsaicin-
induced thermal hyperalgesia in rats and primates45, 50 and to be antinociceptive in animal
models of cancer pain,39 arthritis,51, 52 neuropathic pain,40 postoperative pain,53 interstitial
cystitis,46 and alcohol- and nonalcohol-induced pancreatitis.44, 54 Furthermore, this Enk-
induced antinociception is mediated via opioid receptors, as the analgesia is reversed by
naloxone.39, 42, 46, 50

Our research team has been studying whether viral vector strategies could be used to
increase the number of peripheral opioid receptors on primary afferents. Such an approach
might enhance analgesia while limiting opioid-induced side effects. We used recombinant
HSV constructs with the mOR cDNA inserted in the sense (SGMOR) or antisense
(SGAMOR) orientation relative to the promoter to selectively increase or decrease
expression of the mOR in primary afferent neurons. Using a green fluorescent protein
reporter gene, we demonstrated that the HSV vectors were incorporated into small and large
cells in the DRG.55 Administration of the SGMOR virus led to an increase in expression of
mORs, which were transported from the DRG both anterograde to central spinal terminals
and retrograde to the skin afferent endings in the periphery (Fig. 1). In contrast, the
SGAMOR virus decreased expression of mORs in the skin, DRG, and spinal cord. This
finding is significant because it shows not only that the receptor is being made but also that
it is being transported to sites relevant for pain modulation. In addition, we demonstrated
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that the change in mOR expression was accompanied by a change in function, as evidenced
by a shift in the dose-response curve of the peripherally acting opioid agonist loperamide,
leftward for the SGMOR and rightward for the SGAMOR. This finding confirmed that
HSV-1 vectors can be used to decrease or increase peripheral opioid analgesia and supports
the further development of novel peripheral opioid agonists that can produce analgesia
without the centrally mediated side effects.

Potential Future Therapies
The potential role of the peripheral opioid receptor as a useful target for clinical pain states
needs to be tested. The only FDA-approved opioid agonist drug that has a predominant
peripheral effect is loperamide. This drug is presently available only as an oral formulation
and is approved for the treatment of acute diarrhea and chronic irritable bowel syndrome,
not as an analgesic. A few peripherally restricted kappa-agonists are undergoing early phase
clinical trials.56

Gene therapy for pain is based on the postulate that the delivery of peptides that target
specific, well established sites in the pain pathway or that enhance receptors known to
modulate the pain signaling process is likely to selectively interrupt the transmission of
nociceptive information. A broad range of gene products has been studied, including vectors
designed to produce inhibitory neurotransmitters such as the delta opioid agonist peptide
Enk, the mu opioid agonist peptide endomorphin-2, and glutamic acid decarboxylase, which
enhances the release of gamma amino butyric acid. Other vectors have been developed to
release anti-inflammatory peptides, e.g., interleukin (IL)-4, IL-10, and a tumor necrosis
factor α receptor. Many of these viral vectors have been shown to be effective in several
preclinical models of chronic pain--inflammatory pain, visceral pain, neuropathic pain, and
cancer pain.

Gene transfer strategies for the treatment of pain in humans are being studied presently, and
initial signals are promising. The effects of treatment with a replication-defective HSV-
based vector that expresses human preproenkephalin have been reported recently.36 In this
multicenter, dose-escalation phase I clinical trial of the vector in 10 subjects with intractable
focal cancer pain, no adverse effects occurred. Patients reported pain relief with the middle
and high doses tested during the 4-week observation period. Whether similar effects can be
obtained with the strategy of enhancing the peripheral opioid receptor population remains to
be examined.

Summary
The experiments described in this report have been conducted for more than 25 years. These
studies have revealed features of primary afferent signaling from somatic tissue, which, in
turn, has improved understanding of the physiology and pathophysiology of pain signaling
by nociceptive and non-nociceptive fibers. The demonstration of peripheral opioid
mechanisms suggests a potential role for these receptors in the modulation of pain signals
before they enter the spinal cord and higher CNS sites. Our work has focused on
characterizing this peripheral opioid analgesia in chronic neuropathic pain such that it can be
exploited to develop novel and potent peripheral analgesics for its treatment. Research on
virus-mediated gene transfer strategies to enhance peripheral opioid analgesia for the
treatment of neuropathic pain is ongoing.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Immunoreactive µ-opioid receptor (MOR) in the ipsilateral dorsal horn of the lumbar spinal
cord (A) and skin (B) at 4 weeks after topical hind paw infection with herpes simplex virus
encoding the gene for the µOR in antisense (SGAMOR) or sense (SGMOR) direction
relative to the cytomegalovirus promoter, or the viral control encoding [beta]-galactosidase
(SGZ). A). MOR immunoreactivity is decreased in the ipsilateral L3 dorsal horn after
SGAMOR infection (left panel) when compared with infection with the control SGZ virus
(middle panel) while inoculation of the SGMOR viral vector results in increased MOR
immunoreactivity in ipsilateral L3 dorsal horn (right panel). B) Quantitative changes in
expression of MOR and overlapping immunoreactivity (-ir) with GFP in dorsal hind paw
skin at 4 weeks after topical hind paw infection with herpes simplex virus. Compared with
control SGZ infection, infection with SGAMOR decreases the number of MOR-ir afferent
terminals in the epidermis of the medial dorsal hind paw skin. In contrast, infection with
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SGMOR increased the number of MOR-ir afferent terminals. Data are presented as average
± SD. *, *** P < 0.05, 0.001 compared with SGZ. (Adapted from Zhang et al 2008)55
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