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1. ABSTRACT

Opioids are the most potent analgesics. However,
their clinical use is limited by side effects like respiratory
depression and their high potential for abuse. In addition,
they modulate immune functions and  cause
immunosuppression. Effects of clinically important opioids
like morphine are mediated by the mu-opioid receptor.
Knowledge about the mechanisms controling the
expression of the mu-opioid receptor gene in neuronal and
immune cells is crucial to understand the dynamics and the
activity of this receptor. Cytokines, mediators typically
released from cells of the immune system, are potent
regulators of mu-opioid receptor gene expression. This
emphazises the importance of mu-opioid receptors in the
neuro-immune-crosstalk and their role as a molecular basis
for such interactions. In this review, the up-regulation of
human mu-opioid receptor gene expression in neuronal and
immune effector cells by interleukin-1, interleukin-4,
interleukin-6 and tumor necrosis factor, as well as its
down-regulation by interferon-gamma and
granulocyte/macrophage colony-stimulating factor will be
summarized along with molecular mechanisms, such as
transcription factor-promoter-interactions. In addition, the
physiological importance of these regulatory events will be
discussed.
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2. INTRODUCTION

The most prominent effects of opioids are those
targeting neuronal systems. Opioids are the most powerful
analgesics and are associated with euphoria (1-2).
However, their clinical use is limited by side effects like
respiratory depression and their high potential for abuse. In
addition, opioids potently modulate immune functions and
often act in an immunosuppressive way at least in vitro and
in animal experiments. (3-4). The effects of opioids
ultimately depend on the expression of specific receptors.
These are termed mu-, delta- and kappa-opioid receptors
and belong to the family of G-protein-coupled receptors
(5). The mu-opioid receptor will be in the focus of this
review, because it is the main target for most of the
commonly used opioid drugs, such as morphine. The
human mu-opioid receptor gene consists of at least seven
exons and is expressed in at least ten protein isoforms,
which arise from alternative splicing (6-7). Nevertheless,
among all these isoforms hMOR-1, consisting of exons one
to four, is by far the most abundant isoform. The promoter
sequences of the gene are located upstream of exon 1. They
contain all the binding sites for the transcription factors
involved in the gene's regulation described in this review.
Since it was reported that the mouse mu-opioid receptor
gene may be additionally regulated by a second, about ten
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Figure 1. Experimentally identified binding sites for inducible transcription factors on the promoter of the human mu-opioid
receptor gene. References: AP-1 (47); GATAS3 (36); NFAT (54) NF-kappaB (48); STAT1/3 (40); STAT6 (29).

kilobases more upstream promoter (8), it cannot be
excluded that the human gene contains additional
promoters as well. In the neuronal system, mu-opioid
receptors are constitutively expressed at considerable high
levels in a defined pattern in many brain areas, and in
distinct spinal and peripheral neurons (9-12). In addition,
they are expressed in the human neuroblastoma-derived
cell line SH SY5Y (13). In contrast, in immune effector
cells the expression of mu-opioid receptors is not
constitutive. To our current knowledge, cytokines are the
most powerful signals that induce a de novo synthesis of
mu-opioid receptor expression in immune effector cells and
modulate the expression of the receptors in neuronal cells.
Cytokines are mediators, which are typically released from
cells of the immune system and exert a plethora of effects
in the nervous and the immune system (for an excellent and
comprehensive review on cytokines see 14). The release of
cytokines is regulated temporally and spatially in response
to a great number of stimuli under physiological and
pathophysiological conditions (14). Thus, the regulation of
mu-opioid receptors by cytokines is a powerful tool, by
which the expression of the receptors can be adapted
according to numerous situations.

3. REGULATION OF MU-OPIOID RECEPTORS BY
CYTOKINES

3.1. Interleukin-1

There is evidence for a relationship between the
pro-inflammatory cytokine interleukin (IL)-1 and opioid
analgesia and tolerance (15-18). In a cellular model, it was
found that a combination of IL-1 alpha and beta induced
transcription of the mu-opioid receptor gene in neural
microvascular endothelial NMVEC cells, which under
basal conditions do not express the gene (19). Mechanisms
of this regulation were not determined. However, effects of
IL-1 are often mediated by the transcription factors AP-1
and/or NF-kappaB, for which binding sites were localized
on the promoter of the human mu-opioid receptor gene
(Figure 1). It will be interesting to see, how IL-1 regulates
mu-opioid receptor expression in neurons, which will
contribute to the understanding of the role of IL-1 in opioid
analgesia and tolerance. As a consequence of the induction
of mu-opioid receptors in response to IL-1 in endothelial
cells, mu-opioid receptor ligands may contribute to IL-1-
regulated endothelial function, as e. g. the adhesion of
circulating leukocytes (20).

3.2. Interleukin-4
It is increasingly recognized that endogenous as

well as exogenous opioids have anti-inflammatory
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properties. Beneficial effects of mu-opioid receptor
agonists have been demonstrated in hepatic (21) and
intestinal (22) inflammation and arthritis (23, 24). In
addition, it was shown that morphine inhibits the pro-
inflammatory mediators IL-6 and tumor necrosis factor
(25) and interferon-gamma (26). In addition, it was
reported that opioids induce the expression and the release
of IL-4 from lymphocytes (12,27-28). Anti-inflammatory
effects of IL-4 and its inhibitory effects on pro-
inflammatory processes are well known (14). Furthermore,
it was reported that IL-4 itself up-regulates mu-opioid
receptor gene expression in many immune effector cells,
which may potentiate the anti-inflammatory effects caused
by opioids and IL-4. Thus, incubation of primary and
Jurkat T lymphocytes, Raji B lymphocytes, primary
polymorphonuclear leukocytes, U937 monocytes, primary
dendritic cells and HMEC-1 microvascular endothelial
cells with IL-4 for 16 h caused a de novo induction of mu-
opioid receptor mRNA (29). Another important function of
IL-4 is the regulation of T helper (Th) cells. It is the
prototypical cytokine, which is produced by Th2 cells and
promotes the differentiation of Th2 cells. In contrast,
interferon (IFN)-gamma is the physiological antagonist of
this effect. It is produced by Thl cells and promotes their
differentiation (30). Expression of mu-opioid receptors is
restricted to Th2 cells (31). Most probably, this is because
Th2 cells produce IL-4, which had been shown to induce
mu-opioid receptors in T cells (29). Interestingly, the
regulation of mu-opioid receptors by IFN-gamma is
opposite to that of IL-4, which is described in detail below.
The above described results support earlier findings, which
suggested an implication of mu-opioid receptor ligands in
the regulation of the Th cell balance and in Th2 biology
(32-33). With respect to neurons, an induction of mu-
opioid receptor transcription by IL-4 was detected in
primary embryonic cortical neurons from rats, which
express mu-opioid receptors constitutively, within 30 min
to 2 h (29). Effects of IL-4 are mediated by the
transcription factors STAT6 and GATA3. Both trans-
activate the mu-opioid receptor gene promoter (29,34-36;
Figure 1). The rat mu-opioid receptor gene promoter
contains a functional STAT6 site at nt -727 (29).
Interestingly, a polymorphism in the human mu-opioid
receptor gene promoter directly affects binding of STAT6.
Thus, a point mutation destroys the palindromic, STAT6-
binding core sequence (37). However, the function of the
mutated element is not destroyed completely, but its
inducibility in response to IL-4 is significantly reduced,
which may be of importance for persons carrying this
mutation (29,34-35).
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3.3. Interleukin-6

There is reason to believe that the regulation of
mu-opioid receptors by IL-6 is important for the regulation
of inflammatory pain. Up-regulation of mu-opioid
receptors in neuronal cells in response to IL-6 was
indirectly suggested in a model of peripheral inflammation.
It was shown that injection of IL-6 increased
antinociceptive mechanisms, which was blocked by a mu-
opioid receptor-specific antagonist (38). The experiments
indicate that either endogenous mu-opioid receptor ligands,
or mu-opioid receptors, or both are up-regulated by the
cytokine at the site of inflammation. Up-regulation of mu-
opioid receptors in neuronal cells in response to IL-6 was
also suggested in experiments with mice lacking the IL-6
gene. These mice show weaker analgesic responses, as well
as a weaker mu-opioid receptor density in the midbrain
(39). In the neuroblastoma cell line SH SYSY up-
regulation of mu-opioid receptor mRNA and protein by IL-
6 was demonstrated directly (40). Furthermore, it was
shown that the transcriptional induction is mediated by
STATI, STATS3 or both factors (40; Figure 1).

3.4. Tumor necrosis factor

Tumor necrosis factor (TNF), formerly
designated as TNF-alpha, is originally known for its
property to cause necrosis of tumors (14). TNF is secreted
mainly by monocytes in response to inflammatory
reactions and is currently discussed as a major player in the
pathophysiology of several inflammatory diseases such as
rheumatoid arthritis. It is, therefore, the target of several
potent novel drugs for the treatment of rheumatoid arthritis.
However, on the other hand, it was reported that TNF
increases antinociception in a model of peripheral
inflammation (38). This suggests a possible regulation of
mu-opioid  receptors by this  cytokine, which
physiologically could at least help to counteract the
inflammatory pain known to be evoked by this pro-
inflammatory cytokine. A large number of reports favour
the model that inflaimmation leads to an induction of
endogenous opioid peptides in the immune cells of the
inflamed tissue, which cause antinociception after
activation of opioid receptors on peripheral sensory
neurons (15,41-44). In addition, it was shown that neuronal
mu-opioid receptors are up-regulated in inflammation (11)
and that their amount in the neurons innervating the site of
inflammation is crucial for effective antinociception (45-
46). On a cellular level, up-regulation of the receptor
mRNA in neuronal cells was observed in SH SY5Y
neuroblastoma cells (47), and in primary embryonic
cortical neurons from rats (Borner and Kraus, unpublished
data). In addition to neuronal cells, a de novo induction of
mu-opioid receptors by TNF in immune cells was reported
in primary T lymphocytes, Raji B lymphocytes, primary
polymorphonuclear leukocytes, U937 monocytes, primary
dendritic cells and HMEC-1 microvascular endothelial
cells (48), which may cause immunomodulatory effects of
mu-opioid receptor ligands in these cells. Effects of TNF
are mediated by the receptors TNFR1 (p55, TNFRSF1A)
and TNFR2 (p75, TNFRSFIB) and often involve the
transcription factors AP-1 and/or NF-kappaB. The TNF-
mediated induction of mu-opioid receptor mRNA in Raji
cells is mediated by TNFR2 and NF-kappaB only (48).
Three binding sites for NF-kappaB were localized on the
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promoter of the mu-opioid receptor gene (48; Figure 1).
For one of these sites (nt -557) an allelic variation has been
described, which introduces a point mutation into the NF-
kappaB binding motif (37). This polymorphism weakens
the trans-activating potential of the element, as well as the
binding affinity of the element to NF-kappaB, which may
deteriorate responsivity to opioids in persons carrying the
mutated allele (48). Interestingly, it was demonstrated
recently that the HIV protein gpl120 induces mu-opioid
receptors in primary macrophages and in macrophages-like
HL-60 cells via TNF and NF-kappaB (49). This sheds new
light on the complex of HIV infections and opioid abuse,
which often correlate, but so far could not be causally
linked.

3.5. Interferon-gamma

Interferon (IFN)-gamma is a cytokine, which
often has antagonistic effects to IL-4. It is produced by Thl
cells and promotes their differentiation (30). IFN-gamma is
produced in response to viral infections, exerting various
virus-unspecific, antiviral actions (14). It is a common
observation that viral infections often are accompanied by
hyperalgesia (50), which could be associated with reduced
mu-opioid receptor activity. Interestingly, mu-opioid
receptor transcription is indeed negatively regulated by
IFN-gamma (31). In the neuronal SH SYS5Y cells, it down-
regulates transcription of the mu-opioid receptors gene. In
T lymphocytes, I[FN-gamma completely inhibits the 1L-4-
mediated induction of the gene. Consistently with the fact
that Th2 cells express IL-4 and also mu-opioid receptors,
Thl cells, which typically express IFN-gamma, do not
contain mu-opioid receptor mRNA (31). This further
emphazises a possible role for the mu-opioid system in the
regulation of the Th cell balance, which has been suggested
earlier (32-33).

3.6. Granulocyte/macrophage colony-stimulating factor

Inhibition of mu-opioid receptor transcription by
granulocyte/macrophage colony-stimulating factor
(GMCSF) was observed in dendritic cells during their in
vitro  differentiation from human peripheral blood
monocytes. It was observed that GMCSF inhibited the IL-
4-mediated induction of mu-opioid receptor transcription
(29). At the moment, however, neither the molecular
mechanisms  underlying this inhibition, nor the
physiological meaning of the effect of GMCSF on mu-
opioid receptor transcription are understood.

4. PERSPECTIVE

Cytokines are potent regulators of mu-opioid
receptor gene expression in neuronal, as well as immune
cells, which is summarized in Figure 2. A large number of
reports established an important antinociceptive role for the
mu-opioid system in inflammation (summarized in 2). The
up-regulation of mu-opioid receptors by pro-inflammatory
cytokines like IL-1, IL-6 and TNF, as well as anti-
inflammatory cytokines like IL-4 in neurons innervating
the site of inflammation and activation of these receptors is
likely to contribute to an organism's management of
inflammatory pain. Indeed, there is evidence for the
hypothesis that an increased number of neuronal mu-opioid
receptors, which are activated by an increased amount of



Regulation of Mu-Opioid Receptors by Cytokines

Physiological . Transcription
Stimulus Cytokine Factor H-OR
. (AP-1)
IL-1 (NFkB)
Cannabinoids” |  ctemcpe | STAT6
Th2 GATA3 A
(Inflammation®) IL-65 STAT1/3
{lnflanl-:?‘:aﬁionp) TNFCTBMGDE|  \FB
Thi' IFN-yST
GM-CSFP v

Figure 2. Summary of reports providing evidence for up-
and down-regulation of mu-opioid receptor transcription by
cytokines, transcription factors and physiological stimuli.
Letters indicate the cell types in which regulation was
observed (B, B cells; C, central primary neurons; D,
dendritic cells; E, endothelial cells; G, granulocytes; M,
Monocytes/Macrophages; P, peripheral primary neurons; S,
SH SYS5Y cells; T, T cells). Terms in brackets indicate that
there is indirect evidence only.

Opioids

-Opioi 2
Gog L % Rpet?epplo(rjs &'FN'Y ‘5‘
2@

-~ Cannabinoids
(51)

z adAy s|j29 1adjeH 1
| adA] sj12o 1adjeH 1

Figure 3. Interactions between opioids, cannabinoids, mu-
opioid receptors, IL-4 and IFN-gamma. Arrows represent
direct, dashed arrows indirect regulatory events. The
numbers given refer to references describing these effects.

endogenous opioids in inflammation at least helps to
counteract the inflammatory pain evoked by pro-
inflammatory cytokines (45-46). While the expression of
mu-opioid receptors on neurons is neccessary for
antinociceptive effects of opioids, their expression on
immune effector cells allows immunomodulatory effects of
opioids. Since several of these effects are anti-
inflammatory (21-26), the use of opioids may be beneficial
not only to treat the painful symptoms of an inflammation,
but also its cause. Although controversially discussed
earlier, it is now clearly established that mu-opioid
receptors are expressed in immune effector cells. However,
their expression in these cells is not constitutive, as it is the
case in many neuronal cells, but inducible e. g. in response
to cytokines. Since cytokines are expressed in immune
tissue in response to many stimuli, there is reason to
believe that a certain number of mu-opioid receptors is
normally present in immune effector cells. In addition,
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recent data from our laboratories demonstrated that mu-
opioid receptors are induced in response to activation of the
T cell receptor complex (54). Additional signals, which
lead to induction of mu-opioid receptors in immune cells,
are likely to be elucidated in the future. A rather low
amount of specific transcripts may be one of the reasons,
why it had been difficult to detect mu-opioid receptors in
immune effector cells. We recently showed that the amount
of cytokine-induced mu-opioid receptor mRNA in immune
cells is about one to two orders of magnitude lower than
that in neuronal cells. Nevertheless, it was also shown that
even this small amount of mRNA is enough to produce
functional mu-opioid receptor proteins in the immune cells
(12). Interestingly, the amount of mu-opioid receptor-
specific mRNA induced by TNF or IL-4 in Jurkat T cells is
very similar (31), although the two cytokines exert quite
different effects, with TNF as a pro-inflammatory, and IL-4
as an anti-inflammatory cytokine. Among other
immunomodulatory effects of opioids (reviewed in 3-4),
they modulate the Th cell balance and promote Th2 cell
differentiation (32-33). Most probably, this is due to the
effect of opioids to induce IL-4 and inhibit IFN-gamma
expression in T cells (12,26-28). In this scenario, a positive
regulatory circuit is established, since the opioid-induced
release of IL-4 further induces expression of mu-opioid
receptors. Interestingly, cannabinoids act very similar to
opioids in this respect by increasing the expression of IL-4
and decreasing that of IFN-gamma (36,51-53). To further
increase this complexity, it has been shown that
cannabinoids induce mu-opioid receptors, which is
mediated by IL-4, and which explains synergistic
immunomodulatory effects of cannabinoids and opioids
(36). The complex regulatory circuits involving opioids,
cannabinoids, mu-opioid receptors, IL-4 and IFN-gamma
are depicted in Figure 3. Although far from being
understood, the data from our laboratory showing mu-
opioid receptor induction by IL-4 not only in immune cells,
but also in neurons (29) suggest a possible mechanism for
combined anti-inflammatory and antinociceptive effects of
IL-4 together with opioids. In conclusion, a lot more of
research is needed in the future to fully understand the
complex neuro-immune-interactions involving the mu-
opioid system and cytokines.
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