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Interleukin-4 Induces the Release of Opioid Peptides from
M1 Macrophages in Pathological Pain

Dominika Labuz,p Melih Ö. Celik,p Viola Seitz, and Halina Machelska
Department of Experimental Anesthesiology, Charité-Universitätsmedizin Berlin, Berlin 12203, Germany

Interleukin-4 (IL-4) is an anti-inflammatory cytokine, which can be protective in inflammatory and neurologic disorders, and
can alleviate pain. Classically, IL-4 diminishes pain by blocking the production of proinflammatory cytokines. Here, we
uncovered that IL-4 induces acute antinociception by IL-4 receptor a (IL-4Ra)-dependent release of opioid peptides from M1
macrophages at injured nerves. As a model of pathologic pain, we used a chronic constriction injury (CCI) of the sciatic
nerve in male mice. A single application of IL-4 at the injured nerves (14 d following CCI) attenuated mechanical hypersensi-
tivity evaluated by von Frey filaments, which was reversed by co-injected antibody to IL-4Ra, antibodies to opioid peptides
such as Met-enkephalin (ENK), b-endorphin and dynorphin A 1–17, and selective antagonists of d-opioid, m-opioid, and
j-opioid receptors. Injured nerves were predominately infiltrated by proinflammatory M1 macrophages and IL-4 did not
change their numbers or the phenotype, assessed by flow cytometry and qRT-PCR, respectively. Macrophages isolated from
damaged nerves by immunomagnetic separation (IMS) and stimulated with IL-4 dose dependently secreted all three opioid
peptides measured by immunoassays. The IL-4-induced release of ENK was diminished by IL-4Ra antibody, intracellular
Ca21 chelator, and inhibitors of protein kinase A (PKA), phosphoinositide 3-kinase (PI3K), and ryanodine receptors.
Together, we identified a new opioid mechanism underlying the IL-4-induced antinociception that involves PKA-mediated,
PI3K-mediated, ryanodine receptor-mediated, and intracellular Ca21-mediated release from M1 macrophages of opioid pep-
tides, which activate peripheral opioid receptors in injured tissue.
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Significance Statement

Interleukin-4 (IL-4) is an anti-inflammatory cytokine, which can ameliorate pain. The IL-4-mediated effects are considered to
mostly result from the inhibition of the production of proinflammatory mediators (e.g., IL-1b , tumor necrosis factor, prosta-
glandin E2). Here, we found that IL-4 injected at the injured nerves attenuates pain by releasing opioid peptides from the
infiltrating macrophages in mice. The opioids were secreted by IL-4 in the intracellular Ca21-dependent manner and activated
local peripheral opioid receptors. These actions represent a novel mode of IL-4 action, since its releasing properties have not
been so far reported. Importantly, our findings suggest that the IL-4–opioid system should be targeted in the peripheral dam-
aged tissue, since this can be devoid of central and systemic side effects.

Introduction
Interleukin-4 (IL-4) is an important anti-inflammatory cytokine
produced by T helper 2 lymphocytes, mast cells, eosinophils,

basophils, and macrophages. It is involved in the regulation of
immune responses and has been shown to ameliorate arthritis,
improve memory, exert anti-cancer and protective actions in
neurologic disorders (encephalomyelitis, Alzheimer’s disease,
spinal cord injury) in animal models (van Roon et al., 2001;
Gadani et al., 2012; Luzina et al., 2012), and decrease inflamma-
tion associated with psoriasis in humans (Ghoreschi et al., 2003).

IL-4 is also involved in the modulation of pain. Its blood levels
were diminished in patients with chronic widespread pain and
tended to be lower in patients with painful than with painless pe-
ripheral neuropathies (Ûçeyler et al., 2006, 2007). IL-4 knock-out
mice developed mechanical hypersensitivity (Ûçeyler et al., 2011),
whereas in wild-type mice, IL-4 injected into the paw attenuated
mechanical hypersensitivity induced by carrageenan, bradykinin,
or tumor necrosis factor (TNF; Cunha et al., 1999). IL-4 applied
intraperitoneally reduced visceral nociception induced by acetic
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acid or zymosan in mice, and attenuated mechanical hypersensi-
tivity in the zymosan-induced knee joint inflammation in rats
(Vale et al., 2003). Additionally, viral vector delivery of IL-4 to the
dorsal root ganglia or perineural IL-4 injection reduced mechani-
cal and heat hypersensitivity in neuropathic pain models in rats or
mice (Hao et al., 2006; Kiguchi et al., 2015). These IL-4-induced
antinociceptive effects were proposed to result from the decreased
production of proinflammatory mediators (TNF, IL-1b , prosta-
glandin E2) or increased synthesis of anti-inflammatory cytokine
IL-10, presumably in macrophages (Cunha et al., 1999; Vale et al.,
2003; Kiguchi et al., 2015).

Notably, accumulating evidence suggests interactions between
IL-4 and the opioid system. IL-4 induced expression of opioid
receptors in human blood immune cells and in rat neuronal cell
cultures (Kraus et al., 2001; Börner et al., 2004). Additionally, the
intracellular content of b -endorphin (END) and the mRNA levels
of its precursor proopiomelanocortin (Pomc) were elevated in IL-
4-stimulated rat lymph node lymphocytes in vitro (Busch-
Dienstfertig et al., 2012). Furthermore, we have recently shown
that IL-4 induced anti-inflammatory M2 macrophages in vitro
(Pannell et al., 2016) and switched proinflammatory M1 macro-
phages into M2 macrophages at the injured nerves after chronic
constriction injury (CCI) in mice in vivo (Celik et al., 2020). In
both conditions, compared with M1 cells, the M2 cells contained
higher levels of opioid peptides END, Met-enkephalin (ENK) and
dynorphin A 1–17 (DYN), and mRNAs of their corresponding
precursors Pomc, proenkephalin (Penk) and prodynorphin
(Pdyn). This occurred following several days-lasting incubation of
IL-4 with macrophages in cultures (Pannell et al., 2016) or follow-
ing repetitive application of IL-4 at the injured nerves in vivo
(Celik et al., 2020). Importantly, the repetitive perineural IL-4
injection resulted in persistent attenuation of mechanical hyper-
sensitivity, which lasted beyond the IL-4 treatment, was independ-
ent of IL-4 receptors a (IL-4Ra), but was mediated by M2
macrophage-derived opioid peptides which activated opioid
receptors (d , m, k ) at the nerves. These findings suggested that
when macrophages are polarized by IL-4 into the M2 phenotype,
they continuously produce and constitutively secrete opioids to
exert antinociception (Celik et al., 2020). Interestingly, we also
observed that single IL-4 injection at the injured nerves resulted in
acute antinociception (Celik et al., 2020).

Here, we hypothesized that single perineural IL-4 application
directly releases opioid peptides from macrophages to exert acute
attenuation of pathologic pain, and examined the underlying in-
tracellular mechanisms. This is novel since the typical effect of IL-
4-induced IL-4Ra activation is the signaling via Janus kinases
(JAKs) and transcription factors such as signal transducers and
activators of transcription (STATs). The JAK–STAT pathway
modulates gene expression and the corresponding protein produc-
tion (Wills-Karp and Finkelman, 2008; Martinez et al., 2009;
Busch-Dienstfertig et al., 2012; Gadani et al., 2012; Kiguchi et al.,
2015), but the IL-4–IL-4Ra-mediated release processes have not
yet been reported.

Materials and Methods
Animals
Experiments were approved by the State animal care committee
(Landesamt für Gesundheit und Soziales, Berlin, Germany) and were
performed according to the Guide for the Care and Use of Laboratory
Animals adopted by the National Institutes of Health, and the ARRIVE
guidelines (Kilkenny et al., 2010). Male C57BL/6J mice (22–32 g, 6–
13weeks old) were purchased from Janvier Laboratories. They were kept
in groups of two to four per cage, with free access to food and water, in

environmentally controlled conditions (12/12 h light/dark schedule, light
on at 7 A.M.; 22–24°C; humidity 60–65%). After in vivo experiments
and for tissue collection for ex vivo experiments, animals were killed
with isoflurane overdose (AbbVie). All efforts were made to minimize
animal suffering and to reduce their numbers.

Substances
For in vivo experiments the following substances were used: recombi-
nant mouse IL-4 (R&D Systems), mouse antibody to IL-4Ra (anti-IL-
4Ra; clone mIL4R-M1) and isotype-matched control IgG2ak (BD
PharMingen), mouse antibody to IL-10 (anti-IL-10; clone JES052A5) and
isotype-matched control IgG1 (R&D Systems), rabbit antibodies to opioid
peptides including ENK (anti-ENK; catalog #T-4293), END (anti-END; cat-
alog #T-4044), DYN (anti-DYN; catalog #T-4267; Peninsula Laboratories)
and control rabbit IgG (Sigma-Aldrich), opioid receptor antagonists includ-
ing naloxone methiodide (NLXM; non-selective, peripherally restricted), D-
Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 (CTOP; m-receptor selective),
nor-binaltorphimine dihydrochloride (nor-BNI; k -receptor selective;
Sigma-Aldrich) and N,N-diallyl-Tyr-Aib-Aib-Phe-Leu hydrochloride (ICI
174,864; d -receptor selective; Biozol).

For ex vivo enzyme immunoassay (EIA) experiments the following
substances were used: IL-4 (see above), EGTA (extracellular Ca21 chela-
tor), 1-[6-[((17b )�3-methoxyestra-1,3,5[10]-trien-17-yl)amino]hexyl]-
1H-pyrrole-2,5-dione [U73122; phospholipase C (PLC) inhibitor],
2-aminoethoxydiphenyl borate [2-APB; inositol 1,4,5-trisphosphate
(IP3) receptor inhibitor], wortmannin [phosphatidylinositol 3-ki-
nase (PI3K) inhibitor], dantrolene sodium salt (ryanodine receptor inhibi-
tor; Sigma-Aldrich), 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic
acid tetrakis(acetoxymethyl ester; BAPTA-AM; intracellular Ca21 chelator),
and PKI 14–22 [protein kinase A (PKA) inhibitor; Tocris].

For in vitro radioligand binding experiments the following substan-
ces were used: IL-4 (see above), [3H]-[D-Ala2,N-Me-Phe4,Gly5-ol]-en-
kephalin ([3H]-DAMGO; m-receptor agonist), [3H]-diprenorphine (non-
selective opioid receptor antagonist), [3H]-naloxone (non-selective opioid
receptor antagonist (PerkinElmer), fentanyl citrate (m-receptor agonist),
trans-(6)3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)-cyclohexyl]-benze-
neacetamide (U50,488; k -receptor agonist; Sigma-Aldrich), and D-Pen2,
D-Pen5-enkpephalin (DPDPE; d -receptor agonist; Bachem).

Induction of neuropathy
Mice were intraperitoneally injected with ketamine (50mg/kg; CP-
Pharma); 20min later, they were anesthetized by isoflurane and CCI was
induced by exposing the sciatic nerve at the level of the right mid-thigh
and placing three loose silk ligatures (4/0) around the nerve with ;1
mm spacing; the ligatures were tied until they elicited a brief twitch in
the respective hindlimb. The wound was closed with silk sutures (Labuz
et al., 2009; Labuz and Machelska, 2013; Celik et al., 2016, 2020). After
CCI, mice received 0.7 ml of novaminsulfon (500mg/ml; 1 A Pharma)
in drinking water (50 ml) for the next 24 h, according to the require-
ments of the ethics committee (Landesamt für Gesundheit und Soziales).

Evaluation of mechanical sensitivity (von Frey test)
Animals were habituated to the test cages daily (one to two times for
15min), starting 6 d before nociceptive testing; they were individually
placed in clear Plexiglas chambers located on a stand with anodized
mesh (Model 410; IITC Life Sciences). To assess the sensitivity, cali-
brated von Frey filaments (Stoelting) in the range of 0.054mN (0.0056 g)
to 42.85mN (4.37 g) were used. The filaments were applied until they
bowed, for ;3 s, to the plantar surface of hind paws. The up-down
method was used to estimate 50% withdrawal thresholds (Chaplan et al.,
1994). Testing began using a 2.74mN (0.28 g) filament. If the animal
withdrew the paw, the preceding weaker filament was applied. In the ab-
sence of withdrawal, the next stronger filament was applied. The maxi-
mum number of applications was 6–9, and the cutoff was 42.85mN
(4.37 g), according to our previous studies (Labuz et al., 2009; Labuz and
Machelska, 2013; Celik et al., 2016, 2020).

Evaluation of heat sensitivity (Hargreaves test)
Before experiments, mice were habituated to the test cages daily (one to
two times for 15min), starting 6 d before nociceptive testing; they were
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placed in clear Plexiglas chambers positioned on a stand with a glass sur-
face (Model 336; IITC Life Sciences). To examine heat sensitivity, radiant
heat was applied to the plantar surface of hind paws from underneath
the glass floor with a high intensity projector lamp bulb and paw with-
drawal latency was evaluated using an electronic timer. The withdrawal
latency was defined as the average of two measurements separated by at
least 10 s. The heat intensity was adjusted to obtain baseline withdrawal
latency of ;10–12 s in uninjured paws, and the cutoff was set at 20 s to
avoid tissue damage (Labuz and Machelska, 2013; Labuz et al., 2016;
Celik et al., 2020).

In vivo treatments
Injections were performed perineurally at the site of nerve injury (CCI
site; 30ml) under brief isoflurane anesthesia. A polyethylene tube was
placed 2 mm from the tip around the needle to ensure the same depth of
needle insertion into the middle of the scar after CCI, as described earlier
(Labuz et al., 2009; Labuz and Machelska, 2013; Celik et al., 2016, 2020).
We have previously verified that volume of 30ml injected at the CCI site
remains at this site and covers;1 cm of the nerve, including the ligation
site and sites proximal and distal to the ligation (Labuz et al., 2009).
Furthermore, the antinociceptive effects of opioid receptor agonists
applied at the CCI site were fully reversed by opioid receptor antagonists
injected at this site. Intraplantar (into the hind paw innervated by the
ligated nerve) or intrathecal application of opioid receptor antagonists
did not alter the antinociceptive effects of agonists applied at the CCI
site (Labuz and Machelska, 2013).

To evaluate the time course of IL-4-induced antinociception, IL-4
(50–400ng) was injected at the CCI site on day 14 after CCI. In our pre-
vious studies we have demonstrated that CCI-induced hypersensitivity
appears on day 1 and persists up to 14–26d following CCI (Labuz et al.,
2009, 2016; Labuz and Machelska, 2013; Pannell et al., 2016; Celik et al.,
2020). Heat and mechanical sensitivities were measured before CCI, and
on day 14 after CCI, before and 5–60min after injections. To assess the
contribution of IL-4Ra, opioid peptides, opioid receptors, and IL-10 to
IL-4-induced antinociception, we used anti-IL-4Ra (1.5–12mg), control
IgG2ak (6mg), antibodies to opioid peptides anti-ENK (0.5–4mg), anti-
END (0.5-4mg), anti-DYN (0.5-4mg) and control IgG (2-4mg), antago-
nists to opioid receptors NLXM (2.5–20mg), ICI 174,864 (4–8mg),
CTOP (1–2mg) and nor-BNI (10–20mg), as well as anti-IL-10 (5–40mg)
and control IgG1 (20mg). The doses of all substances listed above also
include those tested in pilot experiments, which were performed to select
the optimal doses reported in the results section, and to keep the animal
numbers to minimum. Antibodies and antagonists were co-injected
with IL-4 (200ng) and mechanical sensitivity was measured before and
5min after injections (the peak of IL-4-induced antinociception). IL-4
was dissolved in 0.1% bovine serum albumin (BSA; Sigma-Aldrich) in
PBS (Biochrom). Other substances were dissolved in sterile water and
diluted with 0.9% NaCl to obtain the desired concentrations. Control
groups were treated with respective vehicle (PBS, 0.9% NaCl) or control
IgG, and tested accordingly.

Immune cell isolation from injured nerves
On day 14 after CCI, mice were treated with vehicle (PBS) or IL-4
(200ng) at the CCI site, and 5min after the injections (i.e., at the peak of
IL-4-induced antinociception) they were transcardially perfused with
ice-cold PBS under terminal isoflurane anesthesia. The ligated part of
the sciatic nerves, including the ligation site and sites distal and proximal
to it (;1 cm long), were isolated. The nerves were cut into small pieces,
digested, filtered, centrifuged, and the cell pellets were re-suspended in
RPMI 1640 with GlutaMax buffer (Invitrogen). The cells were stained
with acridine orange/propidium iodide (Logos) to verify their viability,
counted using Luna dual fluorescence cell counter (Celik et al., 2016,
2020), and used for flow cytometry, real-time quantitative reverse tran-
scription PCR (qRT-PCR), and EIAs to measure intracellular levels of
opioid peptides in experiments described below. For measurements of
extracellular levels of opioid peptides (by EIA) and IL-10 (by ELISA), the
cells were prepared in a similar way, except they were isolated from mice
(on day 14 after CCI) not treated with vehicle or IL-4.

Flow cytometry
Two injured sciatic nerve fragments were pooled and single cell suspen-
sions were prepared as described above. The cells were first labeled with
LIVE/DEAD fixable aqua dead cell stain kit for 30min on ice, according
to the manufacturer’s instructions (ThermoFisher Scientific), to exclude
dead cells. The cells were then washed with ice-cold FACS buffer [2% fe-
tal bovine serum (FBS)/PBS], followed by centrifugation and removal of
the supernatant. Cells were stained for 10min on ice with anti-mouse
CD16/32 (Fc Block) to ensure antigen specific binding. To identify
immune cell populations, the cells were labeled with anti-mouse CD45-
APC-eFluor 780 (clone 30 F11; eBioscience) to identify hematopoietic
cells, CD3-APC (clone 17A2; eBioscience) to identify T lymphocytes,
Ly6g-FITC (clone 1A8; Biolegend) to identify neutrophils, and F4/80-PE
(clone BM8; Biolegend) to identify macrophages. All antibodies were
prepared in PBS containing 2% FBS. As staining controls, the fluores-
cence minus one (FMO), single stain, unstain, and all stain controls were
included for accurate identification of immune cells, compensation, and
voltage adjustments. To quantify the absolute number of cells, 50ml of
count bright absolute counting beads (ThermoFisher Scientific) was
added to the solutions according to the manufacturer’s recommenda-
tions before the flow cytometry analysis. Counting beads were gated on
the forward scatter versus linear side scatter plot. The percentages of
positively-stained cells determined over 10,000 events were analyzed
using FACS Canto II (BD Biosciences), and fluorescence intensity was
expressed in arbitrary units on a logarithmic scale. Single cells were gated
on the forward scatter height versus forward scatter area density plot to
exclude doublets and the data were analyzed using FlowJo software (ver-
sion 10.1r5; TreeStar; Celik et al., 2020).

Immunomagnetic separation (IMS) of F4/801 macrophages
F4/801 macrophages were separated from immune cells isolated from
injured nerve fragments (pooled from three animals) using EasySep
release mouse PE positive selection kit (StemCell) according to the
manufacturer’s protocol. Briefly, immune cells were labeled with
F4/80-PE antibody (clone BM8; Biolegend) for 20min and magnetic
particles (StemCell) for 10min, and separated using an EasySep
magnet (StemCell). Negatively stained, F4/80- cells were poured off,
whereas the positively stained, F4/801 cells remained in the tube. To
acquire particle-free cells, bound magnetic particles were removed
from the isolated F4/801 cells using the release buffer (StemCell;
Celik et al., 2020). The purity of F4/801 separated cells (;105 cells)
was verified by flow cytometry, as described above, and it was 94–
97%. The isolated F4/801 macrophages were used for qRT-PCR,
EIA, and ELISA experiments described below.

qRT-PCR
The IMS isolated F4/801 macrophages were disrupted and homogenized
in RLT buffer (QIAGEN) and kept at �80°C until further use. The total
RNA was extracted from the cells using RNeasy micro kit following the
manufacturer’s protocol with on-column DNaseI treatment (QIAGEN).
Quantity and quality of the total RNA were assessed by DS-11 spectro-
photometer (DeNovix) and agarose gel electrophoresis (18s/28s rRNA).
cDNA synthesis was done using Superscript IV VILO mastermix
according to the manufacturer’s protocol (ThermoFisher Scientific).

The qPCR was performed in duplicates using the TaqMan Fast
Advanced Master Mix according to the manufacturer’s instructions
(ThermoFisher Scientific). The following TaqMan gene expression assays
were used: (1) for M1 macrophage markers: Il-1b (Mm00434228_m1), Tnf
(Mm00443258_m1), and inducible nitric oxide synthase (iNos;
Mm00440502_m1); (2) for M2 macrophage markers: Il-10 (Mm01288386_
m1), arginase-1 (Arg-1; Mm00475988_m1), and chitinase-like 3 protein
(Ym1; Mm00657889_mH); (3) for opioid peptide precursors: Penk
(Mm01212875_m1), Pomc (Mm00435874_m1), and Pdyn (Mm00457573_
m1); and (4) for the hauskeeping gene Gapdh (Mm99999915_g1;
ThermoFisher Scientific). Additional no-RT controls were run to test for
impurities or genomic DNA contaminations. The amplification was con-
ducted for 40 cycles and the mean Ct values of the genes of interest (Il-1b ,
Tnf, iNos, Il-10, Arg-1, Ym1, Penk, Pomc, Pdyn) and of the housekeeping
gene Gapdh were calculated. The Ct values of the genes of interest were then
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normalized using the Ct value of the Gapdh of the same sample, and these
normalized values were referred to as the DCt values. The DCt values were
then used to compute the relative expression levels (i.e., fold change) of the
genes of interest using the 2-DDCt formula (Celik et al., 2016, 2020).

EIA and ELISA
The EIA was used to measure the intracellular and extracellular levels of
opioid peptides, whereas ELISA was used to measure the extracellular
levels of IL-10, in the IMS isolated F4/801 macrophages. To determine
the intracellular opioid peptide levels, the cell samples were thawed,
resuspended in RPMI buffer, lysed by a freezing/thawing procedure (8
min at �80°C and 1min at 50°C; repeated five times) followed by soni-
cation (Ultra-Turrax T8; IKA Labortechnik), and supernatants were
stored at�20°C until EIA measurements.

To evaluate the IL-4-induced release of opioid peptides (ENK, END,
DYN) and IL-10, the IMS isolated F4/801 macrophages (105 cells) were
incubated with vehicle (PBS) or IL-4 (0.1–1000ng/ml) for 5min. The in-
tracellular mechanisms were investigated for the secretion of ENK as a
representative opioid peptide. The macrophages were preincubated with
anti-IL-4Ra (0.1–1000ng/ml; 30min), EGTA (3 mM; 30min), BAPTA-
AM (100 mM; 30min), U73122 (50 mM; 30min), 2-APB (100 mM;
15min), PKI 14-22 (5-40 mM; 30min), wortmannin (25–200 mM;
30min), or dantrolene (75–600 mM; 30min) followed by application of
the most optimal dose of IL-4 (100ng) for 5min. Control groups were
treated with vehicle (PBS). After treatments, macrophages were centri-
fuged (380� g, 5min, 4°C) and supernatants were stored at�20°C until
EIA/ELISA measurements. The anti-IL-4Ra, PKI 14-22, wortmannin,
and dantrolene were tested in several concentrations (listed above) in
pilot experiments to find out the most effective concentrations for the
final experiments. The concentrations of EGTA, BAPTA-AM, U73122,
and 2-APB are based on our previous study (Celik et al., 2016). To verify
cell viability, the remaining cell pellets were diluted in RPMI buffer,
stained with acridine orange/propidium iodide and counted using Luna
dual fluorescence cell counter. Some substances at higher concentrations
decreased viable cell numbers in pilot experiments and therefore were
not used in final experiments: anti-IL-4Ra (1000 ng/ml), wortmannin
(200 mM), and dantrolene (600 mM). The viability of cells used for final
analyses was 82–90%.

Additionally, samples containing IL-4 (100ng), anti-IL-4Ra (100ng/
ml), PKI 14-22 (20 mM), wortmannin (100 mM), or dantrolene (300 mM;
without immune cells) were accordingly prepared to examine whether
they are recognized by antibodies to opioid peptides or IL-10 in EIA and
ELISA, respectively. We have previously verified that this was not the
case for opioid peptide antibodies and EGTA (3 mM), BAPTA-AM (100
mM), U73122 (50mM), and 2-APB (100mM; Celik et al., 2016).

The EIA measurements were performed according to the manufac-
turer’s instructions using the kits for the corresponding opioid peptides,
ENK (catalog #S-1419; Peninsula Laboratories), END (catalog #EK-022-
06), and DYN (catalog #EK-021-03; Phoenix Pharmaceuticals). Briefly,
samples were thawed and incubated for 2 h with biotinylated peptide

Table 1. Detailed statistical evaluation of the data in Figure 1A,B

Figure 1A, heat hypersensitivity
Vehicle vs IL-4 50 ng

Time F(6,96) = 311.1; p, 0.0001
Treatment F(1,16) = 0.24; p= 0.633
Time � treatment interaction F(6,96) = 0.43; p= 0.856

Vehicle vs IL-4 100 ng
Time F(6,96) = 331.89; p, 0.0001
Treatment F(1,16) = 2.15; p= 0.1616
Time � treatment interaction F(6,96) = 1.84; p= 0.0992

Vehicle vs IL-4 200 ng
Time F(6,96) = 277.62; p, 0.0001
Treatment F(1,16) = 0.28; p= 0.6071
Time � treatment interaction F(6,96) = 1.70; p= 0.1299

Figure 1B, mechanical hypersensitivity
Vehicle vs IL-4 50 ng

Time F(6,96) = 176.6; p, 0.0001
Treatment F(1,16) = 6.76; p= 0.0193
Time � treatment interaction F(6,96) = 2.949; p= 0.011

Vehicle vs IL-4 100 ng
Time F(6,96) = 165.0; p, 0.0001
Treatment F(1,16) = 17.4; p= 0.0007
Time � treatment interaction F(6,96) = 7.988; p, 0.001

Vehicle vs IL-4 200 ng
Time F(6,96) = 160.5; p, 0.0001
Treatment F(1,16) = 57.83; p, 0.0001
Time � treatment interaction F(6,96) = 13.85; p, 0.0001

All data were analyzed be two-way RM ANOVA.

Figure 1. IL-4 attenuates neuropathy-induced mechanical but not heat hypersensitivity.
A, Time course of IL-4 effects on heat hypersensitivity measured by the Hargreaves test, and
(B) on mechanical hypersensitivity measured by the von Frey test. IL-4 and vehicle (PBS)
were injected at the CCI site. The effects were measured before CCI and on day 14 after CCI,
before and 5–60min after injections;111p, 0.001 versus latencies or thresholds before
CCI; one-way RM ANOVA and Bonferroni’s test. For the clarity of the graphs, the statistical
significance is only shown for the most effective IL-4 dose (200 ng); pppp, 0.001 versus
vehicle (PBS); two-way RM ANOVA and Bonferroni’s test. Detailed statistical analysis is
described in Table 1. C, Reversibility of IL-4 (200 ng)-induced attenuation of mechanical hyper-
sensitivity by anti-IL-4Ra (Kruskal–Wallis statistic = 14.01; p=0.0029); pppp, 0.001 versus
control IgG; Kruskal–Wallis one-way ANOVA and Dunn’s test. Anti-IL-4Ra was co-injected with
IL-4 at the CCI site and mechanical von Frey thresholds were measured 5min after injections,
on day 14 after CCI. Data are presented as individual data points and/or mean 6 SEM N=9
mice per group.
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and anti-ENK, anti-END, or anti-DYN. Streptavidin-horseradish peroxi-
dase was added and the samples were incubated for 1 h. After washing,
tetramethylbenzidine was added for 1 h, and the reaction was terminated
by application of 2 N HCl. The ELISA measurements were performed
according to the manufacturer’s instructions using the IL-10 kit (catalog
#BMS614; ThermoFisher Scientific). Briefly, samples were thawed and
incubated for 3 h with biotinylated peptide and anti-mouse IL-10 coat-
ing antibody. Afterwards, the cells were washed and streptavidin-horse-
radish peroxidase was added for 1 h. Then the cells were washed, the
TMB substrate solution was added for 10min, and the reaction was ter-
minated by application of the stop solution. For both EIA and ELISA,
the absorbance was measured at 450 nm (Molecular Devices Spectra
Max), according to the standard curve. All samples were measured in
duplicates. To reduce animal numbers, whenever possible, the same con-
trols were used in experiments with similar conditions and in parallel
tested by EIA, and therefore, these controls are shared by some graphs
(see legends to Figs. 7, 8).

Cell culture, transfection, and membrane preparation
Wild-type human embryonic kidney 293 (HEK) cells (German
Collection of Microorganisms and Cell Cultures; RRID:CVCL_0045)
and HEK cells stably expressing FLAG-epitope-tagged rat m-receptor
(HEK-m-receptor) were grown in 175-cm2 culture flasks and maintained
in DMEM (Sigma-Aldrich) supplemented with 10% FBS and 1% penicil-
lin/streptomycin without or with 0.1mg/ml geneticin (Biochrome) at
37°C and 5% CO2. Depending on the confluence, the cells were passaged
1:3–1:10 every second or third day. Wild-type HEK cells were transiently
transfected with 36mg of plasmid encoding either human d -receptor
(vector: pcDNA3.1;OPRD100000) or HA-tagged human k -receptor
(vector: pcDNA3.1;OPRK10TN00; cDNA Resource Center) using X-
treme GENE HP DNA reagent (Roche) according to the manufacturer’s

instructions. Forty-eight hours after transient transfection (HEK-d -re-
ceptor and HEK-k -receptor) or after reaching the confluence of a cul-
ture flask (HEK-m-receptor), membrane preparation was performed.
Cells were washed with ice-cold Trizma (50 mM, pH 7.4; Sigma-
Aldrich), scratched with a cell scrapper, homogenized, and centrifuged
twice at 42,000 � g for 20min at 4°C. Protein concentration was deter-
mined using the Bradford method (Bradford, 1976).

Radioligand binding
To examine whether IL-4 binds to opioid receptors, we performed com-
petitive radiolabeled binding assays. To detect binding to d -receptors,
we used HEK-d -receptor cells and measured the displacement of [3H]-
diprenorphine (1.5 nM, 25.1Ci/mmol) by IL-4 (6, 3, 1.5, 0.75, 0.375,
0.1875, 0.09375, 0.04687, 0.02343 ng/ml) or DPDPE (d -receptor selective;
5, 1, 0.5, 0.1, 0.05, 0.01, 0.005, 0.001, 0.0005 mM) as a positive control. To
detect binding to m-receptors, we used HEK-m-receptor cells and meas-
ured the displacement of [3H]-DAMGO (4 nM, 53.7Ci/mmol) by IL-4
(the same concentrations as above) or fentanyl (m-receptor selective; 5, 1,
0.5, 0.1, 0.05, 0.01, 0.005, 0.001, 0.0005 mM) as a positive control. To
detect binding to k-receptors, we used HEK-k-receptor cells and meas-
ured the displacement of [3H]-naloxone (5 nM, 58.2Ci/mmol) by IL-4
(the same concentrations as above) or U50,488 (k -receptor selective; 5,
1, 0.5, 0.1, 0.05, 0.01, 0.005, 0.001, 0.0005mM) as a positive control.

A protein amount of 100mg was incubated with the radioligands,
DPDPE, fentanyl and U50,488, or IL-4 dissolved in 50 mM Trizma at pH
7.4 for 90min at room temperature. Nonspecific binding was deter-
mined by the addition of 10 mM unlabeled naloxone. The measurements
were done in duplicates. Data are expressed as [3H]-ligand-bound pro-
tein normalized to baseline (100%), and the baseline was defined as the
[3H]-ligand binding in the absence of the competitor (opioid or IL-4).
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Experimental design and statistical analyses
Animals were randomly placed in cages by an animal caretaker who was
not involved in the study. In vivo experiments were performed by an experi-
menter blinded to the treatments. Substances were prepared in separate,
coded vials (one per animal) by a person not involved in in vivo testing. The
codes were broken after completion of experiments. Flow cytometry experi-
ments were performed by an experimenter unaware of the sample assign-
ment. A colleague not involved in these experiments coded flow cytometry
samples; the codes were broken after completion of the analyses. The ani-
mal/sample size estimation was performed a priori using the GpPower 3.1.2
program. In all in vivo experiments, nine animals per group were used and
tested on two to three different days. In all ex vivo experiments (flow cytom-
etry, qRT-PCR, EIA/ELISA), eight independent biological samples were
used per group and measured on two to three different days. In radioligand
binding assays, each group consists of six independent experiments.

Statistical analyses were performed using GraphPad Prism
software (version 5.02 for Windows; GraphPad Software Inc.). All

data were assessed for normal distribution
and equal variances by D’Agostino and
Pearson or Kolmogorov–Smirnov tests. No
animals or samples were excluded from the
analysis. Nevertheless, the Grubbs’ test was per-
formed to identify potential outliers, as
described in the results section. Two-sample
comparisons of normally distributed data were
made using paired t test for dependent or
unpaired t test for independent data. Two-
sample comparisons of nonnormally distrib-
uted data were made using Wilcoxon test for
dependent or Mann–Whitney test for inde-
pendent data. Two-way repeated-measures
(RM) ANOVA followed by Bonferroni’s test
were used to compare two groups over time
(more than two time points). Changes within
one group over time were evaluated using
one-way RM ANOVA followed by
Bonferroni’s test. Multiple comparisons at one
time point were performed using one-way
ANOVA followed by Bonferroni’s test for nor-
mally distributed data or Kruskal–Wallis one-
way ANOVA followed by Dunn’s test for non-
normally distributed data. Differences were
considered significant if p, 0.05. Detailed sta-
tistical analysis is presented in figure legends
and Table 1. In binding experiments,
means of values at each agonist concentration
and each condition were used and the data
were fitted by a three-parameter log (agonist)
versus response nonlinear regression curve fit.
Data are presented as individual data points
and/or means6 SEM.

Results
IL-4 single application at injured
nerves attenuates mechanical but not
heat hypersensitivity
Fourteen days following CCI, mice
developed heat hypersensitivity mani-
fested by reduced withdrawal latencies
to heat (assessed by the Hargreaves test;
Fig. 1A) and mechanical hypersensitiv-
ity manifested by reduced mechanical
von Frey withdrawal thresholds (Fig.
1B) compared with latencies and
thresholds before CCI, in paws ipsilat-
eral to the CCI. IL-4 (50–200 ng)
applied perineurally at the injured
nerve (CCI site) did not modify heat

(Fig. 1A) but dose dependently attenuated mechanical hyper-
sensitivity (Fig. 1B). Higher IL-4 dose (400 ng) was not more
effective (1.46 0.53 g; n = 3). The antinociceptive effects of
the most effective IL-4 dose (200 ng) peaked at 5 min and
returned to the preinjection thresholds at 30min after injec-
tion (Fig. 1B). Vehicle administered at the CCI site did not
significantly alter paw withdrawal latencies (Fig. 1A) or
thresholds (Fig. 1B).

IL-4 (200 ng)-induced antinociception was dose dependently
attenuated by co-injection of anti-IL-4Ra (1.5–6mg) at the CCI
site (Fig. 1C), suggesting the involvement of local IL-4Ra. There
were no changes in the contralateral paws after any treatment in
any test (data not shown).

Figure 3. IL-4 does not bind to opioid receptors in HEK cells. A, C, E, IL-4 did not displace binding of [3H]-diprenorphine to
d -receptors (A), [3H]-DAMGO to m-receptors (C), and of [3H]-naloxone to k -receptors (E). B, D, F, In contrast, selective agonists
of d -receptors (DPDPE; B), m-receptors (fentanyl; D), and k -receptors (U50,488; F) displaced binding of [3H]-diprenorphine to
d -receptors (B), [3H]-DAMGO to m-receptors (D), and of [3H]-naloxone to k -receptors (F). Experiments were performed in HEK
cells stably expressing m-receptors or transiently transfected with d -receptors or k -receptors. [3H]-ligand binding in the ab-
sence of the competitor (opioid or IL-4) was set to 100% binding (baseline, depicted by dashed lines) and the data in the pres-
ence of the competitor were normalized accordingly and presented as mean6 SEM N= 6 independent experiments per group.
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Figure 4. IL-4 does not substantially change immune cell number at injured nerves. A, Representative dot blots showing expression of all immune cells (CD451), T lymphocytes (CD31),
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Endogenous opioid peptides and opioid receptors at injured
nerves contribute to IL-4-induced antinociception
We have recently shown that sustained analgesia produced by re-
petitive IL-4 injection at injured nerves, which persisted after dis-
continuation of IL-4 application, did not require IL-4Ra, but
involved the endogenous opioid system (Celik et al., 2020).
Therefore, here we investigated whether the opioid system

contributes to the antinociception induced by
a single perineural IL-4 injection. We found
that this IL-4 (200ng)-induced antinociception
was diminished by co-injected opioid peptide
antibodies anti-ENK (0.5–2 mg), anti-END
(0.5–2 mg), and anti-DYN (0.5-4 mg; Fig.
2A), peripherally restricted, non-selective
opioid receptor antagonist NLXM (2.5–
10 mg; Fig. 2B), and antagonists selective at
d -receptors (ICI 174,864; 8 mg), m-recep-
tors (CTOP; 2 mg), and k -receptors
(norBNI; 20 mg; Fig. 2C). There were no
alterations in the contralateral paws (data
not shown). These results indicate that
antinociception produced by a single peri-
neural IL-4 application is mediated by IL-
4Ra and involves opioid peptides and
receptors at injured nerves.

IL-4 does not bind to opioid receptors
To exclude the possibility that IL-4 directly
activates opioid receptors, we performed
binding analysis in HEK cells stably express-
ing m-receptors or transiently transfected
with d -receptor or k-receptor. We found
that IL-4 failed to displace [3H]-diprenor-
phine, [3H]-[DAMGO], or [3H]-naloxone
from d -receptor, m-receptor, or k-receptor,
respectively (Fig. 3A,C,E). In contrast, the
binding of the radioligands was displaced by
the corresponding selective agonists DPDPE,
fentanyl, or U50,488 (Fig. 3B,D,F), confirm-
ing the reliability of the binding assays. Thus,
whereas in experiments with the selective
agonists, the sigmoidal dose-responses were
obtained (Fig. 3B,D,F), in the IL-4 experi-
ments, there was only a slight and inverse fit-
ting for d -receptors (Fig. 3A) and no fitting
for m-receptor and k-receptor (Fig. 3C,E).
An inverse dose–response fitting for
d -receptors in the presence of different con-
centrations of IL-4 indicates that IL-4 might
strengthen the binding of the radioactively
labeled ligand ([3H]-diprenorphine) to
d -receptors, but does not bind to the recep-
tors itself. These data show that IL-4 does
not bind to the opioid receptors.

IL-4 single injection does not change
immune cell numbers and the M1
macrophage phenotype at injured nerves
In the recent study we found that sustained
analgesia produced by repetitive perineural
IL-4 treatment was associated with increased
macrophage counts and their switch from
the proinflammatory M1 to the anti-inflam-
matory M2 phenotype (Celik et al., 2020).

Here, we examined whether similar effects might occur after sin-
gle perineural IL-4 application. Of note, increased immune cell
extravasation following acute IL-4 treatment has been previously
observed (Hickey et al., 1999; Ratthé et al., 2009). We performed
the following ex vivo experiments at the peak of IL-4 (200ng)-
induced antinociception (5min). Our flow cytometry analysis
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revealed that IL-4 did not alter the number
of CD451 immune cells, Ly6g1 neutrophils,
and F4/801 macrophages. Only the number
of CD31 T lymphocytes was statistically sig-
nificantly elevated, but the effect was very
small and because of one outlier identified
by the Grubbs’ test in the IL-4 group, so that
the removal of this outlier resulted in a
non-significant difference between vehicle
(4.66 0.6� 103 cells; n=8) and IL-4 groups
(5.26 0.5� 103 cells; n=7; p, 0.05; Mann–
Whitney test). Notwithstanding, macro-
phages were the major immune cell popula-
tion infiltrating injured nerves in both
groups (Fig. 4).

To assess the inflammatory status of
macrophages, we analyzed by qRT-PCR
the mRNAs of markers of M1 cells (Il-
1b , Tnf, iNos) and M2 cells (Il-10, Arg-1,
Ym1; Wills-Karp and Finkelman, 2008;
Sica and Mantovani, 2012; Celik et al.,
2020) in F4/801 macrophages isolated by
IMS from the injured nerves. We found
that F4/801 macrophages collected from
vehicle-treated animals expressed con-
siderably higher mRNA levels of M1 than
of M2 cell markers (Fig. 5A), and there
were no differences between vehicle-
treated and IL-4-treated groups (Fig. 5B,
C). Together, these data indicate that
injured nerves are infiltrated by proin-
flammatory M1 macrophages and single
perineural IL-4 application does not
affect this state.

IL-4 single application does not alter
production, but induces the release of
opioid peptides fromM1macrophages
We found previously that repetitive peri-
neural IL-4 treatment induced M2 macrophages, which pro-
duced high amounts of opioids and released them
constitutively, independently of IL-4Ra activation, to exert
(long-lasting) analgesia that persisted after the discontinua-
tion of IL-4 treatment (Celik et al., 2020). Here, we examined
how opioids are used in response to single perineural IL-4
application, which apparently acted via M1 macrophages. By
qRT-PCR we examined the mRNA levels of Penk, Pomc, and
Pdyn (the precursors of the corresponding opioid peptides
ENK, END, and DYN) in F4/801 macrophages isolated by
IMS from the injured nerves of animals treated perineurally
with vehicle or IL-4 (200 ng). This analysis showed that there
were no differences between vehicle-treated and IL-4-treated
groups in the mRNA levels of Penk, Pomc, and Pdyn (Fig.
6A). For Pomc, the effect reminded comparable also after
removing the outlier identified by the Grubbs’ test in the vehicle
group: 0.9056 0.122 (vehicle; n=7) versus 0.9216 0.151 (IL-4; n
=8; p=0.937; unpaired t test). Interestingly, however, the intracel-
lular content of ENK and END, but not DYN, was significantly
lower in macrophages isolated from animals treated with IL-4
compared with those treated with vehicle (Fig. 6B). These findings
suggest that single IL-4 injection does not affect production,
but might induce the release of opioid peptides from M1
macrophages.

In the following experiments, we specifically addressed
the IL-4-induced secretion of opioid peptides. For this pur-
pose, we isolated F4/801 macrophages by IMS from injured
nerves on day 14 after CCI and stimulated them ex vivo
(5 min) with IL-4. We found that IL-4 (10–200 ng/ml) dose
dependently released ENK, END, and DYN detected extrac-
ellularly by EIAs (Fig. 7).

IL-4-induced ENK release fromM1macrophages is mediated
by IL-4Ra and intracellular Ca21

Next, we investigated the IL-4Ra involvement and intracellular
mechanisms underlying the IL-4-induced secretion of ENK as a
representative opioid peptide. Similar to experiments depicted in
Figure 7, we used F4/801 macrophages isolated by IMS from
injured nerves on day 14 after CCI and stimulated them ex vivo
(5min) with the most optimal IL-4 dose (100 ng/ml; Fig. 8). We
found that IL-4-induced ENK release was diminished by anti-IL-
4Ra (100 ng/ml; Fig. 8A). The effect reminded comparable and
statistically significant also after removing the outlier (Grubbs’
test) in the anti-IL-4Ra1 IL-4 group: 0.0286 0.002 ng/ml (vehi-
cle1 IL-4; n=8) versus 0.0146 0.001 ng/ml (anti-IL-4Ra 1 IL-
4; n= 7; p, 0.0001; unpaired t test). Thus, IL-4-induced ENK
release involves IL-4Ra.

Since exocytosis is regulated by calcium ions, we determined
the source of Ca21. The IL-4-induced ENK release was not
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graphs, to reduce animal numbers (see also Materials and Methods). ENK (F(4,35) = 10.82, p, 0.0001), END (F(4,35) = 9.781, p, 0.0001; one-way ANOVA), DYN (Kruskal–Wallis
statistic = 16.87, p= 0.0021); pp, 0.05, ppp, 0.01, pppp, 0.001 versus vehicle; one-way ANOVA and Bonferroni’s test (ENK, END) or Kruskal–Wallis one-way ANOVA and Dunn’s test
(DYN). Data are presented as individual data points and mean6 SEM N= 8 samples per group.

Figure 8. Intracellular mechanisms of IL-4-induced ENK release from M1 macrophages from injured nerves. A, Attenuation of IL-4-induced ENK secretion by anti-IL-4Ra; pppp= 0.0009 ver-
sus vehicle; Mann–Whitney test (U= 0.0). B, Inhibition of IL-4-induced ENK secretion by intracellular Ca21 chelator BAPTA-AM (F(2,21) = 11.13, p, 0.0001) but not by extracellular Ca21 che-
lator EGTA (F(2,21) = 0.287, p. 0.05); pppp, 0.001 versus vehicle; one-way ANOVA and Bonferroni’s test. C, Schematic representation of pathways involved in the liberation of Ca21 from
ER and the identification of those involved in IL-4-induced ENK release. (1) PLC-induced IP3 generation, which activates IP3 receptors (IP3R); (2) PKA-induced activation of ryanodine receptors
(RyR); (3) PI3K-mediated activation of RyR. The green and black arrows respectively indicate pathways involved or not involved in the IL-4-induced ENK secretion, investigated in D, E. D, No
effects of PLC inhibitor U73122 (t= 0.3264, p= 0.748; unpaired t test; left) and IP3R inhibitor 2-APB (U= 20.5, p= 0.244; Mann–Whitney test; right) on IL-4-induced ENK secretion. E,
Attenuation of IL-4-induced ENK secretion by PKA inhibitor PKI 14-22 (pp= 0.0181 vs vehicle; unpaired t test, t= 2.674; left), PI3K inhibitor wortmannin (WORTM; ppp= 0.0013 vs vehicle;
Mann–Whitney test, U= 1; middle), and RyR inhibitor dantrolene (DAN; pp= 0.0185 versus vehicle; unpaired t test, t= 2.665; right). F4/801 macrophages were isolated by IMS from injured
nerves on day 14 after CCI, ex vivo preincubated with chelators/inhibitors for 30min (anti-IL-4Ra, EGTA, BAPTA-AM, U73122, PKI 14-22, wortmannin, dantrolene) or 15 min (2-APB) and then
IL-4 (100 ng/ml) was added (5 min). Cells in vehicle groups were preincubated with vehicle (PBS) for the corresponding time before addition of IL-4. ENK extracellular levels were measured by
EIA. The data in vehicle groups in B and for U73122 in D are the same, to reduce animal numbers (see also Materials and Methods). Similarly, in E, data in vehicle groups for PKI 14-22 and
DAN are the same. Data are presented as individual data points and mean6 SEM N= 8 samples per group.
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affected by the extracellular Ca21 chelator EGTA (3 mM), but
was fully inhibited by the intracellular Ca21 chelator BAPTA-
AM (100mM; Fig. 8B), suggesting the contribution of Ca21 deriv-
ing from the intracellular stores. The major intracellular store of
Ca21 is endoplasmic reticulum (ER) and the pathways impli-
cated in this Ca21-mediated exocytosis include (1) PLC-induced
IP3 generation, which activates IP3 receptors in ER (Celik et al.,
2016); (2) PKA-induced activation of ER ryanodine receptors
(Reiken et al., 2003); and (3) PI3K which also might involve the
activation of ryanodine receptors leading to the Ca21 mobiliza-
tion (Pereira et al., 2017; Vogelaar et al., 2018; Fig. 8C). Our data
show that IL-4-induced ENK release was not affected by inhibi-
tors of PLC (U73122; 50 mM) and IP3 receptors (2-APB; 100 mM;
Fig. 8D). In contrast, the ENK release was attenuated by inhibi-
tors of PKA (PKI 14-22; 20 mM), PI3K (wortmannin; 100 mM),
and ryanodine receptors (dantrolene; 300mM; Fig. 8E). The effect
of PI3K inhibitor was also comparable and statistically significant
after removing the outlier (Grubbs’ test) in the wortmannin 1
IL-4 group: 0.0276 0.002 ng/ml (vehicle 1 IL-4; n= 8) versus
0.0136 0.001 ng/ml (wortmannin 1 IL-4; n = 7; p = 0.0004;
unpaired t test). Together, these findings suggest that M1
macrophages secreted ENK in response to IL-4 activation of
IL-4Ra that led to the intracellular Ca21 liberation, which
involved PKA, PI3K, and ryanodine receptors (Fig. 8C).

Our specificity control experiments confirmed that the EIA
opioid peptide antibodies did not recognize any of the substances
in the concentrations used in final experiments, including IL-4,
anti-IL-4Ra, PKI 14-22, wortmannin, dantrolene (data not
shown), EGTA, BAPTA-AM, U73122, and 2-APB (Celik et al.,
2016), and none of them affected immune cell viability (see
Materials and Methods). We have also previously verified that
ENK, END, and DYN antibodies specifically recognize their re-
spective opioid peptides by testing ENK, Leu-ENK, END, and
DYN in all three assays (Schreiter et al., 2012) and by performing
release experiments using immune cells from mice lacking Penk,
END, or Pdyn (Celik et al., 2016).

IL-10 is not involved in the IL-4-induced effects
Some studies suggested the involvement of IL-10 in the antinoci-
ceptive actions of IL-4 (Kiguchi et al., 2015). In contrast, we
found that IL-4 (200ng)-induced antinociception was not
affected by a co-injection of anti-IL-10 (5–20mg) at the CCI
site (Fig. 9A). There were also no changes in the von Frey with-
drawal thresholds in the contralateral paws (data not shown).
Furthermore, IL-4 (10–200ng/ml) did not induce the release of
IL-10 from M1 macrophages isolated from the injured nerves
(Fig. 9B). Thus, antinociception produced by a single perineural
IL-4 application does not involve IL-10.

Discussion
The main finding of our study is that single application of IL-4 at
injured nerves produces acute antinociception mediated by IL-
4Ra-dependent release of opioid peptides from M1 macro-
phages. This concept is supported by the following data: (1)
IL-4-induced attenuation of mechanical hypersensitivity was
reversed by blocking IL-4Ra, opioid peptides (ENK, END, DYN),
or opioid receptors (d , m, k ) at the site of nerve injury; (2) injured
nerves were predominately infiltrated by M1 macrophages and IL-
4 did not alter their numbers or the phenotype; (3) IL-4 induced
release of all three opioid peptides from M1 macrophages isolated
from injured nerves; and (4) the IL-4-induced release of ENK
(used as a representative opioid peptide) was mediated by IL-4Ra

and intracellular Ca21 likely secreted from ER, which involved
activation of PKA, PI3K, and ryanodine receptors.

Antinociceptive effects of IL-4 have been proposed to result
from the inhibition of proinflammatory cytokine production, sup-
pression of iNOS, and attenuation of cyclooxygenase-2-dependent
prostaglandin synthesis (Seitz et al., 1994; Onoe et al., 1996; Vale
et al., 2003). Additionally, Kiguchi et al. (2015) suggested the con-
tribution of macrophage-derived IL-10, since the repetitive appli-
cation of IL-4 at injured nerves elevated the IL-10 mRNA
expression in nerve homogenates and this effect correlated with
the attenuation of neuropathy-induced hypersensitivity. In con-
trast, here we demonstrate that although M1 macrophages
expressed IL-10 mRNA and protein, a single treatment with IL-4
did not alter the IL-10 mRNA levels and did not induce IL-10
release from M1 cells. Furthermore, blockade of IL-10 did not
affect the IL-4-induced antinociception, clearly suggesting that IL-
4 actions were independent of IL-10. Whereas the mode of IL-4
injection (repetitive vs single) might have contributed to these dis-
crepancies, it needs to be noted that Kiguchi et al. (2015) have nei-
ther examined the presence of IL-10 in perineural macrophages
nor the direct IL-10 involvement in IL-4-induced antinociception.

Here, we uncovered that the IL-4-induced antinociception
was dependent on the opioid system. All three opioid peptides

10 20 g5

Anti-IL-10
0

1

2

3

4

Pa
w

 w
ith

dr
aw

al
 th

re
sh

ol
d 

(g
)

IgG 

20 g

Vehicle 10 50 100 200 
0

0.1

0.2

0.3

0.4

IL-4 (ng/ml)

IL
-1

0 
le

ve
l (

ng
/m

l)

B

A

Figure 9. IL-4-induced actions do not involve IL-10. A, IL-4 (200 ng)-induced antinocicep-
tion is not reversed by anti-IL-10 (F(3,32) = 1.413, p= 0.2569; one-way ANOVA). N= 9 mice
per group. IL-4 was co-injected with anti-IL-10 or control IgG at the CCI site and mechanical
von Frey thresholds were measured 5 min after injections, on day 14 after CCI. B, IL-4 (10–
200 ng/ml) does not induce IL-10 release from M1 macrophages from injured nerves (all val-
ues represent 0). F4/801 macrophages were isolated by IMS from injured nerves on day 14
after CCI, ex vivo stimulated (5 min) with IL-4 or vehicle (PBS), and extracellular levels of IL-
10 were measured by ELISA. N= 8 samples per group. All data are presented as individual
data points and mean6 SEM.
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(ENK, END, DYN) and receptors (d , m, k ) at injured nerves are
involved, since the perineural application of selective antibodies
to each opioid peptide or antagonists of each opioid receptor
diminished IL-4-induced antinociception. Additionally, this
effect was inhibited by NLXM, an opioid receptor antagonist
with limited blood-brain barrier permeability (Brown and
Goldberg, 1985), suggesting the involvement of peripheral opioid
receptors. This is relevant, because in contrast to opioid receptors
in the brain, the activation of peripheral opioid receptors is
devoid of serious side effects such as respiratory arrest, sedation,
and addiction (Spahn et al., 2017; Machelska and Celik, 2018).
The lack of attenuation of IL-4-induced antinociception by nal-
oxone (a non-selective antagonist acting at peripheral and central
opioid receptors) in the acetic acid-induced writhing model in
the earlier study could be related to the use of only one, possibly
insufficient naloxone dose (Vale et al., 2003). Thus, our compre-
hensive dose-dependent experiments unrevealed the contribu-
tion of peripheral opioid receptors activated by endogenous
opioid peptides at injured nerves to the attenuation of mechani-
cal hypersensitivity induced by a single perineural IL-4 injection.
This notion is further supported by our in vitro data showing
that IL-4 does not bind to opioid receptors in HEK cells.

The next step was to identify the cellular source of opioid
peptides. We found that injured nerves (14 d following CCI) are
predominately infiltrated by F4/801 macrophages identified
by flow cytometry, and that these cells display M1 phenotype
characterized by substantially higher mRNA levels of proinflam-
matory markers (Il-1b , Tnf, iNos) compared with anti-inflam-
matory M2 cell markers (Il-10, Arg-1, Ym1) detected by
qRT-PCR, in line with previous studies (Labuz et al., 2009, 2010;
Celik et al., 2020). Single perineural IL-4 injection neither
changed the number nor the phenotype of M1 macrophages.
Furthermore, this IL-4 treatment did not alter the mRNA expres-
sion of opioid peptide precursors Penk, Pomc, and Pdyn, but
interestingly, diminished the intracellular content of ENK and
END in M1 macrophages. These data indicated that IL-4 might
release opioid peptides fromM1 cells. Indeed, our ex vivo experi-
ments revealed a dose-dependent secretion of ENK, END, and
DYN from these cells. Lack of changes in the opioid peptide pro-
duction following single IL-4 application is not surprising, since
such effects require several days-lasting in vitro incubation or re-
petitive in vivo treatment with IL-4 (Busch-Dienstfertig et al.,
2012; Pannell et al., 2016; Celik et al., 2020). However, the IL-4-
induced release actions have not been so far described.

Therefore, it was important to examine the mechanisms of IL-
4-induced opioid peptide secretion. Using ENK as a representative
opioid peptide, we found that its release was diminished by anti-
IL-4Ra, confirming the contribution of IL-4Ra. Consistent with
the regulated exocytosis, the IL-4-induced ENK release was de-
pendent on Ca21, apparently deriving from intracellular stores
such as ER, since the effect was fully blocked by the intracellular
Ca21 chelator, but was unaffected by the extracellular Ca21 chela-
tor. Searching for the mechanism of Ca21-mediated ENK secre-
tion we first examined the PLC–IP3 receptor pathway, which has
been shown to induce opioid peptide release from immune cells in
response to activation of CXC chemokine receptors 2 or opioid
receptors (Rittner et al., 2006; Celik et al., 2016). However, inhibi-
tors of PLC and IP3 receptors did not affect the IL-4-induced ENK
release, suggesting that this pathway is not involved. Apart from
the IP3 receptors, the other important ER channels responsible for
the intracellular Ca21 mobilization are ryanodine receptors
(Berridge, 1993), which have been found in immune cells such as
dendritic cells, B and T lymphocytes, and monocytes (Hakamata

et al., 1994; Sei et al., 1999; Hosoi et al., 2001; O’Connell et al.,
2002). The ryanodine receptor activity can be enhanced by PKA-
dependent phosphorylation (Hain et al., 1995), which resulted in
the intracellular Ca21 release (Patel et al., 1995), and IL-4 pro-
moted the PKA activation in B lymphocytes (McKay et al., 2000).
Additionally, IL-4 via IL-4Ra can activate PI3K (Kelly-Welch et
al., 2003; O’Connor et al., 2007), which resulted in Ca21 mobiliza-
tion from the intracellular stores in neurons (Vogelaar et al.,
2018), and might also involve ryanodine receptors (Pereira et al.,
2017). In line with these data, we found that the IL-4-induced
ENK secretion was diminished by inhibitors of PKA, PI3K, and
ryanodine receptors. Hence, our findings suggest that IL-4 releases
opioid peptides from M1 macrophages via IL-4Ra, which is de-
pendent on PKA, PI3K, and ryanodine receptor activation, any
likely underlies the IL-4-mediated attenuation of nerve injury-trig-
gered mechanical hypersensitivity. Interestingly, these opioid-
mediated actions of IL-4 in M1 macrophages are different from
those in M2 macrophages. Thus, when macrophages were polar-
ized by IL-4 into the M2 phenotype, the M2 cells released opioids
constitutively, without involvement of IL-4Ra to ameliorate nerve
injury-triggered mechanical pain (Pannell et al., 2016; Celik et al.,
2020).

The finding that heat hypersensitivity was not attenuated by
single IL-4 injection is in agreement with earlier studies showing
that IL-4 knock-out mice displayed enhanced acute mechanical,
but unaltered heat sensitivity (Ûçeyler et al., 2011) and that re-
petitive IL-4 application at the CCI site in wild-type mice amelio-
rated mechanical, but not heat hypersensitivity (Celik et al.,
2020). This might be related to findings that in contrast to exoge-
nous opioid receptor agonists, the endogenous opioid peptides
are less relevant to the attenuation of CCI-induced heat then me-
chanical hypersensitivity (Labuz et al., 2016; Pannell et al., 2016),
but additional work is needed to mechanistically explain these
issues. Thus, as the role of IL-4, opioid peptides, and immune
cells in the modulation of different pain modalities remains to be
clarified, it appears that opioid-dependent actions of IL-4 and
macrophages are mainly beneficial in diminishing mechanical
hypersensitivity. As we used male mice, it will also be important
to examine females, since the involvement of macrophages in
pain may be sex dependent (Luo et al., 2019).

In conclusion, in this study, we have identified a new opioid
mechanism involved in antinociceptive effects of IL-4. Hence,
activation of IL-4Ra by IL-4 in M1 cells leads to the acute, intra-
cellular Ca21-regulated opioid peptide secretion and transient
attenuation of nerve injury-triggered mechanical pain. For a
therapeutic benefit, M1 cells need to be switched to M2 cells,
which continuously release opioid peptides resulting in long-last-
ing antinociception (Celik et al., 2020).
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