
Chronic morphine treatment up-regulates mu opioid receptor
binding in cells lacking Filamin A

Irma Onoprishvilia and Eric J. Simona,b

a Department of Psychiatry, New York University School of Medicine, New York, NY

b Department of Pharmacology, New York University School of Medicine, New York, NY

Abstract
We investigated the effects of morphine and other agonists on the human mu opioid receptor (MOP)
expressed in M2 melanoma cells, lacking the actin cytoskeleton protein filamin A and in A7, a sub
clone of the M2 melanoma cells, stably transfected with filamin A cDNA. The results of binding
experiments showed, that after chronic morphine treatment (24 hr) of A7 cells, MOP binding sites
were down-regulated to 63% of control, whereas, unexpectedly, in M2 cells, MOP binding was up-
regulated to 188% of control naïve cells. Similar up-regulation was observed with the agonists
methadone and levorphanol. The presence of antagonists (naloxone or CTAP) during chronic
morphine treatment inhibited MOP down-regulation in A7 cells. In contrast, morphine-induced up-
regulation of MOP in M2 cells was further increased by these antagonists. Chronic morphine
desensitized MOP in A7 cells, i.e. it decreased DAMGO-induced stimulation of GTPγS binding. In
M2 cells DAMGO stimulation of GTPγS binding was significantly greater than in A7 cells and was
not desensitized by chronic morphine. Pertussis toxin treatment abolished morphine-induced receptor
up-regulation in M2 cells, whereas it had no effect on morphine-induced down-regulation in A7 cells.
These results indicate that, in the absence of filamin A, chronic treatment with morphine, methadone
or levorphanol leads to up-regulation of MOP, to our knowledge, the first instance of opioid receptor
up-regulation by agonists in cell culture.
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1. Introduction
Opioid receptors (mu, delta and kappa) are members of the family of G protein coupled
receptors (GPCRs). Similar to other GPCRs, agonist binding to the mu opioid receptor (MOP)
induces phosphorylation of the receptor by protein kinases and promotes recruitment of β–
arrestins to the plasma membrane. Association of β– arrestins with the receptor causes
uncoupling of the receptor from G-proteins and leads to receptor desensitization. In addition,
β– arrestins and protein kinases are involved in dynamin-dependent receptor endocytosis via
clathrin-coated pits (Ferguson and Caron, 1998). Endosome-associated receptors can either be
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resensitized after dephosphorylation and recycled back to the plasma membrane or transported
into lysosomes for degradation. Long-term exposure to agonist induces the loss of receptor
binding sites due to receptor degradation, referred to as down-regulation.

The importance of the carboxyl tail in the down-regulation and trafficking of the opioid
receptors is well established (Burd et al., 1998; Capeyrou et al., 1997; Chaipatikul et al.,
2003; Finn and Whistler, 2001; Trapaidze et al., 1996). There are many examples of association
of the GPCRs, including MOP with other proteins, such as beta-arrestins, (Lefkowitz, 1998),
GRKs (Pitcher et al., 1998) and small G proteins (Mitchell et al., 1998). Different laboratories,
including ours, have reported interaction of MOP C-tail with different proteins, such as
periplakin (Feng et al., 2003), Phospholipase D2 (Koch et al., 2003), mPKCI (Guang et al.,
2004), HSP40 {Ancevska-Taneva, 2006 #5292)and Filamin A (Onoprishvili et al., 2003).

Filamin A is a cytoskeleton protein that crosslinks actin filaments into an orthogonal network
and maintains the integrity of the cell cytoskeleton. Filamin A is known to bind to various
membrane and signaling molecules, see reviews (Stossel et al., 2001; van der Flier and
Sonnenberg, 2001)}. More recently different laboratories, including our own, demonstrated
that filamin A associates with various GPCRs, such as the D2 and D3 dopamine receptors (Li
et al., 2000; Lin et al., 2001), the calcium-sensing receptor (CaR) (Awata et al., 2001; Hjalm
et al., 2001), the metabotropic glutamate receptor type 7 (Enz, 2002), alpha1-adrenergic
receptors (Zhang et al., 2004), calcitonin receptor (Seck et al., 2003) and the mu opioid receptor
(MOP) (Onoprishvili et al., 2003). In some cases, such as the calcium sensing receptor and the
MOP, the binding of filamin A is to the carboxyl tail, while for other receptors, such as the D2
and D3 dopamine receptors, the binding is to the third cytoplasmic loop.

Filamin A was found to bind directly to beta-arrestin2 and it has been suggested that D3R,
filamin A, and beta-arrestin form a signaling complex (Kim KM, 2005). This suggests that
filamin A has a role in signal transduction of GPCRs, in addition to its actions as an actin
cytoskeleton protein.

We have reported (Onoprishvili et al., 2003) the finding that filamin A binds to the carboxyl
tail of the MOP. This interaction drastically reduces the effects of chronic treatment with mu
agonist, such as down-regulation, desensitization and trafficking of the MOP, as shown in the
melanoma cell line M2, which does not express endogenous filamin A. These major changes
in the absence of filamin A indicate that the interaction between this protein and the MOP plays
a significant role in the regulation, trafficking and, possibly, function of the MOP. This
laboratory has continued research on this interaction with the aim of learning more about the
physiological significance and the mechanisms involved. The current studies were all carried
out in the melanoma cell line M2 (and its filamin A-expressing control subclone A7), which
is the only known system lacking filamin A and has been used in all of the functional studies
on filamin A cited above. It is our intent to extend these studies to other systems, including
primary neuronal cultures and whole animals.

Our previously reported studies on the filamin A-MOP interaction (Onoprishvili et al., 2003)
were carried out exclusively with the synthetic mu-selective peptide agonist DAMGO. The
current study was designed to test the effect of morphine, as well as other opioids, in the cell
line lacking filamin A (M2) and compare them with effects in a subclone of the cell line (A7),
expressing filamin A. We report here a very surprising and interesting finding. Morphine and
several other agonists cause significant up-regulation of MOP in M2 cells, not observed in the
filamin A-expressing A7 cells or other cell lines. While up-regulation by opioid antagonists is
well established, this is, to the best of our knowledge, the first observation of opioid receptor
up-regulation by morphine or other opioid agonists. We feel that this observation should be of
considerable interest to researchers in the opioid field. This paper includes experiments
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designed to elucidate the mechanism of the up-regulation described, but the mechanism is not
yet clear and is under further investigation.

2. Results
2.1. Regulation of MOP binding in melanoma cells

Melanoma cell line M2, which does not express filamin A endogenously and A7 cells, a
subclone of the M2 cell line in which filamin A is expressed, were stably transfected with the
cDNA encoding myc-tagged human mu opioid receptors (MOP). These cells were used for all
studies. The affinity (KD) and BMAX of the nonselective opioid antagonist [3H]diprenorphine
and of the mu agonist [3H]DAMGO were very similar in the A7 and M2 cell lines expressing
MOP (Onoprishvili et al., 2003). Chronic treatment of melanoma cells with morphine caused
a concentration and time-dependent change in MOP density as determined by radioligand
binding assays using [3H]diprenorphine. As shown in Figure 1, treatment for 24 hours with
different concentrations of morphine caused a concentration-dependent decrease in MOP
density (down-regulation) in A7 cells. The EC50 for morphine-induced down-regulation was
205±0.3 nM and receptor binding decreased to 63±3.7% of control. These data are consistent
with previously published results from different laboratories in various cell lines (Chakrabarti
et al., 2005; Chaturvedi et al., 2001; Horner and Zadina, 2004). In contrast, in M2 cells lacking
filamin A, chronic morphine treatment induced a marked concentration-dependent increase in
MOP binding sites to 188±4.8 % of control (Fig. 1). The EC50 value for receptor up-regulation
was 14±0.2 nM. Radioligand binding studies, using the mu opioid selective agonist [3H]
DAMGO, revealed similar results (not shown). No difference in the affinity (Kd) of DAMGO
or diprenorphine was noticed before or after morphine treatment in either A7 or M2 cell lines.

The time course of morphine-induced MOP up-regulation in M2 cultures and down-regulation
in A7 cells was determined by exposure of the cells to 1 μM morphine for various periods of
time. As depicted on fig. 2, the down-regulation in A7 and the up-regulation in M2 cells were
first observed after 8 hours of morphine treatment and reached a maximum after 18 hrs.

2.2 [35S]GTPγS binding and MOP desensitization
To determine morphine-induced functional desensitization of MOP, melanoma cells were
pretreated with 1μM morphine for 24 hours and cell membranes were prepared from control
and morphine-treated cells. Receptor desensitization was measured as the decreased ability of
the agonist, DAMGO, to stimulate [35S]GTPγS binding to membranes of A7 and M2 cells after
agonist treatment. As depicted in Fig. 3A, in A7 cell membranes expressing MOP, DAMGO
exhibited reduced ability to stimulate [35S]GTPγS binding after chronic morphine exposure
(EMAX decreased from 322±47 % to 82±9.5 % of control), indicating that the receptors were
desensitized. In contrast, as shown in Fig. 3B, in M2, functional desensitization of MOP after
chronic morphine exposure was abolished (546±76% of control before and 526±66% after
morphine treatment). It is noteworthy that the maximal stimulation (Emax) of GTPγS binding
in naive M2 cells (546%) is significantly higher than the Emax in naïve A7 cells(322%).

2.3 Effects of Pertussis Toxin treatment
We investigated whether uncoupling of receptors from G proteins interferes with morphine-
induced MOP up-regulation in M2 cells. It is well known that pertussis toxin (PTX) treatment
ADP-ribosylates inhibitory G proteins and uncouples GPCRs from Gi/o proteins (Kurose et
al., 1983). As described in Materials and Methods, A7 and M2 cells were pretreated with 100ng/
ml PTX for 24 hrs in the absence or presence of 1μM morphine at 37°C. The cells were collected
and radioligand binding was performed using the non-selective opioid antagonist [3H]
diprenorphine and mu-selective agonist [3H]DAMGO. As expected, [3H]DAMGO binding
(Fig. 4B) was inhibited after PTX treatment compared to PTX-untreated controls due to
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uncoupling of the receptors from their cognate Gi/o proteins in both A7 (64 ± 3.7 % of control)
and M2 (57 ± 5.6 % of control) cell lines, whereas [3H]diprenorphine binding (Fig. 4A) was
unaffected. PTX treatment in the presence of morphine had little or no effect on morphine-
induced down-regulation of MOP (binding of either DAMGO or diprenorphine) in cells
expressing filamin A (A7) (59 ± 3.9 % of control) compared to morphine treatment alone (65
± 2.5 % of control). In contrast, PTX treatment of M2 cells partially reduced up-regulation of
MOP binding sites by morphine to 131± 8.0 % of control compared to morphine treatment
alone (184 ± 10.0 %), as measured by [3H]diprenorphine binding. When binding was performed
with [3H]DAMGO in morphine and PTX-treated M2 cells, the up-regulation was virtually
abolished (from 183±8.1% to 103±18.3%)(Fig. 4B).

2.4. Treatment with Different ligands
Our next approach was to determine the effects of various ligands on MOP density in A7 and
M2 cells. In particular, we wanted to determine whether any other agonists resemble morphine
in exhibiting the ability to up-regulate MOP in M2 cells. Melanoma cells were pretreated for
24 hrs with 1 μM of each ligand (except etorphine, 0.1μM), as described in Materials and
Methods. As shown in Table 1, in A7 cells all agonists caused down-regulation of MOP binding
sites. DAMGO, etorphine and etonitazine were somewhat more effective than morphine,
methadone and levorphanol. Treatment with the mu opioid selective peptide antagonist CTAP
and the non-selective antagonist diprenorphine had no effect on MOP density. The nonselective
antagonist naloxone induced an increase in MOP density to 130± 2.6 % of control, in
accordance with published results (Zadina et al., 1994).

With M2 cells, the effects of various ligands were quite different, as shown in Table 1. Thus,
exposure of M2 cells for 24 hrs to DAMGO, etorphine or etonitazene did not produce any
change in MOP density, either up or down. In contrast, treatment with methadone or
levorphanol, induced large increases in MOP binding sites in the M2 cells lacking filamin A
(170–180% of control), similar to those observed after chronic morphine. Treatment with the
antagonist, diprenorphine, had no effect on MOP density, whereas CTAP and naloxone
increased MOP binding sites to 128± 3.6 % and 164± 2.6 % of control, respectively.

2.5. Ligand combinations with morphine
We tested the effect on the level of MOP binding sites of treatment of M2 and A7 cells with
various opioids in combination with morphine. The cells were incubated for 24 hours with
various ligands, in the absence (Table 1) and presence (Fig. 5) of morphine. MOP density was
measured by [3H]diprenorphine binding, as described in Materials and Methods. As depicted
in Fig. 5, in A7 cells, DAMGO and etorphine treatment in the presence of morphine further
enhanced down-regulation to 31±1.4 % and 24±3.1 % of control, respectively. However,
exposure of A7 cells to antagonists in the presence of morphine reversed the morphine-induced
down-regulation from 62 ±3.6% to 117±4.6% (naloxone), 89 ±6.0% (CTAP) and 84 ±7.0%
(diprenorphine). In M2 cells, morphine-induced up-regulation of MOP density was abolished
when morphine was combined with either DAMGO or etorphine. Thus, the increase of MOP
level by morphine to 188 ± 6.7 % of control was decreased to 109±3.3 % and 110±3.7 % of
control after combined incubation with DAMGO or etorphine, respectively. The antagonist
diprenorphine reduced morphine-induced up-regulation of MOP by morphine to control level
(99±3.6%). In contrast, combination of naloxone or CTAP with morphine revealed further up-
regulation of MOP binding sites to 263±20.0% for naloxone and 231±16.5% of control for
CTAP, suggesting additive effects for these antagonists and morphine in M2 cells (Fig. 5).

2.6. Western Blot Analysis of MOP levels
The change in myc-tagged MOP density in A7 and M2 cells was also examined by immunoblot
analysis. Cell lysates extracted from A7 and M2 cells, before and after morphine treatment,
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were subjected to Western blot analysis and receptor protein levels in each sample were
compared. Anti-myc antibodies detected bands migrating at a molecular mass corresponding
to ca 70 kDa. As shown on Fig. 6, chronic morphine treatment of A7 cells significantly reduced
the MOP protein level, as compared to untreated controls (to 21± 4 % of untreated, see
histogram in Fig. 6). This is in good agreement with receptor down-regulation measured by
binding. In contrast, in M2 cells the level of MOP protein remained steady after prolonged
morphine treatment and was similar to that of the untreated control, although up-regulation of
the binding sites (to 188% of controls) was observed.

3. Discussion
In our previous studies, we identified the actin cytoskeleton protein filamin A as a direct binding
partner for the human MOP. We found that the absence of filamin A has major effects on the
regulation (desensitization and down-regulation) and trafficking of the MOP (Onoprishvili et
al., 2003). Our previous studies were carried out exclusively with the mu-selective synthetic
peptide agonist DAMGO. When we performed studies in melanoma cells using morphine,
unexpected results were obtained with the M2 cells lacking filamin A. After chronic morphine
treatment, the density of MOP binding sites was increased markedly, almost 2-fold, compared
to untreated M2 cells. In contrast, in A7 cells expressing filamin A, chronic morphine treatment
resulted in down-regulation of MOP binding sites, as seen in normal cultured cells.

To investigate further the mechanism of morphine–induced MOP up-regulation in M2 cells,
we performed GTPγS binding assays. Our data showed, that in cells lacking filamin A, MOP
exhibited enhanced coupling to G proteins and after chronic morphine treatment, the receptor’s
ability to activate G protein was not desensitized, as seen by the absence of a decrease in
agonist-stimulated GTPγS binding. In contrast, MOP expressed in A7 cells exhibited normal
desensitization of GTPγ binding after chronic morphine treatment. One explanation for our
results is that filamin A may be important for the proper receptor conformation or proper
positioning of the MOP in the cell membrane, required for receptor uncoupling and
desensitization after agonist treatment. Whether MOP is phosphorylated after chronic agonist
treatment in M2 cells is not known and further studies are necessary to determine this.

We were interested in examining the relationship between morphine-induced up-regulation
and MOP coupling to Gi/o proteins. After pertussis toxin (PTX) treatment, we observed a
marked reduction in morphine-promoted MOP up-regulation in M2 cells, which indicates the
importance of receptor-Gi/o protein interaction for agonist-induced MOP up-regulation. In
contrast, PTX treatment did not have any effect on morphine-induced down-regulation of MOP
in A7 cells. Yabaluri et al (Yabaluri and Medzihradsky, 1997) reported that PTX treatment did
not block agonist-induced down-regulation of MOP in C6 glioma cells. However, it should be
noted that PTX treatment of N2A cells expressing MOP blocked etorphine-induced MOP
down-regulation (Chakrabarti, 1997).

Our studies demonstrated that, not only morphine, but also methadone and levorphanol induce
considerable up-regulation of MOP binding sites in M2 cells. On the other hand, no significant
increase in MOP density was observed after treatment of M2 cells for 24 hrs with DAMGO,
etorphine or etonitazene.

In this context, Koch and colleagues (Koch et al., 2005) investigated the effect of different
ligands on MOP endocytosis. Maximal (50%) MOP internalization after 60 min exposure to
agonist was found with DAMGO, etonitazene and sufentanil. Methadone, beta-endorphin and
fentanyl caused partial internalization (20–30%), while morphine, buprenorphine and
oxycodone failed to induce detectable MOP endocytosis. Similar results were reported by Keith
et al (Keith et al., 1998). Morphine, buprenorphine and codeine induced almost no
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internalization, fentanyl and methadone caused partial internalization, whereas etorphine and
etonitazene triggered rapid endocytosis.

Interestingly, in our results, chronic treatment with DAMGO, etorphine and etonitazene,
known as ligands with high potencies for inducing internalization, did not cause any up-
regulation of MOP binding sites in M2 cells. After chronic treatment of M2 cells, morphine
which promotes almost no internalization (Keith et al., 1998) and methadone which induces
partial internalization (Koch et al., 2005), promoted up-regulation of MOP binding sites. In
addition, levorphanol also caused MOP up-regulation in M2 cells. While we did not find any
papers regarding MOP internalization by levorphanol, Bot et al (Bot et al., 1997) demonstrated,
that levorphanol, a close analogue of morphine, did not induce internalization of delta opioid
receptors in HEK293 cells. As expected, chronic treatment of A7 cells with all of the agonists
used induced MOP down-regulation.

MOP up-regulation could work via several possible mechanisms. Increased levels of MOP
binding sites could be due to altered receptor trafficking, inhibition of receptor degradation,
increased receptor synthesis and/or change in receptor conformation after agonist treatment.
In Western blot analyses, we saw no change in protein level, suggesting, in a preliminary way,
that protein synthesis is not involved.

The carboxyl terminal tail of MOP has an important role in receptor down-regulation and
trafficking. Agonist-induced receptor phosphorylation of the carboxyl tail is frequently
involved in receptor desensitization. Several laboratories reported (see review by Law et al
(Law et al., 1999) that mutations and/or deletions of residues or motifs in the carboxyl terminal
tail of MOP resulted in changes of function, regulation and trafficking of the receptor. For
example, mutation of Ser356 and Ser363 to alanine attenuated agonist-induced MOP down-
regulation without having any effect on receptor phosphorylation (Burd et al., 1998). Thus,
these residues are not phosphorylated and may be involved in interaction with other proteins,
necessary for down-regulation.

In addition, it was shown (Capeyrou et al., 1997) that when all serine and threonine residues
within the third intracellular loop and carboxyl terminal tail of MOP were mutated to alanine,
an increase in MOP binding sites was seen after chronic agonist treatment. As suggested by
the authors, a receptor conformation involved in MOP internalization, degradation and
recycling pathways could be disrupted in the mutant receptor, resulting in a lower rate of
receptor degradation than receptor synthesis, leading to receptor up-regulation. It is unclear
whether the mutant receptor has impaired ability to internalize into endosomes or has an
increased rate of recycling, due to the unphosphorylated state of the receptor (Capeyrou et al.,
1997).

In the light of our results, we suggest that mutation of Ser/Thr residues in the C-tail of MOP
may induce disruption of the MOP-filamin A association, resulting in up-regulation of MOP.
This hypothesis is under investigation.

As observed with other GPCRs, agonist treatment promotes opioid receptor endocytosis via
clathrin-coated pits, followed by trafficking to the lysosomes for receptor down-regulation
upon prolonged treatment with an agonist. Receptor down-regulation is defined as a reduction
in radioligand binding sites as well as in receptor protein.

Ubiquitination mediated by proteasomes has also been implicated in down-regulation of
GPCRs, including the MOP (Chaturvedi et al., 2001; Tsao and von Zastrow, 2000). Extensive
studies in many different cell lines demonstrated MOP down-regulation by different agonists
(Baumhaker et al., 1993; Chakrabarti et al., 1995; Kato et al., 1998; Yabaluri and
Medzihradsky, 1997). Chronic morphine-induced MOP down-regulation has been well
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investigated and characterized in a various cell culture systems, such as SH-SY5Y (Zadina et
al., 1993), HEK (Onoprishvili et al., 1999), CHO (Kato et al., 1998), C6 (Yabaluri and
Medzihradsky, 1997), Neuro2a (Chakrabarti et al., 1995), 7315c (only 20%) (Puttfarcken and
Cox, 1989) and SK-N-SH (Baumhaker et al., 1993).

Opioid receptor up-regulation by antagonist treatment is a well-established phenomenon in
animals and cell cultures. Chronic treatment with opioid antagonists, such as naloxone or
naltrexone, induces up-regulation of opioid receptor density (Bmax) in cell cultures as well as
in animal models. Receptor up-regulation was determined by radioligand binding,
autoradiography and quantitative immuno-localization (Lesscher et al., 2003; Unterwald et al.,
1998; Yoburn et al., 1989; Zadina et al., 1993; Zukin and Tempel, 1986). Antagonist-induced
MOP up-regulation results in an increase in mu agonist-stimulated G-protein activation (Narita
et al., 2001). Studies have demonstrated that up-regulation of radioligand binding sites of MOP
in vivo due to antagonist treatment is not accompanied by an increase in MOP mRNA
(Unterwald et al., 1995) and a protein synthesis inhibitor, cycloheximide, did not block
antagonist-induced MOP up-regulation in cultures of mouse spinal cord-ganglion explants
(Tempel et al., 1986). It has been found that, after antagonist treatment, the number of binding
sites is increased without change in the total receptor number in some brain regions, whereas
in other regions, receptors binding sites are increased with concomitant changes in total
receptor number. This was assessed in adjacent tissue sections of the brain regions by MOP
immunohistochemistry and autoradiography after antagonist administration (Unterwald et al.,
1998). The mechanism of chronic opioid antagonist induced up-regulation is not fully
understood.

As stated, up-regulation of opioid receptors by agonists in cell culture has, to our knowledge,
not been reported previously. However, such studies in cell cultures have been published for
several other GPCRs. Different laboratories have reported an increase in the density of D2 (but
not D1) dopamine receptors after agonist treatment (Filtz et al., 1994; Ng et al., 1997; Starr et
al., 1995; Zhang et al., 1994). Construction of chimeric mutants of D1/D2 receptors suggested
that trans-membrane region V and the third cytoplasmic loop are involved in agonist-induced
D2 dopamine receptor up-regulation (Starr et al., 1995). Filtz at el (Filtz et al., 1994) also
reported up-regulation of D2 dopamine receptors expressed in HEK-293 cells. Agonist-
induced receptor up-regulation was found for 5-HT1A receptors, stable expressed in CHO cells
(Cowen et al., 1997). Both Cowen et al and Filtz et al suggested, based on their evidence, that
up-regulation of GPCRs by agonists involves a different mechanism from up-regulation by
antagonists..

The effects of chronic morphine administration on MOP binding site density have also been
investigated in animal brain and brain regions. These studies produced all possible changes in
MOP density, namely, up-regulation (Besse et al., 1992; Brady et al., 1989; Fabian et al.,
2002; Fabian et al., 2003; Holaday et al., 1982; Ray et al., 2004; Rothman et al., 1991; Schmidt
et al., 2003; Vigano et al., 2003), down-regulation (Bhargava and Gulati, 1990; Meuser et al.,
2003; Werling et al., 1989) or no change (Polastron et al., 1994; Stafford et al., 2001; Turchan
et al., 1999). Some of these results appear to be regional differences, but others, performed on
whole brain or the same regions of the same animal, appear to be discrepancies between
different laboratories.

In conclusion, the present study reveals that chronic treatment with morphine and several other
opioid agonists induces a marked increase in receptor binding sites in cells lacking filamin A.
To the best of our knowledge, this is the first report of up-regulation of MOP by morphine and
related agonists in cell culture.
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4. Experimental Procedure
4.1. Materials

[3H]Diprenorphine (50–55 Ci/mmol) was purchased from PerkinElmer Life and Analytical
Sciences, [35S]GTPγS (1100–1200 Ci/mmol) was obtained from GE Healthcare. [3H]DAMGO
(44–48 Ci/mmol), Morphine sulfate, DAMGO, naloxone and other drugs were supplied by the
National Institute on Drug Abuse. Minimum Essential Medium, Lipofectamine and 0.25%
Trypsin-EDTA were obtained from Invitrogen. Pertussis toxin (isolated from B. pertussis) was
purchased from List Biologicals (Cat. # 181)

4.2. Cell culture and treatment
Human melanoma cell lines M2 and A7 expressing myc-tagged human mu opioid receptor
(MOP) (Onoprishvili et al., 2003) were maintained in Minimum Essential Medium (MEM)
supplemented with 8% newborn calf serum and 2% fetal bovine serum. M2 cells do not express
filamin A endogenously, whereas the M2 subclone, A7, is stably transfected with human
filamin A cDNA and expresses filamin A (Cunningham et al., 1992). Cells were incubated in
serum-free MEM containing the ligand to be studied at 1μM concentration for 24 hours at 37°
C, unless indicated otherwise. To ensure complete removal of the drug after treatment,
additional control samples of the cells were used, where drugs were added to the cells and
removed immediately (0 min treatment). The difference of receptor density between untreated
control and 0 min treatment controls was less then 5%. For toxin treatment, cells were incubated
with 100ng/ml pertussis toxin (PTX) for 24 hours in a serum-free MEM in the absence or
presence of 1μM morphine. After the treatment, the cells were washed 3 times with PBS,
detached from flasks and washed again 3 times with PBS by centrifugation to remove any
residual ligand.

4.3. Receptor Radioligand Binding
For radioligand binding assays, the cells were washed with PBS and the final pellets were
homogenized in 50mM Tris/1mM EDTA buffer (cell homogenate). For saturation
experiments, increasing concentrations of either [3H]DAMGO (0.25–5nM) or [3H]
diprenorphine (0.05–2nM) were used. Down-regulation experiments were performed, using
1.5nM or increasing concentrations (0.2–2nM) of [3H]diprenorphine or [3H]DAMGO (3.5nM
or increasing concentrations 0.25–5nM). Nonspecific binding was determined in the presence
of 1 μM naloxone. For all binding experiments cell homogenates or cell membranes
(Onoprishvili et al., 1999) were incubated at room temperature for 1 hour. The samples were
filtered through glass fiber filters and filter-retained radioactivity was measured in a Beckman
scintillation counter using EcoScint A.

4.4. [35S]GTPγS binding assays
Cell membranes from control and morphine-treated (1μM for 24 hrs) M2 and A7 cells
expressing myc-tagged MOP were prepared as previously described (Onoprishvili et al.,
1999). An aliquot of frozen membranes were diluted in a 50 mM Tris–HCl buffer, pH 7.4,
containing 3 mM MgCl2, 0.2 mM EGTA, 100 mM NaCl, 10 μM GDP and 10μg/ml Saponin.
Samples (25–30 μg) were pre-incubated for 15 min with DAMGO (10−8–10−5M) in a 1 ml
volume. [35S]GTPγS (GE Healthcare; 1100–1200 Ci/mmol) was added at a concentration of
0.05 nM to each sample and incubated for an additional 45 min at 30°C. Nonspecific binding
was determined in the presence of 10 μM GTPγS and the basal binding was assessed in the
absence of the mu opioid agonist DAMGO. Each experiment was carried out on triplicate
samples. The reaction was terminated by rapid filtration. Bound radioactivity was determined
in a Beckman liquid scintillation counter using Ecoscint A (National Diagnostics).
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4.5. Western blot analysis
Melanoma cells were incubated with or without 1μM morphine in MEM serum free medium
for 24 hours at 37°C. After treatment, the cells were washed in PBS and then lysed in a buffer
containing 50 mM Tris, pH 7.4, 1% Triton X-100, 10% glycerol, 300 mM NaCl, 1.5mM
MgCl2, 1mM CaCl2 and protease inhibitors. Cell lysates were kept on ice for 30 min and then
centrifuged at 15,000 rpm for 15 min. The supernatants were saved and protein concentration
was determined using Bio-Rad DC Protein Assay Kit (Bio-Rad Laboratories). Equal amounts
of protein (10 μg) was loaded on polyacrylamide gels (ISC) and separated by electrophoresis.
After transferring the samples onto nitrocellulose membranes, they were blocked in a buffer
containing 5% milk, 25mM Tris, 100mM NaCl and 0.05% Tween-20. Western blot analysis
was performed using 1: 1,500 dilution of polyclonal anti-myc (Santa Cruz). To ensure that
approximately equal amounts of the proteins were loaded on the gel, nitrocellulose membranes
were probed with 1: 10,000 dilution of monoclonal anti-tubulin antibodies (Sigma).
Immunoblots were visualized by the enhanced chemiluminescence method (Pierce).

4.6. Data analysis
The radioligand binding and the concentration-response data were analyzed by nonlinear
regression and sigmoidal dose-response curves, respectively, using GraphPad Prism software.
The data from multiple experiments (from three to seven) were averaged and expressed as
mean ± SEM values. The statistical comparisons were performed by unpaired Student’s t-test
and/or Two-way ANOVA followed Bonferroni test or Fisher’s Protected t-test.
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Abbreviations
GPCR  

G protein-coupled receptor

PTX  
Pertussis toxin

MOP  
mu opioid receptor

DAMGO  
[D-Ala2,N-MePhe4-Gly-ol5]enkephalin
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Fig. 1.
Concentration curves for the effect of chronic morphine treatment on [3H]diprenorphine
binding in melanoma cells expressing MOP. A7(+filamin A) and M2(−filamin A) cells
expressing MOP (A7MOP and M2MOP) were pretreated with various concentrations of
morphine for 24 hours at 37°C. Radioligand binding was performed with saturating
concentration of [3H]diprenorphine (1.5nM). Results are shown as binding site levels in
morphine-treated cells, expressed as % of binding site levels in untreated cells (A7- open
squares and M2 filled squares). Data are the mean ± SEM values from at least five independent
experiments.
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Fig. 2.
Time course of the effect of morphine treatment on [3H]diprenorphine binding in melanoma
cells expressing MOP. A7, +filamin A (open bars) and M2, −filamin A (filled bars) cells
expressing MOP were pretreated with 1μM morphine for indicated time intervals. Radioligand
binding was performed with a saturating concentration of [3H]diprenorphine (1.5nM). Results
are plotted as binding site level of morphine-treated cells, expressed as % of binding site level
in untreated cells. Data are the mean ± SEM values from three independent experiments.
Asterisks indicate significant differences between morphine-treated and untreated samples, *,
P < 0.05 and **, P < 0.001.
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Fig. 3.
Effect of chronic morphine treatment on [35S]GTPγS binding to membranes of melanoma cells.
The cell membranes of control and morphine-pretreated (1μM for 24 hours) A7MOP, +filamin
A (A) and M2MOP, −filamin A (B) cells were used to measure DAMGO-stimulated [35S]
GTPγS binding. Data are expressed as percent increase in [35S]GTPγS binding compared to
unstimulated basal levels. Data are the mean ± SEM values from four independent experiments.
The results were analyzed by nonlinear regression using the GraphPad Prizm program.
Asterisks indicate significant differences between treated and untreated samples, *, p < 0.01
and **, p < 0.001.
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Fig. 4.
Effect of pertussis toxin treatment on agonist and antagonist binding in melanoma cells
expressing MOP. A7MOP, + filamin A ( open bars) and M2MOP, −filamin A (filled bars) cells
were incubated with 100ng/ml pertussis toxin (PTX) for 24 hours in the absence or presence
of 1μM morphine. After treatment, radioligand binding was performed with [3H]diprenorphine
(1.5nM) (A) and [3H]DAMGO (3.5nM) (B). Data are the mean ± SEM values from four
independent experiments. The statistical significance of differences between morphine-treated
and PTX/morphine treated cells is indicated by asterisks (*, P < 0.05 and **, P < 0.001).
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Fig. 5.
Effect of treatment with various ligands on [3H]diprenorphine binding in melanoma cells in
the presence of morphine. A7MOP, +filamin A ( open bars) and M2,MOP, −filamin A ( filled
bars) cells were pretreated with various ligands (1μM), as indicated, in the presence of 1μM
morphine (M) for 24 hours. Radioligand binding was performed with [3H]diprenorphine
(1.5nM). Data are the mean ± SEM values from three to seven independent experiments. The
statistical comparisons were performed by unpaired Student’s t-test and two-way ANOVA
followed by Fisher’s Protected t-test. To control experiment-wise error a P<0.01 value was
considered to be a statistically significant.
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Fig. 6.
Effect of chronic morphine treatment on MOP immunoreactivity in melanoma cells. Western
blot analysis was performed on lysates from A7 (+filamin) and M2(−filamin) cells expressing
myc-tagged MOP in the absence and presence of morphine (24 hrs), as described in “Materials
and Methods”. The blots were probed with anti-myc antibodies to detect MOP. To ensure that
approximately equal amounts of the proteins were loaded on the gel, nitrocellulose membranes
were probed with anti-tubulin antibodies. The images of immunoblots from four independent
experiments were quantified by densitometric scanning using NIH Image J 1.37v analysis
software. Data are the mean ± SEM from four independent experiments shown on the
histograms. **, p < 0.001 indicates significant differences from control samples.
Representative immunoblots are shown below the histograms.
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Table 1
Ligand-induced changes in MOP binding site levels in melanoma cells

Receptor Level (% of control)

Ligand (1μM) M2-MOP A7-MOP

Agonists
DAMGO 109±3.3 30±0.9*
Morphine 188±4.8* 63±3.7*
Etorphine# 108±3.8 27±3.2*
Methadone 173±8.3* 56±2.0*
Levorphanol 179±6.9* 47±1.5*
Etonitazene 110±11.1 33±2.5*
Antagonists
CTAP 128±3.6* 104±11.5
Naloxone 164±2.6* 130±2.6*
Diprenorphine 98±5.1 95±5.6

A7(+filamin A) and M2 (−filamin A) cells, expressing MOP, were pretreated with 1μM ligand (#except etorphine 0.1 μM), as listed in the table, for 24

hours. Changes in MOP binding was detected by [3H]diprenorphine (1.5nM) binding experiments. The results are the mean ± SEM of at least three
separate experiments. Asterisks indicate significant differences between ligand-treated and untreated samples,

*
P < 0.001.

Brain Res. Author manuscript; available in PMC 2008 October 26.


