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Abstract The acute effects of opiate drugs and opiate addiction have been associated with
modulation of Fas/FADD (Fas−Associated protein with Death Domain) signaling complex in the rat
brain. This study investigated the possible existence of endogenous opioid tones regulating the
basal activities of Fas receptor forms and FADD in the brain, using gene-targeted mice lacking μ-,
δ- or κ-opioid peptide receptors (KO mice). In μ-KO mice, but not in δ- or κ-KO mice, the basal
immunodensity of native Fas (35 kDa monomeric form) was decreased in the cerebral cortex
(33%) when compared with WT littermates. In δ-KO mice, but not in μ- or κ-KO mice, the basal
content of 120 kDa Fas aggregates (complexes of monomers relevant in Fas signaling) was
markedly increased in the cortex (93%). In contrast, no differences between genotypes were
observed in the basal expression of glycosylated Fas (51/48/45 kDa forms). Notably, the basal
content of FADD (the adaptor protein that couples Fas to caspases and transmits the death signal)
was increased in the cerebral cortex of δ-KO mice (48%), but not in μ- or κ-KO mice. In addition,
the basal content of phosphorylated FADD at Ser191 (the relevant species of FADD implicated
in nonapoptotic signals) was also upregulated in the cortices of δ-opioid receptor KO mice
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(6.5−11.0-fold). The results suggest that μ-receptors tonically stimulate (through endogenous
opioid peptides) the activation of native Fas, whereas δ-receptors tonically inhibit the expression
of Fas aggregates and that of FADD and phosphorylated FADD (Ser191) in the mouse brain. These
data are in line with the acute opposite modulation of Fas and FADD induced by μ- and δ-opiate
agonists, and strongly support the notion of an anti-apoptotic δ-opioid tone that restrains Fas
signaling.
© 2006 Elsevier B.V. and ECNP. All rights reserved.
1. Introduction

The Fas receptor (APO-1/CD95) plays a major role in the
physiologically regulated cell death or apoptosis (e.g., in
normal brain development), and its dysregulation is a crucial
component in a number of disease states, including neuro-
degenerative disorders (Sastry and Rao, 2000; Sharma et al.,
2000). Although initially restricted to the immune system, Fas
protein is widely expressed in normal tissues (Watanabe-
Fukunaga et al., 1992), including the mammalian brain
(Bechmann et al., 1999). Since Fas does not possess known
enzymatic activities, proteins that interact with its cytoplas-
mic domain regulate the death signal. Briefly, after stimula-
tion and trimerization (Fas/Fas-L), the receptor recruits
procaspase-8 through the adaptor FADD (Fas-Associated
protein with Death Domain), which transmits the death signal
by activation of effector caspases leading to cell death
(Algeciras-Schimnich et al., 2002; Tourneur et al., 2005).
Besides the primary role of Fas/FADD in apoptosis, accumu-
lating evidences also indicate the relevance of this system in
promoting nonapoptotic signals associated with cell growth
and differentiation (Budd, 2002; Tibbetts et al., 2003),
including regenerative processes in neurons (Desbarats et al.,
2003; Lambert et al., 2003) and the formation of new neurites
(Zuliani et al., 2006). FADD carries a death domain (DD) at its
C-terminal region (involved in the binding of Fas) that also
displays, outside the DD, a single serine phosphorylation site
(mouse/rat, Ser191; human, Ser194), which appears to be
crucial for its role in the regulation of growth and prolifera-
tion (Zhang et al., 2004). In fact, phosphorylation of FADD at
Ser191/194 by casein kinase Iα has been demonstrated to
regulate various nonapoptotic activities of this Fas-adaptor
protein (Alappat et al., 2005).

Recently, the content of Fas in the rat brain (i.e., native and
glycosylated receptor, and Fas aggregates) was shown to be
increased after chronic treatment with opiate drugs (heroin
and morphine) and during the induction of opiate withdrawal
(Boronat et al., 2001;García-Fuster et al., 2003, 2004a),which
demonstrated the involvement of Fas receptor in opiate
addiction. Moreover, the content of native (monomeric) Fas
was also upregulated by acute treatments with heroin and
morphine, but not with selective δ- or κ-opioid receptor
agonists, indicating that the rapid modulation of native Fas in
the rat brain is related to the activation of μ-opioid receptors
(García-Fuster et al., 2003, 2004a). In contrast, the content of
Fas aggregates (complexes of monomers relevant in Fas
signaling) was acutely modulated (reduced) only by the
selective δ-agonist SNC-80 (García-Fuster et al., 2004a). On
the other hand, acute treatments with μ-, δ- and κ-agonists
were associated, through specific opioid receptor mechan-
isms, with decreases of FADD content in the rat brain, i.e., an
opposite modulation to that observed for native Fas (García-
Fuster et al., in press). These results suggested that the three
types of opioid receptors might have a role in the rapid
modulation (inhibition) of this key adaptor protein in the pro-
apoptotic or nonapoptotic function of Fas signaling.

Lines of mice lacking one of the opioid receptor types (gene
knock-out technology) are useful experimental tools in
determining the role of these receptors in the various phys-
iological and pharmacological effects of opioids (Kieffer and
Gavériaux-Ruff, 2002), and also to unravel the possible
existence of endogenous opioid tones regulating some of
their functions (e.g., for the δ-opioid receptor see Nadal et al.,
2006). Therefore, the aim of this study was to investigate the
influence of constitutive deletion of μ-, δ- or κ-opioid recep-
tors on the basal densities of Fas receptor and FADD coupling
protein, both of which are acutely and oppositely regulated by
opiate drugs in the brain. A preliminary report of this work was
given at the XXVI Congress of the Spanish Society of Pharma-
cology (García-Fuster et al., 2004b).

2. Experimental procedures

2.1. Opioid receptor-deficient mice

Homozygous knock-out (KO) mice without μ (MOP)-, δ (DOP)- or κ
(KOP)-opioid receptor and their respective wild-type (WT) littermates
were used (Matthes et al., 1996; Filliol et al., 2000; Simonin et al.,
1998). Allmicewereunder a hybrid 129 SV/C57BL/6 (50%/50%) genetic
background. Previous studies have shown that the genetic ablation of a
specific type of opioid receptor did not result in major changes in the
density of the other opioid receptor sites (Kieffer and Gavériaux-Ruff,
2002). Mice (30−35 g, 16−20 weeks old) were housed five per cage in a
temperature-controlled room (21±1 °C) with a 12-h light/dark cycle
(light on between 8:00 and 20:00 h) and with food and water available
ad libitum. Mice were acclimated to handling for 1 week, and then all
animals received an acute saline injection. A total of 30 mice were
used in theseexperiments,whichwere divided in three groupswith the
following composition: group I (five WT saline-treated and five μ-KO
saline-treated), group II (five WT saline-treated, five δ-KO saline-
treated) and group III (five WT saline-treated, five κ-KO saline-
treated). The animals were killed by decapitation and the brains
rapidly removed and frozen in liquid nitrogen. Specimens of the
cerebral cortexwere dissected on ice and stored at−80°Cuntil assays.
These experiments in mice were performed according to standard
ethical guidelines (European Communities Council Directive 86/609/
EEC) and approved by the local ethical committees. All efforts were
made to minimize the number of animals used and their suffering.

2.2. Immunoblot assays and quantitation of Fas and FADD
proteins

The mouse brain samples (crude total homogenate) were prepared
(including various protease inhibitors) as described in detail



Figure 1 Effects ofμ-opioid receptor genotype (WTversusμ-KO)
on the basal immunodensities of Fas aggregates (∼203 kDa and
120 kDa, both quantitated as doublets), glycosylated receptor
forms (∼51/48/45 kDa) and native receptor (∼35 kDa) in the
mouse cerebral cortex (n=5 for each group). The columns are
mean±S.E.M. values (% immunoreactivity) of three experiments
per group (i.e., 15 samples analyzed in each subgroup of mice, see
Methods) and expressed as percentage of saline-treated WT mice.
⁎P=0.025 when compared with the corresponding saline (WT)
group (Student's t-test). Also note that the total content of Fas
aggregates (203 plus 120 kDa forms) in μ-KO mice (IODs: 23.4±2.7,
n=5) did not significantly differ (t=1.63, P>0.05) than that in WT
mice (IODs: 29.2±2.3, n=5). Bottom: Representative immunoblot
(40 μg protein) for the various forms of Fas in WT and μ-KO mice
(the upper and lower parts of the same immunoblot are shown
separated to illustrate the longer time exposure required to
visualize native 35 kDa Fas). The apparent molecular masses of Fas
were determined by calibrating the blots with prestained
molecular weight markers as shown on the left-hand side.
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previously (García-Sevilla et al., 2004). Protein concentrations were
determined by the biuret reaction using bicinchoninic acid for
colorimetric detection of cuprous cation (BCA, Protein Assay
Reagent, Pierce Chemical Company, Rockford, IL, USA). In routine
experiments, 40 μg protein of each mouse brain sample was
subjected to SDS-PAGE on 10% polyacrylamide minigels (Bio-Rad
Laboratories, Hercules, CA, USA). Proteins were electrophoretically
transferred to nitrocellulose membranes and incubated (overnight
at 4 °C) in a blocking solution containing the appropriate primary
antibody: anti-Fas M-20 (affinity-purified rabbit polyclonal antibody
raised against a peptide mapping the C-terminal of Fas of mouse
origin; dilution 1:5000; sc-716, batches D-219 and H-301, Santa Cruz
Biotechnology, CA, USA), anti-FADD H-181 (affinity−purified rabbit
polyclonal antibody raised against human FADD C-terminal 28−208
residues; dilution 1:5000; sc-5559, batch C-112, Santa Cruz
Biotechnology), anti-phosphorylated FADD (Ser191) (affinity-puri-
fied rabbit polyclonal antibody raised against a peptide mapping at
residues surrounding Ser191 of mouse FADD; dilution 1:600; batch 1-
2785L, Cell Signaling Technology, MA, USA) and anti-β-actin (mouse
monoclonal antibody raised against a peptide mapping the N-
terminal of β-actin of mouse origin; dilution 1:10,000; clone AC-15;
batch no. 014K4840, Sigma Chemical Co., MO, USA). To test the
selectivity of anti-Fas and anti-FADD antibodies in the mouse brain,
the corresponding antigenic peptides were preincubated in excess
with the antisera, which resulted in the blockade of the immunor-
eaction for the specific proteins (data not shown; see García-Fuster
et al., 2003, 2004a, in press). In some experiments, the specificity of
the anti−phosphorylated FADD antibody for the targeted epitope
(Ser191) was tested on Western blots of rat brain tissue (cerebral
cortex, total homogenate and cytosolic fraction) pretreated with
alkaline phosphatase, as described in detail previously (García-
Fuster et al., in press). The secondary antibody, horseradish
peroxidase-linked anti-rabbit IgG or anti-mouse IgG, was incubated
at 1:5000 dilution in blocking solution at room temperature for 1 h.
The immunoreactivity of target proteins was detected with the
Enhanced Chemiluminescence (ECL) Western Blot Detection system
(Amersham International, Buckinghamshire, UK) and visualized by
exposure to Hyperfilm ECL film (Amersham) for 30 s to 60 min
(autoradiograms).

The autoradiograms were quantitated by densitometric scanning
of the immunoreactive bands (IOD units) (GS−800 Imaging Densi-
tometer, Bio−Rad). For a direct comparison, two groups of five mice
were run together in the same gel to assess for differences in opioid
receptor genotypes (i.e., WT versus KO) and 40 μg of protein (within
the linear range for immunolabeling of Fas and FADD) were loaded in
each lane for the different blots. The experiment was quantitated
and then repeated one to three times to confirm the results. This
procedure allowed the evaluation of 10–20 samples for each
subgroup of mice and/or protein. Finally, percent changes in
immunoreactivity with respect to control (WT) samples (100%)
were calculated for each experimental sample in the various gels,
and the mean value was used as a final estimate. In all experiments,
the content of β-actin (a cytoskeletal protein not modulated by
opiate drugs; Ammon et al., 2003; Marie-Claire et al., 2004) was
quantitated as a negative (loading) control.

2.3. Data and statistical analysis

All series of data were analyzed with the program GraphPad
Prism™, version 3.0. Results are expressed as mean values
±standard error of the mean (S.E.M.). Two-tailed Student's t-test
was used for the statistical evaluations. The level of significance was
chosen as P≤0.05.

2.4. Chemicals

Acrylamide (Protogel) was from Conda, S.A., Spain. Calf intestinal
mucosa alkaline phosphatase (Product 79390) was from Sigma-



Figure 2 Effects of δ-opioid receptor genotype (WT versus
δ-KO) on the basal immunodensities of Fas aggregates
(∼203 kDa and 120 kDa, both quantitated as doublets),
glycosylated receptor forms (∼51/48/45 kDa) and native
receptor (∼35 kDa) in the mouse cerebral cortex (n=5 for
each group). The columns are mean±S.E.M. values (% immuno-
reactivity) of three experiments per group (i.e., 15 samples
analyzed in each subgroup of mice, see Methods) and expressed
as percentage of saline-treated WT mice. ⁎P=0.009 when
compared with the corresponding saline (WT) group (Student's
t-test). Note that the total content of Fas aggregates (203 plus
120 kDa forms) in δ-KO mice (IODs: 30.0±2.6, n=5) was also
significantly greater (35%, t=2.66, P<0.05) than that in WTmice
(IODs: 22.3±1.3, n=5). Bottom: Representative immunoblot
(40 μg protein) for the various forms of Fas in WTand δ-KO mice
(the upper and lower parts of the same immunoblot are shown
separated to illustrate the longer time exposure required to
visualize native 35 kDa Fas). The apparent molecular masses of
Fas were determined by calibrating the blots with prestained
molecular weight markers as shown on the left-hand side.
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Aldrich, Germany. Other materials such as the secondary antibodies,
ECL reagents and autoradiography films were purchased from
Amersham International (UK) or Santa Cruz Biotechnology (USA).
All other chemicals were from Sigma Chemical.

3. Results

3.1. Basal immunodensities of Fas receptor forms in
WT and opioid receptor KO mice

Various specific forms of Fas were immunodetected in the
mouse cerebral cortex (i.e., ∼203/120 kDa aggregates,
∼51/48/45 kDa glycosylated forms and ∼35 kDa native
receptor) (Figs. 1−3), in good agreement with previous
observations in rat and human brains (García-Fuster et al.,
2003, 2004a).

In the cerebral cortex of μ- and κ-opioid receptor KOmice,
the basal immunodensities of Fas aggregates (203 kDa and
120 kDa) did not significantly differ from those in brains of their
respective WT littermates (Figs. 1 and 3). In δ-opioid receptor
KO mice, however, the basal immunodensity of 120 kDa Fas
aggregates (putative trimeric receptors), but not that of
higher-order oligomerization forms (203 kDa), was found
markedly increased in the cerebral cortex (93%, t=3.72,
P=0.009) (Fig. 2). The total content of Fas aggregates (203 plus
120 kDa forms) was also augmented in the cortex of δ-opioid
receptor−deficient mice (35%, t=2.66, P<0.05).

In μ-opioid receptor, but not in δ- or κ-, KOmice, the basal
immunodensity of native Fas (35 kDa) was significantly
decreased in the cerebral cortex (33%, t=2.75, P=0.025)
(Figs. 1–3). In the corpus striatum of μ−deficientmice, native
Fas was not significantly reduced (data not shown) (WT: 100±
6%, n=5; μ-KO: 89±12%, n=5, P>0.05). In μ-, δ- and κ-opioid
receptor KO mice, the basal immunodensities of glycosylated
Fas (51/48/45 kDa) in the cerebral cortex were similar to
those in WT mice (Figs. 1−3).

The constitutive deletion of opioid receptors did not alter
the immunodensity of β-actin in the brain, a cytoskeletal
protein that was used as a negative (loading) control (data
not shown). Moreover, opioid receptor deletion did not
modify the immunodensity of an unidentified peptide
(∼65 kDa), not related to Fas (see García-Fuster et al.,
2003), which was also quantitated in the same immunoblots
(data not shown).

3.2. Basal immunodensities of FADD protein and
phosphorylated FADD (Ser191) in WT and opioid
receptor KO mice

In brain tissue (rat, mouse, human) FADD molecules, similarly
to Fas, have the ability to aggregate being immunodetected
as homodimers (about 51 kDa) in the cerebral cortex of WT
and opioid receptor KO mice (Fig. 4) (see García-Fuster
et al., in press).

In the cerebral cortex of μ- and κ-opioid receptor KOmice,
the basal immunodensities of FADD did not significantly differ
from those in brains of their respective WT littermates
(Fig. 4). In contrast, the basal content of FADD was found
increased in the cortices of δ-opioid receptor KO mice (48%,
t=2.70, P=0.02) (Fig. 4). As an extension of this finding, a
similar increase in FADD density was also quantitated in the



Figure 3 Effects of κ-opioid receptor genotype (WT versus
κ-KO) on the basal immunodensities of Fas aggregates
(∼203 kDa and 120 kDa, both quantitated as doublets), glycosy-
lated receptor forms (∼51/48/45 kDa) and native receptor
(∼35 kDa) in the mouse cerebral cortex (n=5 for each group).
The columns aremean±S.E.M. values (% immunoreactivity) of two
experiments per group (i.e., 10 samples analyzed in each subgroup
of mice, see Methods) and expressed as percentage of saline-
treated WT mice. No significant differences were quantitated
between genotypes. Also note that the total content of Fas
aggregates (203 plus 120 kDa forms) in κ-KOmice (IODs: 17.0±0.9,
n=5) did not significantly differ (t=0.92, P>0.05) than that in WT
mice (IODs: 19.8±2.9, n=5). Bottom: Representative immunoblot
(40 μg protein) for the various forms of Fas in WT and κ-KO mice
(the upper and lower parts of the same immunoblot are shown
separated to illustrate the longer time exposure required to
visualize native 35 kDa Fas). The apparentmolecularmasses of Fas
were determined by calibrating the blots with prestained
molecular weight markers as shown on the left-hand side.
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corpus striatum of δ-deficient mice (WT: 100±6%, n=5; δ-KO:
131±6%, n=5, t=3.67, P=0.006) (data not shown).

In the rat cerebral cortex, the enzymatic dephosphoryla-
tion of FADD with alkaline phosphatase (total homogenate
and cytosolic fraction) completely abolished the immunore-
activity of the antibody used against phosphorylated FADD at
Ser191, which demonstrated the specificity of the detected
phosphorylated species of FADD (about 37 kDa) (Fig. 5A). In
the mouse cerebral cortex, a low level of FADD phosphory-
lation (Ser191) was immunodetected and the weak signals
were difficult to quantitate (Fig. 5B). However, it was clearly
apparent that in δ-opioid receptor KO mice the basal content
of phosphorylated FADD (Ser191) in the cortex was increased
compared to that in WT mice (WT, IOD units: 0.18±0.03,
n=5; KO, IOD units: 1.99±0.60, n=5; 11-fold increase,
P<0.02) (Fig. 5B). In contrast, small decreases in the
contents of phosphorylated FADD (Ser191) were observed in
the cortex of μ- and κ-opioid receptor KO mice (Fig. 5B).
Again, the constitutive deletion of opioid receptors was
not associated with alterations in the immunodensities of
β-actin in the brains of these animals (Fig. 5C).
Figure 4 Effects of μ-, δ- and κ-opioid receptor genotype (WT
versus μ/δ/κ-KO) on the basal immunodensity of Fas-associated
protein with death domain (FADD) in the mouse cerebral cortex
(n=5 for each group). The columns are mean±S.E.M. values (%
immunoreactivity) of three to four experiments per group (i.e.,
15–20 samples analyzed in each subgroup of mice, see Methods)
and expressed as percentage of the corresponding saline-treated
WT mice. ⁎P=0.02 when compared with the corresponding saline
(WT) group (Student's t-test). Bottom: Representative immuno-
blots (40 μg protein) for FADD protein in WTand μ-KO, δ-KO and κ-
KO mice. The apparent molecular masses of Fas were determined
by calibrating the blots with prestained molecular weight markers
as shown on the left-hand side.
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4. Discussion

WT and opioid receptor mutant (μ-, δ- or κ-KO) mice were
compared to assess (in the absence of exogenous opiates) if any
endogenous opioid tone regulates the basal expression of Fas
receptor and/or FADD coupling protein in the brain. The basal
immunodensity of monomeric Fas (35 kDa form) was reduced in
the cerebral cortex, but not in the corpus striatum, of μ-opioid
receptor-deficient mice. This result may suggest that endoge-
nous opioid peptides acting on μ−receptors tonically stimulate
the activation of native Fas in themouse cortex,whichwould be
in agreement with the acute stimulatory effects of heroin and
morphine on native Fas observed in the rat cerebral cortex
(García-Fuster et al., 2003). In contrast, no opioid receptor
genotype differences (WT versus μ-, δ- and κ-KO mice) were
observed in the basal expression of glycosylated Fas (51/48/
45 kDa forms). Similarly, the content of 48 kDa glycosylated Fas
was shown to be unchanged in splenocytes from μ-KO mice
(Wang et al., 2002).

The endogenous regulation of the apoptotic Fas/FADD
complex was more clearly apparent in brains of δ−opioid
receptor-deficient mice. In these animals, but not in μ- and
κ-receptor KO mice, the basal density of Fas aggregates
(120 kDa trimeric receptors relevant in triggering receptor
signaling; see Algeciras-Schimnich et al., 2002) was in-
creased in the cerebral cortex (93%). Interestingly, the
content of FADD (the adaptor protein that couples Fas to
caspases and transmits the death signal; Algeciras-Schimnich
et al., 2002; Tourneur et al., 2005) was also upregulated in
the cortex (48%) and corpus striatum (31%) of δ-receptor-
deficient mice. These results suggested that δ-opioid
receptors tonically inhibit the expression of trimeric Fas
and FADD protein in these mouse brain structures (i.e.,
removal of a negative endogenous tone resulting in protein
upregulation). The lack of significant changes in basal Fas/
FADD in μ- and κ-opioid receptor KO mice indicated a low
tone, if any, of μ/κ-opioid system to control the expression of
this apoptotic complex in the brain. In agreement with these
findings, the selective δ-agonist SNC-80 decreased the
content of 120 kDa trimeric Fas in the rat cerebral cortex
(García-Fuster et al., 2004a) and also the density of FADD in
the rat brain (García-Fuster et al., in press).

Themolecularmechanismbywhich the endogenous δ-opioid
receptor toneoperatesmodulating the basal expression of FADD
in the brain is still unknown. It is known, however, that δ-opioid
receptor agonists (and particularly SNC-80, a nonpeptidic and
selective agonist) potently stimulate the activation of theMAPK
ERK pathway through a pertussis toxin-sensitive mechanism
(i.e., involving Gαi proteins) (Audet et al., 2005). Notably, the
inhibitory effect of SNC-80 on FADD content in the rat brain
(cerebral cortex and corpus striatum) was mediated through a
mechanism fully dependent on the activation of ERK1/2
signaling (i.e., the effect was blocked by SL-327, a specific
Figure 5 (A) Representative immunoblot for the effect of
dephosphorylation with alkaline phosphatase on phosphorylated
FADD (Ser191) immunoreactivity in the rat cerebral cortex. Brain
tissue (H: total homogenate, S2: cytosolic fraction) was
incubated at 40 °C for 15 min in the absence (C, control
samples) or presence of alkaline phosphatase (AP, 95 units).
Samples containing the enzyme were also incubated with
100 mM sodium pirophosphate (IC, inhibited controls). The
amount of protein loaded on the gel was 40 μg for all samples.
Note that tissue enzymatic dephosphorylation abolished the
immunoreactivity of the anti-phosphorylated FADD (Ser191)
antibody, demonstrating the specificity of the detected protein
band. (B) Effects of μ-, δ- and κ-opioid receptor genotype (WT
versus μ/δ/κ-KO) on the basal immunodensity of phosphorylated
FADD (Ser191) in the mouse cerebral cortex (n=5 for each group,
40 μg protein) (see Results for quantitative data). These
experiments were repeated with similar results (e.g., δ-opioid
receptor genotype: WT, IOD units: 0.19±0.05, n=5; KO, IOD
units: 1.24±0.38, n=5; 6.5-fold increase, P<0.05). (C) Repre-
sentative immunoblots (40 μg protein) for the content of β-actin
in WT mice and μ-KO, δ-KO and κ-KO mice. The apparent
molecular masses of target proteins were determined by
calibrating the blots with prestained molecular weight markers
as shown on the left-hand side.
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and brain-penetrating MEK1/2 inhibitor) (García-Fuster et al.,
in press), which in turn is crucial for the induction of various
anti−apoptotic effects (Wada and Penninger, 2004) including
protection against Fas-mediated apoptosis (Holmström et al.,
1999). In a recent in vitro study (Narita et al., 2006), SNC-80
has been shown to promote neural differentiation and
neuroprotection through the release of BDNF and activation
of its Trk-dependent tyrosine kinase receptor (TrkB) linked to
other pathways, including MEK/ERK signaling (i.e., the
effects were blocked by the MEK1/2 inhibitor PD98059). In
this context, it is of interest to note that the basal content of
phosphorylated FADD (Ser191) (a specific form of about
37 kDa) was also upregulated in the cerebral cortex of δ-
opioid receptor KO mice, which is in line with the postulated
role of this phosphorylated form of FADD in promoting non-
apoptotic signals (Zhang et al., 2004; Alappat et al., 2005).
Based on these observations and the demonstrated crosstalk
between FADD and ERK (Lüschen et al., 2005), it is feasible
that MEK/ERK signaling could also play a role (together with
other pathways) regulating the endogenous tone of δ-opioid
receptors on FADD (i.e., an inhibition mediated by enkepha-
lins, the endogenous ligands). This possibility has been
recently tested in rats with the MEK inhibitor SL-327 (10,
20 and 30 mg/kg, i.p., 90 min), but the compound by itself
did not significantly alter the basal expression of FADD
(expected increase) in the cerebral cortex and corpus
striatum (García-Fuster et al., in press and unpublished
results). SL-327 (30 mg/kg) modestly increased (15–20%) the
content of monomeric FADD (about 25 kDa) phosphorylated
at serine 194 (unpublished results). It should be mentioned
that, whereas this range of doses for SL-327 is sufficient to
counteract the inhibitory effect of SNC-80 on FADD (see
above), higher doses of the MEK inhibitor (50 mg/kg) are
needed to completely block ERK1/2 phosphorylation (number
of activated ERK-positive neurons) in the mouse prefrontal
cortex and dorsal striatum (see Valjent et al., 2006).
Therefore, the possibility that MAPK ERK1/2 signaling could
have a role, albeit minor, in regulating the inhibitory tone of
δ-opioid receptors on FADD protein in the brain cannot be
discarded.

The use of KOmice has also demonstrated or confirmed the
existence of endogenous opioid tones modulating some
functions mediated by the various opioid receptors (e.g.,
behavioral alterations such as locomotion, nociception, and
emotional and stress responses in KO mice; Kieffer and
Gavériaux-Ruff, 2002; Martin et al., 2003; Contet et al.,
2006; Nadal et al., 2006), showing in addition that the absence
of a particular opioid receptor does not modify the expression
of endogenous opioid peptide ligands (Kieffer and Gavériaux-
Ruff, 2002). Concerning the modulation of signaling proteins
associated with opioid receptors, these genetic models have
also revealed the existence of an endogenous activity of μ- and
δ-opioid receptors, but not κ-receptors, regulating, in part, the
phosphorylation state of the transcription factor CREB (García-
Sevilla et al., 2004). In these genetic studies, the possibility of
developmental compensations after deletion of the different
opioid receptors and/or influences of the hybrid genetic
background on the observed changes cannot be fully discarded.
However, pharmacologic approaches in intact animals (i.e.,
acute in vivo effects of selective opioid receptor antagonists)
have also demonstrated that endogenous opioids and/or
constitutive activity of μ-opioid receptors may regulate c-Fos
protein expression (activation of neurones) in the rat brain (Le
Guen et al., 2003), and the function of excitatory synapses by
modulating thedensity of dendritic spines in rats andmice (Liao
et al., 2005). Moreover, the δ-opioid receptor system has been
recently shown to regulate anxiety-like behavior in an
anxiolytic (with the agonist SNC-80) and anxiogenic (with the
antagonist naltrindole) manner, further suggesting the exis-
tence of an endogenous opioid tone (modulating a basal level of
anxiety) mediated by δ-opioid receptors (Perrine et al., 2006;
see also Filliol et al., 2000). Finally, genetic and pharmacolog-
ical antagonism studies have also revealed the existence of an
endogenous κ-opioid system in the brain that tonically inhibits
mesoaccumbal dopaminergic neurotransmission (Chefer et al.,
2005). These findings together demonstrate the inequivocal
existence and relevance of endogenous opioid tones regulating
many aspects of opioid functions.

It is well-known that μ- and δ-opioid receptors can
physically and functionally interact with each other
(Matthes et al., 1998; Gomes et al., 2004), which supported
the concept that activation of these receptors induces
similar biological effects (Traynor and Elliot, 1993).
However, the observation of some behavioral responses of
δ-deficient mice opposing those of μ-deficient mice (Filliol
et al., 2000; Kieffer and Gavériaux-Ruff, 2002) suggests
that δ-opioid receptors may serve specific independent
functions (see also Hauser et al., 2000; Chefer et al.,
2004). In the current study, the comparison of mice lacking
the μ- and δ-opioid-eceptor genes demonstrates that these
opioid receptors can behave oppositely in regulating the
apoptotic Fas/FADD complex. Thus, the μ-opioid receptor
appears to be associated with a tonic stimulation of
monomeric Fas receptor (immunocontent decreased in μ-
KO mice), whereas the δ-opioid receptor would tonically
inhibit the basal density of trimeric Fas as well as that of
FADD and its phosphorylated form at Ser191 (immunocon-
tents increased in δ-KO mice). This suggests possible
homeostatic interactions between μ- and δ-opioid recep-
tors in the control of Fas receptor machinery (monomeric
versus trimeric Fas expression), being a major task of the δ-
receptor to restrain, through the input of endogenous
opioid peptides, the activation of Fas signaling (trimeric
Fas and FADD protein).

The potential effect of μ-opioid receptor agonists in in-
ducing apoptosis of neurons is controversial. Thus, some in
vitro studies have demonstrated that morphine, through
naloxone- and caspase-3-sensitive mechanisms, can induce
apoptosis of enriched neuronal cell cultures (Hu et al., 2002),
but other studies have documented the absence of mor-
phine-induced apoptosis in cultured rat hippocampal neu-
rons (Liao et al., 2005). In contrast, and in line with the
current results, it has been demonstrated that activation of
δ-opioid receptors can block the initiation of apoptosis
(release of cytochrome c and translocation/oligomerization
of Bax) induced by methamphetamine in the mouse brain in
vivo (Tsao and Su, 2001) and to prevent H2O2-triggered
apoptosis (activation of caspase-3) in cortical neuron/glia
co-cultures of mice (Narita et al., 2006). Moreover, other in
vitro studies have revealed that δ-receptor agonists can
protect neocortical neurons from glutamate excitotoxicity
(Zhang et al., 2000) or hypoxic stress (Zhang et al., 2002; Ma
et al., 2005), and that naltrindole (a selective δ-receptor
antagonist) can induce neuronal injury in normoxic
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cell cultures (Zhang et al., 2002). Furthermore, stimulation
of δ-opioid receptors have been shown to promote other
cytoprotective effects in various cell types, including
neurons (Barry and Zuo, 2005; Narita et al., 2006).
Therefore, it is tempting to conclude that possible apoptotic
signals engaged by Fas activation after treatment with some
opiate drugs (see Tegeder and Geisslinger, 2004; Pérez-San
Emeterio et al., 2006) would be minimized by the tonic
control of the δ-opioid receptor, which decreases signal
transduction through the adaptor protein FADD.
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