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ABSTRACT
�-Opioid receptors mediate such opioid effects as analgesia,
euphoria, and immunomodulation. Gene expression of �-opi-
oid receptors can be modulated by various substances, includ-
ing cytokines, hormones, and drugs. Some of these stimuli
(e.g., IL-1� and cocaine) have been shown to activate members
of the AP-1 transcription factor family. In addition, transcription
of the �-opioid receptor gene is induced by the phorbol ester
12-O-tetradecanoylphorbol-13-acetate (TPA), an activator of
protein kinase C, which in turn is an activator of AP-1 transcrip-
tion factors. This indicates that signaling pathways involving
protein kinase C and activator protein 1 (AP-1) transcription
factors are important for the specific expression pattern of the
�-opioid receptor gene. In this report, we show that TPA acti-
vates AP-1 as well as the transcription factor nuclear factor �B

(NF�B) in the �-opioid receptor expressing neuroblastoma cell
line SH SY5Y. In transfection experiments performed in these
cells, both factors trans-activate expression of reporter gene
constructs containing the human �-opioid receptor gene pro-
moter. By excluding the effects of TPA on NF�B with the
specific NF�B inhibitor sulfasalazine, AP-1 regulatory elements
were localized. Two AP-1 elements, which differ in one nucle-
otide each from the classic AP-1 binding site, were delineated
to positions �2388 and �1434 of the promoter. Independent of
their orientation, these elements conferred TPA responsiveness
on the heterologous thymidine kinase promoter. AP-1 binding
to these elements was confirmed using electrophoretic mobility
shift and immunoshift assays.

�-Opioid receptors interact with endogenous peptide li-
gands and opioid alkaloids to mediate their characteristic
effects, such as the depression of respiratory and gastroin-
testinal functions, euphoria, and, most important clinically,
analgesia (Reisine and Brownstein, 1994; Kieffer, 1995). Fur-
thermore, opioids possess various immunomodulatory prop-
erties, which also involve �-opioid receptors (Gaveriaux-Ruff
et al., 1998; Roy et al., 1999; Sacerdote et al., 2000). �-Opioid
receptor gene transcription is regulated by various extracel-
lular signals. Among these are cytokines, such as IL-1�
(Ruzicka et al., 1996; Vidal et al., 1998), IL-4 (Kraus et al.,
2001), and IL-6 (Bianchi et al., 1999); hormones, such as
estrogen (Quinones-Jenab et al., 1997); and drugs, such as
cocaine (Azaryan et al., 1996). Furthermore, the phorbol es-
ter TPA had been shown to up-regulate �-opioid receptor
mRNA in the neuroblastoma cell line SH SY5Y (Zadina et al.,
1994; Kraus et al., 1995). By mimicking the second messen-
ger diacyl glycerol, TPA is an activator of PKC. This indicates
that signals converging on PKC may regulate the gene’s

expression. PKC in turn can activate members of the AP-1
transcription factor family (Latchman, 1990). In the past, the
cis-acting promoter elements with the consensus sequence
5�-TGA(C/G)TCA-3� that bind AP-1 transcription factors
were termed “TPA-responsive elements” (Angel et al., 1987).
In this article, the term “AP-1 element” or “AP-1 binding site”
is preferred because TPA also is a potent activator of the
transcription factor NF�B and, therefore, NF�B binding sites
are “TPA-responsive” as well (O’Neill and Kaltschmidt,
1997). The most prominent members of the AP-1 family are
Jun and Fos proteins. They are activated/induced throughout
the brain in response to a broad range of extracellular stimuli
(Persico and Uhl, 1996; Herdegen and Leah, 1998). These
include such stimuli that had been reported to induce �-opi-
oid receptor transcription, suggesting regulatory inter-rela-
tions.

Recently, a number of naturally occurring allelic variations
have been located within the human �-opioid receptor gene
(Hoehe et al., 2000). Studying such polymorphisms may help
to comprehend individual differences in vulnerability to drug
abuse and opiate-mediated analgesia. One of the allelic vari-
ations described for the gene is located adjacent to a putative
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AP-1 site within the promoter and thus may influence gene
regulation.

To better understand transcriptional regulation of the hu-
man �-opioid receptor gene and to discuss the impact of the
polymorphism mentioned above, we determined the activa-
tion of transcription factors after the stimulation of SH SY5Y
cells and identified cis-active AP-1 transcription factor-bind-
ing elements on the human �-opioid receptor gene promoter.

Materials and Methods
Cell Culture and Transfection. SH SY5Y cells were cultivated

in Dulbecco’s modified Eagle’s medium (PAA Laboratories, Linz,
Austria) supplemented with 15% FCS (PAA Laboratories, Linz, Aus-
tria) and antibiotics (100 U/ml penicillin and 100 mg/ml streptomy-
cin). Plasmid DNA used for transfection was isolated using Plasmid
Kits (QIAGEN, Hilden, Germany). Before transfection, cells received
fresh medium containing 1% FCS. The transfection of SH SY5Y cells
and reporter gene assay has been described previously (Chen and
Okayama, 1987; Kraus et al., 1995). After transfection, cells were
allowed to grow for an additional 48 h in a 1% FCS medium contain-
ing 100 nM TPA (Sigma, Schnelldorf, Germany) or vehicle (ethanol,
maximally 1% vol), or 100 U/ml TNF-� (R & D Systems, Wiesbaden,
Germany) dissolved in phosphate-buffered saline. Sulfasalazine
(Sigma, Schnelldorf, Germany) was dissolved in cell culture medium
and added at a concentration of 1 mM 30 min before the other
stimuli.

Construction of Reporter Plasmids. All reporter plasmids are
from the pBLCAT2/pBLCAT3 vector system containing the CAT
reporter gene (Luckow and Schutz, 1987). For cloning of the basic
human �-promoter reporter plasmid (phMOR-2624), a fragment
ranging from nt �2624 to nt �165, which contains the prominent
transcription initiation sites (Wendel and Hoehe, 1998), was inserted
into the BamHI and BglII sites of the vector pBLCAT2. Simulta-
neously, the HSV-tk promoter located between these vector sites was
excised by this procedure. Constructs phMOR�2229 and
phMOR�1372 were generated by cutting the basic construct with
SauI (nt �2229) and BglII (nt �1372), respectively, and HindIII
(vector), filling the ends and ligating again. Construct phMOR�1702
was obtained by a 5� deletion method using DNase as described
previously (Lin et al., 1985). Construct phMOR�2229�-1372/�254
was generated by cutting out a BglII and PstI (nt �254) fragment
and then blunting and ligating. The internal deletions in the plas-
mids phMOR�2229�-1666/�1068 and phMOR�2541�-2349/�1125
were made with enzyme Bal31 after opening the plasmids with BglII
and AccI (nt �1854), respectively. For construction of phMOR�2478/
�2287 and phMOR�1854/�1227, a Sau3A and an AccI-HpaI frag-
ment, respectively, were cloned into pBLCAT2 in front of the tk
promoter. Oligonucleotides with transcription factor binding sites
were inserted in pBLCAT2 in front of the HSV-tk promoter into the
vector’s BamHI site according to a method described previously
(Kang and Inouye, 1993). The sequences of the classic AP-1 and
NF�B binding sites and of M1 and M5, which were used in these
experiments, are described in the next section, because the same
oligonucleotides were used for cloning.

Extraction of Nuclear Protein and Electrophoretic Mobil-
ity Shift Assay. Twenty-four hours before stimulation with TPA
(100 nM) and TNF-� (100 U/ml), SH SY5Y cells received fresh
medium containing 1% FCS. For time kinetics experiments, cells
were stimulated for different periods of time. For the electrophoretic
mobility shift experiments defining AP-1 binding sites on the human
�-opioid receptor promoter, stimulation with TPA occurred for 4 h
before nuclear protein extraction. The extraction procedure for nu-
clear proteins used in these assays has been described in detail in an
earlier publication (Wöltje et al., 1998). Synthetic double-stranded
oligonucleotides (Metabion, Martinsried, Germany) carrying puta-
tive AP-1 binding sites of the human �-opioid receptor promoters and

a classic AP-1 element were labeled with [�-32P]ATP (Amersham
Biosciences, Braunschweig, Germany) according to standard meth-
ods. For each reaction, 5000 cpm-labeled probe DNA were incubated
with 3 �l of SH SY5Y cell nuclear extract for 15 min at room
temperature under conditions described previously (Wöltje et al.,
1998). For immunoshift experiments, 4 �g of c-Fos antibody (K-25;
Santa Cruz Biotechnology, Heidelberg, Germany) was added after
the reaction and was incubated for an additional 60 min.

Sequences of the oligonucleotides were: classic AP-1: 5�-CGATTGACT-
CAGTACTGAGTCAATCG-3�; classic NF�B: 5�-AAAGTTGAGGG-
GACTTTCCCAGGCCT-3�; M1: 5�-AAACATATGATTCACCAGGCA-3�;
M2: 5�-CCTAAGGAGAGTCAAGAGAAC-3�; M3: 5�-ACTGAAAGGACT-
CAGAACTAC-3�; M4: 5�-AAATGATTGACTCCAAGGTCA-3�; M5: 5�-
TTACCTATGAGTTATCTGTTT-3�; M6: 5�-GGAAAATTGAGTGATGT-
TAGC-3�.

Results
Activation of AP-1 and NF�B Transcription Factors

by TPA and TNF-� in SH SY5Y Cells. �-Opioid receptors
are expressed endogenously in the neuroblastoma cell line
SH SY5Y, which therefore serves as a good model for study-
ing �-opioid receptor transcription (Zadina et al., 1993).
Given the fact that AP-1 and NF�B transcription factors are
activated by both TPA and TNF-� in several cell systems
(Latchman, 1990; O’Neill and Kaltschmidt, 1997), we first
investigated whether this is also true when stimulating the
neuroblastoma cell line SH SY5Y with these agents (Fig. 1).
The time kinetic of the induction of transcription factors was

Fig. 1. Effects of TPA and TNF-� on the activation of transcription
factors AP-1 and NF�B and on the human �-opioid receptor promoter in
SH SY5Y cells. A, electrophoretic mobility shift assays reveal the activa-
tion/induction of transcription factors. SH SY5Y cells were stimulated
with 100 nM TPA or 100 U/ml TNF-� for different periods of time,
followed by nuclear extract preparation and mobility shift experiment.
Only the specific bands that were identified previously by supershift
experiments (data not shown) are plotted. As probes (indicated left),
classic binding motifs of transcription factors AP-1 and NF�B were used.
B, trans-activation of classic transcription factor response elements and
the human �-opioid receptor promoter. Results of transient transfection
of SH SY5Y cells with CAT reporter gene constructs containing classic
binding motifs for AP-1 and NF�B in front of the HSV-tk promoter, the
cloning vector pBLCAT2 and a construct containing sequences up to nt
�2624 of the human �-opioid receptor promoter are given as fold induc-
tion compared with unstimulated control sites (Co). Sul, sulfasalazine.
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determined by electrophoretic mobility shift assay (Fig. 1A).
The experiments revealed that TPA induced both AP-1 and
NF�B with a maximal induction after stimulation for 4 h and
1 h, respectively. In contrast, TNF-� induced NF�B (maxi-
mally after 30 min of stimulation) but not AP-1 in these cells.
Next, trans-activation of reporter genes was studied in SH
SY5Y cells testing constructs containing either a classic AP-1
binding site or a classic NF�B element in front of the HSV-tk
promoter (Fig. 1B). Consistent with the data obtained by the
electrophoretic mobility shift experiments, TPA induced the
CAT reporter gene activity of both constructs, whereas
TNF-� induced only CAT activity of the NF�B construct. To
distinguish between AP-1 and NF�B effects after TPA stim-
ulation, we used the specific NF�B inhibitor sulfasalazine
(Wahl et al., 1998; Weber et al., 2000). The addition of 1 mM
sulfasalazine 30 min before stimulation completely inhibited
TPA-mediated trans-activation of the NF�B construct but
not TPA-mediated AP-1 activation. As expected, trans-acti-
vation of the NF�B construct by TNF-� was also abolished
with sulfasalazine. The cloning vector pBLCAT2 was not
affected by any of these agents.

TPA and TNF-� Stimulate �-Opioid Receptor Tran-
scription. Figure 1B shows further responsiveness of hu-
man �-opioid receptor promoter sequences to both TPA and
TNF-�. For these experiments, sequences spanning from nt
�2624 to nt �165, which contain the prominent transcrip-
tion initiation sites of the human �-opioid receptor gene,
were tested in front of the CAT reporter gene (construct
phMOR�2624). Incubation of transfected cells with TPA and
sulfasalazine also led to a significant induction. This indi-
cated that the �-opioid receptor promoter contains at least
one AP-1 element. Addition of sulfasalazine before stimula-
tion with TNF-� completely abolished the TNF-� effect, in-
dicating that the promoter contains at least one NF�B ele-
ment as well.

The Human �-Opioid Receptor Promoter Contains
Two TPA-Responsive AP-1 Sites. To characterize molecular
mechanisms of TPA-induced transcription, AP-1 binding sites
on the �-opioid receptor gene promoter were localized. Se-
quence comparison with the classic binding motif for AP-1 sug-
gested that AP-1 factors might bind to six putative elements on
the �-opioid receptor promoter (Table 1). However, none of
these motifs (termed M1 through M6) fits exactly to the classic
AP-1 sequence, each containing one mismatch. Sequences with
more mismatches were not taken into consideration. Figure 2A
shows the transfection experiments to localize functional AP-1
elements on the �-opioid receptor promoter. Because of addi-
tional NF�B binding sites on the promoter, it was necessary to
use sulfasalazine in all the following transfection experiments.
Consecutive 5� end deletion of the longest construct indicated
that the TPA responsive sequences are located upstream of

nt �1372, excluding M6 as a functional AP-1 site (constructs
�2624, lane 1, through �1372, lane 4). Inducibility of construct
phMOR�2541�-2349/�1125 suggested that M1 may be a
functional AP-1 element (lane 5). Transfection of construct
phMOR�2229�-1666/�1068 demonstrated that M2, M3, and
M4, which are contained on this construct, are not responsive to
TPA (lane 6). However, construct phMOR�2229��1372/�254
was TPA-inducible, indicating that M5 may be a second func-
tional AP-1 site (lane 7). Next it was tested whether 5� up-
stream sequences conferred TPA responsiveness on the heter-
ologous HSV-tk promoter. Both constructs, phMOR�2478/
�2287 containing M1 (lane 8) and phMOR�1854/�1227
containing M5 (lane 9), were responsive to TPA. In conclusion,
transfections of various parts of the human �-opioid receptor
promoter suggested that M1 and M5 are likely to be functional
AP-1 elements. To further test this hypothesis, oligonucleotides
containing the two elements were cloned in front of the tk
promoter to assay TPA-inducible CAT reporter gene expression
(Fig. 2B). Indeed, oligonucleotides containing M1 and M5
were sufficient to mediate the TPA effect independent of
their orientation.

Transcription Factor Binding to the �-Opioid Recep-
tor AP-1 Elements. Electrophoretic mobility shift assays
were performed to investigate the binding of AP-1 transcrip-
tion factors to the putative AP-1 sites of the �-opioid receptor
gene promoter (Fig. 3). First, oligonucleotides containing M1
through M6 were tested for their ability to compete for AP-1
binding to a classic AP-1 element. This was obviously re-
stricted to M1 and M5 (Fig. 3A), indicating that these ele-
ments are indeed AP-1 sites, which is in good accordance
with the transfection experiments described above. Next, M1
and M5 oligonucleotides were used as probes and were tested
for AP-1 binding. They were confirmed as AP-1 binding ele-
ments by competition experiments with classic AP-1 oligonu-
cleotides as well as by supershift experiments with a specific
antibody against c-Fos (Fig. 3B). Using M4 and M6 as probes,
retarded complexes were seen as double bands that migrated
below the AP-1 band (Fig. 3B). The similar patterns for M4
and M6 suggest that the sequences most probably bind sim-
ilar nuclear factor(s), which are, however, clearly distinct
from AP-1. The competition experiments (Fig. 3A) and im-
munoshift experiments (Fig. 3B) confirmed that factors dif-
ferent from AP-1 bind to M4 and M6. No nuclear factors
bound to M2 and M3 probes (Fig. 3B).

Discussion
Earlier studies revealed that the �-opioid receptor gene is

induced by the phorbol ester TPA, an activator of PKC
(Zadina et al., 1994; Kraus et al., 1995). PKC is a central
player in signal transduction, with several pathways con-
verging on this kinase. This study aimed to identify regula-
tory elements on the human �-opioid receptor gene promoter
that bind AP-1 transcription factors, through which PKC-
mediated up-regulation of the gene may be achieved (Angel
et al., 1987). The promoter contains a distal AP-1 element
located at nt �2388 (corresponding to M1) and a proximal
site located at nt �1434 (corresponding to M5). The region
containing the proximal element is conserved also in the rat
�-opioid receptor gene promoter with a similar element (5�-
TGAGTAA-3�) at position �1367 (Kraus et al., 1995). Elec-
trophoretic mobility shift assays performed in this laboratory

TABLE 1
Sequences of putative AP-1 elements of the human �-opioid receptor
gene promoter (M1–M6) compared with the classic AP-1 site. S stands
for either C or G.

AP-1 5�-TGASTCA-3�
M1 5�-TGATTCA-3� nt�2388
M2 5�-AGAGTCA-3� nt�2224
M3 5�-GGACTCA-3� nt�1994
M4 5�-TGACTCC-3� nt�1699
M5 5�-TGAGTTA-3� nt�1434
M6 5�-TGAGTGA-3� nt �478
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demonstrated AP-1 binding to the rat element as well (data
not shown). The sequences corresponding to the distal ele-
ment are not yet known for the rat gene.

AP-1–controlled transcriptional regulation can be of con-
siderable importance for fine-tuning gene expression in re-
sponse to various stimuli. Our findings present a possible
molecular link between �-opioid receptor gene induction by
defined stimuli on the one hand and AP-1 induction/activa-
tion by such stimuli on the other hand. In many investiga-
tions, it was demonstrated that members of the AP-1 family,
in particular Fos, are highly regulated in brain by various
drugs, hormones, and neurotransmitters (Persico and Uhl,
1996; Herdegen and Leah, 1998). For example, addictive
drugs such as cocaine and morphine were shown to induce
the c-fos gene in areas of the limbic system, including the
nucleus accumbens (Erdtmann-Vourliotis et al., 1999). In the
same area, up-regulation of �-opioid receptor mRNA was
observed after long-term cocaine treatment (Azaryan et al.,
1996), suggesting a possible relationship. Regulation of
�-opioid receptor expression in brain areas involved in the
perception of pleasure may contribute to explaining the eu-
phoric effects of drugs.

The molecular mechanisms for the induction of �-opioid
receptor mRNA by the cytokine IL-1� could involve AP-1 as
well. Several reports showed that IL-1� potently induces
c-fos expression in various brain regions and astroglial cells
(Brady et al., 1994; Fredholm and Altiok, 1994). In parallel,
in primary astrocyte-enriched cultures of different brain re-

gions (Ruzicka and Akil, 1997) and in neural microvascular
endothelial cells (Vidal et al., 1998), �-opioid receptor mRNA
was found to be inducible by IL-1�. Alternatively, IL-1�–
regulated �-opioid receptor transcription could involve
NF�B, which is also known to be activated in response to
IL-1� (O’Neill and Kaltschmidt, 1997).

AP-1 transcription factors are probably also involved in
autoregulatory mechanisms of �-opioid receptor gene expres-
sion. Thus, ligand-induced �-opioid receptor stimulation is
known to activate PKC via the phospholipase C system (Zim-
prich et al., 1995). A possible autoregulatory scenario could
be that the loss of receptor proteins, which is caused by the
degradation processes after ligand binding (Koch et al.,
2001), is compensated by PKC/AP-1–dependent resynthesis.

This study additionally revealed that the proinflammatory
cytokine TNF-� regulates �-opioid receptor gene expression
via NF�B in SH SY5Y cells. Such a regulation in peripheral
neuronal cells could be an important mechanism for inflam-
mation-induced activation of the opioid system, which had
repeatedly been observed (Parsons et al., 1990; Stein et al.,
1990; Czlonkowski et al., 1993; Ji et al., 1995). A detailed
investigation unraveling the regulation of �-opioid receptor
transcription in neural and immune cells by TNF-� will be
the topic of another publication.

The �-opioid receptor gene is being discussed as one of the
candidates in search of a physiological basis of drug abuse
(LaForge et al., 2000; Mayer and Höllt, 2001). Indeed, it was
reported that the phenotypical consequences of naturally

Fig. 2. Transfection experiments to identify AP-1 elements on the human �-opioid receptor promoter. CAT reporter gene activities for various human
�-opioid receptor promoter constructs obtained after transfection of SH SY5Y cells are shown as fold induction (�, unstimulated controls; f, TPA- and
sulfasalazine-treated transfectants). Vertical dashed lines indicate the locations of six putative AP-1 binding sites (M1-M6, oval symbols). Reporter
gene transcription was under the control of the homologous �-opioid receptor promoter (lanes 1–7) or the HSV-tk promoter (lanes 8 and 9). B,
transfection of constructs with oligonucleotides containing AP-1 elements M1 (nt �2388) and M5 (nt �1434) in front of the HSV-tk promoter. CAT
activities are reported as fold inductions as described above. Both elements were tested in sense (s) and antisense (a) orientation. The results of at least
three independent transfection experiments performed in triplicate plus S.E.M. are plotted.
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occurring mutations of the gene include increased sub-
stance dependence (Hoehe et al., 2000). In general, poly-
morphisms located in a gene’s promoter region may af-
fect—positively or negatively—its transcription rate
and/or its responsiveness to stimuli with dramatic conse-
quences. We recently characterized an allelic variation
within the IL-4 –responsive element/STAT6 binding site of
the human �-opioid receptor promoter which reduces re-
sponsiveness of the gene to IL-4 to approximately 50%
(Kraus et al., 2001). Another polymorphism within the
�-opioid receptor gene promoter is immediately adjacent to
the M4 motif (Hoehe et al., 2000). In the variant genome,
a T residue is inserted at the asterisk-marked position of
the wild-type sequence 5�-ATGAT*TGACTCCAAGGT-3�
(the M4 motif is underlined). The results presented in this
study exclude the possibility that this variation affects an
AP-1 site, because neither Fos proteins nor other AP-1
site-specific factors bind to this sequence. It may yet be an

interesting polymorphism, because mobility shift experi-
ments suggested that another nuclear factor binds to the
M4 wild-type motif. Further studies will be necessary to
characterize this nuclear factor, as well as the influence of
the mutation.

In conclusion, these findings contribute to the understand-
ing of the regulation of �-opioid receptors, which mediate
various effects of widely used drugs in humans. Knowledge
of regulatory mechanisms of pharmacologically important
genes might become of more than academic interest if, for
example, it is possible in the future to achieve a higher
efficacy of drugs by specifically manipulating the expression
of drug receptors.
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