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Abstract

Opioids and cannabinoids are both associated with anal getic, psychotropic and
immunomodulatory effects. Recently, it has been suggested, that both systems interact on
multiple levels. We hypothesized that cannabinoids induce opioid receptors and investigated
cannabinoi d-dependent expression of the p-opioid receptor subtypein ahuman T cell model.
We report, that activation of the peripheral cannabinoid receptor type 2 leads to a de novo
induction of p-opioid receptor transcription in Jurkat E6.1 cells. We show, that interleukin-4
is transcriptionally induced in response to cannabinoids and that an interleukin-4 receptor
antagonist blocks cannabinoid-dependent induction of p-opioid receptors, indicating that
induced expression of interleukin-4 is required in this process. Induction of interleukin-4 is
blocked by decoy oligonucleotides directed against STATS, indicating the requirement of this
transcription factor. In addition, we show cannabinoid-dependent phosphorylation of STATS.
Further experiments demonstrate that interleukin-4 then induces phosphorylation of STAT6,
which directly transactivates the p-opioid receptor gene. Additionally, STAT6 induces
expression of the transcription factor GATA3, which also contributes to p-opioid receptor
gene transcription. The responsive promoter region of the human pi-opioid receptor gene with
the binding sites for both factors was mapped to nt —1001 to —-950. To demonstrate functional
H-opioid receptor proteins, morphine-mediated phosphorylation of mitogen-activated protein
kinase was investigated. We show that phosphorylation of mitogen-activated protein kinase
occurs only in cannabinoid-prestimulated Jurkat E6.1 cells and that it is blocked by the pi-
opioid receptor antagonist CTOP. In summary, these findings provide a first example for

cannabinoid-opioid-interactions in cells of the immune system.
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Effects of cannabinoids are mediated by at least two types of receptors, termed CB1 and CB2,

which belong to the family of Gi/G,-protein coupled receptors. CB1 receptors are abundantly
expressed in the central and periphera nervous system. To a lesser degree, they are expressed
in peripheral tissues, e. g. in cells of the immune system, where CB2 receptors predominantly
are expressed (Howlett et al., 2002). Effects of opioids are mediated by receptors, which also
belong to the family of Gi/Gg-protein coupled receptors. In particular, three types are
distinguished, termed L, & and «, which are expressed throughout the nervous system and
peripheral tissues (Pol and Puig, 2004). The p-opioid receptor subtype is an important
mediator of the analgesic effects of opioids and the main target for drugs of the morphine
type. Opioid- and cannabinoid receptors are often co-expressed in cells of the nervous system
(Pickel et al., 2004; Rodriguez et al., 2001) and, furthermore, both systems are characterized
by various, sometimes synergistic interactions with respect to analgetic, psychotropic and
behavioural effects (Cichewicz and McCarthy, 2003; Naef et al., 2003; Navarro et al., 2001).
In addition to central effects, agonists of both systems are well known for their modulatory
effects on immune cell functions. These effects, which include modulation of T helper cell
and natural killer cell functions, are similar for both opioids and cannabinoids (Klein et a.,
2004; Roy et al., 2004; Sacerdote et al., 1998; Sacerdote et al., 2000; Y uan et al., 2002).
While cannabinoid receptors are constitutively expressed in immune effector cells, p-opioid
receptors are normally not expressed in these cells, but known for their de novo inducibility.
The most potent inducers of p-opioid receptor gene expression in immune effector cells are
cytokines (Borner et al., 2004a; Kraus et al., 2001; Kraus et a., 2003a). In this study we
present cannabinoids as a novel group of substances which lead to de novo induction of p-
opioid receptor expression in the Jurkat T cell model viaa CB2 receptor-mediated
mechanism. We show that this effect is indirect and involves induced expression of
interleukin-4. It is therefore possible that peripheral cannabinoids indirectly cause

upregulation of p-opioid receptors in neuronal cells, since we have demonstrated earlier, that
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expression of this receptor is upregulated by interleukin-4 in neuronal cells, aswell (Kraus et
al., 2001). Such a mechanism may contribute to analgesic effects of peripheral cannabinoids,

that have been reported recently (Hohmann et al., 2004; Ibrahim et al., 2003).
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M aterials and methods

Cell culture, reagents and transfection

Jurkat E6.1 cells were cultivated in RPM1-1640 medium (Cambrex Bio Science, Verviers,
Belgium) supplemented with 10% fetal calf serum (Biochrom, Berlin, Germany) and
antibiotics (100 units/ml penicillin and 100 mg/ml streptomycin, Cambrex Bio Science).
Twenty hours before stimulation experiments cells received fresh medium with 1% fetal calf
serum. A%-THC, R(+)-methanandamide and cycloheximide were purchased from Sigma
(Taufkirchen, Germany), AM 281, AM 630 and JWH 015 were from Tocris (Bristol, UK).
The interleukin-4 antagonist IL-4[R121D,Y 124D] was a kind gift from Walter Sebald of the
Biozentrum, Université Wirzburg, Germany (Tony et al., 1994). Interleukin-4 (R&D
Systems, Wiesbaden, Germany) was used at 5 ng/ml. Morphine and CTOP were obtained
from Synopharm (Barsbiittel, Germany) and Tocris, respectively. For transfections, 5x10°
cells were pelleted, mixed with 500 pl transfection buffer containing 140 mM NaCl, 25 mM
Hepes, 0,5 mM Na;HPO,4 and 125 mM CaCl, (pH 7,15) and incubated for 20 min at room
temperature. Then, 5 ml medium were added and the cells were incubated for 16 h at 35°C
and 3% CO,. After that, cells were pelleted again, resuspended in 7 ml RPMI-1640 medium
with 1% fetal calf serum and incubated for 72 h. The reporter gene product chloramphenicol
acetyl transferase was assayed by ELISA (Roche, Mannheim, Germany) according to the

supplier's manual.

Oligonuclectides

All oligonucleotides were synthesized by Metabion, Martinsried, Germany. Sequences of
oligonucleotides were: STATS: 5-GATCGCATTTCGGAGAAGACG-3'; nSTATS: 5'-
GATCGCATTACGGAGTAGACG-3'; STAT6: 5-CTAGTTCTTCTCAGAAGCATATGT-

3'; nSTAT6: 5'-CTAGTTGATCTCAGATCCATATGT-3'; GATAS3: 5'-

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 24, 2006 as DOI: 10.1124/mol.105.018325
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 18325
CTAGAGGAAGTCTTCAGATAAAAAAGATAACAA-3; nGATASZ: 5'-

CTAGAGGAAGTCTTCACTTAAAAAACTTAACAA-3;

STAT1/3: 5'-GATCGAGTTTACGAGAACTC-3'; AP-1: 5'-
CGATTGACTCAGTACTGAGTCAATCG-3; AP-2: 5'-
TGCGGGCTCCCCGGGCTTGGGCGAGC-3'; NFkB: 5°-
AAAGTTGAGGGGACTTTCCCAGGCCT-3'; NF-AT: 5'-
GATCCGCCCAAAGAGGAAAATTTGTTTCATA-3; NF-IL-6: 5°-
TGCAGATTGCGCAATCTGCA-3'.

For all oligonucleotides only the sequences of the sense strands are given. The decoy
oligonucleotide approach (final concentration of oligonucleotides 160 nM), the efficiency and
specificity of the oligonucleotides was described in detail in previous publications from our

group (Borner et al., 2004a; Borner et a., 2004b; Kraus et al., 2003a; Kraus et al., 2003b).

Reverse transcription-polymerase chain reaction

Total RNA was extracted using the Nucleospin RNA |1 kit from Macherey-Nagel (Duren,
Germany). One microgram of total RNA was used for cDNA synthesis with Moloney murine
leukemia virus reverse transcriptase, RNase H minus (Promega, Mannheim, Germany) and
diluted to 50 pl. Two microliter of cDNA was used for RT-PCR reactions. The forward and
reverse primers of each primer pair are located on different exons to avoid amplification of
genomic DNA. Amplification of p-opioid receptor transcripts by conventional and
guantitative RT-PCR was performed as described earlier (Kraus et a., 2001; Krauset al.,
2003a). Quantitative real time RT-PCR was done according to the manufacturer's suggestions
asfollows: B-actin: 5-GGTCCACACCCGCCACCAG-3 and 5'-
CAGGTCCAGACGCAGGATGG-3 primers; preincubation: 8 min at 95°C; 50 cycles: 5 sat
95°C, 5sat 60°C and 22 sat 72°C. Interleukin-4: 5'-GTCTCACCTCCCAACTGCTT-3' and

5'-GTTACGGTCAACTCGGTGCA-3' primers (located on exon 1 and exon 2 to avoid
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amplification of the splice variant interleukin-4 delta 2); preincubation: 8 min at 95°C; 50

cycles: 5sat 95°C, 5sat 68°C and 10 sat 72°C. Interleukin-13: 5'-
GCTCTCACTTGCCTTGGCGGCT-3 and 5-TCAGCATCCTCTGGGTCTTCTCGATG-3
primers; preincubation: 8 min at 95°C; 50 cycles: 5sat 95°C, 5sat 70°C and 11 s at 72°C.
GATA3: 5-AACTGTCAGACCACCACAACCACAC-3 and5'-
GGATGCCTTCCTTCTTCATAGTCAGG-3 primers; preincubation: 8 min at 95°C; 50
cycles: 5sat 95°C, 5sat 70°C and 8 sat 72°C. d-opioid receptor: 5'-
ACGTGCTTGTCATGTTCGGCATCGT-3 and 5'-
ATGGTGAGCGTGAAGATGCTGGTGA-3' primers; preincubation: 8 min at 95°C; 40
cycles: 5sat 95°C, 5sat 63°C and 13 sat 72°C. CB1: 5'-CACCTTCCGCACCATCACCAC-
3 and 5'-GTCTCCCGCAGTCATCTTCTCTTG-3' primers; preincubation: 8 min at 95°C;
40 cycles: 5sat 95°C, 5sat 68°C and 10 sat 72°C. CB2: 5'-
CATGGAGGAATGCTGGGTGAC-3 and 5-GAGGAAGGCGATGAACAGGAG-3
primers; preincubation: 8 min at 95°C; 40 cycles: 5sat 95°C, 5sat 70°C and 24 s at 72°C.
Interleukin-5: 5 -GAGGATGCTTCTGCATTTGAGTTTG-3 and 5'-
GTCAATGTATTTCTTTATTAAGGACAAG-3 primers; preincubation: 8 min at 95°C; 40

cycles: 5sat 95°C, 5sat 65°C and 20 sat 72°C.

Reporter gene plasmids

All reporter plasmids are based on the pPBLCAT2/pBLCAT3 vector system. The construction
of the human p-opioid receptor promoter containing reporter genes -2624, -1854, -1372, -779,
-1372A-1001/-950, -2624/-2291, -2229/-1854 and -1854/-1227 has been described in previous
publications (Borner et a., 2002; Borner et al., 2004a; Kraus et a., 2001; Kraus et al., 2003a).
Insertion of oligonucleotidesinto pBLCAT2 was performed according to a described method
(Kang and Inouye, 1993). All plasmids were sequenced from both sides to ensure correct

orientations and sequences of the inserts.
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Western blot analysis

Two times 10° cells were seeded in RPMI-1640 medium without serum. After 18 h, cells
were treated with 500 nM A%-THC, or 5 ng/ml interleukin-4 (R&D Systems, Wiesbaden,
Germany), or vehicle. After stimulation, cells were pelleted and lysed with 80°C hot sample
buffer. Cell lysis, blotting and antibody incubations were performed as suggested in the
“western immunoblotting protocol“ from Santa Cruz Biotechnology (Heidelberg, Germany).
Aliquots of 20 pl were separated on a 7% polyacrylamide gel. Primary phospho-STAT-
specific (P-STAT5(Tyr694)-R, P-STAT6(Tyr641)-R) and primary antibodies against
unphosphorylated STAT proteins were obtained from Santa Cruz Biotechnology (Heidelberg,
Germany) and used in a 1:200 dilution. Phospho-p44/42-MAPK antibody (E10, Cell
Signaling Technology, Frankfurt, Germany) and ERK 2 antibody (C-14, Santa Cruz
Biotechnology) were used in 1:2500 and 1:2000 dilutions, respectively. Secondary antibodies
(Anti-rabbit and anti-mouse Ig from Amersham Biaosciences, Braunschweig, Germany) were

used in a 1:2500 dilution.

Statistical Analysis
For statistical evaluation Student’ st tests were performed. Stars indicate significantly

different values (*: p < 0.05; **: p< 0.01; ***: p <0.001).
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Results

Cannabinoids induce p-opioid receptor MRNA via CB2 receptors

In Jurkat E6.1 cells p-opioid receptors are normally not expressed. However, stimulation of
cells with A°-THC markedly induced p-opioid receptor gene transcription (Fig. 1A). To
determine the cannabinoid receptor type mediating this induction, CB1 and CB2 receptor
agonists and antagonists were used (Fig. 1B). The combination of A>-THC with the CB1
specific antagonist AM 281 did not influence the induction of p-opioid receptor mRNA. In
contrast, the combination of A*>-THC with the CB2 specific antagonist AM 630 inhibited p-
opioid receptor MRNA induction, indicating a CB2-mediated mechanism. Supporting this, the
CBL1 specific agonist R-(+)-methanandamide did not cause p-opioid receptor mRNA
upregulation, whereas the CB2 specific agonist JWH 015 markedly induced pi-opioid receptor
mRNA. The protein translation inhibitor cycloheximide prevented the A°-THC-mediated p-
opioid receptor induction, indicating that protein synthesis is needed for p-opioid receptor

induction.

|dentification of the A*-THC-inducible promoter region of the human p-opioid receptor gene
To characterize the promoter region responsible for the induction of the p-opioid receptor
gene by A%-THC transfection experiments in Jurkat E6.1 cells were performed with reporter
gene constructs containing various lengths of the 5 -flanking region of the gene (Fig. 2). The
longest p-opioid receptor promoter construct -2624 and consecutive 5°-deletions of it up to nt
-1372 were inducible by A*-THC, whereas construct —779 showed no induction. Contrasting
with construct —1372, areporter gene with an internal deletion (-1372A-1001/-950) was not
A’-THC-inducible. Neither constructs -2624/-2291, -2229/-1854 and —1854/-1227 which

contain upstream promoter parts in front of the heterologous thymidine kinase promoter of the

10
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Herpes simplex virus, nor the reporter gene vector pBLCATZ2 alone were responsive,
suggesting that the region between nt -1001 and nt -950 is responsible for the induction of the
p-opioid receptor gene by A%-THC. We earlier demonstrated that this region also confers
interleukin-4-responsiveness of the gene and contains a binding site for the transcription
factor STAT6 at nt —997 (Kraus et al., 2001). In addition, the experiments with cycloheximide
(Fig. 1B) indicate, that novel gene expression is needed for p-opioid receptor regulation.
Therefore, a possible role of interleukin-4 expression in the cannabinoid-mediated p-opioid

receptor induction was investigated next.

An interleukin-4 antagonist inhibits the induction of p-opioid receptor mMRNA by A%>-THC
Jurkat E6.1 cells were incubated with A®-THC and the interleukin-4 antagonist |L-
4[R121D,Y 124D], and relative amounts of p-opioid receptor mMRNA were determined. The
interleukin-4 antagonist dose-dependently decreased the A°-THC induced upregulation of -
opioid receptor MRNA, suggesting that expression of interleukin-4 and binding to its receptor
is necessary (Fig. 3). It is known, that the antagonist binds to the interleukin-4Ro. receptor
subunit (Tony et al., 1994). Thus, interleukin-13 signaling, which is also dependent on this
receptor subunit, is blocked, as well. To address the question, which of the two cytokines
might mediate the A%-THC induced upregulation of p-opioid receptor, the mRNA levels for
interleukin-4 and interleukin-13 were determined (Fig. 4). Interleukin-4 mRNA was
significantly induced by A%-THC. Furthermore, experiments using cycloheximide
demonstrated that thisinduction is independent of protein synthesis. In contrast, interleukin-
13 mRNA levels were not significantly influenced by A®-THC.

GATAZ3 is an important transcription factor in the biology of T cells and upregulated by

interleukin-4. Its MRNA was therefore assayed, as well. An induction of GATA3 mRNA by

11
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A’-THC was indeed observed, and thisinduction was suppressed by the interleukin-4

antagonist, indicating that this cytokine is a stimulus for GATAS3 induction in this scenario.

Identification of transcription factors involved

The transcription factor decoy oligonucleotide approach was used to address the question
which transcription factors participate in the A>-THC regulation in Jurkat E6.1 cells (Fig. 5A).
Generaly, double stranded decoy oligonucleotides with specific binding sequences for
transcription factors are brought into living cells to selectively disrupt the function of these
factors. The functional inactivation of the transcription factors is due to their interaction with
the excess of specific decoy oligonucleotides instead of binding to the natural regulatory
motifs of genes. Induction of p-opioid receptor mRNA by A®-THC was strongly inhibited by
STATS5 and STAT6 decoy oligonucleotides and significantly reduced by GATAS3 decoy
oligonucleotides, indicating that these factors are involved in the regulatory events. In
addition, we tested decoy oligonucleoctides specific for the transcription factors STATL,
STAT3, AP-1, AP-2, NFxB, NF-AT and NF-1L-6, which, however, did not interfere with
induction of p-opioid receptor transcription (data not shown). A%-THC-induced upregulation
of interleukin-4 mMRNA was inhibited by STAT5 decoy oligonucleotides only, but not
influenced by STAT6 and GATAS3 decoy oligonucleotides, indicating that STATS is heeded
for interleukin-4 induction, and that the latter two factors are required downstream of
interleukin-4 induction for p-opioid receptor gene trans-activation. GATA3 mRNA
upregulation by A°-THC was reduced by STAT5 and STAT6 decoy oligonucleotides,
indicating that STAT6 not only trans-activates the pi-opioid receptor gene directly, as shown
earlier (Kraus et al., 2001), but also trans-activates GATA3. As negative controls, nSTAT5,
nSTAT6 and nGATAS3 decoy oligonucleotides were used, in which the specific transcription
factor binding sites were destroyed by mutations. GATA3 belongs to the group of

transcription factors that are upregulated during activation, as shown above. In contrast,
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STAT factors are phosphorylated for activation. Thus, phosphorylation of STAT factors was

investigated next in our model (Fig. 5B). A robust phosphorylation of both STAT5, and
STAT6 was observed after stimulation of Jurkat E6.1 cells with A’-THC. In response to
interleukin-4, however, only phosphorylation of STAT6 was observed, whereas STATS
remained unphosphorylated, strengthening our hypothesis that STATS acts upstream of the

interleukin-4 induction (Fig. 5C).

Requirement of STAT6 and GATAS3 for the induction of the p-opioid receptor gene
Transfection experiments demonstrated that the promoter region between nt -1001 and nt -950
is responsible for the induction of the p-opioid receptor gene by A°>-THC (Fig. 2).
Furthermore, the experiments with transcription factor decoy oligonucleotides indicated that
STAT6 and GATA3 areinvolved in this effect (Fig. 5). The involvement of STAT6 in the
direct transactivation of the p-opioid receptor gene was previously demonstrated, and a
binding site for this factor (nt —997) identified (Kraus et al., 2001; Fig. 5C). Sequence
comparisons indicated, that two putative GATA3 binding sites (at nt -962 and nt —-953) are
located within the A’-THC-responsive -opioid receptor gene promoter region, aswell (Fig.
6A). To characterize the involvement of STAT6 and GATAS3 in the trans-activation of the -
opioid receptor gene by A>-THC, mutational analysis was performed (Fig. 6B). The wild type
sequence was fully responsive to A°-THC. In contrast, mutation of the STAT6 element
completly abolished inducibility of the reporter gene, indicating that STATG6 is essential for
the induction of the p-opioid receptor gene by A°-THC and that GATA3 alone cannot trans-
activate the gene. However, mutations in the putative GATAS binding sites significantly
reduced A°-THC-inducibility, indicating that GATA3 additionally contributes to A*-THC

induction of the gene.

13
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Functionality of A*>-THC induced p-opioid receptorsin Jurkat E6.1 cells.

It was previously reported that opioids mediate phosphorylation of MAPK in various cell
types including immunocytes (Chuang et al., 1997; Schmidt et al., 2000). Assuming that this
effect of opioids occurs also in the Jurkat E6.1 model, it was used to demonstrate functional
expression of p-opioid receptor proteins after induction by cannabinoids. As shownin Fig. 7,
morphine-mediated phosphorylation of MAPK was observed only in cells pretreated with A°-
THC, but not in unstimulated cells, indicating that the cannabinoid-induced p-opioid receptor
MRNA is correctly translated into functional receptor proteins. In addition, the p-opioid
receptor-specific antagonist CTOP blocked the effect, indicating that it isindeed mediated by

this receptor type.

14
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Discussion

We have shown that p-opioid receptor expression isinduced by cannabinoidsin Jurkat E6.1
cells via a CB2-dependent mechanism. Cannabinoids first induce expression of interleukin-4,
which requires STATS. Interleukin-4 then activates the transcription factors GATA3 and
STAT®6, which both trans-activate the p-opioid receptor gene (see Fig. 5C). As an early step
in the process, the transcription factor STATS is phosphorylated in response to cannabinoids.
In general, activation of STAT members by G-protein coupled receptors is increasingly
recognized (Lo and Wong, 2004; M azarakou and Georgoussi, 2005; Pelletier et a., 2003).
Since cannabinoid and opioid receptors are structurally similar, it isinteresting to mention,
that a recent report demonstrated STAT5 phosphorylation in response to p-opioid receptor
agonists (Mazarakou and Georgoussi, 2005). However, exact molecular mechanisms are
largely unknown and need to be elucidated also for our model. In addition, we demonstrated a
direct requirement of STAT5, STAT6 and GATA3 by decoy oligonucleotides. These
specifically disrupt the function of a chosen transcription factor and, by attenuating
downstream effects, directly demonstrate the necessity of a given transcription factor in a
specific process. From the phylogenetic point of view it may be interesting, that the p-opioid
receptor gene is trans-activated by STAT6 and GATA3, because these transcription factors
are typical for type 2 T helper cells. Moreover, immunomodulatory effects of opioids and
cannabinoids, which are often similar for both substances, include for example T helper cell
regulation. Thus, opioids (Roy et al., 2004; Sacerdote et al., 2000; Wang et al., 2003) as well
as cannabinoids direct the balance between T helper cells from the type 1 to the type 2
phenotype. Thus far, inhibition of interferon-y by cannabinoids is well described (Klein et al.,
2004; Klein et al., 2000; Y uan et al., 2002). Cannabinoid-induced interleukin-4 and
downstream factors like STAT6 and GATA3 may not only be key players in the induction of

the p-opioid receptor gene, but may play a central rolein T helper cell regulation by

15

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 24, 2006 as DOI: 10.1124/mol.105.018325
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 18325

cannabinoids. In this context it would be interesting to see, whether other typical T helper cell
type 2 genes are induced by cannabinoids via an interleukin-4 dependent pathway.
Preliminary dataindicate that cannabinoids regulate not only p-opioid receptors in Jurkat
cells, but also other genes. Whereas mRNA for interleukin-13 (Fig. 4) and interleukin-5 (data
not shown), which are typical for T helper cells type 2, and mRNA for CB2 (data not shown)
were not changed at the 48 h time-point, increased mRNA levels were found not only for
interleukin-4 and GATAS3, but also for d-opioid receptors and CB1 receptors (data not
shown). Thus, cannabinoids do not specifically induce p-opioid receptors. Mechanisms for
regulatory events on other genes will be topics of future reports. When regarding mRNA data
itisageneral question, whether changes in mRNA really reflect changes in functional protein
levels. Using phosphorylation of MAPK, which isatypical effect of opioidsin various cell
types including immunocytes (Chuang et a., 1997; Schmidt et al., 2000), we demonstrated
that cannabinoids indeed induce functional p-opioid receptor proteins. In general, regulation
of p-opioid receptor mMRNA in immunocytes may thus cause changes in the efficacy of
opioids modulating immune functions.

We previously reported that interleukin-4 induces p-opioid receptor transcription not only in
various immune effector cells, but also in primary neuronal cells (Kraus et al., 2001). It would
be worth to investigate if peripheral cannabinoids, via an interleukin-4-dependent mechanism,
induced p-opioid receptor expression in neuronal cells, as well. Although not unequivocally
established, an upregulation of antinociceptive receptorsin neurons may enhance analgetic
effects, as indicated by reports investigating the role of p-opioid receptors in inflammation
(Brack et al., 2004), and after viral transduction into dorsal root ganglia (Xu et al., 2003).
Hypothetically, an upregulation of p-opioid receptors in neuronal cells by cannabinoids might
thus contribute to synergistic effects of cannabinoids and opioids (Cichewicz and McCarthy,
2003; Tham et al., 2005; Yesilyurt et al., 2003) and to antinociceptive effects of CB2 agonists

(Hohmann et al., 2004; Ibrahim et a., 2003).

16

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 24, 2006 as DOI: 10.1124/mol.105.018325
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 18325

Acknowledgements

The authors wish to thank Walter Sebald (Biozentrum, Universitéat Wirzburg, Germany) for

generously providing the interleukin-4 antagonist IL-4[R121D,Y 124D].

17

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 24, 2006 as DOI: 10.1124/mol.105.018325
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 18325

References

Borner C, Hollt V and Kraus J (2002) Involvement of activator protein-1 in transcriptional
regulation of the human mu-opioid receptor gene. Mol Pharmacol 61:800-805.

Borner C, Kraus J, Schroder H, Ammer H and Hollt VV (2004a) Transcriptional regulation of
the human mu-opioid receptor gene by interleukin-6. Mol Pharmacol 66:1719-1726.

Borner C, Woltje M, Hollt V and Kraus J (2004b) STAT6 transcription factor binding sites
with mismatches within the canonical 5-TTC...GAA-3' motif involved in regulation of
delta- and mu-opioid receptors. J Neurochem 91:1493-1500.

Brack A, Rittner HL, MachelskaH, ShaquraM, Mousa SA, Labuz D, Zollner C, Schafer M
and Stein C (2004) Endogenous peripheral antinociception in early inflammation is
not limited by the number of opioid-containing leukocytes but by opioid receptor
expression. Pain 108:67-75.

Chuang LF, Killam KF Jr and Chuang RY (1997) Induction and activation of mitogen-
activated protein kinases of human lymphocytes of the signaling pathways of the
immunomodulatory effects of morphine sulfate. J Biol Chem. 272: 26815-26817.

Cichewicz DL and McCarthy EA (2003) Antinociceptive synergy between delta(9)-
tetrahydrocannabinol and opioids after oral administration. J Pharmacol Exp Ther
304:1010-1015.

Hohmann AG, Farthing JN, Zvonok AM and Makriyannis A (2004) Selective activation of
cannabinoid CB2 receptors suppresses hyperalgesia evoked by intradermal capsaicin.
J Pharmacol Exp Ther 308:446-453.

Howlett AC, Barth F, Bonner Tl, Cabral G, Casellas P, Devane WA, Felder CC, Herkenham
M, Mackie K, Martin BR, Mechoulam R and Pertwee RG (2002) International Union
of Pharmacology. XXV II. Classification of cannabinoid receptors. Pharmacol Rev

54:161-202.

18

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 24, 2006 as DOI: 10.1124/mol.105.018325
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 18325
[brahim MM, Deng H, Zvonok A, Cockayne DA, Kwan J, Mata HP, Vanderah TW, Lai J,

Porreca F, Makriyannis A and Malan TP, Jr. (2003) Activation of CB2 cannabinoid
receptors by AM1241 inhibits experimental neuropathic pain: pain inhibition by
receptors not present in the CNS. Proc Natl Acad Sci U SA 100:10529-10533.

Kang C and Inouye M (1993) One-step insertion of oligonucleotide linkers or adapters to
DNA using unphosphorylated oligonucleotides. Biotechniques 15:659-668.

Klein TW, Newton C, Larsen K, Chou J, Perkins|, Lu L, Nong L and Friedman H (2004)
Cannabinoid receptors and T helper cells. J Neuroimmunol 147:91-94.

Klein TW, Newton CA, Nakachi N and Friedman H (2000) Delta 9-tetrahydrocannabinol
treatment suppresses immunity and early IFN-gamma, 1L-12, and IL-12 receptor beta
2 responses to Legionella pneumophilainfection. J Immunol 164:6461-6466.

Kraus J, Borner C, Giannini E, Hickfang K, Braun H, Mayer P, Hoehe MR, Ambrosch A,
Konig W and Hollt V (2001) Regulation of mu-opioid receptor gene transcription by
interleukin-4 and influence of an alelic variation within a STAT6 transcription factor
binding site. J Biol Chem 276:43901-3908.

Kraus J, Borner C, Giannini E and Hollt VV (2003a) The Role of Nuclear Factor kappaB in
Tumor Necrosis Factor-Regulated Transcription of the Human p-Opioid Receptor
Gene. Mol Pharmacol 64:876-884.

Kraus J, Borner C and Hollt V (2003b) Distinct palindromic extensions of the 5-TTC...GAA-
3'motif allow STAT6 binding in vivo. Faseb J 17:304-306.

Lo RK and Wong YH (2004) Signal transducer and activator of transcription 3 activation by
the delta-opioid receptor via Galphal4 involves multiple intermediates. Mol
Pharmacol 65:1427-1439.

Mazarakou G and Georgoussi Z (2005) STATS5A interacts with and is phosphorylated upon

activation of the mu-opioid receptor. J Neurochem. 93:918-931.

19

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 24, 2006 as DOI: 10.1124/mol.105.018325
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 18325
Naef M, Curatolo M, Petersen-Felix S, Arendt-Nielsen L, Zbinden A and Brenneisen R

(2003) The analgesic effect of oral delta-9-tetrahydrocannabinol (THC), morphine,
and a THC-morphine combination in healthy subjects under experimental pain
conditions. Pain 105:79-88.

Navarro M, Carrera MR, Fratta W, Valverde O, Cossu G, Fattore L, Chowen JA, Gomez R,
del Arcol, VillanuaMA, Maldonado R, Koob GF and Rodriguez de Fonseca F (2001)
Functional interaction between opioid and cannabinoid receptors in drug self-
administration. J Neurosci 21:5344-5350.

Pelletier S, Duhamel F, Coulombe P, Popoff MR and Meloche S (2003) Rho family GTPases
are required for activation of Jak/STAT signaling by G protein-coupled receptors. Mol
Cell Biol 23:1316-1333.

Pickel VM, Chan J, Kash TL, Rodriguez JJ and MacKie K (2004) Compartment-specific
localization of cannabinoid 1 (CB1) and mu-opioid receptors in rat nucleus
accumbens. Neuroscience 127:101-112.

Pol O and Puig MM (2004) Expression of opioid receptors during peripheral inflammation.
Curr Top Med Chem 4:51-61.

Rodriguez JJ, Mackie K and Pickel VM (2001) Ultrastructural localization of the CB1
cannabinoid receptor in mu-opioid receptor patches of the rat Caudate putamen
nucleus. J Neurosci 21:823-833.

Roy S, Wang J, Gupta S, Charboneau R, Loh HH and Barke RA (2004) Chronic morphine
treatment differentiates T helper cellsto Th2 effector cells by modulating transcription
factors GATA 3 and T-bet. J Neuroimmunol 147:78-81.

Sacerdote P, di San Secondo VE, Sirchia G, Manfredi B and Panerai AE (1998) Endogenous
opioids modulate allograft rejection time in mice: possible relation with Th1/Th2

cytokines. Clin Exp Immunol 113:465-4609.

20

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 24, 2006 as DOI: 10.1124/mol.105.018325
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 18325
Sacerdote P, Gaspani L and Panerai AE (2000) The opioid antagonist naloxone induces a shift

from type 2 to type 1 cytokine pattern in normal and skin-grafted mice. Ann N 'Y Acad
Sci 917:755-763.

Schmidt H, Schulz S, Klutzny M, Koch T, Handel M and Hollt VV (2000) Involvement of
Mitogen-Activated Protein Kinase in Agonist-Induced Phosphorylation of the pi-
Opioid Receptor in HEK 293 Cells. J Neurochem. 74: 414-422.

Tham SM, Angus JA, Tudor EM and Wright CE (2005) Synergistic and additive interactions
of the cannabinoid agonist CP55,940 with mu opioid receptor and alpha2-
adrenoceptor agonists in acute pain modelsin mice. Br J Pharmacol 144:875-884.

Tony HP, Shen BJ, Reusch P and Sebald W (1994) Design of human interleukin-4 antagonists
inhibiting interleukin-4-dependent and interleukin-13-dependent responsesin T-cells
and B-cells with high efficiency. Eur J Biochem 225:659-665.

Wang J, Barke RA, Charboneau R, Loh HH and Roy S (2003) Morphine negatively regulates
interferon-gamma promoter activity in activated murine T cells through two distinct
cyclic AMP-dependent pathways. J Biol Chem 278:37622-37631.

XuY,GuY, XuGY, WuP, Li GW and Huang LY (2003) Adeno-associated viral transfer of
opioid receptor gene to primary sensory neurons: a strategy to increase opioid
antinociception. Proc Natl Acad Sci U S A 100:6204-6209.

Yesilyurt O, Dogrul A, Gul H, Seyrek M, Kusmez O, Ozkan Y and Yildiz O (2003) Topical
cannabinoid enhances topical morphine antinociception. Pain 105:303-308.

Y uan M, Kiertscher SM, Cheng Q, Zoumalan R, Tashkin DP and Roth MD (2002) Delta 9-
Tetrahydrocannabinol regulates Th1/Th2 cytokine balance in activated human T cells.

J Neuroimmunol 133:124-131.

21

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 24, 2006 as DOI: 10.1124/mol.105.018325
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 18325

Footnotes

Financial support: Supported by grants from the Doktor-Robert-Pfleger-Stiftung (J.K.)

and the Deutsche Forschungsgemeinschaft (KR 1740) (J.K.).

Reprint address: Jurgen Kraus, Department of Pharmacology and Toxicology,
University of Magdeburg, 44 Leipziger Strasse, 39120 Magdeburg, Germany; e mail:

juergen.kraus@medi zin.uni-magdeburg.de

22

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 24, 2006 as DOI: 10.1124/mol.105.018325
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 18325
Legends for Figures

Figure 1. CB2 receptor agonistsinduce p-opioid receptor mRNA in Jurkat E6.1 célls.

A: p-opioid receptor (MOR) mRNA induction by A°>-THC. Jurkat E6.1 cells were stimul ated
with A>-THC (500 nM, 48 h, +; unstimulated controls, -) and p-opioid receptor specific
transcripts were detected by conventional RT-PCR. A representative example is shown
(arrow: p-opioid receptor-specific amplification product; left: $X174 DNA-Hael Il digest size
marker). B: p-opioid receptor mRNA induction is mediated by CB2. Jurkat E6.1 cells were
stimulated with the unspecific cannabinoid receptor agonist A>-THC, A°-THC together with
CB1- (AM 281) and CB2- (AM 630) antagonists, or CB1- (R(+)-methanandamide, MAEA)
and CB2- (JWH 015) agonists, and cycloheximide (CX, 5 pg/ml) and then subjected to
guantitative real time RT-PCR. Results of three independent experiments performed in
triplicate relative to B-actin plus S. E. M. are shown. Values are compared to relative p-opioid
receptor induction by A°-THC, which was set to 100%. A%-THC: 500 nM [K; (CB1): 53.3 nM;
Ki (CB2): 75.3nM], AM 281: 500 nM [K; (CB1): 12 nM; K; (CB2): 4200 nM], AM 630: 500
nM [K; (CB1): 5152 nM; K; (CB2): 31.2 nM], MAEA: 500 nM [K; (CB1): 17.9 nM; K;
(CB2): 868 nM], IWH 015: 250 nM [K; (CB1): 383 nM, K; (CB2): 13.8 nM]. K; values were

taken from (Howlett et al., 2002). **: p<0.01; ***: p< 0.001.

Figure 2. | dentification of the A>-THC-responsive p-opioid receptor gene promoter
region.

On top, the human p-opioid receptor gene promoter with an earlier identified STAT6 binding
site (nt —997; dashed vertical line) is shown. Below, chloramphenicol acetyl transferase
(CAT) reporter constructs are depicted relative to the promoter. CAT activities obtained after

transfection of Jurkat E6.1 cells are shown as fold induction on the right (white bars:
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unstimulated controls; grey bars: A>-THC (500 nM) stimulated transfectants). The bottom

lane shows the vector pBLCAT2. Results of at least three independent experiments performed
intriplicated plus S. E. M. are plotted (tk: thymidine kinase promoter; *: p< 0.05; **: p<

0.01).

Figure 3. Effect of an interleukin-4 antagonist on p-opioid receptor mRNA induction by
A>-THC.

Jurkat E6.1 cells were incubated with A®-THC (500 nM, 48 h) and the indicated amounts of
the interleukin-4 antagonist IL-4[R121D,Y 124D] and then subjected to real time RT-PCR.
Induction of p-opioid receptor mRNA [MORY]/[B-actin] by A®-THC without antagonist was
set to 100%. Results of three independent experiments performed in triplicate plus S. E. M.

are shown (*: p<0,05; **: p< 0.01; ***: p< 0.001).

Figure 4. Induction of interleukin-4, interleukin-13 and GATA3 mRNA after A>-THC
stimulation.

Jurkat E6.1 cells were stimulated with A*-THC (500 nM, 48 h, +; unstimulated controls, -)
and then subjected to real time RT-PCR for the indicated genes. Interleukin-4 and GATA3
MRNA was additionally assayed in the presence (+) and absence (-) of cycloheximide (5
pg/ml) or the antagonist IL-4[R121D,Y 124D] (300 nM). Quantifications of the results of
three to four independent experiments performed in triplicate normalized to 3-actin are shown

(f: p<0,05; **: p< 0.01; ***: p< 0.001).
Figure5. Identification of transcription factorsinvolved.

A: Effect of decoy oligonucleotides. The effects of transcription factor decoy oligonucleotides

(160 nM), or mutated oligonucleotides as controls (e. g. nSTAT6; 160 nM) on A*-THC (500
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nM; 48 h)-induced mRNA for p-opioid receptor (MOR), interleukin-4 and GATA3 in Jurkat

E6.1 cells are shown. Induction of the mRNAs by A’-THC normalized to B-actin was set to
100%. An inhibition of the A>-THC induction demonstrates involvement of the indicated
transcription factor. Quantification of the results of at least three independent experiments
performed in triplicate plus S. E. M. are shown (*: p<0,05; **: p<0,01; ***: p< 0.001). B:
Phosphorylation of STAT5 and STAT6 by Western blot analysis. Jurkat E6.1 cells were
stimulated with A%-THC (500 nM, 48 h) or interleukin-4 (5 ng/ml, 20 min). The membrane
was then hybridized with antibodies against phosphorylated STATSs. Afterwards, the same
membrane was reprobed for unphosphorylated STAT proteins. C: Model for the induction of

the p-opioid receptor gene (MOR) by A%-THC.

Figure6. STAT6 and GATAS3 transactivate the p-opioid receptor gene.

A: A%-THC responsive promoter region with the STAT6 binding site and putative GATA3
binding sites. B: Transfection experimentsin Jurkat E6.1 cells. A>-THC-inducibility of
reporter gene constructs with wild type and mutated (underlined) sequences are shown as fold
induction (white bars: unstimulated controls; grey bars: A°-THC (500 nM) stimulated
transfectants). Results of at least three independent experiments performed in triplicated plus
S. E. M. are shown (CAT: chloramphenicol acetyl transferase; tk: thymidine kinase promoter;

T: p<0,05; **: p< 0.01; ***: p< 0.001).

Figure 7. A>-THC induces functional p-opioid receptor proteins.

Jurkat E6.1 cells were prestimulated with A>-THC (500 nM, 5 d) to allow sufficient protein
expression or left unstimulated (-). Then, morphine-induced phosphorylation of MAPK was
assayed by Western blot analysis (morphine (mo): 5 uM, 5 min, 37°C). The antagonist CTOP

(1 uM) was added 45 min prior to morphine stimulation. After gel electrophoresis, proteins
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were blotted and membranes containing the same probes were hybridized with either

antibodies against phosphorylated MAPK (P-MAPK) or unphosphorylated ERK 2 (MAPK).
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MOR mRNA | IL-4 mRNA | GATA3 mRNA
no decoy 100.0+6.6 100.0+8.1 100.0+4.3
STAT6 7.8£3.9 *** | 144.6+31.2 19.3+£3.2***
nSTAT6 81.1x14.4 125.9+41.1 145.2+21.8
GATA3 43.8x4.9*" | 137.2+32.1 n.d.
nGATA3 98.3+11.2 143.2+19.3 n.d.
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nSTAT5 86.4+7.5 73.4+20.8 130.7+43.7
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