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Pain and the immune system
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In inflammation, leucocytes containing opioid peptides migrate into the tissue. Opioid peptides
can be released and bind to opioid receptors on peripheral nerve terminals, which counteracts
inflammatory pain. Migration of opioid peptide-containing leucocytes is controlled by chemo-
kines and adhesion molecules. Neurokinins, such as, substance P also contribute to the recruit-
ment of these cells. Opioid peptide release from granulocytes can be stimulated by
chemokines, such as, CXCR2 ligands. The release is dependent on intracellular calcium and
activation of phosphoinositol-3 kinase and p38 mitogen activated kinase. Endogenous opioid
peptides produced by leucocytes not only confer analgesia but recent evidence supports the
concept that they also prevent the development of tolerance at peripheral opioid receptors.
This review presents the discoveries that led to the concept of analgesia produced by immune-

derived opioids.
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During inflammation of peripheral tissues, numerous
mediators are produced by endothelial cells, resident cells,
and leucocytes that are recruited to the site of injury.
Many of these mediators (e.g. protons, cytokines, and
nerve growth factor) are known to elicit pain by activation
of specialized primary afferent neurons called nociceptors.
Nociceptors are defined as ‘neurons preferentially sensitive
to a noxious stimulus or to a stimulus which would
become noxious if prolonged’ (definition of the
International Association for the Study of Pain, TASP,
www.iasp-pain.org/terms-p.html).>* Nociceptors belong to
the group of unmyelinated A8 and C fibres originating
from the trigeminal and dorsal root ganglion. A8 and
C fibres transduce noxious stimuli into action potentials
and propagate these to the dorsal horn of the spinal cord.
Various neurotransmitters modulate these signals at the
level of the spinal cord and later at supraspinal sites.
Together with environmental and cognitive factors, the
sensation of pain is eventually elicited.

Inflammatory pain is characterized by an increased
response to mechanical or heat stimuli which are normally
only mildly painful (mechanical or thermal hyperalge-
sia).?® After tissue injury, inflammatory mediators are pro-
duced in the circulation (e.g. bradykinin) and by local
resident cells (e.g. tissue macrophages and dendritic cells).
The inflammatory response is amplified by migration of
leucocytes into the inflamed tissue, by production of
cytokines, chemokines, growth factors (e.g. nerve growth

factor), and tissue acidification. Intraplantar injection of
complete Freund’s adjuvant (CFA) can be used to study
inflammatory pain in rodents.

Leucocytes are the source not only of hyperalgesic but
also of analgesic mediators. Among the best-characterized
and clinically relevant systems are the endogenous opioid
peptides and receptors.

Opioid peptides in leucocytes

In peripheral inflamed tissue, opioid peptides such as
B-endorphin, met-enkephalin, dynorphin, and endomorphins
are produced by leucocytes and released upon certain types
of stimulation.'” ** Opioid peptides can bind to opioid recep-
tors on sensory neurons. These receptors are synthesized in
dorsal root ganglia and are transported intra-axonally to per-
ipheral nerve endings. Three types of opioid receptors such
as p-(MOP), 8-(DOP), and «-(KOP) are expressed in
sensory neurons.>* 2° 27 Agonist binding elicits potent
exogenous or endogenous analgesia in inflamed tissue.*

Role of leucocytes containing opioid peptides

in inflammation

Opioid peptides are found in many leucocyte subpopulations
including lymphocytes, monocytes, and granulocytes in the
peripheral blood, in inflamed and non-inflamed lymph
nodes, and also at the site of experimentally induced or
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clinical inflammation.® #* *° In early inflammation, granulo-
cytes are the major source of opioid peptide production.*
Later in the inflammatory course, monocytes and macro-
phages are the predominant supply of opioid peptides.
Selective depletion of granulocytes and monocytes/
macrophages significantly impairs opioid-mediated antinoci-
ception implicating the functional relevance of these
leucocyte subpopulations.® * Reconstitution of granulocytes
after depletion using local injection of allogenic cells
re-establishes peripherally mediated opioid antinociception.”’

Chemokines regulating migration of opioid
peptide-containing leucocytes

Chemokines are chemotactic mediators cotrolling cell traf-
ficking under physiological and pathological conditions.
Chemokines are not only important under various inflam-
matory conditions but also play a role in pain and analge-
sia. Although many studies examined the hyperalgesic
action of chemokines, recent evidence also points towards
their antinociceptive effects.
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Fig 1 Intracellular mechanisms of opioid peptide release from
granulocytes. Opioid peptide-containing granulocytes migrate into
inflamed tissue. Opioid peptides are released and bind to opioid receptors
on peripheral sensory neurons leading to analgesia. CXCL2/3 produces
antinociception by triggering opioid peptide release. CXCL2/3-induced
opioid release requires elevation of intracellular Ca*" via flux from
the endoplasmatic reticulum (ER). In addition, activation of
phosphoinositol-3-kinase (PI3K) and p38 mitogen-activated kinase
(MAPK) are involved. PLC, phospholipase C; IP;, inositol
1,4,5-triphosphate.
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Chemokines released from leucocytes and endothelial
cells upregulate and increase the avidity of adhesion mol-
ecules and thereby migration into inflamed tissue.

In early inflammation, CXCL1 and CXCL2/3, binding
to their receptor CXCR2 on granulocytes, are expressed in
CFA inflammation.*’

CXCR2" granulocytes also contain opioid peptides.
Pre-treatment of rats with antibodies against CXCLI1
or CXCL2/3 substantially decreases the number of
opioid-containing granulocytes but not of monocytes/
macrophages accumulating in the inflamed tissue* and in
consequence abolishes antinociception mediated by
endogenous opioid peptides. An intact chemokine cascade
is, therefore, a prerequisite for peripherally mediated
endogenous opioid antinociception and inhibition of only
one of the steps is sufficient to impair this mechanism.

Neuropeptides regulating the migration

of opioid-containing leucocytes

Leucocyte recruitment is not only mediated by chemo-
kines but also by other mediators such as complement or
neuropeptides which can act as chemoattractants.
Substance P, binding to NK; receptors,” is one of these
neuropeptides. It was originally described as a mediator in
pain transmission in the central nervous system and in
neurogenic inflammation in peripheral tissue.'* > NK;
receptor antagonists were initially designed for treatment
of pain but were unsuccessful in the clinic."”
Enhancement of leucocyte migration by substance
P occurs by three distinct mechanisms: (i) direct chemo-
tactic effects on monocytes and granulocytes,® *° (ii)
increased expression of adhesion molecules,”® and (iii)
augmentation of local chemokine production.”” In CFA
inflammation, we demonstrated that NK; receptor antagon-
ists reduced the migration of opioid-containing leucocytes
without changing the expression of the adhesion molecule
ICAM-1 on endothelial cells or the production of
local chemokines/cytokines.*® This treatment impaired
stress-induced peripheral opioid-mediated antinociception.
Therefore, NK; receptor antagonists seem to act peripher-
ally by directly inhibiting the recruitment of opioid-
containing leucocytes to the site of inflammation.

Secretion of opioid peptides from leucocyte
subpopulations in vitro

Granulocytes harbour four different types of granules:
azurophil (primary), specific (secondary) granules, gelati-
nase (tertiary) granules, and secretory vesicles.” Marker
proteins for each of these include myeloperoxidase and
CD63 for primary granules, lactoferrin for secondary gran-
ules, gelatinase for tertiary granules, and albumin for
secretory vesicles.>”> Using confocal microscopy, we
demonstrated that [-endorphin and met-enkephalin
co-localized with myeloperoxidase and CD63 but not
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Fig 2 Effects of granulocyte depletion and reconstitution with adoptively transferred granulocytes on CXCL2/3-induced antinociception. Rats were
pretreated with i.v. anti-granulocyte (polymorphonuclear cells) serum (grey bars); control animals received non-immune rabbit serum (white bars).
Two hours after complete Freund’s adjuvant, the number of leucocytes in the paw (a) was quantified by flow cytometry. Paw pressure threshold (PPT)
(B) was measured before (baseline) and after intraplantar injection of CXCL2/3. (c) Different numbers of allogenic glycogen-recruited peritoneal
granulocytes from normal animals were injected into the inflamed paws of granulocyte-depleted rats. PPT was obtained 15 min later and again after
intraplantar CXCL2/3 (white bar: before CXCL2/3 without granulocyte depletion; cross-hatched bar: effect of intraplantar CXCL2/3 without
granulocyte depletion; grey bars: granulocyte depletion; striped bars: granulocyte reconstitution). (p) Effect of ex vivo BAPTA/AM (an intracellular
calcium chelator) or solvent pre-treatment before allogenic granulocyte transfer. Rats were granulocyte-depleted and reconstituted as described in (c)
using 1x10° granulocytes and CXCL2/3-induced PPT elevation was measured thereafter. *P<<0.05. Data are means(sem). Reproduced with permission

from Rittner and colleagues.*>

with lactoferrin, gelatinase, or albumin, indicating that
opioid peptides are stored in primary granules and are
released together with bactericidal enzymes such as
myeloperoxidase.

Opioid peptide release from granulocytes can be stimu-
lated by various agents including chemokines binding to
CXCR1/2 receptors.”’ Chemokine receptors couple to G;
proteins. After activation and dissociation of the
heterotrimeric G-proteins, the resulting GR<y subunits
activate  several  signalling  pathways  including
phosphoinositol-3-kinase-y, p38 mitogen-activated kinase
and mobilization of calcium from the endoplasmatic reti-
culum (ER).">3*

One of the first steps in the secretion of opioid peptides
is the translocation of granules to the plasma membrane.
Stimulation with CXCR1/2 ligands leads to such a translo-
cation.*® Chemokine-induced opioid peptide release is

dependent on the liberation of calcium from intracellular
stores (ER) but is independent of extracellular calcium.
Phosphoinositol-3-kinase and p38 mitogen-activated
kinase are also involved in this release®' ** because block
of p38 mitogen-activated kinase inhibits the translocation
of primary granules to the plasma membrane and
inhibition of phosphoinositol-3-kinase attenuates opioid
secretion. In summary, intracellular calcium, phosphoino-
sitol-3-kinase, and p38 mitogen-activated kinase control
the CXCR2-mediated opioid peptide release from granulo-
cytes (Fig. 1).

Analgesic effects in vivo

Release of opioid peptides from granulocytes and
subsequent antinociceptive effects in vivo can be
achieved using local injection of CXCR2 ligands such as
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CXCL2/3.%' Depletion of granulocytes abolishes this per-
ipherally mediated opioid antinociception (Fig. 2A and B).
The latter effect can be reconstituted by adoptive transfer
of untreated but not by BAPTA (an intracellular calcium
chelator)-pretreated granulocytes from donor rats (Fig. 2c).
Using this model, we demonstrated in vivo that CXCL2/
3-induced antinociception is mediated by opioid peptide
secretion that is dependent on calcium release from the
ER (Fig. 2p).

Opioid tolerance in vivo

Normal animals rapidly develop tolerance to opioid
analgesic effects after chronic morphine application. In
animals with CFA-induced paw inflammation, however,
no tolerance to the acute intraplantar injection of fentanyl
is seen after chronic morphine application.*' In normal
rats, opioid receptors are localized predominantly on the
membrane of sensory neurons during chronic morphine
treatment. However, in animals with ongoing CFA inflam-
mation and continuous morphine treatment, receptors are
more rapidly internalized and recycled to the neuronal
membrane. In addition, receptor signalling is enhanced,
indicating that the increase in receptor recycling preserves
the function of opioid receptors and counteracts the devel-
opment of tolerance.*’ One of the reasons for this differ-
ence might be the availability of endogenous immune
cell-derived opioid peptides.'” To study this hypothesis,
rats were either treated with local antibodies against opioid
peptides or the availability of endogenous opioid peptides
was reduced by prior immune ablation using cyclophos-
phamide. Both approaches restored opioid tolerance in rats
with CFA inflammation.*' Taken together, the continuous
availability of endogenous opioid peptides from leucocytes
in inflammation apparently preserves signalling of
w-opioid receptors and consequently counteracts the
development of opioid tolerance in inflammatory pain.

Clinical implications and perspectives

Peripherally mediated endogenous opioid analgesia has
been amply demonstrated in clinical settings: opioid recep-
tors are expressed on peripheral terminals of sensory
nerves in human synovia.>* ** Upon activation by agonists
(e.g. morphine) they mediate analgesia in patients
with chronic rheumatoid and osteoarthritis, bone pain, and
after dental, laparoscopic, urinary bladder, and knee
surgery.'® 2% % Opioid peptides are found in human syno-
vial lining cells, mast cells, lymphocytes, and macro-
phages. The prevailing peptides are [(-endorphin and
met-enkephalin, while only minor amounts of dynorphin
are detectable.”* Stimulation of opioid peptide release
using intraarticular injection of corticotropin releasing
factor induced a transient naloxone-sensitive analgesic
effect.”’ Blocking intraarticular opioid receptors by the
local administration of the antagonist naloxone resulted in
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significantly increased postoperative pain in patients
undergoing knee surgery.’’ These findings suggest that
in a stressful (e.g. postoperative) situation, opioids are
tonically released within inflamed tissue and activate
peripheral opioid receptors to attenuate clinical pain.

Treatment of patients with opioids sometimes leads to
the development of opioid tolerance in clinical settings,'”
however there are few rigorous clinical studies.
Inflammatory diseases such as chronic arthritis, inflamma-
tory neuropathy, or cancer are accompanied by an infiltra-
tion of opioid-containing leucocytes. Taking our
experimental findings into account, endogenous secretion
of opioid peptides might counteract the development of
opioid tolerance. Therefore, peripherally acting opioids
could be used for prolonged treatment of inflammatory
pain that might not necessarily be associated with the
development of opioid tolerance. Peripherally acting
opioids lack the central side-effects of opioids including
sedation, dizziness, and nausea and vomiting.

Chemokine receptor antagonists are currently under
investigation: for example, CCRI1 is responsible for leuco-
cyte recruitment into inflamed tissue and is expressed in
the synovia of patients with rheumatoid arthritis and on
monocytes in active multiple sclerosis.’ > ** The important
role of chemokines in the trafficking of opioid-containing
cells to injured tissues and in the release of opioid peptides
in inflamed tissue indicates that anti-chemokine strategies
for the treatment of inflammatory diseases may in fact
carry a significant risk to exacerbate pain.

In addition, mitogen-activated kinase inhibitors are
explored for the treatment of rheumatoid arthritis, allergy,
or cancer."" Findings in neuropathic and inflammatory
pain in animals have led to the concept that these inhibi-
tors might also be useful for the treatment of pain in
patients.'® In our model of inflammatory pain, we
observed an impaired release of opioid peptides with p38
mitogen-activated kinase inhibition. Therefore, interfer-
ence with this system in patients should be carefully evalu-
ated regarding the effects on pain.

Funding

This work was supported by the German Research
Foundation (‘Molecular mechanisms of opioid analgesia’
KFO 100-2/1, TP2).

References

I Barber CG. CCRS5 antagonists for the treatment of HIV. Curr
Opin Investig Drugs 2004; 5: 85161

Borregaard N, Cowland JB. Granules of the human neutrophilic
polymorphonuclear leukocyte. Blood 1997; 89: 350321

Brack A, Labuz D, Schiltz A, et al. Tissue monocytes/macrophages
in inflammation: hyperalgesia versus opioid-mediated peripheral

antinociception. Anesthesiology 2004; 101: 204—1 |

2



16

19

20

21

22

23

Rittner et al.

Brack A, Rittner HL, Machelska H, et al. Control of inflammatory
pain by chemokine-mediated recruitment of opioid-containing
polymorphonuclear cells. Pain 2004; 112: 229-38

Brack A, Rittner HL, Machelska H, et al. Endogenous peripheral
antinociception in early inflammation is not limited by the
number of opioid-containing leukocytes but by opioid receptor
expression. Pain 2004; 108: 67-75

Cabot P), Carter L, Gaiddon C, et al. Immune cell-derived
beta-endorphin. Production, release, and control of inflammatory
pain in rats. | Clin Invest 1997; 100: 142—-8

Cao YQ, Mantyh PW, Carlson EJ, et al. Primary afferent tachyki-
nins are required to experience moderate to intense pain. Nature
1998; 392: 390-4

Cao T, Pinter E, Al-Rashed S, et al. Neurokinin-1 receptor ago-
nists are involved in mediating neutrophil accumulation in the
inflamed, but not normal, cutaneous microvasculature: an in vivo
study using neurokinin-| receptor knockout mice. | Immunol
2000; 164: 5424-9

Erin EM, Williams TJ, Barnes P), Hansel TT. Eotaxin receptor
(CCR3) antagonism in asthma and allergic disease. Curr Drug
Targets Inflamm Allergy 2002; 1: 201—14

Furlan AD, Sandoval JA, Mailis-Gagnon A, Tunks E. Opioids for
chronic noncancer pain: a meta-analysis of effectiveness and side
effects. Cmaj 2006; 174: 1589-94

Goldstein DM, Gabriel T. Pathway to the clinic: inhibition of P38
MAP kinase. A review of ten chemotypes selected for develop-
ment. Curr Top Med Chem 2005; 5: 1017-29

He L, Fong ], von Zastrow M, Whistler L. Regulation of opioid
receptor trafficking and morphine tolerance by receptor oligo-
merization. Cell 2002; 108: 271-82

Herbert MK, Holzer P Why are substance P(NKI)-receptor
antagonists ineffective in pain treatment? Anaesthesist 2002; 51:
308-19

Hill R. NK (substance P) receptor antagonists—why are they not
analgesic in humans? Trends Pharmacol Sci 2000; 21: 244—6

Hirsch E, Katanaev VL, Garlanda C, et al. Central role for G
protein-coupled phosphoinositide 3-kinase gamma in inflam-
mation. Science 2000; 287: 1049-53

Ji RR, Kawasaki Y, Zhuang ZY, Wen YR, Zhang YQ. Protein
kinases as potential targets for the treatment of pathological
pain. Handb Exp Pharmacol 2007;359—-89

Labuz D, Berger S, Mousa SA, et al. Peripheral antinociceptive
effects of exogenous and immune cell-derived endomorphins in
prolonged inflammatory pain. | Neurosci 2006; 26: 4350—8

Likar R, Schifer M, Paulak F et al. Intraarticular morphine analge-
sia in chronic pain patients with osteoarthritis. Anesth Analg 1997
84: 1313-7

Likar R, Kapral S, Steinkellner H, Stein C, Schifer M.
Dose-dependency of intra-articular morphine analgesia. Br |
Anaesth 1999; 83: 241 -4

Likar R, Koppert W, Blatnig H, et al. Efficacy of peripheral mor-
phine analgesia in inflamed, non-inflamed and perineural tissue of
dental surgery patients. | Pain Symptom Manage 2001; 21: 330—-7
Likar R, Mousa SA, Steinkellner H, et al. Involvement of
intra-articular corticotropin-releasing hormone in postoperative
pain modulation. Clin | Pain 2007; 23: 136—42

Merskey H, Bogduk N. Pain terminology. In: Merskey H,
Bogduk N (eds). Classification of Chronic Pain. IASP Task Force on
Taxonomy, 22nd edn. Seattle: IASP Press, 1994; 209— 14
Mousa SA, Machelska H, Schifer M, Stein
Immunohistochemical localization of endomorphin-I

C.
and

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

44

endomorphin-2 in immune cells and spinal cord in a model of
inflammatory pain. | Neuroimmunol 2002; 126: 5—15

Mousa SA, Straub RH, Schafer M, Stein C. Beta-endorphin,
Met-enkephalin and corresponding opioid receptors within syno-
vium of patients with joint trauma, osteoarthritis and rheumatoid
arthritis. Ann Rheum Dis 2007; 66: 871-9

O’Connor TM, O’Connell |, O’Brien DI, et al. The role of sub-
stance P in inflammatory disease. | Cell Physiol 2004; 201: 167—-80
Puehler W, Zollner C, Brack A, et al. Rapid upregulation of mu
opioid receptor mRNA in dorsal root ganglia in response to peri-
pheral inflammation depends on neuronal conduction.
Neuroscience 2004; 141: 989-98

Puehler W, Rittner HL, Mousa SA, et al. Interleukin-1 beta con-
tributes to the upregulation of kappa opioid receptor mRNA in
dorsal root ganglia in response to peripheral inflammation.
Neuroscience 2006; 141: 989-98

Quinlan KL, Song IS, Bunnett N, et al. Neuropeptide regulation
of human dermal microvascular endothelial cell ICAM-I
expression and function. Am | Physiol 1998; 275: C1580—-C1590
Ramnath RD, Bhatia M. Substance P treatment stimulates chemo-
kine synthesis in pancreatic acinar cells via the activation of
NF-kappaB. Am | Physiol Gastrointest Liver Physiol 2006; 291:
GI113-GIII9

Rittner HL, Brack A, Machelska H, et al. Opioid
peptide-expressing leukocytes: identification, recruitment, and
simultaneously increasing inhibition of inflammatory pain.
Anesthesiology 2001; 95: 500—-8

Rittner HL, Labuz D, Schaefer M, et al. Pain control by CXCR2
ligands through Ca®'-regulated release of opioid peptides from
polymorphonuclear cells. FASEB | 2006; 20: 2627 -9

Rittner HL, Labuz D, Richter |F et al. CXCRI/2 ligands induce
p38 MAPK-dependent translocation and release of opioid pep-
tides from primary granules in vitro and in vivo. Brain Behav
Immun 2007; 21: 1021-32

Rittner HL, Lux C, Labuz D, et al. Neurokinin-| receptor antag-
onists inhibit the recruitment of opioid-containing leukocytes and

impair peripheral antinociception. Anesthesiology 2007; 107:
1009-17
Schorr W, Swandulla D, Zeilhofer HU. Mechanisms of

IL-8-induced Ca®" signaling in human neutrophil granulocytes.
Eur | Immunol 1999; 29: 897-904

Schratzberger P, Reinisch N, Prodinger WM, et al. Differential
chemotactic activities of sensory neuropeptides for human per-
ipheral blood mononuclear cells. | Immunol 1997; 158: 3895-901
Sitte N, Busch M, Mousa SA, et al. Lymphocytes upregulate
signal sequence-encoding proopiomelanocortin - mRNA and
beta-endorphin  during  painful  inflammation  in
J Neuroimmunol 2007; 183: 133—-45

Stein C, Hassan AH, Lehrberger K, Giefing ], Yassouridis A. Local
analgesic effect of endogenous opioid peptides. Lancet 1993; 342:
321-4

Stein C, Pfluger M, Yassouridis A, et al. No tolerance to periph-
eral morphine analgesia in presence of opioid expression in
inflamed synovia. J Clin Invest 1996; 98: 793-9

Stein C, Schafer M, Machelska H. Attacking pain at its source:
new perspectives on opioids. Nat Med 2003; 9: 10038

White FA, Bhangoo SK, Miller R]). Chemokines: integrators of
pain and inflammation. Nat Rev Drug Discov 2005; 4: 834—44
Z3liner C, Mousa SA, Fischer O, et al. Chronic morphine use
does not induce peripheral tolerance in a rat model of inflamma-
tory pain. J Clin Invest 2008; 118: 106573

vivo.



