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Abstract
Enhancement of peripheral opioid analgesia following tissue injury or inflammation in animal models
is well-documented, but clinical results of peripheral opioid therapy remain inconsistent. Previous
studies in the central nervous system have shown that co-administration of μ- and δ-opioid receptor
agonists can enhance analgesic outcomes; however, less is known about the functional consequences
of opioid receptor interactions in the periphery. The present study examines the effects of intraplantar
injection of the μ- and δ-opioid receptor agonists, morphine and deltorphin, alone and in combination
on behavioral tests of nociception in naïve rats and on potassium-evoked release of CGRP from
sciatic nerves of naïve rats. Neither drug alone affected nociceptive behaviors or CGRP release. Two
separate measures of mechanical nociceptive sensitivity remained unchanged after co-administration
of the two drugs. In contrast, when deltorphin was co-injected with morphine, dose-dependent and
peripherally-restricted increases in paw withdrawal latencies to radiant heat were observed.
Similarly, concentration-dependent inhibition of CGRP release was observed when deltorphin and
morphine were administered in sequence prior to potassium stimulation. However, no inhibition was
observed when morphine was administered prior to deltorphin. All combined opioid effects were
blocked by co-application of antagonists. Deltorphin exposure also enhanced the in vivo and in
vitro effects of another μ-opioid receptor agonist, DAMGO. Together, these results suggest that under
normal conditions, δ-opioid receptor agonists enhance the effect of μ-opioid receptor agonists in the
periphery, and local co-administration of δ- and μ-opioid receptor agonists may improve results of
peripheral opioid therapy for the treatment of pain.
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1. Introduction
Systemic and central administration of opioids for the treatment of pain is sometimes
accompanied by serious adverse side effects, and tolerance often occurs with prolonged use.
The abuse potential and legal restrictions of this drug class can also limit their clinical usage.
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The targeting of peripheral opioid receptors may provide pain relief while reducing many of
these limitations. Peripherally applied opioids have little or no analgesic effect under normal
conditions, but it is well-established that peripheral opioid receptor function is enhanced after
tissue injury or inflammation [23,37,40,44]. Several mechanisms appear to contribute to
improved peripherally-mediated opioid analgesia during inflammation, including increased
synthesis and transport of opioid receptors to the periphery [17,21], enhanced G-protein
coupling [47], and increased permeability of the perineurium [2] (for review, see[38]).

Recent studies have indicated that the efficacy of peripherally applied opioids can be improved
in the absence of a complex or time-consuming inflammatory response. Peripheral μ- and δ-
opioid receptors have both been shown to undergo functional upregulation following relatively
brief exposure to a single inflammatory mediator such as bradykinin or a protease activated
receptor-2 agonist. This rapid process of enhancing peripheral opioid receptor function has
been referred to as priming [4,5,26,27,33]. The priming requirement for functional competence
has also been demonstrated for the δ-opioid receptor in vivo [33].

Despite overwhelming evidence from animal studies suggesting that the efficacy of
peripherally restricted opioids should be high after tissue insult, clinical results of peripheral
opioid therapy remain inconsistent. For example, topical morphine has been shown to reduce
nociceptive behaviors in rats and dogs [39,45] as well as pain scores in humans [10] following
corneal injury. In contrast, many studies examining the efficacy of local morphine
administration after arthroscopic knee surgery have failed to observe significant pain relief.
Clinical reviews have concluded that this strategy provides little to no analgesic effect [15,
32], and similar conclusions have been drawn for other opioids and procedures [28]. One
strategy that has proven to be effective in improving pain relief clinically, however, is
polyanalgesic therapy. For example, the α2-adrenergic receptor agonist clonidine enhances
post-operative morphine analgesia without augmenting side effects [8]. Previous results from
animal studies have indicated that δ- and μ-opioid receptor interactions also have important
functional consequences in the central nervous system (CNS), including synergistic analgesic
outcomes [1,13,18,19,24,42]. However, much less is known about how these receptors interact
in the periphery.

Given the evidence of greater-than-additive analgesic effects resulting from combining δ- and
μ-opioid receptor ligands in the CNS, we hypothesized that combining agonists for these two
receptors would unmask or enhance the function of opioid receptors in the peripheral nervous
system. To test this hypothesis, we examined (1) the effect of intraplantar injection of δ- and
μ-opioid receptor agonists alone and in combination on measures of both mechanical and
thermal nociception in naïve animals, (2) the effect of δ- and μ-opioid receptor agonists alone
and together on neuroactive peptide release from normal peripheral tissue, and (3) whether
combined opioid effects are dependent on a specific agonist sequence or combination.

2. Methods
2.1 Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee at
the University of Minnesota and were conducted according to the International Association
for the Study of Pain [46] and federal guidelines. Male Sprague-Dawley (Harlan, Indianapolis,
IN) rats weighing 250-325 g were used in this study. Animals were housed in a temperature-
controlled room on a 12 hour light/dark schedule and had access to food and water ad
libitum.
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2.2 Compounds
Naltrindole hydrochloride and naloxone hydrochloride were purchased from Tocris (Ellisville,
MO). [D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2] (CTAP) was purchased from American
Peptide Company (Sunnyvale, CA). [D-ala]2-Deltorphin II (deltorphin) was purchased from
Bachem (Torrance, CA). [D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin (DAMGO) and morphine
sulfate were purchased from Sigma-Aldrich (St. Louis, MO). For behavioral studies, drugs
were diluted alone or in combination in sterile saline and administered via a single subcutaneous
intraplantar injection in a final volume of 50 μL. The doses for each drug used in the current
study were chosen based on those previously reported to produce significant, non-systemic
antinociceptive effects when given alone in models of inflammatory or neuropathic pain [9,
22,33]. For CGRP release studies, stock solutions were prepared in sterile saline (morphine
sulfate) or water (all other drugs) and diluted in modified Hank’s buffer (Invitrogen, San Diego,
CA; prepared as described below) on the day of experimental use.

2.3 Behavioral testing
For all behavioral tests, animals were handled by the experimenter and allowed to habituate to
the testing room and procedures for at least three days before evaluation of drug effects. On
the day of experimentation, animals were acclimated to the testing apparatus prior to testing.
Measurements were then taken for both hind paws before and at 15, 30, 45, and 60 min after
intraplantar injection of drug or vehicle (saline) in non-anesthetized rats. The same
experimenter handled and tested each group of animals and was blinded to drug treatment
groups.

2.3.1 Thermal nociceptive threshold testing—Paw withdrawal latency (PWL) to
noxious heat was determined using methods similar to those previously described [16]. Briefly,
rats were placed in individual plastic compartments on a glass table and allowed to acclimate
for at least 20 min. A radiant heat stimulus was then applied to the plantar surface of the hind
paw through the glass floor. PWLs were measured automatically to the nearest 0.1 s using a
photoelectric cell. The light intensity was adjusted so that baseline withdrawal latencies were
approximately 10 s. A cut-off time of 20 s was used to minimize tissue damage. Measurements
were performed in duplicate at least 30 s apart, and the average of the two readings was used
for statistical analysis.

2.3.2 Mechanical nociceptive testing—For mechanical nociceptive tests, rats were
placed on an elevated wire mesh platform in individual plastic compartments and allowed to
acclimate for at least 20 min. Mechanical withdrawal thresholds were determined using an
electronic von Frey apparatus. A mechanical stimulus was applied to the middle of the plantar
surface using a rigid filament with a tip diameter of 0.8 mm coupled with a force transducer
(model 2390, IITC Inc. Woodland Hills, CA). Measurements were performed in triplicate at
least 30 s apart, and the average of three measurements was used for statistical analysis.

Percent paw withdrawal to mechanical stimulation was determined using a 60 g Semmes–
Weinstein von Frey monofilament (Stoelting, Wood Dale, IL). The filament was applied to the
plantar surface of each hind paw ten times for 1–2 s each time with an interstimulus interval
of at least 5 s. Percent withdrawal was then calculated as the number of paw withdrawals
elicited/10 trials x 100.

2.4 Immunoreactive calcitonin gene related peptide (CGRP) release procedures
Procedures were slightly modified from those described previously [12]. Briefly, animals were
sacrificed, and sciatic nerves were cleared of adjacent tissue and removed from just distal to
the lumbar plexus and following the tibial branch to just above the ankle. Nerves were rinsed
with room temperature modified Hank’s buffer ((Invitrogen, San Diego, CA) supplemented
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with 10 mM D-glucose, 10.9 mM HEPES, 4.2 mM NaHCO3, and 0.1% bovine serum albumin,
pH 7.4) during dissection then placed intact into mesh-bottomed baskets to protect them from
mechanical damage during experimental procedures. Nerves were rinsed and acclimated in
oxygenated buffer for 30 min in a 37°C water bath before each experiment.

Each experimental sequence consisted of a set of five-min incubation steps. Nerves were
incubated in glass test tubes containing 500 μL of warmed (37°C) modified Hank’s buffer with
or without test compounds and were gently transferred via mesh-bottomed baskets directly
from one test tube to the next. Each sequence began with measurement of basal release followed
by two vehicle or drug treatment incubations, with the final five-min incubation step being a
depolarizing stimulation with isotonic high potassium buffer (containing, in mM, 1.26
CaCl2, 0.5 MgCl2, 0.4 MgSO4, 50 KCl, 0.4 KH2PO4, 88 NaCl, 0.34 Na2HPO4, 15.6 D-glucose,
10.9 HEPES, 4.2 NaHCO3, 0.1% bovine serum albumin, pH 7.4). Nerves were weighed at the
end of each experiment and were used for only one experimental sequence. Procedures for
measurement of CGRP release from hind paw were modified from [34]. Briefly, the skin of
the plantar surface of the hind paw was removed, taking care to keep nerves intact. The
subsequent experimental methods were essentially the same as for nerves, except that hind
paws were incubated in a 24-well plate at 37°C. Skin samples were gently transferred between
wells containing buffer with or without compounds, and each incubation step was 20 minutes.
As with nerve experiments, the final incubation step was a depolarizing stimulus of high
potassium buffer. For both methods, incubation fluid samples (300 μL) were collected after
each step and stored at −20°C until ready for analysis of CGRP content via enzyme-immuno
assay (EIA). Samples were processed as directed using a commercially available rat CGRP kit
(Cayman Chemicals, Ann Arbor, MI).

2.5 Data analysis
Prism software version 4 (GraphPad, San Diego, CA, USA) was used for statistical analysis.
All data are expressed as means ± SEM. Behavioral time course data was analyzed using a
two-way ANOVA, and corresponding area under the curve data was analyzed using a one-way
ANOVA. CGRP data is expressed as % of potassium-evoked release (± SEM), which is defined
as the difference between baseline CGRP release and that measured following exposure to
isotonic high potassium buffer. Differences between pairs of groups were analyzed using a
two-tailed Student’s t test, and multiple group data was compared using ANOVA. All one-
and two-way ANOVAs were followed by Bonferroni post-hoc tests. The significance of all
tests was set at p < 0.05.

3. Results
3.1 Combined peripheral opioid administration increases thermal nociceptive thresholds in
naïve rats in a dose dependent manner

In order to determine whether combining δ- and μ-opioid receptor selective agonists could
enhance peripherally-mediated analgesia in naïve animals, we first tested the ability of
deltorphin and morphine alone and in combination to increase paw withdrawal latency (PWL)
to noxious heat stimulation. Neither deltorphin (30 μg) nor morphine (100 μg) affected
nociceptive thresholds when administered alone via intraplantar injection (Fig. 1A-B). In
contrast, PWL values in response to a heat stimulus were significantly increased after combined
deltorphin and morphine administration, indicative of thermal analgesia. The increase in PWL
was significant as early as 15 min after injection, peaked at 45 min, and remained elevated
above vehicle-injected values for the duration of the experiment (60 minutes). (Fig. 1A, Drug
p < 0.0001, F = 16.29; Time p = 0.6349, F = 0.6396; Interaction p = 0.231, F = 1.233; two-
way ANOVA). Combined opioid values were also significantly higher than deltorphin alone
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values at each time point, morphine alone at 30 and 45 min, and the lowest dose combination
(Delt + 10 μg MS) at 15, 45, and 60 min (p < 0.05, Bonferroni post-hoc tests).

The increase in PWL observed was dependent on the dose of morphine accompanying
deltorphin (Fig. 1B, P < 0.0001, F = 14.76; one-way ANOVA). It is of note that although 100
μg of morphine alone was unable to alter PWL values, significant thermal analgesia was
observed at the 30, 45, and 60 min time points when a lower dose of morphine (30 μg) was
combined with deltorphin. This dose combination was also significantly elevated above
deltorphin alone values at the 30, 45, and 60 min time points, morphine alone values at 30 and
45 min, and Delt + 10 μg MS at the 60 min time point (Fig. 1A, p < 0.05, Bonferroni post-hoc
tests).

3.2 Combined peripheral opioid administration has no effect on measures of mechanical
nociception in naïve rats

To determine if combined opioid administration could influence responsiveness to mechanical
stimulation, we examined the effect of intraplantar injection of deltorphin and morphine alone
and in combination in two different tests of mechanical sensitivity in naïve rats. Neither drug
alone affected mechanical paw withdrawal thresholds (PWT) or percent withdrawal to a
noxious mechanical stimulus. In contrast to the results obtained in the test of thermal sensitivity,
both mechanical behavioral measures remained unaffected after co-administration of
deltorphin (30 μg) and morphine (100 μg), indicating that at these doses, combined opioid
administration affects thermal, but not mechanical nociception (Fig. 1C and 1D).

3.3 Combined opioid effects on thermal nociception are mediated by peripheral δ- and μ -
opioid receptors

To confirm that the increase in PWL produced by combined deltorphin and morphine was due
to a local, peripherally-mediated effect rather than a systemic one, thermal nociceptive
thresholds were measured for the hind paws contralateral to drug injection before and after
drug administration. PWL values from the drug injected side were confirmed to be significantly
elevated compared to contralateral as well as vehicle-injected values (Fig 2A, Side p < 0.0001,
F = 24.68; Time p = 0.41, F = 1.003; Interaction p = 0.1012, F = 1.734; two-way ANOVA, p
< 0.05 contralateral vs. ipsilateral at 45 and 60 min, Bonferroni post-hoc tests). Even at the
highest dose, combined deltorphin and morphine injection did not alter PWL readings from
the contralateral hind paw at any time points (Fig. 2A, contralateral vs. vehicle p > 0.05 at each
time point, Bonferroni post-hoc tests), indicating that the analgesic effect produced by the drug
combination was restricted to the periphery. Area under the curve (AUC) values confirm a
significant elevation in PWL for the ipsilateral, but not contralateral, side over the 60-minute
testing period (Fig. 2B, p < 0.0001, F = 19.81; one-way ANOVA).

In order to test whether the analgesia to thermal stimulation observed with combined deltorphin
and morphine was mediated via opioid receptors, naloxone (100 μg), a non-selective opioid
receptor antagonist, was co-injected with the combination of drugs. Naloxone significantly
reversed the increase in thermal nociceptive thresholds produced by combined deltorphin and
morphine (Fig. 2C-D). In addition, the selective δ-opioid receptor antagonist naltrindole (36.3
μg) or the selective μ-opioid receptor antagonist CTAP (30.3 μg) were co-administered in a
2:1 molar ratio with deltorphin and morphine, respectively, to examine whether activation of
both receptors is required for combined opioid analgesia. Co-administration of either selective
antagonist significantly blocked the increase in PWL observed with combined deltorphin and
morphine (Fig 2C, Drug p < 0.0001, F = 12.82; Time p = 0.2567, F = 1.342; Interaction p =
0.2536, F = 1.226; two-way ANOVA). AUC values confirmed that co-application of naloxone,
naltrindole, or CTAP significantly blocked the effects of combined opioid administration
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examined over the duration of testing (Fig 2D, p < 0.0001, F = 10.72; one-way ANOVA, p >
0.05 for vehicle vs. all antagonist groups, Bonferroni post-hoc tests).

3.4 Combined opioid pretreatment inhibits CGRP release from peripheral nerves in a
concentration dependent manner

In order to investigate whether the effects of combined opioid administration on thermal
sensitivity are reflected in the efferent action of peripheral nerves, we tested whether
pretreatment with deltorphin, morphine, or the combination could alter evoked CGRP release
from sciatic nerves of naïve rats. Incubation in high potassium buffer (50 mM) caused a
significant increase in CGRP release compared to basal release levels from isolated rat nerves
(32.17 ± 5.06 vs. 3.19 ± 0.16 pg/ml, p <0.0001, data not shown). Evoked release was considered
to be the amount of increase over basal release caused by exposure to high extracellular
potassium.

In accordance with behavioral results, neither morphine (100 nM to 1 μM) nor deltorphin (100
nM to 500 nM) pretreatment alone significantly attenuated potassium-evoked CGRP release
from naïve peripheral nerves (Fig. 3A and Fig 4A-B). In fact, deltorphin exposure resulted in
a consistent, though non-significant, trend towards potentiation at all concentrations. In
contrast, when nerves were exposed to deltorphin (300 nM) and morphine (500 nM)
concurrently, a significant inhibition of evoked release was observed (Fig. 3A, p < 0.01, F =
4.715; one-way ANOVA). In order to ensure that opioid effects on CGRP release from the
nerve were congruent with modulation at the peripheral terminals themselves, we also tested
the effects of deltorphin (300 nM) and morphine (500 nM) alone and in combination on CGRP
release from hind paw skin. CGRP release from the hind paw was considerably less robust
overall, but the opioid effects were, indeed, consistent with those observed in the nerve (Figure
3B, p < 0.01, F = 4.788; one-way ANOVA).

We then examined whether the order of drug exposure would affect the inhibition observed
with combined deltorphin and morphine. To control for the extended duration of opioid
exposure, nerves were first exposed to two separate deltorphin or morphine incubations prior
to stimulation. Neither of these sequences significantly altered evoked CGRP release (Fig 3C).
In contrast, when nerves were exposed to deltorphin then morphine pretreatments in sequence,
a significant inhibition of evoked release was observed. However, when nerves were exposed
to the two drugs in reverse order (morphine then deltorphin) prior to potassium-evoked
stimulation, no inhibition of CGRP was observed, suggesting that deltorphin exposure is able
to enhance subsequent morphine-induced inhibition, but not vice versa (Fig. 3C, p < 0.05, F =
2.839; one-way ANOVA).

The inhibition of evoked CGRP release resulting from sequential deltorphin and morphine
(300 nM and 500 nM, respectively) was completely blocked by co-administration of 1 μM
naloxone, indicating that the inhibition was mediated via opioid receptors (Fig. 3D). Combined
opioid inhibition was also significantly reversed by co-administration of the δ-opioid receptor
selective antagonist naltrindole (1 μM) or the μ-opioid receptor selective antagonist CTAP (1
μM) with deltorphin or morphine, respectively, further demonstrating the requirement for
activation of both receptor types in sequence (Fig. 3D, p < 0.05, F = 3.82; one-way ANOVA).

Combined opioid inhibition of evoked CGRP was dependent on the concentration of both
drugs. When nerves were exposed to a single concentration of deltorphin (300 nM) prior to
morphine pretreatment (100 nM to 1 μM), concentration-dependent inhibition was observed
(Fig. 4A). Similarly, the inhibitory effect resulting from a constant concentration of morphine
(500 nM) was dependent on the preceding concentration of deltorphin given (100 nM to 500
nM) (Fig. 4B).
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3.5 Deltorphin enhancing effects are not dependent on the μ-opioid receptor agonist used
In order to determine whether deltorphin enhancement of μ-opioid receptor function was
restricted to morphine, the in vivo and in vitro effects of a more selective μ-opioid receptor
agonist, DAMGO, were tested alone and in combination with deltorphin. Similar to the results
observed with morphine, intraplantar injection of DAMGO (10 μg) alone did not affect thermal
sensitivity. In contrast, PWLs were elevated after co-administration of DAMGO with
deltorphin (30 μg), although the duration of the analgesic effect was shorter than that observed
with morphine (Fig. 5A, Drug p < 0.0001, F = 11.77; Time p < 0.01, F = 3.775; Interaction p
< 0.05, F = 2.665; two-way ANOVA). AUC values confirmed that DAMGO alone did not alter
thermal sensitivity when compared to the vehicle-injected group over the 60-min time course.
Co-administration of DAMGO and deltorphin resulted in an increase in PWL that was
significantly above either of the other two groups over the course of testing (Fig. 5B, p < 0.01,
F = 8.607; one-way ANOVA).

The behavioral effects of combined deltorphin and DAMGO were reflected in the effects of
the two drugs on CGRP release. Incubation with DAMGO (100 nM) did not result in significant
inhibition of potassium-evoked CGRP release when preceded by vehicle exposure (Fig. 5C, p
> 0.05 vehicle vs. DAMGO, Bonferroni post-hoc test). In contrast, deltorphin (300 nM)
exposure prior to DAMGO pretreatment resulted in robust inhibition of evoked release, similar
to results observed with morphine (Fig. 5C, p < 0.05, F = 4.833; one-way ANOVA).

4. Discussion
We hypothesized that δ- and μ-opioid receptor agonists, when delivered together, would
unmask peripheral opioid receptor function in the absence of injury or inflammation. Our
results support this hypothesis and add to previous findings demonstrating that co-
administration of agonists for the two receptor types in the CNS can improve analgesic
outcomes.

The primary finding of the present study is that co-administration of δ- and μ-opioid receptor
agonists promotes peripheral opioid receptor function in naïve animals in vivo. In accordance
with previous studies, the δ-opioid receptor agonist deltorphin as well as the μ-opioid receptor
agonists morphine and DAMGO were all without effect on measures of behavioral nociception
when given alone. We demonstrated here that when combined, δ- and μ- opioid receptor
agonists are able to produce significant analgesia to noxious heat in naïve animals within
minutes of intraplantar injection. The analgesic effect resulting from combined deltorphin and
morphine was confirmed to be peripherally-restricted and was blocked by naloxone and the
selective antagonists naltrindole and CTAP, indicating that it was mediated by peripheral δ-
and μ-opioid receptors.

Previous research has established that co-administration of δ- and μ-opioid receptor agonists
can have important functional consequences in the CNS, including the production of
synergistic analgesic outcomes. Modulation of opioid receptor-mediated analgesia has been
observed following intrathecal, intracerebroventricular, and systemic co-administration of δ-
and μ-opioid receptor agonists [1,18,19,24,29,42]. The nature of the interaction between the
agonists for the two receptor types appears to depend on the ratio of agonists given. For
example, in a study of fixed-ratio combinations of morphine and sub-analgesic doses of the
δ-opioid receptor agonist DPDPE, a 20% DPDPE combination was synergistic, while results
from a 40% DPDPE combination did not differ from predicted additive values [1]. In the
present study, co-administration of δ- and μ-opioid receptor agonists produced only enhanced
effects on paw withdrawal latencies and CGRP release and did so at a variety of ratio
combinations. It is possible that increased doses or concentrations could produce sub-additive
interactions. However, given that none of the drugs were with significant effect on their own
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at the concentrations and doses used here, it would be somewhat surprising if such effects had
been observed. Accordingly, the current results add to the accumulating evidence suggesting
a role for δ- and μ-opioid receptor interactions in improving analgesic outcomes. Moreover,
they demonstrate that such interactions can improve peripherally-mediated opioid analgesia
specifically.

We observed combined opioid analgesia in tests of thermal, but not mechanical nociceptive
sensitivity, suggesting that the effects were mediated by inhibition of a heat sensitive, TRPV1-
positive subset of primary afferent sensory neurons. Because the TRPV1 expressing population
of nociceptive primary afferent neurons shows extensive overlap with the peptidergic
(Substance P and CGRP expressing) population of nociceptive primary afferent neurons [41],
we hypothesized that combined δ- and μ-opioid receptor effects would be reflected in vitro
using CGRP release from peripheral nerves as a functional assay. We employed methods
similar to those that have previously been used to examine G protein-coupled receptor-
mediated modulation of peptide release in sciatic nerves [11], thereby minimizing confounding
interaction with other cell types such as keratinocytes, which have been shown to express opioid
receptors and release neuroactive peptides [3,6,7]. As expected, while none of the opioid
receptor agonists alone were able to significantly affect potassium-evoked CGRP release,
pretreatment with δ- and μ-opioid receptor agonists together produced inhibition that was
dependent on the concentration of both drugs and was blocked by the non-selective opioid
receptor antagonist naloxone as well as by selective antagonists for either receptor.

We further extended the CGRP studies to show that the order of agonist pretreatment
determines whether inhibition is produced. Specifically, when deltorphin was administered
prior to morphine, opioid receptor-mediated inhibition was unmasked, but evoked release
remained unchanged when the agonists were given in the reverse order. Furthermore,
deltorphin enhanced the inhibition produced by another μ-opioid receptor agonist, DAMGO.
These data suggest that activation of δ-opioid receptors can rapidly enhance μ-opioid receptor-
mediated effects, but that the reverse does not occur.

Although deltorphin pretreatment alone modestly enhanced potassium-evoked CGRP release,
this effect was not significant, consistent with results reported by Patwardhan et al [26].
Furthermore, no sensitization to thermal stimulation was observed following deltorphin
treatment over the course of behavioral testing. This is an important finding because it
demonstrates that peripheral opioid receptor function can be promoted in naïve animals or
tissue without first producing allodynia or significant enhancement of functional measures that
accompany other methods. For example, peripheral δ-opioid receptors show significant
functional upregulation following 15 min of pre-exposure to bradykinin or arachidonic acid
in vivo, but both agents themselves produce significant allodynia during that time [33]. It is
possible that deltorphin produced a transitory allodynic effect that was missed during the time
between injection of the drug and our first time point (15 min); however, we do not know of
any report suggesting this would be the case.

A recent study by Scherrer et al. [36] using DOReGFP reporter mice suggests that μ-, but not
δ-opioid receptors are present on the heat-sensitive, TRPV1-expressing, peptidergic
subpopulation of primary afferent neurons. Rather, the δ-opioid receptor was found to be
present only on myelinated fibers and the complimentary, lectin IB4-binding population of
unmyelinated fibers. Accordingly, activation of the δ-opioid receptor affected mechanical, but
not thermal sensitivity [36]. The interpretation that the function of μ-opioid receptors in
particular was promoted in the current study is thus supported by the previous report, since
combined opioid administration affected sensitivity only to heat, but not mechanical
stimulation. If δ- and μ-opioid receptors do, indeed, have complementary expression patterns
and roles in nociceptive behavior, then the enhancement of μ-opioid receptor function by δ-
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opioid receptor agonist exposure must be due to an indirect interaction between the two receptor
types on separate cells.

Nonetheless, the present data do not rule out a contribution of the δ-opioid receptor in mediating
the observed analgesic or inhibitory effects, nor do they exclude the possibility of δ-opioid
receptor activation promoting μ-opioid receptor function via a direct mechanism. It is unclear
if the thermal and mechanical modal separation found in mice also occurs in rats. The
peptidergic and TRPV1-expressing neuronal populations themselves are substantially less
distinct from the IB4-binding population in rats [14,30]. As such, δ-opioid receptors may be
more poised to alter peptide release or thermal nociception in rats than in mice. Indeed, previous
studies have indicated a role for peripheral δ-opioid receptors in the modulation of neuropeptide
release [26,27] as well as thermal analgesia in rats [33], even in the absence of injury or
prolonged inflammation, which can alter opioid receptor expression patterns.

In addition, in contrast to the results reported by Scherrer et al., a recent study provided evidence
to suggest that μ- and δ-opioid receptors do, indeed, colocalize in mouse sensory neurons
[43]. Wang et al. found that the δ-opioid receptor is expressed in the peptidergic as well as the
IB4-binding population of primary afferent neurons using RT-PCR. Also, colocalization of
δ- and μ-opioid receptors was observed using in situ hybridization and immunostaining
methods, and agonists for both receptors were able produce inhibitory effects in the same dorsal
root ganglion (DRG) neuron [43]. Previous studies have suggested that δ-opioid receptors are
expressed in peptidergic, heat-sensitive sensory neurons in mice as well. For example, δ-opioid
receptor activation has been reported to modulate CGRP release from mouse DRG neurons
[4], and the potency of intrathecal deltorphin to produce thermal analgesia in the tail flick test
has been shown to be unaltered in μ-opioid receptor knockout mice [20]. Furthermore, thermal
analgesia and inhibition of neuropeptide release by deltorphin has been observed at the level
of the central terminal of primary afferent neurons in studies using both mice and rats [25,
31]. Other studies have supported a more direct mechanism of modulation between δ- and μ-
opioid receptor function, including the formation of heterodimeric complexes, as well [13,
35]. Therefore, further investigation is needed to elucidate the mechanism by which co-
administration of δ- and μ-opioid receptor agonists promotes peripheral opioid receptor
function and whether this occurs via an indirect effect or between receptors present on the same
cell.

Summary
We found that combining δ- and μ-opioid receptor agonists promotes peripheral opioid receptor
function under naïve conditions, while local administration of agonists for either receptor alone
produces no significant effect. Our results suggest that, as in the CNS, opioid receptor
interactions in the periphery may be useful targets for future analgesic therapies. Peripheral
delivery of exogenous opioids may provide a means to avoid the centrally-mediated side effects
and abuse potential associated with systemic opioid administration. Currently, the use of
peripherally restricted opioids in pain treatment is limited by inconsistent and sometimes
modest results. Increased understanding of the mechanisms by which peripheral opioid
receptors gain functional competence may provide insight into the reasons for inconsistencies
in the clinical efficacy of peripherally delivered opioids. Extension of our findings suggests a
potential application for combined peripheral opioid administration under conditions wherein
local delivery of a single opioid has been shown to be insufficient to reliably provide
meaningful pain relief.
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Figure 1.
Effects of intraplantar injection of deltorphin (Delt, 30 μg) and morphine (MS, 100 μg) alone
and in combination on thermal and mechanical sensitivity in naïve animals. (A-D) Neither drug
alone significantly affected any of the behavioral measurements compared to vehicle (saline)
injection. (A-B) In contrast, combined deltorphin (30 μg) and morphine (10-100 μg) dose-
dependently elevated paw withdrawal latencies (PWL) to thermal stimulation throughout the
duration of testing. (A) Time course. *p < 0.05 vs. vehicle. (B) Area under the curve (AUC).
*p < 0.05 vs. vehicle, deltorphin alone, morphine alone, and Delt + 10 μg MS groups. (C)
Percent withdrawal to a noxious mechanical stimulus and (D) mechanical paw withdrawal
threshold (PWT) values were unaffected by combined opioid administration. N = 5-9/group.
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Figure 2.
Effects of combined opioid administration on thermal sensitivity are restricted to the periphery
and blocked by antagonists. (A-B) While PWL measurements taken from hind paws injected
with combined deltorphin (Delt, 30 μg) and morphine (MS, 100 μg) were elevated throughout
the testing period, measurements from the contralateral paw did not vary compared to vehicle
at any time point. (A) Time course. *p < 0.05 vs. vehicle. (B) Area under the curve (AUC). *p
< 0.05 vs. vehicle and contralateral groups. (C-D) Co-administration of naloxone (Nalox, 100
μg), naltrindole (Nalt, 36.3 μg), or CTAP (30.3 μg) significantly reversed the effect of
combined deltorphin and morphine administration. (C) Time course. (D) Area under the curve
(AUC). Combined opioid data is repeated from a subset of fig. 1 for comparison. *p < 0.05 vs.
Delt + MS group. N = 6-8/group.
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Figure 3.
Effect of deltorphin (300 nM) and morphine (500 nM) pretreatment alone and in combination
on potassium (K+)-evoked CGRP release from sciatic nerves or hind paws of naïve animals.
(A) Neither drug alone significantly altered evoked release from nerves compared to vehicle
pretreatment. When drugs were administered together concurrently, K+-evoked release was
inhibited. (B) The effects of drugs alone and in combination on release from hind paw are
similar to those observed from nerve; only combined opioid administration significantly
inhibited K+-evoked release. (C) K+-evoked release was inhibited when nerves were exposed
to deltorphin (Delt) then morphine (MS) in sequence immediately prior to stimulation by high
K+. No inhibition was observed when the order of drug pretreatment was reversed (MS then
Delt) or when nerves were exposed to two separate pretreatments of either deltorphin or
morphine in sequence. (D) The inhibitory effect of deltorphin and morphine sequential
pretreatment was significantly reversed by including naloxone (Nalox, 1 μM) throughout
pretreatment or by including the selective antagonists naltrindole (Nalt, 1 μM) or CTAP (1
μM) with deltorphin or morphine pretreatment, respectively. *p < 0.05 vs. vehicle pretreatment.
N = 4-10/group.
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Figure 4.
Combined deltorphin and morphine inhibition of potassium (K+)-evoked CGRP release is
dependent on the concentration of both drugs. (A-B) Neither drug alone significantly altered
evoked release compared to vehicle pretreatment at any concentration (open bars). (A)
Concentration-response relationships are depicted for a consistent concentration (300 nM) of
deltorphin followed by increasing concentrations of morphine and (B) increasing
concentrations of deltorphin followed by a consistent concentration (500 nM) of morphine
(closed bars). N = 4-8/group.
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Figure 5.
The enhancement of deltorphin exposure on μ-opioid receptor agonist effectiveness does not
depend on the agonist used. (A-B) DAMGO (10 μg) alone did not affect PWLs to heat
stimulation compared to vehicle-injected values. In contrast, co-administration of deltorphin
(Delt, 30 μg) with DAMGO resulted in significantly elevated PWL measurements. (A) Time
course. *p < 0.05 vs. vehicle. (B) Area under the curve (AUC). *p < 0.05 vs. vehicle and
DAMGO alone groups. (C) DAMGO alone did not significantly inhibit K+-evoked CGRP
release compared to vehicle pretreatment. When nerves were exposed to deltorphin prior to
DAMGO pretreatment, robust inhibition was observed. *p < 0.05 vs. vehicle pretreatment. N
= 4-7/group
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