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and 2Department of Molecular Neuropharmacology, Institute of Pharmacology, Polish Academy of Sciences, 31-343 Krakow, Poland

Endomorphins (EMs) are endogenous selective �-opioid receptor agonists. Their role in inflammatory pain has not been fully elucidated.
Here we examine peripheral antinociception elicited by exogenously applied EM-1 and EM-2 and the contribution of EM-containing
leukocytes to stress- and corticotropin-releasing factor (CRF)-induced antinociception. To this end, we applied behavioral (paw pres-
sure) testing, radioligand binding, immunohistochemistry, and flow cytometry in rats with unilateral hindpaw inflammation induced
with Freund’s adjuvant. EMs injected directly into both hindpaws produced antinociception exclusively in inflamed paws. This was
blocked by locally applied �-receptor-selective (D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 ) but not �-receptor-selective (nor-
binaltorphimine) antagonists. �-Receptor antagonists (naltrindole and N,N-diallyl-Tyr-Aib-Aib-Phe-Leu) did not influence EM-1-
induced but dose-dependently decreased EM-2-induced antinociception. Antibodies against �-endorphin, methionine-enkephalin, or
leucine-enkephalin did not significantly change EM-2-induced antinociception. Both EMs displaced binding of [ 3H]-[D-Ala 2,N-Me-
Phe 4,Gly 5-ol]enkephalin to �-receptors in dorsal root ganglia (DRG). Using [ 3H]-naltrindole or [ 125I]-[D-Pen2,5]-enkephalin, no detect-
able �-binding was found in DRG of inflamed hindlimbs. Numerous �-endorphin-containing and fewer EM-1- and EM-2-containing
leukocytes were detected in subcutaneous tissue of inflamed paws. Leukocyte-depleting serum decreased the number of immigrating
opioid-containing immune cells and attenuated swim stress- and CRF-induced antinociception in inflamed paws. Both forms of antino-
ciception were strongly attenuated by anti-�-endorphin and to a lesser degree by anti-EM-1 and anti-EM-2 antibodies injected into
inflamed paws. Together, exogenously applied and immune cell-derived EMs alleviate prolonged inflammatory pain through selective
activation of peripheral opioid receptors. Exogenous EM-2 in addition to �-receptors also activates peripheral �-receptors, which does
not involve actions via other opioid peptides.
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Introduction
Inflammatory pain can be effectively decreased by activation of
opioid receptors on peripheral terminals of sensory neurons.
This can be achieved with exogenous compounds and with opi-
oid peptides derived from immune cells (Stein et al., 2003).
Opioid-containing leukocytes, via activation of adhesion mole-
cules and chemokines, migrate and accumulate in inflamed tissue
(Machelska et al., 1998, 2002, 2004; Brack et al., 2004b). During
stressful stimulation (swim stress, surgery) or local injection of
corticotropin-releasing factor (CRF), leukocytes secrete opioids,
which bind to their receptors on peripheral sensory nerve endings
(Stein et al., 1990b, 1993, 1996; Schäfer et al., 1994). Selective

activation of peripheral opioid receptors has the important ad-
vantage of providing effective analgesia without eliciting side ef-
fects typically associated with centrally acting opioids or with
cyclooxygenase inhibitors (Stein et al., 2003).

The tetrapeptides endomorphin (EM)-1 and EM-2 are con-
sidered to have the highest specificity and affinity for the
�-opioid receptors of endogenous opioids (Zadina et al., 1997;
Monory et al., 2000). Interestingly, preliminary results on the
cloning of the EM precursor have been reported recently (Leff et
al., 2005). EMs are distributed in regions of the CNS rich in
�-receptors and associated with pain perception (Martin-Schild
et al., 1997, 1999; Schreff et al., 1998; Pierce and Wessendorf,
2000). In the spinal cord and brain, endogenous EMs can mediate
electroacupuncture-induced antinociception (Han et al., 1999;
Huang et al., 2000), and antinociception elicited by exogenously
applied EMs is abolished in �-receptor knock-out mice and by
selective �-receptor antagonists (Horvath, 2000; Przewlocki and
Przewlocka, 2001). In addition, reasonable affinities of EMs for
�3-opioid receptors were reported (Goldberg et al., 1998), and
some studies suggested that exogenous EM-2-induced antinoci-
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ception was mediated by the release of dynorphin A(1-17) and
methionine (Met)-enkephalin, which activated �- and
�-receptors, respectively (Tseng, 2002). EMs are also expressed in
primary sensory neurons and in immune cells (Jessop et al., 2002;
Mousa et al., 2002), suggesting that EMs can be ligands at periph-
eral opioid receptors. Recently, EM-induced antinociception
mediated by peripheral opioid receptors was reported in acute
and neuropathic pain models (Spampinato et al., 2003; Obara et
al., 2004).

In this study, we examined whether exogenous and endoge-
nous immune cell-derived EMs can inhibit prolonged inflamma-
tory pain and, if so, which opioid receptor types are involved.
Because we had shown previously that �-endorphin is the most
prominent opioid peptide mediating such effects (Stein et al.,
2003), we also undertook a direct comparison to this peptide. To
this end, we examined the following: (1) opioid receptor selectiv-
ity of exogenous EM-induced antinociception; (2) possible indi-
rect effects of EM-2 through other opioid peptides; (3) binding of
EMs to peripheral �- and �-receptors; (4) expression of EMs
versus �-endorphin in inflamed tissue; (5) the impact of leuko-
cyte depletion on the number of immune cells containing these
peptides and on swim stress- and CRF-induced antinociception;
and (6) the contribution of endogenous EMs in inflamed tissue to
swim stress- and CRF-induced antinociception.

Materials and Methods
Animals
Experiments were conducted in male Wistar rats (200 –250 g) (bred at
the Charité-Universitätsmedizin Berlin, Campus Benjamin Franklin,
Berlin, Germany) housed individually in cages lined with ground corn-
cob bedding. Rats were kept in climate- and light-controlled rooms
(22 � 0.5°C; relative humidity, 60 – 65%; 12 h light/dark cycle) with
standard rodent food pellets and water ad libitum. Experiments were
performed according to the Policy on Ethics approved by the Society for
Neuroscience and were approved by the local animal care committee
(Landesamt für Arbeitsschutz, Gesundheitsschutz und Technische
Sicherheit, Berlin, Germany). All efforts were made to minimize the
number of animals used and their suffering.

Inflammation
Rats received 0.15 ml of complete Freund’s adjuvant (Calbiochem, La
Jolla, CA) into the right hindpaw under brief isoflurane anesthesia
(Abbott, Wiesbaden, Germany). The paw volume was monitored using a
plethysmometer (Ugo Basile, Comerio, Italy) and determined by averag-
ing two consecutive trials. The volume of displacement, which is equal to
the paw volume, was indicated on a digital display. Experiments were
performed at 4-6 d after induction of inflammation.

Assessment of nociceptive thresholds
We used the paw-pressure test (modified Randall-Selitto method). Rats
(n � 6 – 8 per group) were gently restrained under paper wadding, and
incremental pressure was applied via a wedge-shaped, blunt piston onto
the dorsal surface of the hindpaw by means of an automated gauge (Ugo
Basile). The paw-pressure threshold (PPT) (cutoff at 250 g) required to
elicit paw withdrawal was determined by averaging three consecutive
trials separated by 15 s intervals (Stein et al., 1990a; Machelska et al.,
2003). PPTs were measured before (baseline) and after drug or antibody
(Ab) treatments at the time points stated below. The contralateral paws
were tested in the same way. The sequence of paws was alternated be-
tween animals to avoid “order” effects.

Drugs and antibodies for in vivo experiments
The following substances were used: EM-1, EM-2, �-endorphin, and
rabbit IgG (Sigma, Taufkirchen, Germany); the following rabbit poly-
clonal Abs against opioid peptides anti-�-endorphin and anti-Met-
enkephalin, (Peninsula Laboratories, Merseyside, UK), and anti-leucine
(Leu)-enkephalin, anti-EM-1, and anti-EM-2 (Phoenix Pharmaceuti-
cals, Belmont, CA); the opioid receptor antagonists D-Phe-Cys-Tyr-D-

Trp-Orn-Thr-Pen-Thr-NH2 (CTOP) (selective at �-receptors), naltrin-
dole hydrochloride (NTI) and N, N-diallyl-Tyr-Aib-Aib-Phe-Leu (ICI
174,864) (both selective at �-receptors), and nor-binaltorphimine dihy-
drochloride (norBNI) (selective at �-receptors), CRF, and rabbit serum
(all from Sigma), and rabbit anti-rat polymorphonuclear cell serum
(anti-PMN) (Accurate Chemical and Scientific Corporation, Westbury,
NY). Control and anti-PMN sera were injected intravenously following
previously established protocols using 80 �l of serum diluted in 420 �l of
0.9% NaCl (Brack et al., 2004b). All other compounds were dissolved in
sterile water and were injected into hindpaws [intraplantarly (i.pl.), in a
volume of 0.1 ml] under brief isoflurane anesthesia or subcutaneously at
the neck (in a volume of 0.2 ml).

In vivo experimental protocols
Exogenous endomorphin antinociception. Rats received intraplantar
EM-1 (0.625 �g) or EM-2 (0.625 �g) into both hindpaws, and PPTs were
reevaluated at 5– 40 min after injection. Dose–response relationships of
intraplantar EM-1 (0.3–1.25 �g), EM-2 (0.3–1.25 �g), and �-endorphin
(0.125–2 �g) were assessed at 5 min after injections (i.e., at the time of
maximum elevation of PPT). To confirm a peripheral site of action,
separate groups of animals received EM-1 or EM-2 in a dose of 1.25 �g
subcutaneously (the total amount of EM injected intraplantarly in the
most effective dose, i.e., 0.625 �g per each hindpaw) and were tested
5– 40 min later. The peripheral selectivity of intraplantar �-endorphin-
induced antinociception had been demonstrated previously (Stein et al.,
1990a). Because none of these compounds produced antinociception in
noninflamed paws, only inflamed paws were examined in the subsequent
experiments.

To evaluate opioid receptor selectivity, EM-1 (0.625 �g) or EM-2
(0.625 �g) was coadministered intraplantarly with CTOP (0.0625– 0.5
�g), ICI 174,864 (0.075–2.5 �g), or norBNI (0.1–100 �g). Because EM-
2-induced antinociception was reversed by ICI 174,864, we further ex-
amined the involvement of �-receptors by testing another �-selective
antagonist (naltrindole; 10 – 80 �g), as well as Abs against Met-
enkephalin (0.1–20 �g), Leu-enkephalin (0.1– 8 �g), or �-endorphin
(0.1–2 �g), which were coadministered intraplantarly with EM-2. In a
separate experiment, the Ab against Met-enkephalin (100 �g) was in-
jected intraplantarly either concomitantly or 1 h before EM-2, as in the
study by Ohsawa et al. (2000). To confirm a peripheral site of action, the
most effective intraplantar doses of antagonists were injected subcutane-
ously immediately before intraplantar EMs. PPTs were measured before
and 5 min after injections.

Immune cell-derived endomorphin antinociception. To activate endog-
enous opioidergic pathways of pain inhibition in inflamed tissue, we used
the cold-water swim stress test. At 4 d after induction of inflammation,
baseline PPTs were measured and animals were subjected to swimming
for 1 min in a metal container filled with cold water (2– 4°C). Thereafter,
rats were dried and PPTs were reevaluated at 1 min after swimming (i.e.,
at the time of maximum elevation of PPT), as described previously (Stein
et al., 1990a; Machelska et al., 2003). An endogenous trigger of swim
stress-induced antinociception is CRF (Schäfer et al., 1996). To mimic
this effect, CRF in the most effective dose determined previously (1.5 ng)
(Schäfer et al., 1994), was injected into inflamed paws at 4 d after induc-
tion of inflammation. PPTs were measured before and 5 min after CRF
injection (i.e., at the time of maximum elevation of PPT), as described
previously (Schäfer et al., 1994; Machelska et al., 2003). Previously, we
had shown that swim stress and CRF did not produce changes in PPT in
noninflamed contralateral paws (Stein et al., 1990a; Schäfer et al., 1994;
Machelska et al., 2003).

To examine the impact of general leukocyte depletion (see below,
Immunohistochemistry and Flow cytometry) on swim stress- and CRF-
induced antinociception, separate groups of animals were treated with
anti-PMN serum. In contrast to single administration (Brack et al.,
2004b), repeated anti-PNM treatment leads to a substantial reduction in
the numbers not only of granulocytes but also of mononuclear cells
(Savov et al., 2002; Eliason et al., 2005). Therefore, anti-PMN and control
sera were injected intravenously immediately before and 1 and 3 d after
induction of inflammation. Four days after induction of inflammation
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(i.e., 1 d after the last injection of sera), antinociception induced by swim
stress and CRF was assessed.

To evaluate the participation of endogenous opioid peptides in stress-
induced antinociception, Abs against �-endorphin (0.25– 4 �g), EM-1
(0.75–3 �g), or EM-2 (0.25– 0.75 �g) were injected intraplantarly into
inflamed paws 5 min before swim stress. In separate experiments, Abs
against EM-1 (2 �g) and EM-2 (0.5 �g) were injected simultaneously
intraplantarly. PPTs were determined before Ab injection and were re-
evaluated at 1 min after swim stress (see above). To assess the contribu-
tion of endogenous opioid peptides to CRF-induced antinociception,
Abs against �-endorphin (0.025– 0.8 �g), EM-1 (2– 6 �g), or EM-2
(0.25– 0.75 �g) were injected intraplantarly concomitantly with CRF (1.5
ng). In separate experiments, Abs against EM-1 (4 �g) and EM-2 (0.5 �g)
were intraplantarly coinjected with CRF (1.5 ng). PPTs were determined
before and 5 min after injections (see above). Control groups were in-
jected with equivalent doses of control rabbit IgG and were tested in the
same way as groups treated with Abs. The experimenter was blinded to
the treatments in all experiments.

Opioid receptor binding
Four days after intraplantar injections of complete Freund’s adjuvant or
0.9% NaCl (0.15 ml), animals were killed by an overdose of halothane,
and lumbar (L3–L5) dorsal root ganglia (DRGs) ipsilateral to intraplantar
injections were removed. Membranes were obtained from DRGs as de-
scribed previously (Zöllner et al., 2003). Briefly, the tissue was placed
immediately on ice in cold assay buffer (50 mM Tris-HCl and 5 mM

EDTA, pH 7.4), homogenized with a Polytron homogenizer (Kine-
matica, Littau, Switzerland), and centrifuged at 48,000 � g at 4°C for 20
min. The pellet was resuspended in assay buffer followed by a 10 min
incubation at 37°C to remove endogenous ligands. The homogenate was
centrifuged again at 48,000 � g and resuspended in assay buffer. Mem-
branes were aliquoted and stored at �80°C for 30 min.

Binding studies using [ 3H] ligands were performed according to Zöll-
ner et al. (2003). �- and �-receptor binding sites were examined by
incubating 100 �g of membrane protein with 2 nM [ 3H]-[D-Ala 2,N-Me-
Phe 4,Gly 5-ol]enkephalin ([ 3H]DAMGO) (65 Ci/mmol; selective
�-ligand) (Amersham Biosciences, Little Chalfont, UK) or with 1 nM

[ 3H]-naltrindole (35 Ci/mmol; selective �-ligand) (Amersham Bio-
sciences) and fixed concentrations of EM-1 (10 �M) and EM-2 (10 �M).
Nonspecific binding was defined using 10 �M naloxone hydrochloride
(Sigma). Membranes were incubated for 1 h at 30°C in a final volume of
1 ml assay buffer.

Binding studies using a [ 125I] ligand were performed according to
Knapp et al. (1991). Maximum numbers of �-binding sites (Bmax) in
DRG neurons were determined in competition binding experiments by
incubating 20 �g of membrane protein with [ 125I]-[D-Pen2,5]-
enkephalin ([ 125I]-DPDPE) (3.7 MBq, 100 �Ci; selective �-ligand) (Am-
ersham Biosciences) in duplicate samples at six different concentrations
(0.001–2 nM) in the presence or absence of unlabeled naloxone hydro-
chloride (10 �M). Membranes were incubated for 1 h at 30°C in a final
volume of 800 �l assay buffer. In these experiments, we evaluated Bmax

because [ 125I] ligands are more sensitive than [ 3H] ligands, and perform-
ing competition binding experiments with the latter ligands would re-
quire pooling of many DRGs from large numbers of animals.

In both cases, the reactions were terminated by rapid filtration under
vacuum through Whatman GF/B glass fiber filters, followed by four
washes with cold buffer (50 mM Tris-HCl, pH 7.4). Bound radioactivity
was determined by liquid scintillation spectrophotometry after over-
night extraction of the filters in 3 ml of scintillation fluid (EG&G Wallac,
Turku, Finland) in the case of [ 3H] ligands or using a Packard Auto-
Gamma 5650 scintillation counter in case of the [ 125I] ligand.

Immunohistochemistry
We used this procedure to compare the expression of EM-1 and EM-2
with �-endorphin and to evaluate the effect of anti-PMN serum on the
number of leukocytes containing these opioids in the paw tissue. Rats
(n � 5) were injected intravenously with anti-PMN or control sera, as
described above. In separate experiments, we also evaluated expression of
Leu-enkephalin in paw tissue (n � 3) as a possible peptide involved in

EM-2-induced activation of �-receptors (see Results). In all cases, rats
were deeply anesthetized with isoflurane and perfused transcardially with
0.1 M PBS, pH 7.4, and with cold PBS containing 4% paraformaldehyde
and 0.2% picric acid, pH 6.9 (fixative solution). The skin with adjacent
subcutaneous tissue was dissected from plantar surfaces of both hind-
paws, postfixed in the fixative solution, and cryoprotected in 15% su-
crose solution at 4°C overnight, embedded in OCT compound (Miles,
Elkhart, IN), and frozen. Seven-micrometer-thick sections were pre-
pared on cryostat and mounted on gelatin-coated slides. These were
incubated for 45 min in PBS with 0.3% H2O2 and 10% methanol to block
endogenous peroxidase. To prevent nonspecific binding, the sections
were incubated for 60 min in PBS containing 0.3% Triton X-100, 1%
BSA, 4% goat serum, and 4% horse serum. The sections were then incu-
bated overnight with rabbit anti-rat polyclonal Abs against Leu-
enkephalin (4 �g/ml; Phoenix Pharmaceuticals), �-endorphin (1:1000;
Peninsula Laboratories), EM-1, or EM-2 (7 �g/ml; Chemicon, Hamp-
shire, UK). Additional staining was performed with a Vectastain avidin–
biotin peroxidase complex according to the instructions of the manufac-
turer using goat anti-rabbit biotinylated secondary Ab and avidin– biotin
peroxidase (Vectastain Elite kit; Vector Laboratories, Burlingame, CA).
Finally, the sections were washed and stained with 3�,3�-
diaminobenzidine tetrahydrochloride (Sigma) containing 0.01% H2O2

in 0.05 M Tris-PBS, pH 7.6, for 3–5 min. After the enzyme reaction, the
sections were washed in tap water, counterstained with thionin, dehy-
drated in alcohol, cleared in xylene, and mounted in DPX (Merck, Darm-
stadt, Germany). Control experiments for staining specificity included
the following: (1) preabsorption of Ab against Leu-enkephalin with Leu-
enkephalin (8 �g/ml; Phoenix Pharmaceuticals) and of Abs against
�-endorphin, EM-1, or EM-2 with their respective antigenic peptides (12
�g/ml; Sigma); (2) omission of either the primary or secondary Abs or
avidin– biotin complex. These control experiments did not show staining
for any of the peptides. These procedures were performed according to
Mousa et al. (2002) and Machelska et al. (2003).

�-Endorphin-, EM-1-, and EM-2-positive leukocytes were quantified
by an observer blinded to the experimental protocol, using a Zeiss (Jena,
Germany) microscope (objective, 20�; eyepiece, 10�). The mean num-
ber of the respective peptide-expressing cells in four sections per animal
and 15 squares (384 �m 2 each) per section was calculated, as described
previously (Mousa et al., 2002; Machelska et al., 2003).

Flow cytometry
This procedure was used to examine the effect of anti-PMN serum on the
leukocyte subpopulations in inflamed paws. Rats (n � 8) were injected
intravenously with anti-PMN or control sera, as described above. At 4 d
after induction of inflammation, rats were killed with an overdose of
isoflurane, and plantar subcutaneous paw tissue from inflamed paws was
collected. To obtain a single-cell suspension, the tissue was cut into 1–2
mm pieces, enzymatically digested with collagenase and hyaluronidase
(Sigma), and pressed through a 70 �m nylon filter (BD Biosciences,
Heidelberg, Germany), as described previously (Rittner et al., 2001;
Brack et al., 2004a,b).

Cell surface staining was performed by incubation with mouse anti-rat
CD45 conjugated with CyChrome monoclonal Ab (mAb) (4 �g/ml;
identifies all hematopoetic cells) and with mouse anti-rat CD3 conju-
gated with phytoerythrin mAb (4 �g/ml; identifies T cells) (both from
BD Biosciences). Other leukocyte subpopulations were identified by in-
tracellular staining after fixation with 1% paraformaldehyde and perme-
abilization with saponin buffer (Rittner et al., 2001; Brack et al., 2004a,b).
Cell suspensions were incubated with CD45 conjugated with CyChrome
mAb, mouse anti-rat RP-1 conjugated with phytoerythrin mAb (12 �g/
ml; identifies PMN; BD Biosciences), and mouse anti-rat ED1 conju-
gated with fluorescein isothiocyanate mAb (2 �g/ml; identifies mono-
cytes/macrophages; Serotec, Oxford, UK). In separate aliquots, the
specificity of the staining was verified by incubation with appropriate
species and isotype-matched control Abs. Cells obtained from a single
inflamed paw were quantified by mixing the stained single-cell suspen-
sion with fluorescent TruCOUNT beads (BD Biosciences). A total of
70,000 events were acquired per paw. Cell numbers were calculated in
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relation to the known number of TruCOUNT beads. Data were analyzed
using CellQuest Pro software (BD Biosciences).

Statistical analysis
Data are presented as means � SEM and are expressed in raw values. In
behavioral experiments, two-sample comparisons were made using the t
test for independent data and paired t test for dependent data. Dose–
response curves were analyzed by one-way ANOVA, followed by linear
regression. In experiments using opioid receptor antagonists and Abs
against opioid peptides, effects of their most effective doses were tested
against their own baseline PPTs and against PPTs of respective control
groups. For clarity of graphs, effects of antagonists and Abs on EM-
induced antinociception are compared with baseline PPTs of a respective
representative group (there were no significant differences in baseline
PPTs between groups; p � 0.05, one-way ANOVA). Changes in PPTs
over time were evaluated by two-way repeated-measures ANOVA fol-
lowed by the Bonferroni’s test, and multiple comparisons at one time
point were performed with one-way ANOVA followed by the Bonferro-
ni’s test. Differences were considered significant if p � 0.05.

Ligand binding data represent values of at least three independent
experiments, each performed in duplicate. [ 125I]-DPDPE saturation

binding experiments were fitted to a one-site
binding hyperbola using GraphPad Prism soft-
ware (GraphPad, San Diego, CA) to determine
Bmax values.

Results
Exogenous
endomorphin antinociception
Antinociceptive effects of EM-1, EM-2,
and �-endorphin
At 4 – 6 d after intraplantar injection of
complete Freund’s adjuvant, inflamma-
tion was confined to inoculated paws and
resulted in swelling (1.9 � 0.07 vs 0.97 �
0.01 ml, inflamed vs noninflamed paws)
and hyperalgesia (decreased PPT, 38 � 2.5
vs 70 � 2.4 g, inflamed vs noninflamed
paws) ( p � 0.001, paired t test). At 5 min
after intraplantar injection of EM-1 (0.3–
1.25 �g), EM-2 (0.3–1.25 �g), or
�-endorphin (0.125–2 �g) into both
hindpaws, PPT increased dose depen-

dently in inflamed ( p � 0.001, ANOVA, linear regression) (Fig.
1, left) but not in contralateral noninflamed paws ( p � 0.05,
ANOVA) (Table 1). There were no significant differences among
PPT elevations produced by the most effective doses of EM-1
(0.625 �g), EM-2 (0.625 �g), and �-endorphin (1 �g) ( p � 0.05,
ANOVA) (Fig. 1, left). EM-1-induced (0.625 �g) and EM-2-
induced (0.625 �g) antinociception was maximal at 5 min, re-
mained significantly elevated at 10 min, and returned to the base-
line level by 20 min after injection ( p � 0.001, Bonferroni’s test)
(Fig. 1, middle). We have shown previously that exogenous
�-endorphin produced a similar time course of antinociception
(Stein et al., 1990a). Systemic injections (subcutaneous) of either
EM at the dose of 1.25 �g (the total amount of EM injected
intraplantarly in the most effective dose, i.e., 0.625 �g per each
hindpaw) did not significantly change PPTs of inflamed (Fig. 1,
right) or noninflamed paws (data not shown) ( p � 0.05, two-way
repeated-measures ANOVA). Peripheral selectivity of intraplan-
tar �-endorphin (in the dose range used here) was demonstrated
previously (Stein et al., 1990a).

Opioid receptor selectivity of EM-1-induced antinociception
EM-1 (0.625 �g, i.pl.)-induced antinociception was dose depen-
dently blocked by CTOP (0.125– 0.5 �g, i.pl.) ( p � 0.001,
ANOVA, linear regression) (Fig. 2, left). At the highest dose,
CTOP (0.5 �g) reduced PPTs to the baseline level ( p � 0.05,
paired t test). ICI 174,864 (1.25 �g, i.pl.) also significantly atten-
uated EM-1-induced antinociception ( p � 0.05, t test). How-
ever, the effect was small and not dependent on the dose of ICI
174,864 (0.625–2.5 �g; p � 0.05, ANOVA) (Fig. 2, left). NorBNI
(0.1–100 �g, i.pl.) had no significant effect ( p � 0.05, ANOVA)
(Fig. 2, left). Systemic injection (subcutaneous) of the most effec-
tive intraplantar dose of CTOP did not significantly change in-
traplantar EM-1 (0.625 �g)-induced antinociception ( p � 0.05,
t test; data not shown).

Opioid receptor selectivity of EM-2-induced antinociception
EM-2 (0.625 �g, i.pl.)-induced antinociception was dose depen-
dently blocked by CTOP (0.0625– 0.25 �g, i.pl.) ( p � 0.001,
ANOVA, linear regression) (Fig. 2, middle). The effect of CTOP
(0.25 �g, i.pl) was not significantly different from baseline PPT
( p � 0.05, paired t test). Both ICI 174,864 (0.075– 0.3 �g, i.pl.)
and naltrindole (10 – 40 �g, i.pl) dose dependently decreased

Table 1. Effects of opioid peptide injections into inflamed paws on paw-pressure
thresholds in contralateral noninflamed paws

Treatment (�g) Paw-pressure threshold (g)

Control 63 � 2.3
Endomorphin-1

0.3 67 � 2.6
0.45 74 � 6.8
0.625 71 � 3.7
1.25 74 � 3.1

Control 70 � 2.9
Endomorphin-2

0.3 65 � 3.1
0.625 66 � 2.8
1.25 63 � 3.0

Control 63 � 1.4
�-Endorphin

0.125 67 � 2.3
0.5 62 � 2.2
1 61 � 2.2
2 63 � 3.1

Data are means � SEM.

Figure 1. Antinociception elicited by exogenous EM-1, EM-2, and �-endorphin (END) in inflamed paws. Left, Dose-dependent
antinociceptive effects at 5 min after intraplantar injections ( p � 0.001, ANOVA, linear regression). Middle, Time course of EM-1-
and EM-2-induced antinociception. *p � 0.001, Bonferroni’s test. Right, Lack of EM-1- and EM-2-induced antinociception after systemic
(subcutaneous) injection at the neck ( p � 0.05, two-way repeated-measures ANOVA). Data are expressed as means � SEM.
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EM-2-induced antinociception ( p �
0.001, ANOVA, linear regression) (Fig. 2,
middle). The most effective doses of ICI
174,864 (0.15 �g, i.pl.) and naltrindole (40
�g, i.pl.) did not completely abolish this
antinociception, i.e., the remaining PPTs
were significantly higher than baseline
PPTs ( p � 0.05, paired t test). Higher
doses of ICI 174,864 (0.3 �g, i.pl.) and nal-
trindole (80 �g, i.pl) did not produce
stronger inhibition, and norBNI (0.1–100
�g, i.pl.) had no significant effect on EM-
2-induced antinociception ( p � 0.05,
ANOVA) (Fig. 2, middle). Systemic (sub-
cutaneous) injection of the most effective
intraplantar doses of CTOP, ICI 174,864,
or naltrindole did not significantly change
intraplantar EM-2 (0.625 �g, i.pl.)-
induced antinociception ( p � 0.05, t test;
data not shown).

As a possible mechanism of EM-2-
induced activation of �-receptors, we ex-
amined the hypothesis that this effect is
indirect after a release of other opioid
peptides acting at �-receptors, such as
Met-enkephalin, Leu-enkephalin, or �-
endorphin. We reported previously the
expression of Met-enkephalin and �-endorphin in inflamed sub-
cutaneous tissue (Stein et al., 1990b; Rittner et al., 2001; Machel-
ska et al., 2003). In the present study, we found specific staining
for Leu-enkephalin in mononuclear and polymorphonuclear
leukocytes (data not shown). Intraplantar injections of Abs
against Met-enkephalin (0.1–20 �g), Leu-enkephalin (0.1– 8
�g), or �-endorphin (0.1–2 �g) did not significantly change EM-
2-induced antinociception ( p � 0.05, ANOVA) (Fig. 2, right).
Also, intraplantar Ab against Met-enkephalin (100 �g), given
simultaneously or 1 h before EM-2, did not significantly change
EM-2-induced antinociception (88 � 3.6 vs 87 � 4.8 and 88 �
3.6 vs 81 � 6.3 g, respectively; p � 0.05, t test).

EM-1 and EM-2 binding to �- and �-receptors in DRG
In DRG cell membranes, we detected specific [ 3H]-DAMGO
binding at �-receptors with a significant increase in the number
of �-binding sites in DRG ipsilateral to inflamed paws (42.5 � 2.3
fmol/mg protein) compared with DRG from noninflamed hind-
limbs (23.4 � 2.4 fmol/mg protein) ( p � 0.001, t test). EM-1 and
EM-2 displaced [ 3H]-DAMGO binding in DRG from nonin-
flamed (EM-1, 92 � 1.9%; EM-2, 94.3 � 1.6%) and inflamed
(EM-1, 92.7 � 2.9%; EM-2, 95.8 � 1.5%) hindlimbs compared
with naloxone displacement (100%).

Because EM-2 produced antinociception also via �-receptors,
we attempted to examine whether EMs bind to peripheral
�-receptors. However, using [ 3H]-naltrindole, we could not de-
tect any binding in DRG of noninflamed or inflamed hindlimbs.
Using [ 125I]-DPDPE, we found little binding in DRG from un-
treated animals (Bmax of specific [ 125I]-DPDPE binding, 7 � 2.4
fmol/mg protein) and no detectable binding in DRG from in-
flamed hindlimbs, which made it impossible to examine EM
binding to �-receptors.

Immune cell-derived endomorphin antinociception
Comparative expression of EM-1, EM-2, and �-endorphin
Immunohistochemistry revealed strong immunoreactivities for
�-endorphin, EM-1, and EM-2 in leukocytes of inflamed subcu-

taneous paw tissue at 4 d after intraplantar injection of complete
Freund’s adjuvant. These leukocytes had morphological appear-
ances consistent with mononuclear cells and granulocytes (Fig.
3). The number of �-endorphin-positive cells (8.3 � 0.5) was
significantly higher than the number of cells expressing either
EM-1 (4.2 � 0.2) or EM-2 (4.9 � 0.2) ( p � 0.001, t test). The
number of EM-1-stained cells was not significantly different
from the number of EM-2-positive cells ( p � 0.05, t test). A few
scattered nerve fibers were positive for EM-2 in both nonin-
flamed and inflamed subcutaneous tissue (data not shown), as
reported previously (Mousa et al., 2002). There were no opioid-
containing cells in noninflamed contralateral paws (data not
shown).

Effects of leukocyte depletion on the number of immune cells
containing EM-1, EM-2, or �-endorphin
Pretreatment with intravenous anti-PMN serum significantly re-
duced the total number of all hematopoetic (CD45�) cells in
inflamed paws (Table 2). This treatment caused significant de-
creases of granulocytes (by 70%), monocytes/macrophages (by
33%), and T cells (by 39%) ( p � 0.002, Mann–Whitney U test;
p � 0.046, p � 0.009, t tests, respectively) (Table 2), in line with
previous studies (Savov et al., 2002; Eliason et al., 2005).

The pretreatment with intravenous anti-PMN serum signifi-
cantly diminished the number of cells containing �-endorphin,
EM-1, or EM-2 in inflamed paws (Fig. 3). The number of leuko-
cytes containing �-endorphin, EM-1, or EM-2 was decreased by
53% (3.9 � 0.4 cells), 45% (2.3 � 0.3 cells), and 41% (2.9 � 0.3
cells), respectively, compared with the respective control groups
(8.3 � 0.5, 4.2 � 0.2, and 4.9 � 0.2 cells; p � 0.001, t test).

Effects of leukocyte depletion on stress- and
CRF-induced antinociception
Swim stress produced potent antinociception in inflamed paws
of control rats (34 � 0.8 vs 169 � 11.9 g, baseline PPT vs PPT at
1 min after stress; p � 0.001, paired t test). This effect was signif-
icantly reduced by anti-PMN serum (169 � 11.9 vs 82 � 5.6 g,

Figure 2. Opioid receptor selectivity of exogenous EM-1- and EM-2-induced antinociception. Left, EM-1-induced antinocicep-
tion was dose dependently blocked by �-receptor (CTOP) but not �-receptor (ICI 174,864) or �-receptor (norBNI) selective
antagonists ( p � 0.001, ANOVA, linear regression; p � 0.05, ANOVA, respectively). Middle, EM-2-induced antinociception was
dose dependently blocked by �-receptor (CTOP) and attenuated by �-receptor (ICI 174,864 and naltrindole) selective antagonists
( p � 0.001, ANOVA, linear regression). EM-2-induced antinociception was not significantly changed by a �-receptor (norBNI)
selective antagonist ( p � 0.05, ANOVA). Right, EM-2-induced antinociception was not significantly changed by antibodies
against Met-enkephalin (anti-Met-ENK), Leu-enkephalin (anti-Leu-ENK), and �-endorphin (anti-END) ( p � 0.05, ANOVA).
Receptor antagonists and peptide antibodies were coadministered intraplantarly into inflamed paws with either EM-1 or EM-2.
PPTs were measured 5 min after injections. Dashed lines represent baseline paw-pressure thresholds of representative groups and
are 40 � 1.2 g. Data are expressed as means � SEM.
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PPT of control vs PPT of anti-PMN; p � 0.001, t test). CRF (1.5
ng, i.pl.) produced antinociception in inflamed paws of control
rats (34 � 0.9 vs 108 � 5.5 g, baseline PPT vs PPT at 5 min after
CRF; p � 0.001, paired t test). Anti-PMN serum significantly
decreased this CRF-induced antinociception (108 � 5.5 vs 71 �
6.7 g, PPT of control vs PPT of anti-PMN; p � 0.002, t test). In
contralateral noninflamed paws, PPTs were not significantly
changed by swim stress or by CRF ( p � 0.05, paired t test; data
not shown), consistent with our previous studies (Stein et al.,
1990a; Schäfer et al., 1994; Machelska et al., 2003). PPTs in non-
inflamed paws were not significantly changed by anti-PMN se-
rum ( p � 0.05, t test; data not shown).

Relative contribution of EM-1 and EM-2 versus �-endorphin to
stress-induced antinociception
The individual intraplantar application of Abs against
�-endorphin (0.25–2 �g), EM-1 (0.75–2 �g), or EM-2 (0.25– 0.5
�g) dose dependently attenuated swim stress-induced antinoci-
ception ( p � 0.001, p � 0.007, and p � 0.002, respectively,
ANOVA, linear regression) (Fig. 4, left). The most effective doses
of Abs against �-endorphin (2 �g), EM-1 (2 �g), and EM-2 (0.5
�g) decreased this antinociception by 73, 30, and 36%, respec-
tively. These maximum effects of Abs against the two EMs were
not significantly different from each other ( p � 0.05) but were
significantly smaller compared with the effect of Ab against

�-endorphin ( p � 0.05, Bonferroni’s test)
(Fig. 4, right). The effect of concomitant
intraplantar Abs against EM-1 (2 �g) and
EM-2 (0.5 �g) was not significantly differ-
ent compared with Abs against each EM
injected separately ( p � 0.05), but it was
significantly smaller than the effect of Ab
against �-endorphin (2 �g; p � 0.05, Bon-
ferroni’s test) (Fig. 4, right). None of the
treatments significantly changed the PPTs
in noninflamed contralateral paws ( p �
0.05, ANOVA; data not shown).

Relative contribution of EM-1 and EM-2
versus �-endorphin to CRF-induced
antinociception
Single intraplantar administrations of Abs
against �-endorphin (0.025– 0.4 �g),
EM-1 (2– 4 �g), or EM-2 (0.25– 0.5 �g)
dose dependently decreased CRF-induced
antinociception in inflamed paws ( p �
0.001, p � 0.02, and p � 0.016, respec-
tively, ANOVA, linear regression) (Fig. 5,
left). The most effective doses of Abs
against �-endorphin (0.2 �g), EM-1 (4
�g), and EM-2 (0.5 �g) decreased this an-
tinociception by 49, 21, and 28%, respec-
tively. Effects of Abs against each EM in-
jected separately were not significantly
different compared with each other ( p �
0.05) but were significantly smaller com-
pared with the effect of Ab against
�-endorphin ( p � 0.05, Bonferroni’s test)
(Fig. 5, right). The effect of concomitant
injection of Abs against EM-1 (4 �g) and
EM-2 (0.5 �g) was not significantly differ-
ent compared with Ab against
�-endorphin (0.2 �g) and EM-2 (0.5 �g)
injected alone ( p � 0.05), but it was sig-
nificantly stronger than the effect of Ab

against EM-1 (4 �g) injected alone ( p � 0.05, Bonferroni’s test)
(Fig. 5, right). None of the treatments significantly changed the
PPTs in noninflamed contralateral paws ( p � 0.05, ANOVA;
data not shown).

Discussion
The major finding of this study is that both exogenously applied
and immune cell-derived EM-1 and EM-1 can alleviate pro-
longed inflammatory pain through selective activation of periph-
eral opioid receptors. In particular, we found the following: (1)
that both EMs bind selectively to peripheral �-receptors, result-
ing in antinociception; (2) �-receptors are not involved in EM-1
and EM-2-induced effects; (3) exogenous EM-2, but not EM-1,
can also activate peripheral �-receptors, which is not mediated by
other opioid peptides such as Met-enkephalin, Leu-enkephalin,
or �-endorphin; and (4) both EMs are expressed in leukocytes
accumulating in inflamed tissue and contribute to swim stress-
and CRF-induced antinociception.

Peripheral exogenous endomorphin antinociception
Previous studies using spinal and supraspinal injections of EMs
have reported antinociception in models of acute pain (without
sustained tissue injury) or in short-lasting inflammation (1–3 h)

Figure 3. Representative immunohistochemical images showing the effects of leukocyte-depleting serum (intravenously) on
the number of cells expressing �-endorphin (END), EM-1, and EM-2 in inflamed subcutaneous paw tissue. The control group was
treated with nonimmune serum (intravenously). All three peptides are localized in granulocytes (1) and mononuclear cells (2).
Scale bar, 20 �m.
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(Horvath, 2000; Przewlocki and Prze-
wlocka, 2001). We have now shown that
both EMs can also produce antinocicep-
tion in prolonged inflammatory pain and
that this effect is mediated by peripheral
opioid receptors. This is supported by our
finding that the antinociceptive effects of
both intraplantar EMs were blocked by in-
traplantar application of systemically inef-
fective doses of opioid receptor antago-
nists. Peripheral effects of EMs were also found in animals with
neuropathic pain (Obara et al., 2004). In our study, both EMs
were similarly effective and produced antinociception of compa-
rable duration, in line with findings in other models (Stone et al.,
1997; Tseng et al., 2000; Sakurada et al., 2001; Obara et al., 2004).
Also, the antinociceptive efficacies of both EMs were similar to
the effect of �-endorphin, and all of these effects seem to be less
than those produced by morphine in our previous study (Stein et
al., 1989). The selective effect of EMs in inflamed paws is in agree-
ment with previous studies and likely related to upregulation and
increased G-protein coupling of peripheral opioid receptors, to a
disruption of the perineural barrier, and to an increased number
of sensory nerve terminals in inflamed tissue (for review, see Stein
et al., 2003).

Both EMs activated peripheral �-receptors because their ef-
fects were fully and dose dependently blocked by the selective
�-receptor antagonist CTOP. Consistently, we found high-
affinity binding of both peptides to �-receptors in DRG, displac-
ing [ 3H]-DAMGO binding by 	92–96%. Our findings on
�-receptor-mediated effects of EMs are in accordance with other
studies evaluating EM antinociception, with radioligand receptor
binding and signaling in the CNS or cell cultures (Zadina et al.,
1997; Goldberg et al., 1998; Horvath, 2000; Monory et al., 2000;
Przewlocki and Przewlocka, 2001). Although in our study EM-1-
induced antinociception was decreased by a �-antagonist, this
effect was small and not dose dependent, and a �-antagonist had no
effect. This indicates that EM-1 can reduce prolonged inflammatory
pain acting exclusively at �-receptors in peripheral tissue, similar to
the CNS (Horvath, 2000; Przewlocki and Przewlocka, 2001).

That EM-2-induced peripheral antinociception was not me-
diated by �-receptors in our experiments is in agreement with
Goldberg et al. (1998) but in contrast to other studies evaluating
supraspinal (Ohsawa et al., 2000; Tseng et al., 2000; Makulska-
Nowak et al., 2001) or spinal (Ohsawa et al., 2001a; Sakurada et
al., 2001) effects of EM-2. We also found that peripheral EM-2-
induced antinociception was significantly and dose dependently
attenuated by two antagonists selective at �-receptors (naltrin-
dole and ICI 174,864). Such effects were not observed by Gold-
berg et al. (1998) but were reported by Ohsawa et al. (2000) and
Sakurada et al. (2001). In the latter two studies, the authors sug-
gested that EM-2 releases Met-enkephalin, which activates
�-receptors to produce antinociception (Ohsawa et al., 2001b).
Although opioid peptides with affinity at �-receptors, such as
enkephalins and �-endorphin, are expressed in inflammatory
cells (Stein et al., 1990b; Machelska et al., 2003; present study)
and in sensory neurons (Antunes Bras et al., 2001), intraplantar
Abs against Met-enkephalin, Leu-enkephalin, and �-endorphin
(in wide dose ranges) did not significantly alter intraplantar EM-
2-induced antinociception in our study. It is possible that differ-
ences between our study and those by Sakurada et al. (2001) and
Ohsawa et al. (2000) might be related to differences between
sources of Abs against Met-enkephalin. However, the same Ab
against Met-enkephalin used in our present experiments de-

creased swim stress-induced antinociception in our previous
studies (Machelska et al., 2003). Also, the dose and time of Ab
preinjection do not seem to account for these differences because
administration of this Ab following the schedule used by Ohsawa

Table 2. Effect of intravenous leukocyte-depleting serum on immune cell subpopulations in inflamed
subcutaneous paw tissue

Treatment

Total cell number (� 103 per paw)

CD45� cells Granulocytes Monocytes/macrophages T cells

Control 795 � 98 136 � 40 499 � 63 22 � 2.4
Anti-PMN 483 � 63* 35 � 4.5* 335 � 37* 13 � 1.6*

Effects were assessed with flow cytometry. Data are means � SEM. * indicates significant differences versus respective controls (treated with nonimmune
serum, intravenously) (p � 0.006 for CD45� cells; p � 0.002 for granulocytes; p � 0.046 for monocytes/macrophages; p � 0.009 for T cells, t test).

Figure 4. Effects of antibodies against EM-1 (anti-EM-1), EM-2 (anti-EM-2), and
�-endorphin (anti-END) injected (intraplantarly) into inflamed paws on swim stress-induced
antinociception. Left, Dose dependency of anti-opioid peptides injected separately ( p � 0.007
for anti-EM-1; p � 0.002 for anti-EM-2; p � 0.001 for anti-END, ANOVA, linear regression).
Right, Comparison of single injections of anti-END, anti-EM-1, and anti-EM-2 with concomitant
injection of anti-EM-1 and anti-EM-2. * indicates significant differences versus control, and �

indicates significant differences versus anti-END ( p � 0.05, Bonferroni’s test). Data are
means � SEM.

Figure 5. Effects of antibodies against EM-1 (anti-EM-1), EM-2 (anti-EM-2), and
�-endorphin (anti-END) injected (intraplantarly) into inflamed paws on CRF-induced antino-
ciception. Left, Dose dependency of anti-opioid peptides injected separately ( p � 0.02 for
anti-EM-1; p � 0.016 for anti-EM-2; p � 0.001 for anti-END, ANOVA, linear regression). Right,
Comparison of single injections of anti-END, anti-EM-1, and anti-EM-2 with concomitant injec-
tion of anti-EM-1 and anti-EM-2. * indicates significant differences versus control, � indicates
significant differences versus anti-END, and # indicates a significant difference versus anti-EM-1
( p � 0.05, Bonferroni’s test). Data are means � SEM.
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et al. (2000) did not change EM-2-induced antinociception in
our present study. Thus, in contrast to the CNS (Ohsawa et al.,
2000; Sakurada et al., 2001), EM-2-triggered release of other en-
dogenous opioid peptides does not seem to play a role in periph-
eral inflamed tissue in our model.

Finally, we tested the hypothesis that EM-2 binds directly to
�-receptors on sensory neurons. In previous studies, EM-2 did
not bind or activate �-receptors in membranes from �-receptor-
expressing cells or in brain of wild-type and �-receptor knock-
out mice without inflammation (Goldberg et al., 1998; Monory et
al., 2000). Because inflammation elevates the number and effi-
cacy of G-protein coupling of opioid receptors in DRGs (Zöllner
et al., 2003), we performed binding experiments in animals with
peripheral inflammation. Nonetheless, we only detected small
amounts of �-binding sites in DRGs from noninflamed and no
detectable �-binding in DRGs from inflamed hindlimbs. This
may be attributed to a low expression of �-receptor mRNA,
inflammation-induced downregulation, or preferential cytoplas-
mic localization of �-receptors in DRGs (Buzas and Cox, 1997;
Zhang et al., 1998; Bao et al., 2003; Pühler et al., 2004). Con-
versely, �-receptors have been demonstrated repeatedly on pe-
ripheral terminals of sensory neurons (Wenk and Honda 1999;
Brack et al., 2004a), and the injection of selective �-receptor ago-
nists directly into inflamed tissue produces peripheral antinoci-
ception in our model (Stein et al., 1989). This might be explained
by inflammation-induced enhanced axonal transport of opioid
receptors toward peripheral nerve terminals (Mousa et al., 2001;
Pühler et al., 2004). Thus, a possible direct action of EM-2 at
�-receptors on peripheral terminals of sensory nerves remains to
be elucidated. Unfortunately, it is impossible to perform quanti-
tative binding experiments in inflamed subcutaneous tissue be-
cause of its highly heterogeneous nature.

Immune cell-derived endomorphin antinociception
The expression of EMs in mononuclear cells and granulocytes is
consistent with previous reports (Jessop et al., 2002, Mousa et al.,
2002). Extending those observations, we now compare the ex-
pression of EMs with �-endorphin, the most extensively charac-
terized opioid peptide in the control of inflammatory pain (Stein
et al., 1990a; Mousa et al., 2004). Our quantitative analysis re-
vealed similar numbers of leukocytes containing EM-1 and
EM-2, but these cells were significantly less abundant (by approx-
imately twofold) than cells containing �-endorphin. Furthermore,
we found that depletion of hematopoietic (CD45�) leukocytes, in-
cluding cells containing EM-1, EM-2, and �-endorphin, in inflamed
tissue attenuates stress- and CRF-induced antinociception.

Consistent with the degree of depletion of CD45� leukocytes
and of immune cells containing �-endorphin, EM-1, or EM-2
(all by 	50%), anti-PMN serum attenuated stress- and CRF-
induced antinociception by 	40 –50%. This indicates that leuko-
cytes are the source of opioids producing both forms of antino-
ciception and is in line with previous studies (Schäfer et al., 1994;
Hermanussen et al., 2004; Machelska et al., 2004). Importantly,
both stress- and CRF-induced antinociception was dose depen-
dently attenuated by pretreatment with Abs against EM-1 and
EM-2. Based on data provided by the supplier, both Abs appear
selective because they react in 100% with their respective peptides
and their cross-reactivities do not exceed 1%. The calculated 1.7-
fold higher affinity of anti-EM-2 versus anti-EM-1 for their re-
spective peptides (Phoenix Pharmaceuticals) might account for
lower potency of anti-EM-1 (0.75– 4 �g) compared with anti-
EM-2 (0.25– 0.75 �g) to attenuate swim stress- and CRF-induced
antinociception observed in our experiments. Thus, these data

suggest that EM release is stimulated by CRF, as we showed pre-
viously for �-endorphin (Schäfer et al., 1994; Cabot et al., 1997).
However, the effects of either single or combined Abs against
EM-1 and EM-2 were less than that of anti-�-endorphin Ab.
Thus, it appears that leukocyte-derived EMs contribute less than
leukocyte-derived �-endorphin to the endogenous attenuation
of inflammatory pain.

Finally, we found EM-2 but not EM-1 in sensory neurons in
subcutaneous paw tissue (Mousa et al., 2002; present study).
However, it seems unlikely that neuron-derived EM-2 contrib-
utes substantially to swim stress- and CRF-induced antinocicep-
tion because (1) the degree of attenuation of stress- and CRF-
induced antinociception by anti-PMN serum strongly correlated
with the effect on leukocyte depletion (see above paragraph), and
(2) stress- and CRF-induced antinociception were not signifi-
cantly attenuated by anti-EM-2 compared with anti-EM-1,
which has not been found in neurons (Mousa et al., 2002; present
study). Together, it appears that leukocytes in peripheral in-
flamed tissue are the main source of EMs to produce local antino-
ciception in response to swim stress or CRF application.

Conclusions
Exogenously applied EM-1 and EM-2 decrease pain in inflamed
tissue. Both peptides bind to peripheral �-receptors, and EM-1
selectively activates these receptors. EM-2 apparently also activates
peripheral �-receptors, which is not related to release of other opioid
peptides. Furthermore, leukocyte-derived EM-1 and EM-2 contrib-
ute to the control of inflammatory pain, yet their participation seems
smaller than that of the classical opioid peptide �-endorphin. Addi-
tional studies need to clarify whether leukocyte-derived EMs are
generally less important or whether other stimuli are more efficient
to elicit their release and increase their role in pain control.
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Stein C, Pflüger M, Yassouridis A, Hoelzl J, Lehrberger K, Welte C, Hassan
AHS (1996) No tolerance to peripheral morphine analgesia in presence
of opioid expression in inflamed synovia. J Clin Invest 98:793–799.
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Painful inflammation-induced increase in micro-opioid receptor binding
and G-protein coupling in primary afferent neurons. Mol Pharmacol
64:202–210.

4358 • J. Neurosci., April 19, 2006 • 26(16):4350 – 4358 Labuz et al. • Exogenous and Leukocyte-Derived Endomorphin Antinociception


