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The chemokine receptor CXCR4 regulates neuronal survival and differenti-
ation and is involved in a number of pathologies, including cancer and hu-
man immunodeficiency virus (HIV). Recent data suggest that chemokines act
in concert with neurotransmitters and neuropeptides, such as opioids. This
study aimed to determine whether μ-opioid agonists alter the effect of CXCL12
(the specific CXCR4 ligand) on central neurons. Neuronal expression of CXCR4
and μ-opioid receptors (MORs) was analyzed by Western blot, immunostain-
ing, and flow cytometry. Single-cell studies showed that all CXCR4-positive
neurons coexpress MORs. Treatment of neuronal cultures with the selective
MOR agonist DAMGO or the endogenous peptide endomorphin-1 inhibited in-
tracellular signaling pathways (ERK1/2 and Akt) activated by CXCL12. Fur-
thermore, DAMGO abolished the neuroprotective effect of CXCL12 in N-
methyl-d-aspartate (NMDA) neurotoxicity studies. The effects of DAMGO and
endomorphin-1 were inhibited by a general or a μ-specific opioid receptor
antagonist, and not caused by changes in neuronal CXCR4 levels. DAMGO
did not affect CXCL12-induced internalization of CXCR4. The authors propose
that interactions between MOR and CXCR4 signaling can modulate the action
of CXCL12 on neuronal survival—which may have important implications to
neuroAIDS as well as other neuroinflammatory disorders. Journal of NeuroVi-
rology (2006) 12, 492–500.
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Introduction

Opioid and chemokine receptors are G-protein–
coupled receptors playing important roles in the im-
mune and nervous system. Both groups of receptors
and their ligands are widely expressed in the brain
throughout life and implicated in neuronal devel-
opment and in neuroimmune responses (Law et al,
2000; Tran and Miller, 2003; Klein and Rubin, 2004;
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Cartier et al, 2005). Furthermore, chemokine recep-
tors, namely CCR5 and CXCR4, mediate infection
of target cells by human immunodeficiency virus
(HIV)-1 and are directly involved in the neuronal in-
jury/death caused by the HIV envelope protein gp120
(Miller and Meucci, 1999; Kaul et al, 2005). The
natural CXCR4 ligand is SDF-1 (recently renamed
CXCL12), one of the best-characterized chemokines
in the central nervous system (CNS) that regu-
lates neural migration, differentiation, and survival
(Lazarini et al, 2003). In vitro, CXCL12 promotes sur-
vival of different types of neurons (Meucci et al,
1998; Chalasani et al, 2003; Khan et al, 2004), but can
also induce neurotoxicity (Kaul and Lipton, 1999)—
likely depending on cleavage by proteases and/or
other unknown factors (Zhang et al, 2003). The cru-
cial role of this chemokine/receptor pair in the cen-
tral nervous system (CNS) in vivo was demonstrated
by studies on animals lacking CXCL12 or CXCR4,
showing serious deficits in hippocampus/cerebellum
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development (Zou et al, 1998; Lu et al, 2002). In-
terestingly, morphine and other μ-opioid receptor
(MOR) agonists inhibit neurogenesis in these brain
areas (Eisch et al, 2000; Hauser et al, 2000).

Crosstalk between opiate and chemokine receptors
in the immune and peripheral nervous systems has
been implicated in the immunosuppressive effects
of opiates and regulates pain perception during in-
flammation. Indeed, a bidirectional heterologous de-
sensitization of opioid and chemokine receptors in
immune cells has been proposed (Rogers et al, 2000;
Szabo et al, 2002). However, little is known about
the interactions of opioids and chemokines in the
CNS. Thus, it is not known whether opioids alter
chemokine receptor function in central neurons—a
hypothesis initially raised by the observations that
opiates abuse accelerates HIV neuropathology and
that opioid agonists enhance HIV-1 expression in hu-
man brain cultures (Bell et al, 1998; Peterson et al,
1999, 2004; Bell et al, 2002; Nath et al, 2002; Steele
et al, 2003; Chuang et al, 2005).

This study examines the interaction between MOR
and CXCR4 in primary neuronal cultures. The results
show that pretreatment with μ-opioid agonists in-
hibits CXCL12 signaling and prosurvival effects with-
out affecting CXCR4 protein levels. These findings
suggest that long-term cellular adaptations induced
by opioids may regulate the effect of CXCL12 in the
brain and provide evidence for a novel mechanism of
CXCR4 regulation in neurons.

Results

Cortical neurons coexpress MOR and CXCR4
We first determined whether MOR and CXCR4 are
coexpressed by individual neurons in our culture
model. Pure cultures of cortical neurons were grown
as described in Methods in the presence of a sepa-
rate glial feeder layer for 7 to 9 days in vitro. These
neurons are all positive for the neuronal markers β-
tubulin III (Figure 1A) and MAP-2 (not shown). Ex-
pression of MOR and CXCR4 in the neuronal cultures
was initially detected by Western blot (Figure 1B).
Differentiated and undifferentiated SH-SY5Y neu-
roblastoma cells were used as positive control, as
these cells express both receptors (Geminder et al,
2001; Iglesias et al, 2003; Kivell et al, 2004). A de-
tailed analysis of the immunostaining in cortical neu-
rons shows that MOR and CXCR4 receptors coex-
ist in individual neurons (Figure 1C–E). Specifically,
about 80% of the neuronal population was positive
to MOR and over 50% of these neurons were also
positive to CXCR4 (MOR+ = 611; CXCR4+ = 377;
MOR+/CXCR4+ = 355; total = 786). These receptors
are functionally coupled to neuronal signal transduc-
tion mechanisms (Meucci et al, 1998; Iglesias et al,
2003). In line with these studies, acute stimulation
of neurons (in the absence of glia) with DAMGO, a
selective μ-opioid peptide, or with CXCL12, the nat-

Figure 1 Coexpression of MOR and CXCR4 in cortical neurons.
Expression of β-tubulin III (A, green), MOR (C, red), and CXCR4
(D, green) in cortical neurons was detected by immunocytochem-
istry and fluorescence microscopy. Nuclei are stained with Hoechst
33342 (A–E, blue). Double staining (E) shows coexpression of MOR
and CXCR4 on individual neurons. Immunoblots (B) confirm pres-
ence of both receptors in cortical neurons. SH-SY5Y and NIH-3T3
cells were used as positive and negative control, respectively; actin
levels were determined to verify protein loading. DAMGO (10 μM,
5–30 min) increased phosphorylation of ERK1/2 and Akt in neu-
ronal extracts (F). Graph shows average data from four experiments
(top: phosphorylated ERK1/2 [P-ERK] or Akt [P-Akt]; bottom: total
ERK1/2 or Akt). However, the kinetics of response for both ERK
and Akt is not identical among different experiments (which is
expected in primary cultures) and this reflected by the data in the
graph showing mean ± SEM for ERK (n = 3) and Akt (n = 4), re-
spectively. Thus, for statistical analysis purposes, peak responses
from these experiments (5′ and 15′) were combined and compared
to controls (P < .05).

ural CXCR4 ligand, induced phosphorylation of both
ERK1/2 and Akt (Figures 1F and 2). As previously re-
ported, time-course and dose-response experiments
indicated that peak responses occurred around 5 min
after treatment with DAMGO (1 to 10 μM; Figure 2)
and 15 min with CXCL12 (20 nM; Khan et al, 2004,
Meucci et al, 1998).

Pretreatment with MOR agonists down-regulates
CXCL12-induced phosphorylation of neuronal
Akt and ERK
Next, we asked whether long-term treatment of corti-
cal cultures with μ-opioid peptides alters CXCL12
action on neurons. We tested the effect of a 24-h
pre-exposure to DAMGO on the acute stimulation
of neuronal survival pathways (i.e., PI3K/Akt and
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Figure 2 MOR agonists inhibit CXCL12-mediated Akt and ERK
phosphorylation in cortical neurons. The effect of DAMGO (1 or 10
μM) or endomorphin-1 (100 nM) on Akt and ERK1/2 phosphoryla-
tion induced by CXCL12 (20 nM, 15 min) was studied by Western
blot. A general opioid receptors antagonist, naloxone (NALX, 50
μM) (A, B), or a MOR-selective antagonist, CTAP (1 μM, D) was
used to determine receptors involved. After blotting with phospho-
specific antibodies, membranes were stripped and reblotted using
antibodies against total Akt or total ERK1/2. Graphs report average
± SEM of P-Akt or P-ERK band density from three independent
experiments. ∗∗ P < .001 versus control; ∧∧P < .001 versus CXCL12
alone.

ERK1/2) by CXCL12. These kinases are normally ac-
tivated by chemokines in different cell types and
play crucial roles in the regulation of cell survival
and proliferation. Indeed, we have previously shown
that Akt activation is instrumental for the prosur-
vival action of chemokines on neurons (Meucci et al,
1998, 2000). In order to study neuronal responses
to CXCL12 independently of the glia, which also
express CXCR4, neurons were separated from the
glia before stimulation with CXCL12. We found that
DAMGO pretreatment (Figure 3A, C, 1 and 10 μM)
significantly reduced activation of neuronal Akt and
ERK1/2 by CXCL12, as determined by immunoblot-
ting with phosphospecific antibodies. Similar results
were observed with an endogenous MOR agonist,
endomorphin-1 (Figure 3B)—suggesting that this ef-

Figure 3 DAMGO transiently phosphorylates Akt and ERK in SH-
SY5Y neuroblastoma cells. Acute DAMGO treatment phosphory-
lates Akt and ERK in SH-SY5Y cells, in a time- (A, 5–60 min;
B, 1–10 min) and dose (C, 10 nM to 10 μM) dependent manner.
Peak activation occurs at 3 to 5 min. After blotting wit phosphos-
pecific antibodies, membranes were stripped and reblotted using
antibodies against total Akt or total ERK1/2.

fect may also occur naturally. Furthermore, activation
of MOR is necessary to inhibit CXCL12 signaling in
neurons (Figure 2). Indeed, the inhibitory action of
DAMGO on CXCL12 signaling was blocked by the
general opioid antagonist naloxone (50 μM)—which
inhibits μ, δ, and κ opioid receptors—as well as by
the highly selective MOR antagonist, CTAP (1 μM).
CTAP was chosen for its action as a neutral antagonist
(i.e., it does not affect basal receptor activity) and its
long half-life (>8 h), which makes it suitable for long-
term experiments (Wang et al, 2001). Under these
conditions, no significant changes in Akt or ERK1/2
phosphorylation were observed when cultures were
treated with either agonist alone, or with DAMGO +
naloxone, and DAMGO + CTAP (Figure 3). Similarly,
levels of ERK or Akt were not significantly affected
by either antagonist alone (not shown).

DAMGO does not change surface or total expression
of CXCR4 in neurons
We next determined whether changes in CXCL12 re-
sponses induced by MOR activation were due to in-
hibition of CXCR4 expression. First, we measured
CXCR4 levels in rat cortical neurons. As for the
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Figure 4 Effect of DAMGO on total and plasma membrane lev-
els of CXCR4 in cortical neurons. CXCR4 protein levels in corti-
cal neurons were studied by Western blot (top panel) and confo-
cal microscopy (A–H) as described in Methods. As shown by the
representative gel in the top panel (n = 3), cortical neurons were
treated with DAMGO up to 48 h. The confocal microscopy studies
were preformed on cultures treated with DAMGO (1 μM) for 24
h. In both sets of experiments, control and DAMGO-treated neu-
rons appeared to have similar levels of CXCR4. For the confocal
studies, neurons were stained with an antibody against CXCR4
(green) and the nuclear dye Hoechst 33342 (blue) as detailed in
methods section, and visualized using a 63X 1.4 oil immersion
objective mounted on a Leica confocal microscope. Images were
collected by using a step size of 0.3 μm along the z axis (512 ×
512; 8 bits/pixel). A and F: Negative control (i.e., without primary
antibody). B, D, and G: Control. C, E, and H: DAMGO-treated. A
total of 100 cells per treatment were studied from two independent
experiments (three coverslips/group).

previous experiments, neurons were treated with
DAMGO (or vehicle) in the presence of glia. After
treatment, the glial feeder layer was removed; neu-
rons were lysed and processed for Western blot uti-
lizing a polyclonal anti-CXCR4 antibody. The lev-
els of CXCR4 in neurons treated with DAMGO were
comparable to control neurons (Figure 4, 1 to 48 h),
suggesting that the peptide does not down-regulate
CXCR4 protein expression. To determine whether
an increased internalization of CXCR4 receptors is
responsible for the inhibition of CXCL12-induced re-
sponses by DAMGO, we studied the expression of
CXCR4 on the surface of cortical neurons by confocal
microscopy, and found no differences between con-
trol and DAMGO-treated cultures (Figure 4). We also

used the SH-SY5Y cells to address this issue in other
cells by flow cytometry (Figure 5). As mentioned
above, these cells have been previously used for stud-
ies on both MOR and CXCR4. Indeed, we found that
stimulation of SH-SY5Y by DAMGO or CXCL12 in-
duces responses resembling those observed in cor-
tical neurons SH-SY5Y cells treated with CXCL12
were used as a positive control of receptor internal-
ization (Figure 5A, B). These experiments showed
no effect of DAMGO (10 μM, 24 h) on CXCR4 ex-
pression in SH-SY5Y cells as found in rat neurons.
Similar results were observed after differentiation of
SH-SY5Y cells with retinoic acid, which halts prolif-
eration and induces a more mature neuronal pheno-
type (not shown). Shorter treatments (1 h) or different
concentrations of DAMGO (1 nM to 10 μM) also did
not affect surface levels of CXCR4 in SH-SY5Y cells
(not shown). In addition, cotreatment of DAMGO and
CXCL12 for 1 h did not alter the internalization of
CXCR4 caused by CXCL12 alone (Figure 5B). Over-
all, these findings show that, under these conditions,
μ-opioid agonists do not influence total or membrane
expression of neuronal CXCR4.

DAMGO inhibits neuronal survival promoted
by CXCL12
Regulation of neuronal response to CXCL12 is essen-
tial for shaping of developing and mature CNS (Tran
and Miller, 2003). To establish whether MOR agonists
alter the effect of CXCL12 on neuronal survival, the
ability of CXCL12 to protect neurons from N-methyl-
d-aspartate (NMDA)-induced death was examined in
the presence and absence of DAMGO. Cortical cul-
tures were treated with DAMGO (1 and 10 μM) as in-
dicated above. Neurons were subsequently exposed
to NMDA (20 min) and/or CXCL12 (added 10 min
before NMDA) in the absence of glia and then re-
turned to the original culture dishes with the glial
feeder layer. Neuronal death was evaluated after 24
h. As expected, CXCL12 prevented NMDA neuro-
toxicity in control neurons (Figure 6A), but not in
neurons treated with DAMGO (Figure 6A). Addition
of 1 μM CTAP to the culture medium, before and
during DAMGO treatment (both 1 and 10 μM), pre-
vented DAMGO inhibitory effect (Figure 6B). No-
tably, DAMGO did not affect the prosurvival ac-
tion of another trophic factor, i.e., Brain Derived
Neurotrophic Factor (BDNF)—suggesting that this ef-
fect is specific for CXCL12.

Discussion

Recently, novel and important effects of chemokines
in the CNS have been reported. Although their role in
the CNS is not completely understood, these proteins
regulate fundamental neuronal and glial functions
in normal and disease states, affecting cell survival
and differentiation (Tran and Miller, 2003; Woerner
et al, 2005). In order to explain their pleiotropic—and
sometimes, contradictory (i.e., neurotrophic versus
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Figure 5 Effect of DAMGO on surface expression of CXCR4 in SH-SY5Y cells. Surface expression of CXCR4 in SH-SY5Y cells was
assessed by flow cytometry (all experiments repeated twice). (A) Untreated = blue; DAMGO 10 μM = green; CXCL12 (1 h) = red;
IgG2B-PE isotype control = grey. (B) Cells cotreated with DAMGO+CXCL12 are shown in purple.

neurotoxic)—nature, the final effect of chemokines in
the CNS must be modulated by other neuropeptides
and/or neurotransmitters. Opioids are likely candi-
dates for this regulation as they control a number of
neuroimmune functions and were reported to inter-
act with chemokines in vivo (Salzet et al, 2000; Sz-
abo et al, 2002). This study demonstrates that opi-
oids modulate the action of the chemokine CXCL12
on central neurons. Specifically, MOR agonists
inhibited the prosurvival effects of CXCL12 on corti-
cal cultures. Considering the role of MOR and CXCR4
in neuronal survival and differentiation, as well as
the reported effect of morphine on HIV progression, it
is possible that interactions between these neuropep-
tides also occur in the brain. Such interactions could
be normally involved in the regulation of chemokine
effects on neurons and/or explain the faster progres-
sion to neuroAIDS (acquired immunodeficiency syn-
drome) (or other neurological deficits) in drug abusers
(Nath et al, 2002).

Our data exclude a direct effect of μ-opioids on
CXCR4 expression, but rather indicate that MOR ag-
onists induce complex neurochemical changes in
neuronal signaling, which result in the inhibition
of CXCL12 neurotrophic effects. One such effect
is the activation of the antiapoptotic kinase Akt
that is required for the neuroprotective action of
chemokines (Meucci et al, 2000; Khan et al, 2004).
The ability of μ-opioid peptides to compromise stim-
ulation of mitogen-activated protein (MAP) kinases
by CXCL12, though, suggests that proteins regulat-
ing crucial steps of CXCR4 signaling, such as those
involved in receptor desensitization and recycling,
might be affected by opioids. However, the confo-
cal and flow cytometry studies show that DAMGO
does not alter levels of CXCR4 on the neuronal sur-
face, which rules out the hypothesis that increased
receptor internalization is responsible for the in-
hibitory action of the peptide. Our results also ex-
clude that a reduced synthesis/increased degradation
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Figure 6 DAMGO prevents CXCL12-induced neuroprotection.
Cortical neurons were treated with DAMGO (24 h) and subse-
quently exposed to NMDA (100 μM) and/or CXCL12 (20 nM) as de-
tailed in the text. Results from three independent experiments with
10 μM DAMGO are reported in A (∗∗ P < .001 versus respective con-
trol; ∧∧P < .001 versus NMDA alone). Data shown in B include two
additional experiments where neurons were exposed to DAMGO
(both 1 and 10 μM) in the presence of the MOR-specific antagonist
CTAP—added to the cultures before addition of DAMGO and main-
tained during DAMGO treatment—and BDNF, which was used as
a control (∗∗ P < .001 versus NMDA alone). Each experiment was
run in triplicate (i.e., three coverslips/treatment).

of CXCR4 is implicated in the down-regulation of
CXCL12 activity, because total receptor levels are
unchanged in neurons treated with DAMGO. Based
on these findings, one could speculate that activa-
tion of MOR may result in uncoupling of CXCR4
from G-proteins signaling—also supported by previ-
ous studies showing heterologous desensitization be-
tween chemokine (CCR5) and opioid (μ) receptors in
immune cells, in the absence of receptor internaliza-
tion (Rogers et al, 2000; Szabo et al, 2003). This phe-
nomenon could be caused by rearrangement of the
receptors and signaling molecules within the lipid
drafts. These plasma membrane microdomains, en-

riched in cholesterol and sphingolipids, concentrate
signaling molecules by related receptors (Pike, 2003;
Chini and Parenti, 2004). Their composition strongly
regulates G-Protein Coupled Receptor (GPCR) func-
tion, including that of opioid and chemokine re-
ceptors, independently of changes in total protein
receptor levels (Popik et al, 2002; Schabath et al,
2006; Xu et al, 2006; Zhao et al, 2006). Importantly,
chronic exposure to opioid agonists has been pro-
posed to alter the localization of these signaling
molecules (i.e., caveolins, β-arrestins, G proteins and
their effectors) within the lipid rafts/caveolae mi-
crodomains (Zhao et al, 2006). Disruption of the lipid
rafts may significantly affect the behavior of opi-
oid receptors and other GPCRs in different manner,
depending on the receptor and the cell type (Pike,
2003). As opioid and chemokine receptors activate
similar intracellular pathways, stimulation of neu-
rons with MOR agonists could affect CXCL12 func-
tion indirectly, by recruiting/rearranging proteins in-
volved in MOR signaling. Additionally, a recent
study in pre-B lymphocytes and breast carcinoma
cells (Schabath et al, 2006) demonstrates that exclu-
sion of CXCR4 from membrane lipid rafts, due to re-
duction in cholesterol levels, impairs the ability of
CXCL12 to trigger cell motility via ERK phosphory-
lation and attenuates tumor growth. An intriguing al-
ternative (that would also depend on colocalization
of the two receptors in lipid rafts) is that stimula-
tion with DAMGO or endomorphin-1 induces het-
erodimerization of MOR with CXCR4, leading to a
reduced CXCL12 function as suggested by Fluores-
cence Resonance Energy Transfer (FRET) studies in
cell lines (i.e., HEK293 cells) (Toth et al, 2004). Al-
though CXCR4 receptors seem to exist primarily as
homodimer, this study showed a specific associa-
tion of CXCR4 with other GPCRs (namely μ-opioid,
κ-opioid, and m3-muscarininc receptors) that could
impair CXCR4 function. Similarly, dimerization of
MOR with CCR5 has been reported in Chinese ham-
ster ovarian (CHO) cells (Chen et al, 2004). Further in-
vestigation is needed to test these and additional hy-
potheses in primary neurons, and determine whether
a physical interaction between the two receptors nat-
urally occurs. Finally, other investigators reported no
changes in CXCR4 function in monocytes exposed to
DAMGO (Szabo et al, 2003). Although DAMGO treat-
ments were relatively short in this study as compared
to ours (1 versus 24 h), this would indicate that inhi-
bition of CXCR4 responses by MOR agonists might be
a neuron-specific mechanism. This is a very intrigu-
ing scenario in light of the emerging role of CXCR4 in
neuronal development. To this end, it first needs to
be established whether glia are involved in the mod-
ulatory action of opioids on CXCL12.

Independently of the mechanisms involved, the in-
hibitory effect of opioids on CXCL12 activity has very
important implications for the effects of chemokines
in the CNS. For instance, it may represent a natural
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way to adjust chemokine signaling to the physio-
logical demands. Thus, endogenous levels of endo-
morphin (or other MOR agonists) may contribute
to the fine-tuning of CXCL12 activity in the brain
and control CXCL12-mediated responses during in-
flammatory states. Indeed, other examples of CXCR4
controlling mechanisms have been reported in brain
cells, such as the ability of tumor necrosis factor
(TNF)-α to down-regulate CXCR4 mRNA in astroglia
(Han et al, 2001). These are critical issues because
CXCL12 regulates neuronal function in both devel-
oping and mature neurons and affects multiple be-
haviors of neuronal and non-neuronal cells (Lazarini
et al, 2003). Of note, CXCL12 plays a crucial role in
the proliferation and migration of neural progenitor
cells (Klein et al, 2001; Stumm et al, 2003; Belmadani
et al, 2005), whereas opiates—including morphine—
are known to inhibit neurogenesis in vivo and in vitro
(Eisch et al, 2000; Hauser et al, 2000). Furthermore,
the activation of MOR by drugs of abuse may exacer-
bate neurotoxicity of viral proteins, such as the HIV-
1 gp120 that acts as a partial CXCR4 agonist (Khan
et al, 2004). Under the experimental conditions re-
ported here, DAMGO increases gp120 neurotoxicity
in vitro (Patel et al, unpublished data); morphine ex-
erts similar effects in human fetal brain cultures (Hu
et al, 2005). Opiates in general are potential cofac-
tors in AIDS progression (Bell et al, 1998; Donahoe
and Vlahov, 1998; Bell et al, 2002; Nath et al, 2002).

In conclusion, this study reports the first exam-
ple of a functional crosstalk between CXCL12 and μ-
opioids in cultures of central neurons. Though these
findings will have to be validated in vivo, they sug-
gest a novel mechanism of CXCR4 regulation in the
CNS and indicate that levels of endogenous or exoge-
nous neuropeptides in the brain can affect the actions
of CXCL12 on neurons. Such regulation could take
place in healthy as well as pathological conditions,
including neuroAIDS.

Methods

Cultures
Rat cortical neurons were prepared and cultured as
previously described (Meucci et al, 2000; Khan et al,
2005) using a bilaminar cell culture system, i.e., a
feeder layer of glia supporting the pure neuronal
layer. Neurons were separated from the glia before
treatment with CXCL12 and maintained in the origi-
nal culture medium or in saline solution.

SH-SY5Y human neuroblastoma cells were ob-
tained from ATCC and cultured in minimal essen-
tial medium (MEM)/Hams F-12 (1:1) containing 10%
fetal calf serum and 50 μg/ml gentamycin. When in-
dicated, cells were differentiated by treatment with
10 μM all-trans-retinoic acid as reported in (Encinas
et al, 1999).

Western blots
Cells were washed with saline solution and scraped
in lysis buffer (Meucci et al, 1998, 2000). Protein
concentration was determined by bicinchoninic acid
protein assay (Pierce). The following antibodies were
used: anti-CXCR4 (H-118 and G-19, raised against
amino acids 176 to 293 and N-terminus, respec-
tively) (1:500); anti-MOR (H-80) (1:500) from Santa
Cruz Biotech; anti-Akt, anti-phosphoAkt (Ser473),
anti-ERK, and anti-phosphoERK from Cell Signaling
(1:2,000); anti-β-actin from Sigma-Aldrich (1:5000).
An image acquisition/analysis system (ChemiDoc
System; BioRad) and the UN-SCAN IT software (Silk
Scientific) were used for detection of chemilumines-
cent bands and densitometric analysis. Data are re-
ported as mean ± SEM. Intensity values from actin
bands or total Akt and ERK bands were used to nor-
malize phosphoprotein signals and compensate for
possible variations in protein loading. Data are ex-
pressed as percentage of control after normalization.
Statistical analysis of band densities was performed
by one-way analysis of variance (ANOVA) followed
by Newman-Keuls test.

Immunocytochemistry
Cells were fixed in 4% paraformaldehyde and in-
cubated with anti-CXCR4 (G-19, raised against the
N-terminus) and anti-MOR antibodies (H-80, raised
against amino acids 1 to 80). Both antibodies were
from Santa Cruz Biotech and used at a dilution of
1:50. Secondary antibodies conjugated to Cy3 or Cy2
(Jackson ImmunoResearch Labs; 1:333) were used for
detection. Neurons were stained with anti-CXCR4 or
anti-MOR prior to permeabilization with 0.1% Triton
X-100 for staining of the neuronal marker β tubulin
III (1:500; Covance). This sequence of staining al-
lowed the detection of only surface CXCR4 and MOR.
Hoechst 33342 (3 μg/ml) was used for nuclear coun-
terstaining. Negative controls for the studies included
no primary and fibroblasts; furthermore, specificity
of the antibody is also supported by the presence
of neurons that did not show staining for CXCR4
and/or MOR (in the same microscopic field of stained
neurons). However, to validate results obtained with
the H-80 anti-MOR, antibodies directed against an
internal region of the receptor (Chemicon AB1580;
1:1000) were also used. For these experiments cells
were permeabilized before incubation with the pri-
mary antibody (the percentage of MOR-positive neu-
rons was 85.2 ± 4.6, mean ± SEM, N = 315). Cov-
erslips were mounted on an inverted microscope
(Olympus IX70) connected to a CCD camera (Micro-
max YS1300; Princeton Instruments) and a computer,
or a confocal microscope (Leica TCS SP2). Images
were acquired/analyzed using the software Meta-
morph (Universal Imaging) and the Leica confocal
software.
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Cell survival and apoptosis
Neurons (9 days in vitro) were treated with DAMGO
for 24 h in their original culture dish, subsequently
transferred to a dish containing Mg2+-free saline with
glycine (15 μM), and exposed to NMDA (100 μM;
Tocris, UK) and/or CXCL12 (20 nM; R&D System,
Minneapolis, MN) in absence of glia. After treat-
ments, neurons were moved back into the origi-
nal culture dishes containing glia. Neuronal death
was evaluated after 24 h. Hoechst 33342 (3 μg/ml)
combined with cleaved caspase-3 (1:100; Cell Sig-
naling) staining was used to identify normal and
apoptotic cells (Meucci et al, 1998). Five micro-
scopic fields/coverslip were counted, and 3 cover-
slips/treatment were used for each experiment.
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