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Abstract
The chemokine receptor CXCR4 and the μ-opioid receptor (MOR) are G-protein–coupled
receptors (GPCRs) essential to normal function of the nervous and immune systems. Several
studies suggest that MOR is a key regulator of CXCR4 in the brain; however, the molecular basis
of the opioid/chemokine interaction are not fully understood and may involve different
mechanisms in neuronal and glial cells. Our previous studies demonstrated that MOR stimulation
specifically up-regulates the protein ferritin heavy chain (FHC) - an inhibitor of CXCR4 - in
neurons and suggested additional mechanisms could be operative in glial cells. In this study, we
investigated CXCR4 function in brains and astroglia cultures deprived of MOR. Reduced coupling
of CXCR4 to G proteins was found in brain slices and tissue homogenates of MOR−/− mice
compared to wild type (WT) controls. CXCR4-induced signaling was also reduced in glial
cultures from MOR−/− mice, as shown by analysis of CXCR4 downstream targets (Akt and
ERK1/2). Pharmacological studies with δ-opioid receptor (DOR)-specific ligands suggested that
DOR-CXCR4 interactions are implicated in the inhibition of CXCR4 in MOR-deficient cells both
in vitro and in vivo. Moreover, increased CXCR4/DOR co-immunoprecipitation was found in
brain tissue and cultured glia from MOR−/− mice. Importantly, CXCR4 function was restored by
pretreatment with a DOR antagonist. Overall, these findings indicate that DOR play a crucial role
in the regulation of CXCR4 in glia, likely via silent receptor heterodimers. The data also suggest
that the opiate system interferes with normal CXCR4 function in different ways and depending on
receptor subtypes.
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INTRODUCTION
Chemokines play important roles in the central nervous system (CNS) under both healthy
and pathological conditions. CXCL12 (a.k.a. SDF-1α) is one of the best-characterized
chemokines in the CNS, involved in development and regulation of essential neuronal/glial
functions, including neurotransmission, neuron-glia communication, and cell survival
(Lazarini et al 2003; Li & Ransohoff 2008). The effects of CXCL12 in the brain are mainly
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mediated by its specific receptor, CXCR4, as demonstrated by studies using CXCR4 or
CXCL12 knockout animals (Ma et al 1998; Zou et al 1998). The recently de-orphanized
receptor CXCR7 can modulate CXCL12 function (Levoye et al 2009; Zabel et al 2009), but
evidence about its signaling role in the CNS is scanty. CXCL12/CXCR4 signaling in
neurons promotes their survival and protects them from excitotoxic stimuli, such as
overactivation of glutamate receptors and exposure to HIV-1 proteins (Cook et al 2010;
Meucci et al 1998; Nicolai et al 2010). However, neurotoxic actions of CXCR4 have also
been reported and usually involve glia (Cali’ et al 2010). Thus, it is important to identify
specific pathways that regulate CXCR4 in different CNS cells.

Opiates can alter the effects of chemokines in the brain via complex interactions that involve
effects on all major cell types (i.e. neurons, astroglia, microglia) or cell-to-cell
communication (Bell et al 2002; Donahoe & Vlahov 1998; Hauser et al 2005; Hauser et al
2006). Opioid and chemokine receptors are widely expressed in the CNS and immune
system (Burbassi et al 2008; Hauser et al 2006; Sharp 2006). As other G-protein-coupled
receptors (GPCRs), these receptors may form dimers, resulting in the modulation of their
function (Devi 2001). For instance, μ-opioid receptors (MOR) form heterodimers with δ-
opioid receptor (DOR), creating a functional unit distinct from MOR or DOR monomer/
homodimer (Decaillot et al 2008; Rozenfeld & Devi 2007). Moreover, studies in immune
cells suggest that CXCR4 can form silent heterodimers with DORs (Pello et al 2008).
However, the clinical relevance of these interactions is still unclear due to paucity of studies
investigating the behavior of endogenous receptors and to the intrinsic difficulty of
addressing this issue in vivo.

We recently found that prolonged exposure of neurons to MOR agonists (i.e. morphine,
endomorphin, or DAMGO) inhibits CXCR4 pro-survival signaling both in vitro and in vivo
(Patel et al 2006; Sengupta et al 2009). This inhibition is due to specific increase in
intracellular levels of the protein ferritin heavy chain (FHC) - a negative regulator of
CXCR4 (Li et al 2006; Sengupta et al 2009). Interestingly, MOR stimulation did not alter
FHC in glia (Sengupta et al 2009), suggesting that opiate-mediated regulation of CXCR4
may be cell-specific. To further characterize the interaction between endogenous CXCR4
and MOR, we used biochemical and pharmacological approaches to study CXCL12/CXCR4
signaling in brain and astroglia cultures from MOR-deficient mice. The results show that
lack of MOR promotes a physical association of endogenous CXCR4 and DOR in glial
cells, which ultimately results in reduced CXCL12 signaling. Thus, changes in MOR
expression can alter the CXCL12/CXCR4 axis via multiple mechanisms.

MATERIALS AND METHODS
Animals

MOR−/− mice (C57BL/6 × 129/Ola, Harlan Laboratories, Frederick, MD, USA) and their
wild-type (WT) littermates (The Jackson Laboratories, Sacramento, CA, USA) were used in
this study (Loh et al 1998). All experiments were performed according to the guidelines for
animal experimentation of the National Institutes of Health (United States). All procedures
were approved by the Drexel University Animal Research Committee for handling
experimental animals.

[35S]GTPγS incorporation in Brain Homogenates
The effect of opioid receptors or CXCR4 activation in cortex/hippocampus was determined
using DAMGO (0.01–10 μM, Bachem Bioscience, King of Prussia, PA, USA), SNC80 (1–
10 μM), naltrindole hydrochloride (1 μM, both from Tocris Bioscience, Ellisville, MO,
USA), and CXCL12 (0.01–10 nM, PeproTech, Inc., Rocky Hill, NJ, USA). [35S]GTPγS
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autoradiography procedure was based on methods reported previously (Burbassi et al 2008).
Briefly, animals were sacrificed and the brain removed; cortex and hippocampus were
dissected and immediately frozen at −80°C. The tissue was homogenized to give a final
concentration of 1 mg tissue/ml in 50 mM Tris–HCl buffer (pH 7.4) at room temperature.
[35S]GTPγS “binding” (i.e. incorporation) was determined by incubating washed
membranes for 45–60 min at 30°C in a total volume of 1 ml of 50 mM Tris buffer, with or
without the indicated drugs. Nonspecific binding was defined by the addition of excess
unlabeled GTPγS (10 μM, final concentration). Furthermore, 1 μM DPCPX (Tocris
Bioscience) was added to each experimental group as reported previously (Burbassi et al
2008). The reaction was terminated by rapid filtration through Whatman GF/B filters, using
a Brandel Cell Harvester (Brandel, Gaithersburg, MD, USA); the filters were washed (3 × 5
ml) with ice-cold 20 mM Tris–HCl buffer (pH 7.4); the radioactivity retained on the filters
was counted by liquid scintillation spectrophotometry. Results were mean ± SEM of three to
six independent experiments performed in duplicate.

In Vivo Treatments and in Situ [35S]GTPγS Autoradiography
MOR−/− mice and WT littermates in their second postnatal week (both genders) were used
in this study. Morphine sulfate (20mg/kg, Sigma-Aldrich, St. Louis, MO, USA) and
naltrindole hydrochloride (1mg/kg, Tocris Bioscience) were dissolved in physiological
saline. All drugs were subcutaneously injected in a volume of 1 ml/kg. Mice were
euthanized at indicated times after injection of the drugs. The brain was rapidly removed,
frozen, and stored at −80°C. The procedure for [35S]GTPγS autoradiography was based on
established methods (Burbassi et al 2008). Briefly, 20-μm frozen coronal sections were
thaw-mounted onto slides subbed with chrome-aluminum. Slides were preincubated in
mailers for 40 min at 25°C in assay buffer (Tris–HCl, 50 mM; MgCl2, 4 mM; EGTA, 0.3
mM; NaCl, 100 mM; pH 7.4) followed by 20 min incubation in 2 mM guanosine
diphosphate (GDP) assay buffer. Sections were then incubated for 2 hr at 25°C in assay
buffer containing both [35S]GTPγS (0.04 nM, 1250 Ci mmol) and 2 mM GDP. Each mailer
contained vehicle (basal condition), 50 nM CXCL12 (Peprotech), 1 μM DAMGO (Bachem
Bioscence), 1 μM SNC80 (Tocris Bioscience), or unlabeled GTPγS (10 μM, nonspecific
binding). After incubation, slides were rinsed twice in cold Tris–HCl (50 mM, pH 7.4), then
briefly in cold deionized water, dried immediately, and desiccated overnight. Slides were
apposed to Kodak Biomax MS film (Eastman Kodak Company, Rochester, NY, USA) for
48 hr. Images from the developed films were scanned and quantified using Image Pro-Plus
Version 4.5 software (MediaCybernetics, Bethesda, MD, USA).

Cell Cultures
Primary glial cells were harvested from brain cortex of 2–4 days old mice and cultured as
previously described (Meucci & Miller 1996; Shimizu et al 2007) in 75-cm2 flasks in
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal calf serum and 50 μg/
ml gentamicin. On day 14 in vitro (DIV) cells were harvested, and secondary glia, mainly
astroglia cells (>95%, as determined by GFAP staining) were plated on 60-mm culture
dishes (0.5 × 106/per plate). Unless otherwise specified, cell culture products were
purchased from Invitrogen (Carlsbad, CA, USA).

Western Blots Analysis
a) Whole cell lysates: Cell lysates were prepared following drug treatment as described
previously (Sengupta et al 2009). Briefly, secondary glia was washed with ice-cold
phosphate-buffered saline (PBS), collected in lysis buffer (150 mM NaCl; 50 mM Tris;
0.5% sodium deoxycholate; 0.1% SDS; 10 mM Na4P2O7; 5 mM EDTA; 1% Triton X; and
1% protease and phosphatase inhibitor cocktail), and then incubated on ice, for 30 min.
Lysates were spun and protein concentration of the supernatants was determined using the
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bicinchoninic acid protein assay according to manufacturer’s instructions (Pierce, Thermo
Scientific, Rockford, IL, USA). Equal amounts of protein (40 μg/lane) were loaded for SDS-
PAGE followed by immunoblotting. b) Tissue Homogenates: Mouse brain hippocampi/
cortices were washed once with ice-cold PBS and incubated in TNN buffer (50mM Tris/HCl
pH 7.4′ 50mM Hepes; 150mM NaCl; 1%Triton; 1.5mM MgCl2; 1% protease and
phosphatase inhibitor cocktail) on ice for 10 min followed by centrifugation. Protein
concentration of the supernatant was measured by bicinchoninic acid. We used 40μg/lane of
protein for SDS-PAGE followed by immunoblotting. c) Cell Surface Protein Isolation: The
Cell Surface Protein Isolation Kit (Pierce, Thermo Scientific, USA) was used according to
manufacturer’s protocol as we previously described (Sengupta et al 2009). A sample of the
initial cell lysate was also retained for analysis of total proteins. Proteins were eluted from
the column and loaded for SDS-PAGE, followed by immunoblotting.

The following antibodies were used: anti-CXCR4 [H-118 and G-19, raised against amino
acids 176 to 293 and N-terminus, respectively (Abcam, Cambridge, MA, USA) (1:1000)]
and anti FHC (Y-16) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) (1:500); anti-Akt,
anti-phosphoAkt (Ser473), anti-ERK, and anti-phosphoERK (Cell Signaling, Boston, MA,
USA) (1:2000); anti-β-actin (Sigma-Aldrich, 1:5000); anti-MOR (Santa Cruz Biotecnology)
(1:1000); anti-DOR (residues L(3)VPSARAELQSSPLV(17), ABR Affinity BioReagents,
Golden, CA, USA) (1:1000); and anti-KOR (residues S(262)REKDRNLRRITKL(275),
ABR Affinity BioReagents) (1:1000). An image acquisition- (Alpha Innotech, San Leandro,
CA, USA) and software-analysis system (UN-SCAN IT software, Silk Scientific, Orem, UT,
USA) was used for detection of chemiluminescent bands and densitometric analysis. Values
from actin, Akt, ERK, or total CXCR4 bands were used to verify equal protein loading and/
or normalization as reported in the text. All experiments were repeated at least three times.

RNA Extraction and Reverse Transcription PCR (RT-PCR)
Total RNA was isolated from mice brain tissue (cortex/hippocampus) using TRIzol Reagent
(Invitrogen) and purified using an RNeasy midi kit (Qiagen, Valencia, CA, USA) as
reported previously (Sengupta et al 2009; Shimizu et al 2007). Total RNA was reverse
transcribed to cDNA. cDNA was amplified by PCR for 35 cycles using specific primers for
mouse CXCR4 (For: GGT CTG GAG ACT ATG ACT CC; Rev: CAC AGA TGT ACC
TGT CAT CC), MOR (For: GTG TGT AGT GGG CCT CTT TGG; Rev: TCT ATG GAC
CCC TGC CTG TATT), DOR (For: CCG GTA CAC CAA ATT GAA GACC; Rev: AAC
TGG AGC ATG CAT ACC ACTG), KOR (For: TGT TTG TCA TCA TCC GAT ACA CG;
Rev: AAA CTG CAA GGA GCA TTC AATG). Products were run on a 3% agarose gel and
visualized under ultraviolet light using ethidium bromide. Samples in which no reverse
transcriptase (no RT) was added were used as negative control. Values from the
housekeeping gene β-actin (For: TGG AAT CCT GTG GCA TCC ATG AAAC; Rev: TAA
AAC GCA GCT CAG TAA CAG TCCG) were used to verify equal mRNA loading.

Quantitative PCR (qPCR)
Total RNA was extracted from brains (cortex/hippocampus), and cDNA was synthesized as
mentioned previously. TaqMan primer setsfor the amplification of MOR, DOR, KOR, and
CXCR4 (Applied Biosystems, Foster City, CA, USA #Mm01188089_m1,
Mm00443063_m1; Mm00440561_m1, Mm99999055_m1, respectively) and mouse β-actin
binding protein (Applied Biosystems, Mm00607939_m1) cDNAs as internal standard were
used. Amplification was carried out on an ABI Prism 7300 Real-Time PCR System
(Applied Biosystems Inc.) using TaqMan Universal PCR Master Mix (Applied Biosystems
Inc.) according to manufacturer’s instructions. Reactions were carried out in optical 96-well
fast-reaction plates (Applied Biosystems Inc.) with 20μl reaction volume containing 50 ng
of reverse-transcribed mRNA. A standard curve for each gene was generated to determine
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the linear range and amplification efficiency of each sample. The ΔΔCT method was used to
analyze the data. Level of each gene was expressed relative to fold change after
normalization to that of the housekeeping gene β-actin. Real-time PCR quantifications were
performed in quadruplicate from six independent experiments.

Immunoprecipitation Assay
500 μg of total cell lysate or homogenized tissue was transferred to a 1.5-ml microfuge tube
on ice and precleared using the rabbit ExactaCruz FLIP matrix (Santa Cruz Biotechnology)
for 30 min at 4°C. An immunoprecipitation (IP) antibody–IP matrix complex was prepared
according to manufacturer’s instructions using primary anti-CXCR4 or anti-DOR antibody
as we previously reported (Sengupta et al 2009). Samples were boiled for 2–3 min and
resolved on a 10% polyacrylamide gel.

Statistical Analysis
Data are reported as mean ± SEM and total number of experiments (performed at least three
times). Statistical analysis was performed by one-way analysis of variance followed by
Newman Keuls post-test or paired/unpaired Student t test. P and F values are reported in the
figure legends.

RESULTS
CXCR4 Coupling To G Proteins Is Reduced in the Brain of MOR−/− Mice

To establish whether the physical absence of MORs alters coupling of CXCR4 to G
proteins, CXCL12-induced G-protein activation was measured using in situ GTPγS
autoradiography as previously reported (Burbassi et al 2008). This assay assesses receptor
activation by measuring guanine nucleotide exchange, an early event in GPCR-mediated
signaling (Sim et al 1996). As reported in Figure 1a (left graph), CXCL12-induced GTPγS
incorporation was abolished in MOR−/− brain slices; the CXCR4 impairment was observed
in different brain areas, including the medial and lateral cortex and the hippocampus (CA1,
CA2, and CA3). Furthermore, as expected, G-protein stimulation by the potent and selective
MOR agonist DAMGO was also inhibited in these mice (Figure 1a, right graph).
Representative images for CXCL12 and DAMGO stimulation in brain slices of WT and
MOR−/− animals are presented in Figure 1b, indicating a loss in normal CXCR4 function
associated with the lack of MOR in vivo. These data were confirmed by parallel studies in
brain homogenates of MOR−/− and WT mice pups (P2-P11) testing various concentrations
of CXCL12 (0.01–10nM) or DAMGO (0.01–10 μM). In line with the previous data, no
GTPγS incorporation was induced by these ligands in cortical/hippocampal membranes
derived from MOR deficient mice (Figure 1c, right panel); a response to CXCL12 was
observed only in the samples from WT animals, reaching the maximum stimulation at 10
nM (Figure 1c, left panel). DAMGO increased GTPγS incorporation in WT-derived tissue
but had no effect in the MOR−/− mice, confirming the absence of functional MOR in these
animals (Supplementary Figure S1).

Lack of MOR Impairs CXCL12/CXCR4 signaling without changing FHC levels
As previously mentioned, prolonged stimulation of MOR increases intracellular levels of the
protein FHC in rat neurons, thus inhibiting CXCR4 signaling (Li et al 2006; Sengupta et al
2009). However, DAMGO treatment did not affect FHC protein levels in glial cells
(Sengupta et al 2009), which also express functional MOR and CXCR4 and are a major
target of opiates in the CNS (Hauser et al 2007). To investigate the mechanisms involved in
opioid regulation of glial CXCR4, we compared CXCL12/CXCR4 signaling in glial cultures
from MOR−/− and WT mice. CXCL12 treatment induced only a modest and delayed
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increase in Akt and ERK1/2 phosphorylation in cultures from MOR-deficient animals
(Figure 2a). Compared to the level of Akt and ERK1/2 activation in WT cultures, CXCL12-
induced phosphorylation was reduced by at least threefold in MOR−/− glia (Figure 2b). The
CXCR4 antagonist AMD3100 blocked CXCL12 effects, confirming the role of CXCR4 in
mediating CXCL12-induced responses in MOR-deficient cells (Figure 2a).

To evaluate the possibility that CXCR4 impairment in MOR-deficient cells was due to a
decrease in receptor expression, we analyzed CXCR4 protein/mRNA levels in brain
homogenates and glial cultures from WT and MOR−/− mice. Though an overall increase in
CXCR4 mRNA (figure 3a) and protein (figure 3b) was found in brain homogenates from
MOR−/− mice as compared to wild type, CXCR4 protein levels were not affected in MOR-
deficient cortical glia (figure 3b). This suggests that presence of MOR may control
expression of CXCR4 in specific brain cells population. Furthermore, surface expression of
CXCR4 was comparable in wild type and MOR−/− glia cultures (figure 3c). Overall, these
data show that CXCR4 impairment in MOR−/− tissue is not merely caused by diminished
CXCR4 protein. Moreover, the different results from brain tissue and cell cultures suggest
that regulation of CXCR4 by MOR is cell (and/or region) specific.

Finally, to determine whether stimulation of MOR modulates levels of FHC in mice as we
previously observed in rat (Sengupta et al 2009), MOR−/− and WT mice were treated with
morphine (single injection, 20 mg/kg subcutaneously) and sacrificed after 30 min or 6hr. In
agreement with our observations in rat brain, morphine treatment led to a significant
increase in FHC levels in WT mice only in the 6hr group (Figure 4a/b) and it had no effect
on the regulation of FHC in the MOR-deficient animals (Figure 4b). Furthermore, morphine
inhibited CXCL12-induced GTPγS binding in the brain of WT mice (Supplementary Figure
S2), replicating our results in rats (Sengupta et al 2009). Notably, levels of FHC in saline-
treated MOR−/− and WT mice did not differ (Figure 4c). These findings show that the
MOR-FHC pathway is functional in the mouse brain and suggest that an additional
mechanism must be involved in the regulation of CXCR4 by opioids in glia cells.

Increased Co-Immunoprecipitation of CXCR4 with DOR in MOR−/− cells
Previous studies provide biochemical, molecular, and pharmacological evidence about
dimerization of MOR with DOR in various cell types (Cahill et al 2001; Decaillot et al
2008; Gomes et al 2000; Rozenfeld & Devi 2007; Traynor & Elliott 1993). Also, studies by
Pello et al. (2008) suggest that DOR and CXCR4 can form “silent” heterodimers in immune
cells. These authors proposed that simultaneous treatment with CXCR4 and DOR agonists
(i.e. CXCL12 and DPDPE) further promotes the formation of CXCR4/DOR dimers, which
are unable to signal (hence the term “silent”). Based on these findings, we hypothesized that
endogenous CXCR4 could more easily interact with DOR in glia cells, as a consequence of
MOR−/− absence. Immunoprecipitation experiments in brain tissue (Figure 5a/b, bars on
the left) and glia cultures (Figure 5a/b, bars on the right) showed greater DOR-CXCR4
association in MOR−/− than in WT cells, whereas the amount of κ-opioid receptor (KOR)
that immunoprecipitated with CXCR4 (or DOR) was similar in MOR−/− and WT samples.
These data suggest that increased DOR-CXCR4 interaction may be responsible for the
reduced CXCL12/CXCR4 signaling in MOR-deficient glia – a hypothesis we decided to test
in vitro and in vivo using a pharmacological approach.

Pre-treatment with DOR Antagonist Restores CXCR4 Function in MOR−/− Mice
DOR agonists such as SNC80 (a selective, systemically active, nonpeptidic compound)
induce Akt signaling in different cell types (Forster et al 2007; Heiss et al 2009), including
glia (Fig 6a). Additionally, our data show that co-treatment of MOR−/− glia cultures with
SNC80 and CXCL12 completely prevents Akt phosphorylation (Figure 6a), supporting the
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idea of silent heterodimers. Thus, we measured the levels of G-protein activation in
homogenized brain tissues after co-treatment with the DOR- and CXCR4-specific ligands.
MOR−/− homogenized brain tissues were treated with SNC80 (1–10μm) and/or CXCR4
(10nM) for 1hr. Two different concentrations of SNC80 were tested, as DOR activity may
be partially reduced in mice lacking MOR (Kitchen et al 1997; Matthes et al 1998; Tien et al
2007). In the MOR−/− animals, the higher SNC80 concentration was necessary to induce
GTPγS incorporation, which was still lower than the maximal response in WT mice (Figure
6b). Co-treatment with SNC80 and CXCL12 resulted in lower GTPγS “binding” as
compared to SNC80 alone, in both WT and MOR deficient mice (Figure 6b). Also,
pretreatment for 15 min with the DOR agonist followed by treatment with CXCL12 resulted
in significant CXCL12-induced GTPγS incorporation. These results suggest that, due to the
lack of MOR, DOR interacts more easily with CXCR4; also, previous engagement of DOR
with its specific ligand may help restore CXCR4 function possibly by reducing the pool of
DOR available to CXCR4. However, because both CXCR4 and DOR agonists normally
induce coupling to G proteins, these studies could not determine which receptor was
responsible for the restored GTPγS incorporation. To further investigate this issue, we used
the highly specific DOR antagonist naltrindole. MOR−/− brain homogenate samples were
treated with naltrindole (1μM 15 min) and then incubated with CXCL12 (10nM, 45 min).
The data show that CXCL12-induced GTPγS incorporation was significantly higher in these
samples (Figure 7a) and comparable to the WT levels. Block of DOR under these
experimental conditions was confirmed by stimulating naltrindole-treated tissue with SNC80
(10μM, 45 min); as expected, GTPγS incorporation in the naltrindole+SNC80 group was
lower than the one induced by SNC80 alone.

Finally, we examined whether pretreatment with naltrindole in vivo also resulted in recovery
of CXCL12 responses. Naltrindole is a potent but reversible DOR antagonist showing 124-
fold selectivity for δ versus μ (Ananthan et al 1998). To maintain specificity, we used a
relatively low concentration of naltrindole (1mg/kg) (Hutchinson et al 2000) and we
confirmed the ability of this systemic treatment to block DOR by testing SNC80-induced
responses in brains of naltrindole-treated animals ex vivo. WT and MOR−/− mice received a
single injection of naltrindole or saline (1mg/kg, subcutaneously) and were killed 1, 3, or 5
hr after the injection. Brain slices from all groups of animals were treated with SNC80,
CXCL12, or vehicle and processed for GTPγS autoradiography according to the procedure
described previously. As shown in Figure 7b, pretreatment in vivo with naltrindole led to a
substantial and long-lasting reduction in the SNC80–induced incorporation of [35S]GTPγS
in the brains of WT mice. Due to the steps involved in the GTPγS procedure (e.g. the lag
time between in vivo treatment and the ex vivo assay), we do not expect full inhibition of the
SNC80–induced incorporation in these experiments. Nevertheless, naltrindole markedly
increased CXCL12-induced incorporation in MOR−/− mice (Figure 7c). This increase was
time-dependent and reached a maximum at 3hr after injection of the DOR antagonist in vivo.
Overall, these findings indicate that DOR plays a major role in opioid-mediated inhibition of
CXCR4 both in vivo and in vitro.

DISCUSSION
The interaction between the chemokine and opioid systems has received considerable
attention in recent years as it can significantly affect their ability to coordinate essential
functions of the immune and nervous systems (Devi 2001; Steele et al 2002). The reciprocal
regulation of chemokines by opioids and viceversa may also contribute to various
pathological processes, including HIV infection, neuroAIDS, and pain (Hauser et al 2006).
Building on previous reports in both native and recombinant systems, we have been
focusing on the opiates inhibition of the CXCL12/CXCR4 axis in the brain. Alteration of
normal CXCR4 signaling can contribute to neuropathology in different ways, including by
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preventing the neuroprotective function of CXCL12 and/or inducing neurotoxic pathways
(Bezzi et al 2001; Khan et al 2008; Meucci et al 1998; Vergote et al 2006). The present
study provides both in vitro and in vivo evidence highlighting multiple (and possibly cell-
specific) mechanisms responsible for regulation of endogenous CXCR4 by opioid receptors.
Here we have characterized an FHC-unrelated regulation of CXCR4 in glia cells that
involves interaction of CXCR4 with DOR. In line with previous observations in immune
cells (Pello et al 2008), the results suggest that CXCR4 and DOR form silent dimers (or
multimeric complexes) in brain glia. Our IP studies indicate that these CXCR4-DOR
complexes are expressed under basal (i.e. unstimulated) conditions but can be regulated by
DOR- and CXCR4-specific ligands. More importantly, the data suggest that the CXCR4/
DOR interactions are favored in the absence of MOR. Therefore, therapeutic administration
of specific combinations of receptor agonists/antagonists may be potentially used to elicit
selected receptors responses in vivo. However, additional studies are required to determine
whether the CXCR4/DOR interaction is a direct (i.e. immediate) effect of MOR depletion or
a consequence of long-term compensatory changes due to lack of MOR. In both cases these
studies unveil an important link between endogenous CXCR4 and DOR in glia.

Unlike the MOR, which is primarily expressed on cell surfaces, DOR is stored mainly in
dense core vesicles (Hack et al 2005; Ma et al 2006). Its redistribution to the plasma
membrane is promoted by several stimuli including inflammatory pain, stress (Commons
2003), and chronic morphine treatment (Cahill et al 2001). Therefore, it is possible that
DOR-CXCR4 dimers may contribute to the inhibition of CXCR4 observed in morphine-
treated neurons (Sengupta et al 2009); the relationship with FHC remains to be established.

Conversely, in line with previous studies (Morinville et al 2003), DOR expression on the
surface of MOR−/− glia was similar to that of WT glia, suggesting that the presence of
MOR is not required for expression of DOR under basal conditions. The finding of CXCR4/
DOR complexes in both MOR−/− and WT cells also supports this conclusion. However,
increased levels of CXCR4 mRNA and total protein (but not changes in surface CXCR4)
were found in MOR−/− cells. This may be due to a feedback mechanism caused by reduced
CXCR4 signaling and confirms the primary role of MOR in regulation of CXCR4. Altered
intracellular trafficking of heterodimers can also account for the difference between total
and surface CXCR4 protein as well as the reduced CXCR4 signaling, as GPCRs
heterodimerization can change endocytic fate of individual receptors (Jordan et al 2001). It
would be interesting to investigate whether chaperone proteins that contribute to cell surface
expression of heterodimers - such as receptor transporting protein (RTP) and receptor
expression enhancing protein (REEP) - are altered in MOR-deficient glia.

Overall, this study shows a dynamic interaction between DOR and CXCR4 in glia cells that
differs from the MOR-FHC-CXCR4 pathway operative in neurons (Sengupta et al 2009).
While our previous studies highlight a main role of FHC in the long-term cellular
adaptations leading to inhibition of neuronal CXCR4 by MOR, CXCR4 regulation in glia
cells heavily depends on DOR and does not seem to correlate with changes in FHC. On the
other hand, the downregulation of CXCR4 by KOR agonists primarily involve heterologous
desensitization mechanisms, as suggested by others (Rogers et al 2000) and by data not
shown (Sengupta, Burbassi, Meucci et al, unpublished). Hence, though all opioid receptor
subtypes can affect CXCR4 function in the brain, different mechanisms may predominate in
glial and neuronal cells. However, the possibility that FHC may facilitate DOR-CXCR4
interactions in morphine-treated neurons cannot be excluded and it is currently being
investigated.

To conclude, these findings contribute to our understanding of the behavior of endogenous
chemokine and opioid receptors and the consequences of their interaction on the regulation
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of CXCR4 in vivo. Given the reported roles of CXCR4 in neuronal survival/differentiation
as well as in neuronal-glial communication, alterations in CXCR4 may affect neuronal
function and survival in different ways. Inhibition of the pro-survival signaling mediated by
neuronal CXCR4 may “precipitate” neurotoxicity under those pathological conditions
characterized by proteolityc cleavage of CXCL12 (which reduces its binding to CXCR4),
such as HIV neuropathology (Jones et al 2007; Vergote et al 2006). This would be
detrimental in certain patient populations that use or abuse opiates – i.e. patients treated with
morphine for chronic pain or HIV-infected subjects using illicit drugs. However, the
outcomes of CXCR4 regulation on glia may be quite different depending on their activation
state. Therefore a clear understanding of the opioid-chemokine interaction in different CNS
cell populations may have important therapeutic implications, as it would help identify the
best course of action based on the relative contribution of neurons and glia to the underlying
pathology. Additional investigations of native systems are necessary to possibly reach this
goal.
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Figure 1. CXCR4 coupling to G proteins is reduced in the brains of MOR−/− animals
(a) Coronal brain sections of wild type and MOR−/− mice were treated with CXCL12
(50nM) or DAMGO (1μM) and processed for GTPγS autoradiography. Analysis was
performed in different areas of the brain: the medial cortex (MC), lateral cortex (LC), and
hippocampus (fields CA1, CA2 and CA3). Data are expressed as mean ± SEM of n=3
animals per group. A statistically significant difference was observed in MOR−/− compared
to WT brain sections in all of these areas (CXCL12-induced GTPγS incorporation: t8=4.159,
P=0.0032; DAMGO-induced GTPγS incorporation: t8= 7.984, P < 0.0001). (b)
Representative autoradiographs of GTPγS incorporation after vehicle-(i.e. basal), CXCL12-
(center panels), and DAMGO- (right panels) stimulation of WT and MOR−/− pups are
shown. Scale bar, 1mm. (c) Brain homogenates (cortices and hippocampi) of P2-P11 WT
(left panel) and MOR−/− (right panel) pups were exposed to different doses of CXCL12, as
indicated. Graphs represent the mean ratio of agonist-stimulated GTPγS binding over basal
(n=5) ± SEM. [F4, 95= 2.876, O P > 0.05 versus basal].
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Figure 2. Lack of MOR affects the kinetics and magnitude of CXCR4-mediated ERK1/2 and Akt
phosphorylation
(a) Effect of 20nM CXCL12 for indicated amounts of time on Akt and ERK
phosphorylation in MOR−/− glial cultures as determined by immunoblotting for pAkt and
pERK. Membranes were stripped and reprobed for Akt/ERK to confirm equal loading.
Pretreatment with the CXCR4 antagonist AMD3100 (100nM, 15 min) abolishes CXCL12-
induced phosphorylation. The bar graphs represent the mean ± SEM of pAkt or pERK
densities normalized to total protein levels and represented with respect to control levels
from four independent identical experiments. (pAkt/Akt: F11, 408= 4.333, n=4, *P < 0.05; #P
< 0.01 vs respective CXCL12 alone; pERK/ERK: F11, 408= 3.113, n=4, *P < 0.05; #P < 0.01
vs respective CXCL12 alone). (b) WT and MOR−/− glial cultures were treated with
CXCL12 (20 nM) for the indicated times and processed for pAkt/Akt (left) or pERK/ERK
(right) immunoblotting as reported above. The bar graphs represent the mean ± SEM of
pAkt or pERK densities normalized to total protein levels and represented with respect to
control levels from three independent identical experiments. In both graphs and for every
treatment, CXCL12-induced phosphorylation is significantly higher in WT cultures than in
MOR−/− cultures (pAkt/Akt: F11,408= 6.008, p<0.0001; pERK/ERK: F11,408= 6.110,
p<0.0001).
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Figure 3. Impairment of CXCR4 activity is not due to a reduction in its expression in MOR−/−
mice
(a) Expression of the mRNA encoding for CXCR4 was examined via RT-PCR and
quantitative PCR in brains (cortices + hippocampus) from WT and MOR−/− mice (n=6
animals per group). The graph shows relative changes in CXCR4 expression as assessed by
qPCR (t10= 5.018, ≠ P =0.0003 versus WT, Student’s t-test). All values were normalized to
the housekeeping gene β-actin. The image shows representative results from RT- PCR
analysis (n=4). (b) CXCR4 protein levels in WT and MOR−/− brains (left) and glial cultures
(right). Brain extracts and whole-cell extracts were run on 10% SDS-PAGE, followed by
immunoblotting using a CXCR4-specific antibody. Membranes were stripped and reprobed
for actin to confirm equal loading. The bar graphs represent CXCR4 band density (mean ±
SEM), represented with respect to WT levels (t4= 3.443, ≠ P = 0.0131, Student’s t-test,
n=3). (c) Immunoblots of cell-surface proteins showing no significant differences between
the levels of CXCR4 and DOR in WT and MOR−/− glial cells collected from three separate
experiments (each lane contains extracts from a different WT or MOR−/− cell culture).

Burbassi et al. Page 14

Eur J Neurosci. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Morphine does not increase the levels of FHC in MOR−/− mice
(a, b) WT and MOR−/− mice were injected with saline (1 ml/kg) or morphine (20 mg/kg, 1
injection) and sacrificed after 30 min or 6 hr. Tissue homogenates (cortices and hippocampi)
were run on a 10% SDS-PAGE followed by immunoblotting using an FHC-specific
antibody. The bar graph shows FHC band density normalized to actin and represented with
respect to the control (mean ± SEM from 3 separate immunoblots using a total of 3 animals/
group); in WT animals FHC band density in the morphine-pretreated (6hr) mice is
significantly higher than in the control (F2,15= 9.539, * P < 0.005). (c) Comparison between
the basal levels of FHC in WT and MOR−/− mice: Cortical/hippocampal tissue
homogenates prepared from MOR−/− mice showed no differences in FHC levels compared
to WT (P > 0.05, n=6 animals/each group, i.e. WT and MOR−/−).
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Figure 5. Increased co-immunoprecipitation (IP) of CXCR4 with DOR in brain tissue and glial
cultures
(a) After blotting for CXCR4 and KOR, membranes were stripped and reprobed for DOR to
confirm equal loading (IP in brain homogenates: t6= 3.387, * P < 0.01, Student’s t-test, n=4
animals/group; IP in glia cultures: t6= 6.274, ** P < 0.005, Student’s t-test, n=4 glial
cultures/group). (b) After blotting for DOR and KOR, membranes were stripped and
reprobed for CXCR4 to confirm equal loading (IP in brain homogenates: t4= 19.35, ***P <
0.0001, Student’s t-test, n=3 animals/group; IP in glia cultures: t4= 7.771, *P < 0.005,
Student’s t-test, n=3 glial cultures/group).
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Figure 6. Effect of the DOR agonist SNC80 on CXCL12-induced responses in brain cells
(a) MOR−/− mice glial cells were treated with 20nM CXCL12 or 1μM SNC80 for 10 min,
alone or in combination. Whole-cell extracts were prepared and run on a 10% SDS-PAGE
and immunoblotted for pAkt. Membranes were stripped and re-probed for total proteins to
confirm equal loading (F3, 42: 5.033, ** P < 0.05 vs control and CXCL12/SNC80; n=3). A
representative immunoblot is shown on the right. (b) MOR−/− (left panel) or WT (right
panel) brain homogenates were exposed to 10nM CXCL12 and/or 1–10μM SNC80 as
indicated. G-protein stimulation was determined by GTPγS binding assays. Graphs represent
the mean ratio ± SEM of agonist-stimulated GTP binding over basal (MOR−/−: n=3, F6, 91=
13.06, ** P < 0.005 vs basal; * P < 0.05 vs SNC80 (10μM) and vs basal; WT: n=5, F5, 126=
12.14, *** P < 0.001 vs control; ** P < 0.05 vs CXCL12 alone and vs SNC80 (1μM)).
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Figure 7. Pretreatment with DOR antagonist restores CXCR4 function in MOR−/− mice
(a) MOR−/− mouse brain homogenates were exposed to CXCL12 or DOR agonist
(SNC80)/antagonist (naltrindole) as indicated. The graph represents the mean ratio, ± SEM,
of agonist-stimulated GTPγS incorporation over basal (n=3; F5, 66= 9.2, *** P < 0.001; * P
< 0.05 vs SNC80 alone); (b) WT mice (P9) were pretreated with saline or naltrindole acutely
(acute: single injection, 1 mg/kg, subcutaneously) and killed after the indicated time. Brain
slices were treated with SNC80 (1μM) and processed for [35S]GTPγS autoradiography.
Analysis was performed in the cortex and hippocampus; overall results are reported in the
graphs. Data are expressed as mean ± SEM of three animals for experimental group (F3, 60=
12.87, * P < 0.05 and ** P < 0.005 vs saline-treated WT mice); (c) MOR−/− mice (P9)
were pretreated with saline or naltrindole acutely (acute: single injection, 1mg/kg,
subcutaneously) and killed after the indicated time. Brain slices were treated with CXCL12
(50nM) and processed for [35S]GTPγS autoradiography. Analysis was performed in the
cortex and hippocampus and reported in the graphs. Data are expressed as mean ± SEM of
three animals for experimental group (F3, 60= 4.358, * P < 0.05 and ** P < 0.01 vs saline-
treated).
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