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Abstract

To examine the involvement of opioid receptors in inflammatory pain, we compared Complete
Freund’s Adjuvant-induced hyperalgesia in mice lacking mu, delta or kappa receptors under the
same experimental conditions. Mechanical allodynia and thermal hyperalgesia were measured
using von Frey filaments and the plantar test, respectively. All three receptor-knockout mice, as
well as wild-type animals, developed inflammatory hyperalgesia following Complete Freund’s
Adjuvant administration. Mu-receptor mutants showed similar hyperalgesia to wild-types in the
two tests. Kappa-receptor mutants exhibited enhanced mechanical allodynia compared with wild-
type mice but similar thermal hyperalgesia. In contrast, mechanical allodynia and thermal
hyperalgesia were both markedly augmented in delta-receptor mutants, indicating a role for an
endogenous delta-receptor tone in the control of inflammatory pain. Treatment with the delta-
selective agonist SNC80 produced antihyperalgesia, and this effect was abolished in the delta-
receptor knockout mice. Altogether, these data demonstrate that delta receptors inhibit
inflammatory pain when activated either endogenously or exogenously. We have previously
shown enhanced neuropathic pain in delta-receptor knockout mice. The delta receptor definitely
represents a promising target for treating chronic pain conditions.
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Introduction

Opiates are the most widely used drugs for pain treatment, and the activation of all three
opioid receptors (mu, delta and kappa) induces analgesia (Millan, 2002; Fields, 2004).
Morphine and other clinically used mu-opioid agonists are most efficient for severe acute
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pain and cancer pain. However, the use of mu opioids in chronic non-malignant pain has
brought controversial results and leads to adverse side-effects (Zollner & Stein, 2007).
Kappa-receptor activation results in dysphoria and this strongly limits the use of kappa
agonists (DeHaven-Hudkins & Dolle, 2004). The analgesic efficacy of delta opioid agonists
has been debated and is complicated by the lack of agonists with high selectivity (Kieffer &
Gavériaux-Ruff, 2002; Scherrer et al., 2004) and stability in vivo. Synthesis of the non-
peptidic delta agonists BW373U86 and SNC80 has been a major advance in this area
(Calderon & Coop, 2004), and the delta receptor is now being explored as a therapeutic
target for pain using this novel generation of compounds.

The analysis of knockout animals provides invaluable information on the importance of each
opioid receptor in pain control, particularly for delta receptors, for which pharmacological
tools are limited. Measures of nociception in mice lacking opioid receptors or peptides have
confirmed the existence of antinociceptive tones for mu, delta and kappa receptors (Kieffer
& Gavériaux-Ruff, 2002). Recently, a comparative study of single and combinatorial triple
opioid receptor-knockout mice has demonstrated that each receptor has a distinct implication
in the perception of thermal, mechanical or chemical pain (Martin et al., 2003). Several
reports indicate altered responses of mutant animals to chronic pain. Mu-receptor mutant
mice show a faster recovery (Qiu et al., 2000) or no change in inflammatory hyperalgesia
(Mansikka et al., 2002). Kappa-receptor knockout mice display augmented neuropathic pain
whereas dynorphin-null mutants show the opposite phenotype (Xu et al., 2004). We recently
reported enhanced neuropathic pain in delta-receptor knockout animals (Nadal et al., 2006).

Previous studies indicate that the endogenous opioid system regulates inflammatory pain.
The changes in inflammatory hyperalgesia obtained by preventing enkephalin degradation
(Noble & Roques, 2007), or blocking with antibodies to endogenous opioid peptides (Stein
etal., 1990; Ossipov et al., 1996) or with opioid antagonists (Binder et al., 2004) suggest
that endogenous opioid peptides inhibit inflammatory hyperalgesia. Noticeably, the
antinociceptive effect of opioid drugs is generally enhanced in the inflamed state, reflecting
changes in the opioid endogenous system (Przewlocki & Przewlocka, 2001; Zollner & Stein,
2007). To our knowledge, however, no study has directly compared the individual opioid-
receptor knockout animals in chronic inflammatory pain. The aim of this study therefore
was to compare mu-, delta- and kappa-receptor knockout mice in a well-established model
of inflammatory pain induced by Complete Freund’s Adjuvant (CFA). All mutants harbour
the same genetic background and were observed in parallel experiments under the same
conditions. In addition, we have assessed the effectiveness of the prototypic delta opioid
agonist SNC80 on inflammatory hyperalgesia. Our data reveal a prominent role of delta
receptors in alleviating CFA-evoked pain.

Materials and methods

Animals

Mice lacking mu, delta or kappa opioid receptors were generated by homologous
recombination and have been described earlier (Matthes et al., 1996; Simonin et al., 1998;
Filliol et al., 2000). Mice were originally obtained on a hybrid 50% 129/SvPas 50%
C57BL/6J genetic background and were fully backcrossed onto the C57BL/6J background
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(wild-type counterparts are referred as to WT). These mice have been characterized for their
acute antinociceptive response (Martin et al., 2003). Twelve- to 16-week-old males and
females were housed under standard conditions in a 12-h dark-light cycle with free access to
water and food. Four days prior to the experiments, mice were handled and habituated to the
experimental setting. All experiments were carried out in accordance with the European
Communities Council Directive of 24 November 1986 (86/609/EEC). Protocols were
approved by the local ethical committee (Comite Regional d’Ethique en Matiere
d’Experimentation Animale de Strasbourg; CREMEAS).

Inflammatory pain

Under inhalation anaesthesia (Flothane 2%), a volume of 8 uL of CFA (Sigma F-5881,
Sigma, Saint Quentin Fallavier, France) was injected subcutaneously into the plantar surface
of the left hindpaw using a 50 pL Hamilton syringe with a 27-gauge needle.

Behavioural testing

Baseline thresholds to thermal and mechanical stimuli were determined for each animals
prior to CFA injection and then measured daily after CFA. In all experiments, genotype and
treatment were unknown to the experimenter until data analysis.

Mechanical allodynia was measured by von Frey filament application to the hindpaw. Mice
were placed in clear plexiglass boxes (9 x 9 x 7 cm) on an elevated mesh screen. Calibrated
von Frey microfilaments were applied to the plantar surface of each hindpaw in a series of
logarithmically ascending forces (ranging between 0.008 and 2.75 g). The responses were
recorded as number of paw withdrawals in five applications of one filament. Values with
filament force triggering 60% response, i.e. three responses over five applications, are
represented.

Thermal hyperalgesia was evaluated using the Hargreaves Plantar test (Ugo Basile,
Comerio, Italy). Mice were placed in clear plexiglass boxes (7 x 9 x 7 cm) on a glass surface
and testing began when exploration and grooming behaviours ended (~5-20 min). A
calibrated, constant radiant heat source was applied to the plantar surface of each hindpaw
from an infrared beam underneath the glass surface; this produces a continuous rise in
temperature until the pain threshold in the animal is reached. Paw withdrawal latencies were
automatically measured when the light beam was interrupted due to movement of the paw.
The stimulus intensity was set to produce a paw withdrawal latency between 4 and 7 s in
naive mice, with a cutoff of 15 s to prevent damage to the skin.

Drug treatment

SNC8O0 at a dose of 10 mg/kg (Tocris, Bristol, UK) in saline, or saline control, were
administered intraperitoneously. SNC80 was injected 48 h post-CFA, at the time of maximal
inflammatory pain, and animals were tested 45 min and 1 h after drug administration for
mechanical allodynia and thermal hyperalgesia, respectively. Percentages of antiallodynia
and antihyperalgesia were calculated as follows:
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SNC80 — saline

——— x 100.
Baseline — saline

Statistical analysis

Results

To investigate the effect of opioid receptor gene deletion on thermal and mechanical
nociceptive thresholds, data from 21 animals for WT (10 males and 11 females) and 20
animals for each knockout line (10 males and 10 females for each genotype). We analyzed
data obtained from the plantar and von Frey tests on both paws with two-way anova with
genotype and gender as factors, followed by a post hoc Bonferroni test.

To investigate the development of inflammatory thermal hyperalgesia and mechanical
allodynia, we used the same animals as for baseline analysis, i.e. 21 animals for WT and 20
animals for each knockout line (10 males and 11 or 10 females for each genotype). We
analysed data obtained from the plantar and von Frey tests for the CFA effect. Statistical
analysis was performed using repeated-measures three-way anova With genotype, gender and
paw side as factors. When appropriate, consecutive post hoc comparisons, using the
Bonferroni test, were carried out. Results of post hoc analyses are presented in the tables for
time and gender effects. Results of post hoc analyses for genotype effects are presented in
Figures, with stars representing the level of significance of a difference. One star
corresponds to P < 0.05, two stars to P < 0.01 and three stars to P < 0.001.

To investigate the effect of SNC80 on inflammatory pain, statistical analysis was performed
using two-way anova With genotype and treatment as factors. When appropriate, consecutive
post hoc comparisons were made using Bonferroni tests.

Basal nociception in opioid receptor-knockout mice

The unilateral hindpaw inflammation induced by intraplantar injection of CFA was used as a
well-characterized behavioural model of inflammatory pain (Stein et al., 2003). We first
measured basal (before CFA) nociceptive thresholds for thermal and mechanical nociception
in both males and females of the different opioid receptor-knockout mouse lines and their
WT counterparts (Fig. 1).

In the plantar test used to measure thermal nociception, baseline paw withdrawal frequencies
ranged from 3.8 to 4.6 s depending on the genotype and gender. WT animals and the
different opioid receptor knockouts were compared using two-way ANOVA for genotype
and gender effects. The comparison of WT and mu-receptor mutants revealed no effect of
genotype and a significant effect of gender [F(1,78) = 4.03; P = 0.048], although this gender
effect did not reach significance when assessed by a post hoc comparison within each
genotype, WT or mu-receptor mutants (Fig.1 top; Tables 1 and 2). The comparison of WT
and kappa-receptor mutants also revealed a significant effect of gender [F(1,78) =8.59; P =
0.0044] and no effect of genotype. Subsequent post hoc comparisons indicated a gender
difference in kappa-receptor knockout mice, with females showing lower withdrawal
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latencies (3.90 + 0.11 vs. 4.58 + 0.21 s; P = 0.0075; Fig. 1 top). The comparison of WT and
delta-receptor mutants revealed a significant effect of genotype [F(1,78) =7.92; P =
0.0062]but no gender effect. Post hoc analyses pointed out a significant effect of delta-
receptor knockout in males but not in females, and also in combined males and females (Fig.
1 top). Paw withdrawal latencies of delta-knockout males (3.92 + 0.13 s) were significantly
shorter than those of WT males (4.61 + 0.26 s; P = 0.027). The analysis of females showed
shorter paw responses in delta mutants (3.80 + 0.19 s) than in WTs (4.18 £ 0. 15 s) although
it did not reach significance (P = 0.14). When data from males and females were combined,
there was a significant genotype difference between WT (4.38 £ 0.15 s) and delta-knockout
mice (3.86 £ 0.12 s; P = 0.0072; Fig. 1 top).

Assessment of baseline mechanical nociception with the von Frey filament assay revealed
withdrawal thresholds ranging from 0.57 and 0.84 g depending on genotype and gender
(Fig. 1 bottom). WT animals and the different opioid receptor knockouts were compared
using two way anova for genotype and gender effects. The comparison of WT and mu-
receptor mutants revealed no effect of genotype or gender. Similarly, WT and delta-receptor
mutants comparison revealed no effect of genotype or gender. The comparison of WT and
kappa-receptor mutants revealed a significant effect of genotype [F(1,78) = 10.8; P =
0.0015] but no effect of gender. Post hoc analyses showed that kappa-receptor mutant
animals were sensitive to a lower force than WT (0.60 g in knockout vs. 0.77 g in WT for
males, P = 0.0308; 0.57 g in knockout vs. 0.70 g in WT for females, P = 0.024; and 0.59 g
in knockout vs. 0.73 g in WT for combined animals, P = 0.0016; Fig. 1 bottom). This
indicated a higher sensitivity to mechanical stimulation in the absence of kappa receptors.

Inflammatory thermal hyperalgesia in opioid receptor-knockout mice

We administered an amount of CFA that allowed the production of significant inflammatory
pain in our mouse strains. Hence, CFA administration into the hindpaw induced a rapid and
long-lasting decrease in paw withdrawal latency to the thermal stimulus in animals of both
genders of all genotypes (Fig. 2). The different opioid receptor knockouts were compared to
WT animals for the development of inflammatory heat hyperalgesia over time using three-
way repeated-measures anova With genotype, gender and paw side as factors. The comparison
of WT and mu-receptor mutants revealed an effect of paw side [F(1,740) = 422; P < 0.0001]
and gender [F(1,740) = 38; P < 0.0001], and no effect of genotype. Similarly, the
comparison of WT and kappa-receptor mutants revealed an effect of paw side [F(1,740) =
433; P < 0.0001] and gender [F(1,740) = 38; P < 0.0001] and no effect of genotype. The
comparison of WT and delta-receptor mutants indicated an effect of paw side [F(1,740) =
414; P <0.0001], gender [F(1,740) = 26.3; P < 0.0001] and genotype [F(1,740) = 50.5; P <
0.0001]. As anova revealed a gender effect for the three comparisons, data for males and
females were analysed separately (see Fig. 2).

Each genotype was analysed first for the effect of time after CFA. WT mice displayed a
marked decrease in withdrawal latency of the ipsilateral paw after CFA (Fig. 2). Post hoc
analysis vs. baseline indicated a significant effect of time after CFA at 6 h to day 5, for both
males and females (Table 1). Similarly, mu-, delta- and kappa-receptor knockout mice
showed inflammatory thermal hyperalgesia in the ipsilateral paw (Fig. 2 left, middle and
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right panels, respectively). Mu-receptor knockout animals had a significant hyperalgesia
from 6 h to day 7 for males and to day 14 for females (Table 2). Delta-receptor mutants
displayed a significant hyperalgesia from 6 h to day 5 for males and to day 10 for females
(Table 3). Kappa-receptor mutants had a significant hyperalgesia from 6 h to day 5 for males
and to day 7 for females (Table 4). Paw oedema following CFA was similar in the four
mouse lines (data not shown).

Post hoc analysis for a gender effect on the development of hyperalgesia in ipsilateral paw
indicated for WTs a significant difference at 6 h and 5, 14 and 20 days (Table 1), for mu-
mutants a difference at 6 h and 2, 10, 14 and 20 days (Table 2), for delta-mutants at days 5
and 7 (Table 3) and for kappa-mutants at days 5-20 (Table 4). At these time points, females
showed a greater hyperalgesia than males. Noticeably, the gender effect was greater for the
development of thermal hyperalgesia than for that of mechanical allodynia (see below).

Withdrawal latencies of contralateral paws in WT females and WT males were not
statistically significantly different from baseline values, as shown by one-way anova for time.
There was also no statistically significant effect of time post-CFA on contralateral paw
reactions in mu-, delta- or kappa-receptor mutants.

The analysis of the effect of genotype showed that neither mu- nor kappa-knockout animals
were different from WTs in the magnitude of inflammatory hyperalgesia, as indicated above
by three-way avova (Fig. 2 left and right panels, respectively). Noticeably, delta-receptor
knockout mice showed an augmented inflammatory hyperalgesia that statistically differed
from control mice on days 5, 14 and 20 for males and on day 7 for females, as shown by
post hoc analysis (Fig. 2 middle panels).

Inflammatory mechanical allodynia in opioid-receptor knockout mice

In all the genotypes, CFA administration into the hindpaw strongly decreased the paw
withdrawal threshold to von Frey filament application (Fig. 3). The different opioid-receptor
knockouts were compared to WT animals for the development of inflammation-induced
mechanical allodynia over time using three-way repeated-measures anova With genotype,
gender and paw side as factors. The comparison of WT and mu-receptor mutants revealed an
effect of paw side [F(1,740) = 249; P < 0.0001] and no effect of genotype or gender. WT
and kappa-receptor mutant comparison indicated an effect of paw side [F(1,740) = 310; P <
0.0001] and genotype [F(1,740) = 18; P < 0.0001] but no gender effect. The comparison of
WT and delta-receptor mutants indicated an effect of paw side [F(1,740) = 365; P < 0.0001]
no effect of gender or genotype, although there was a tendency for a genotype effect
[F(1,740) = 2.38; P = 0.126]. As there were no gender effects in any of the genotypes, data
from males and females in each genotype were pooled.

WT and mu-, kappa- and delta-receptor mutant animals were analysed for the effect of time
after CFA by post hoc analysis using pooled males and females. CFA-evoked inflammation
led to a marked mechanical allodynia in the ipsilateral paw of WT mice (Fig. 3). Post hoc
analysis of the effect of time vs. baseline indicated a significant effect of time from 6 h to 20
days (Table 1). Similarly, mu-, delta- and kappa-receptor knockout mice showed mechanical
allodynia in the ipsilateral paw (Fig. 3). Mu- and delta-receptor knockout animals had a
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significant allodynia from 6 h to 20 days (Tables 2 and 3) and kappa-receptor mutants from
6 h to 14 days (Table 4).

Mechanical sensitivity values of contralateral paws after CFA were similar to values before
CFA in WT and delta-receptor mutant mice except on day 1 (P = 0.0012 and P < 0.0001 vs.
baseline, respectively). In mu- and kappa-receptor mutants, there was no statistically
significant mechanical allodynia in the contralateral paw.

When genotypes were compared, kappa-receptor knockout mice differed from WT mice in
inflammation-induced mechanical allodynia at baseline and on days 10 and 20 (post hoc
analysis; Fig. 3 right panel). Delta-mutants showed a significant enhancements in
mechanical allodynia as compared with WT at days 4, 5, 10 and 14 (post hoc analysis; Fig. 3
middle panel).

Activity of the delta opioid agonist SNC80 on CFA-induced inflammatory pain

SNCB80 was used as the prototypic non-peptidic delta agonist (Bilsky et al., 1995; Calderon
& Coop, 2004). SNC80 produced 35.3% antiallodynia when tested with von Frey hairs in
WT animals (Fig. 4A; P < 0.0001, SNC80 vs. vehicle). SNC80 also produced 62.8%
antihyperalgesia in the plantar assay in WT animals when compared with the vehicle-treated
group (Fig. 4B; P < 0.05 SNC80 vs. vehicle). SNC80 showed no significant effect in delta-
opioid receptor-knockout mice (Fig. 4A and B). The absence of delta receptors, therefore,
prevented the antiallodynic and antihyperalgesic activities of SNC80 on inflammatory pain.

Discussion

Inflammation induces the release of cytokines and neuropeptides that produce pain, and also
activates the endogenous opioid system which reduces pain (Brack et al., 2004). Here we
have investigated the role played by opioid receptors in the control of inflammatory pain
using CFA as an inducer of inflammation. This is the first study assessing inflammatory
hyperalgesia simultaneously in all three strains of mu-, delta- and kappa-receptor knockout
mice. Mu-receptor knockout animals developed inflammatory pain similarly to WTs, while
kappa-receptor mutants had an augmented mechanical allodynia vs. WTs when analysed for
thermal hyperalgesia and mechanical allodynia. Remarkably, delta-receptor knockout mice
showed both enhanced thermal hyperalgesia and mechanical allodynia. This result strongly
suggests a major element of endogenous delta-receptor tone limiting the severity of pain
under inflammatory conditions.

Basal nociceptive thresholds prior to CFA administration were compared in mutant and WT
mice. In the plantar test, we found no difference in baseline paw withdrawal latencies
between WT, mu- and kappa-receptor mutant animals, as shown previously (Fuchs et al.,
1999; Mansikka et al., 2004; Xu et al., 2004; Nadal et al., 2006). Delta-receptor mutants
showed a higher sensitivity to thermal plantar stimulus. This was not found in a previous
study using the plantar test (Nadal et al., 2006), possibly because of different experimental
conditions. Using von Frey filaments we found no change for baseline mechanical
nociception in the mu- and delta-receptor mutants, as described earlier (Mansikka et al.,
2004; Nadal et al., 2006). Kappa-receptor mutants displayed higher sensitivity to
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mechanical stimulation. Previous analysis of kappa-receptor knockout mice showed a
stronger response to visceral pain, with no modifications of other nociceptive measures
including mechanical stimulation, in the tail pressure test (Simonin et al., 1998; Martin et
al., 2003) and the von Frey assay (Xu et al., 2004). In the present study, therefore, the higher
mechanical sensitivity of kappa mutants reveals a kappa-receptor-mediated tone regulating
mechanical nociception, which is subtle and detectable only under specific experimental
conditions.

CFA administration produced inflammatory pain which developed similarly in mu-receptor
knockout mice and WT controls. The lack of behavioural phenotype for these mutants is in
accordance with studies using the late-phase formalin assay (Martin et al., 2003) or the
carrageenan model (Mansikka et al., 2002). Other studies have suggested that mu receptors
located at sensory peripheral endings, activated by immune cell-derived opioid peptides,
control inflammatory pain (Binder et al., 2004; Puehler et al., 2004). In addition, mu
receptors have been shown to be upregulated in superficial layers dorsal horn after CFA
(Mousa et al., 2002) or in monoarthritic rats (Besse et al., 1992), contributing to increased
mu-receptor tone. These mu-receptor activities may be too local to result in a measurable
increase in pain under our experimental conditions. Alternatively, the lack of phenotype for
mu-mutants in our experiments might be explained by a different genetic background or by
compensatory changes occurring in knockout mice during embryogenesis or while
inflammation develops. In the future, the regional- and time-controlled genetic deletion of
mu receptors at distinct sites of pain pathways will clarify the contribution of mu receptors
in the control of inflammatory pain. Kappa-receptor knockout mice displayed the same
thermal hyperalgesia as WTs while they showed enhanced mechanical allodynia on days 10
and 20. Xu et al. (2004) previously demonstrated a strong increase in both thermal
hyperalgesia and tactile allodynia in kappa-knockout mice using a model of neuropathic
pain. These results, together with our findings, suggest that kappa-receptor tone may be
important in the control of neuropathic pain but less so for the control of inflammatory pain.

Delta-receptor knockout mice clearly displayed enhanced inflammatory pain in this study.
This finding strongly suggests that delta-receptor-mediated inhibitory mechanisms moderate
the severity of pain in WT animals. This delta-receptor activity is demonstrated in both
thermal hyperalgesia and mechanical allodynia, two distinct expression modes of
inflammatory pain (Ossipov et al., 1999; Lewin et al., 2004). Moreover, both male and
female delta-mutants showed more hyperalgesia and allodynia than their WT counterparts,
indicating that the delta-receptor tone controls inflammatory pain in both genders. These
data also show the relevance of testing both male and female animals, as demonstrated by
Mogil & Chanda (2005). Although sex differences in pain perception have been reported in
both humans and animals (Wiesenfeld-Hallin, 2005), and although female delta-mutants
displayed more thermal hyperalgesia than delta-mutant males at days 5 and 7 in the present
study, the effect of delta-receptor deletion was shown in both genders, strengthening the
notion of a role for this receptor in chronic pain. Both thermal and mechanical responses
were also augmented, to the same extent, in these mutant animals using a model of
neuropathic pain (Nadal et al., 2006). Additionally, delta-knockout mice showed increased
responses in the late inflammatory phase of the formalin test (Martin et al., 2003).

Eur J Neurosci. Author manuscript; available in PMC 2015 May 27.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gavériaux-Ruff et al.

Page 9

Altogether, data from knockout mice consistently highlight a major role for the delta
receptor in several situations of chronic pain. Delta receptors therefore represent an
interesting therapeutic target for treating chronic pain that bears complex neurobiological
bases.

The important role for endogenous delta-receptor activity in the control of chronic pain
control contrasts with its minor implication in acute pain (see Kieffer & Gavériaux-Ruff,
2002). A number of findings have, in fact, reinforced the notion that the delta-opioid system
is functionally activated during persistent pain. First, delta agonists are more potent under
inflammatory conditions (Fraser et al., 2000; Hurley & Hammond, 2000; Cahill et al., 2003;
Petrillo et al., 2003; Pacheco & Duarte, 2005) and this has been postulated to result from
additive or synergistic effects of delta drugs with endogenous opioid peptides. Indeed,
enkephalins are augmented by inflammation (Machelska & Stein, 2000; Hurley &
Hammond, 2001; Spetea et al., 2002; Mousa et al., 2007). Second, inflammation modifies
the expression of delta receptors at mMRNA and protein (Cahill et al., 2003) and binding-site
(Besse et al., 1992) levels. Inflammation also decreases delta-receptor expression in DRGs
(Ji et al., 1995), suggesting a differential effect on pre- and post-synaptic receptors.
Inflammation indeed leads to an augmentation of axonal opioid receptor transport to sensory
nerve terminals (Hassan et al., 1993). Inflammation-induced recruitment of delta receptors
to the neuronal surface has also been proposed to account for their increase in functionality
(Cahill et al., 2007). Chronic inflammation alters supraspinal pain-controlling sites
(Przewlocki & Przewlocka, 2001; Tsuruoka et al., 2003) and activates descending
opioidergic pain-controlling pathways (Fraser et al., 2000; Fields, 2004), which in turn
impacts on pain perception. This may explain the augmented activity of delta agonists
administered in the raphe magnus (Ma et al., 2006). Another explanation is that increased
inflammatory pain in the delta-mutants may be due to a generalized production of
inflammatory cytokines in blood, cerebrospinal fluid or glial cells (Samad et al., 2001;
Watkins et al., 2007). Cytokines in turn upregulate cyclooxygenase-2, increasing the amount
of prostaglandinE-2 in cerebrospinal fluid and causing systemic hyperalgesia. Cytokines
also activate the bradykinin system, which enhances delta-receptor function (Ferreira et al.,
2001; Patwardhan et al., 2005). Alternatively, an alteration of the neuroglial communication
induced by inflammation would increase delta-receptor functional competence (Holdridge et
al., 2007). Although our analysis of delta-receptor-deficient mice does not allow
determination of whether delta-receptor function evolves during inflammation, the clear
phenotype of these animals compared to the less pronounced phenotype in mice lacking mu
or kappa receptors is fully consistent with the hypothesis that delta-receptor activity is
enhanced during inflammation. The analysis of enkephalin-, endorphin- and dynorphin-
knockout animals should identify the endogenous opioid peptides that activate delta
receptors during inflammation (Kieffer & Gavériaux-Ruff, 2002).

Finally, we have shown that the delta-receptor agonist SNC80 administered systemically
effectively reduces inflammatory hyperalgesia. This is consistent with previous studies
showing the effects of SNC80 on dynorphin-A allodynia (Kawaraguchi et al., 2004),
prostaglandinE-2-hyperalgesia (Pacheco & Duarte, 2005) and CFA-inflammatory pain
(Fraser et al., 2000; Gendron et al., 2007) after i.c.v., i.t. or local administration in the paw.
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It may be of interest to compare the systemic effect of SNC80 to systemic effects of mu- and
kappa-opioid receptor-selective agonists under our experimental conditions. Importantly,
our study shows the lack of effect of SNC80 in delta-receptor knockout mice. This is the
first genetic demonstration that antihyperalgesic activities of the compound are indeed
mediated by delta receptors in vivo, and therefore confirms that the delta opioid receptor is a
useful therapeutic target for chronic pain treatment. Novel delta agonists have been
developed which diminish chronic pain after systemic administration: SB-235863 for
inflammatory and neuropathic pain (Petrillo et al., 2003), UK321,130 for inflammatory
bowel disease (Middleton et al., 2006) and DVal2-Ala5-Enk for bone cancer pain (Brainin-
Mattos et al., 2006). Noticeably, the potential therapeutic utility of delta agonists is now
broadened by findings on their beneficial effects on tumour growth (Gomez-Flores et al.,
2005), neuroprotection (Narita et al., 2006a) and mood disorders. Delta agonists are under
consideration for their use as anxiolytics and antidepressants (Broom et al., 2002;
Jutkiewicz, 2006) and could be involved in pain-induced depression (Narita et al., 2006b) or
the anxiolytic effects of benzodiazepines (Primeaux et al., 2006).

Altogether, the present findings show that inflammatory pain is augmented in delta-receptor-
deficient animals, that the delta-receptor agonist SNC80 produces antihyperalgesia, and that
SNC8O0 activity is abolished in delta-knockout animals. Together, the data strengthen the
notion of an important role for delta receptors in inflammatory pain. Delta-receptor
activation, by either endogenous opioids or exogenous agonists, probably modulate
inflammatory pain at several sites in pain-processing pathways. In the future, the
contribution of distinct delta-receptor populations within pain circuits may be addressed by
the conditional knockout approach (Gaveriaux-Ruff & Kieffer, 2007).
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Nociceptive thresholds for WT, mu (Mu-KO), delta (Delta-KO) and kappa (Kappa-KO)
opioid receptor-knockout mice. Baseline sensitivity to heat was evaluated using the plantar

test (top panel) and baseline mechanical nociception was measured using the von Frey
filaments (bottom panel). Data are expressed as mean + SEM of both paws for males,

females and combined animals (n = 40/42 for both paws of 20/21 WT mice, 10 males and 11

females; n = 40 for both paws of 20 (10 males and 10 females) mice for each receptor-
mutants genotype. Black stars, effect of genotype; white stars, effect of gender within
genotype; one star, P < 0.05; two stars, P < 0.01 (Bonferroni post hoc test).
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Fig. 2.
Development of thermal hyperalgesia in mu (mu-KQO), delta (delta-KO) and kappa (kappa-

KO) opioid receptor-knockout mice and their WT counterparts. Thermal hyperalgesia was
measured using the plantar test. (a and b) Mu-KO and WT; (c and d) delta-KO and WT; (e
and f) kappa-KO and WT. Upper panels (a, ¢ and e) represent data for males and bottom
panels (b, d and f) for females. Data are expressed as mean + SEM paw withdrawal latencies
in s for WT (black symbols) and knockout (white symbols) mice in ipsilateral (triangles) or
contralateral (squares) paws; n = 21 for WT mice (10 males and 11 females) and n = 20 for
each mutant (10 males and 10 females). Significant genotype effects at ipsilateral paws are
represented by one star, P < 0.05; two stars, P < 0.01; and three stars, P < 0.001 (Bonferroni
post hoc test).
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Fig. 3.

ngelopment of mechanical allodynia in mu (mu-KO), delta (delta-KO) and kappa (kappa-
KO)-knockout mice as well as their WT counterparts. Mechanical allodynia was measured
using the von Frey test. (a) Mu-KO and WT, (b) delta-KO and WT, (c) kappa-KO and WT.
Data are expressed as mean + SEM paw withdraw thresholds for pooled male and female
WT (black symbols) and knockout (white symbols) mice in ipsilateral (triangles) or
contralateral (squares) paws; n = 21 for WT mice (10 males and 11 females) and n = 20 for
each mutant (10 males and 10 females). Significant genotype effects at ipsilateral paws are
represented by one star, P < 0.05; two stars, P < 0.01; and three stars, P < 0.001 (Bonferroni
post hoc test).
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