




However, no Met-enkephalin release was seen after stimulation of

TLR-2 with peptidoglycan [36] or stimulation of TLR-4 with

lipopolysaccharide [36] in human or rat neutrophils (Fig. 2F, G, I,

J). Mycobacteria also contain formylated peptides activating FPR

[23,37]. In accordance with previous studies [38] FPR were

expressed on human blood neutrophils (Fig. 2E). Incubation of

human and rat neutrophils with formyl-Met-Leu-Phe (fMLP), an

FPR agonist, resulted in dose-dependent release of Met-enkeph-

alin (Fig. 2H, K). No release of Met-enkephalin was observed after

fMLP stimulation of human monocytes (data not shown). Similar

results were obtained for release of b-endorphin from human and

rat neutrophils (Fig. S1).

We next evaluated whether fMLP can induce analgesia in rats

with complete Freund’s adjuvant -induced hindpaw inflammation.

Complete Freund’s adjuvant injection resulted in inflammatory

pain measured by a significant decrease in both mechanical (paw

pressure threshold) and thermal nociceptive thresholds (paw

withdrawal latency) in comparison to noninflamed contralateral
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Figure 3. Formyl peptides inhibit inflammatory pain through release of opioid peptides from neutrophils. [A, C] Rats received
intraplantar injections of fMLP into inflamed paws (2 h post complete Freund’s adjuvant: filled circles; noninflamed paw: open circles). Paw
withdrawal latency [A] or paw pressure thresholds [C] were determined 5–7 min after injections (n = 5–6, * p,0.05 one way ANOVA, Duncan’s and
Dunnett’s method, respectively as well as p,0.001 linear regression analysis for dose-dependency of fMLP-induced analgesia). [B] Two hours post
complete Freund’s adjuvant rats received intraplantar fMLP (3 ng) together with either control IgG (filled circles), antibody against Met-enkephalin
(open circles) or naloxone. Paw withdrawal latency was measured 5–7- min thereafter (baseline, BL; n = 6;* p,0.05 one way ANOVA, Duncan’s
method). [D] Subcutaneous paw tissue was analyzed for FPR expression by flow cytometry. Cells were first gated on CD45+ hematopoetic cells (left
panel) followed by gating on RP1-PE+











Lörrach, Germany. fMLP-fluorescein isothiocyanate (FITC) was

obtained from Invitrogen-Molecular Probes, Karlsruhe, Germany.

CD45-CyC, RP-1-PE and ED1-PE were obtained by BD

Biosciences, Heidelberg, Germany and Serotec, London, Great

Britain, respectively

Animals and complete Freund’s adjuvant-induced
inflammation
Male Wistar rats weighing 180–220 g were injected intraplan-

tarly with 150 ml complete Freund’s adjuvant in the right hind

paw as described [70]. Experiments were conducted at 2–24 h

after inoculation. All injections were performed under brief

isoflurane anesthesia. Animal protocols were approved by the

animal care committee of local authorities and were in accordance

with the guidelines of the International Association for the Study

of Pain [71].

Measurement of hyperalgesia and analgesia
Mechanical nociceptive thresholds were assessed using the paw

pressure algesiometer (modified Randall-Selitto test; Ugo Basile) as

described before [14,17]. The pressure required to elicit paw

withdrawal using a blunt piston onto the dorsal surface of the hind

paw, the paw pressure threshold, was determined. The treatments

were randomized and the experimenter was blinded to the

treatments. A decrease in the paw pressure threshold was

interpreted as hyperalgesia (pain) whereas a rise in the paw

pressure threshold was interpreted as analgesia (antinociception).

Thermal nociceptive thresholds were measured by the Har-

greaves test [42]. The latency (time; s) required to elicit paw

withdrawal was measured with an electronic timer (IITC Inc/Life

Science) after application of radiant heat to the plantar surface of a

hind paw from underneath the glass floor with a high-intensity

light bulb. The stimulus intensity was adjusted to give 20 s paw

withdrawal latency in noninflamed paws, and the cutoff was 25 s

to avoid tissue damage. The average of two measurements taken

with 20 s intervals was calculated. A decrease in paw withdrawal

latency was interpreted as pain (hyperalgesia) whereas a rise in

paw withdrawal latency was interpreted as analgesia (antinocicep-

tion).

Experimental protocols
fMLP-induced analgesia was evaluated in rats with complete

Freund’s adjuvant inflammation after intraplantar (i.pl.) injection

of 0.1–3 ng fMLP dissolved in 100 ml of NaCl 0.9% or of solvent

only. Paw pressure threshold or paw withdrawal latency were

measured 5 min after fMLP injection. In some experiments the

Figure 7. Tonic opioid peptide release through FPR stimulation reduces inflammatory pain. [A] Rat neutrophils were repeatedly
stimulated with Mycobacterium butyricum (Myco. but. 0.66 mg/ml) and Met-enkephalin (ENK) content was determined in supernatants (n = 12–16; *
p,0.05, one way RM ANOVA, Student-Newman-Keuls Method). [B, C] Mycobacterium butyricum-induced Met-enkephalin release was unaltered by
anti-TLR-2 and -TLR-4 antibodies ([B], anti-TLR-2/4 both 10 mg/ml, n = 8–19), but was significantly reduced by FPR antagonist Boc-FLFLF ([C], Boc:
100 mM, n= 7–11, both * p,0.05 one way RM ANOVA, Student-Newman-Keuls Method. [D] Rats with 2 h complete Freund’s adjuvant inflammation
were intraplantarly injected with Boc-FLFLF (Boc, 3 mg, [D], n = 5–6) and nociceptive thresholds were determined (*p,0.05 one way RM ANOVA,
Duncan Method). Data are means6SEM. [E] Rats (n = 6) with 2, 12 and 24 h complete Freund’s adjuvant inflammation were treated with 3 mg Boc
intraplantarly and paw withdrawal latency was measured afterwards (* p,0.05, Wilcoxon Signed Rank test compared to baseline (BL)).
doi:10.1371/journal.ppat.1000362.g007
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