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1 This study was designed to assess the in¯uence of activation and blockade of the endogenous
opioid system in the brain on two key proteins involved in the regulation of programmed cell death:
the pro-apoptotic Fas receptor and the anti-apoptotic Bcl-2 oncoprotein.

2 The acute treatment of rats with the m-opioid receptor agonist morphine (3 ± 30 mg kg71, i.p.,
2 h) did not modify the immunodensity of Fas or Bcl-2 proteins in the cerebral cortex. Similarly, the
acute treatment with low and high doses of the antagonist naloxone (1 and 100 mg kg71, i.p., 2 h)
did not alter Fas or Bcl-2 protein expression in brain cortex. These results discounted a tonic
regulation through opioid receptors on Fas and Bcl-2 proteins in rat brain.

3 Chronic morphine (10 ± 100 mg kg71, 5 days, and 10 mg kg71, 13 days) induced marked
increases (47 ± 123%) in the immunodensity of Fas receptor in the cerebral cortex. In contrast,
chronic morphine (5 and 13 days) decreased the immunodensity of Bcl-2 protein (15 ± 30%) in brain
cortex. Chronic naloxone (10 mg kg71, 13 days) did not alter the immunodensities of Fas and Bcl-2
proteins in the cerebral cortex.

4 The concurrent chronic treatment (13 days) of naloxone (10 mg kg71) and morphine
(10 mg kg71) completely prevented the morphine-induced increase in Fas receptor and decrease in
Bcl-2 protein immunoreactivities in the cerebral cortex.

5 The results indicate that morphine, through the sustained activation of opioid receptors, can
promote abnormal programmed cell death by enhancing the expression of pro-apoptotic Fas
receptor protein and damping the expression of anti-apoptotic Bcl-2 oncoprotein.
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Introduction

Apoptosis, or programmed cell death, is an active process of

normal cell death during development and also occurs as a
consequence of the cytotoxic e�ect of various neurotoxins
(e.g., MPTP/MPP+, MDMA, ethanol and cocaine) (Sastry &

Rao, 2000). Among the drugs of abuse, cocaine has been
shown to cause a direct cytotoxic e�ect on the foetal rat
heart, and to induce apoptosis in foetal rat myocardial cells

in a dose-dependent manner (Xiao et al., 2000). The
induction of apoptosis in neurones has been demonstrated
to share the same basic mechanisms with all other cell types

(Sastry & Rao, 2000; Yuan & Yankner, 2000). Recent in vitro
studies also indicate that exposure to m- and/or k-opioid
receptor agonists of neuronal cultures from embryonic chick
brain (Goswami et al., 1998) and speci®c cell lines (Dawson

et al., 1997; Yin et al., 1997; Singhal et al., 1998; 1999)

increases their vulnerability to death by apoptotic mechan-

isms.
The molecular mechanisms of apoptosis (i.e., the detailed

cascade of events from the cell surface to ®nal changes in the

nucleus) have not been established yet, but various key
proteins are involved in the regulation of programmed cell
death (Kinloch et al., 1999; Sastry & Rao, 2000). Thus, some

members of the Bcl-2 family of proteins, such as Bcl-2 and
Bcl-xL, supresses apoptosis, while the expression of other,
such as the homologues Bax and Bak, are pro-apoptotic

(Adams & Cory, 1998). Speci®cally, the Bcl-2 oncoprotein,
localized mainly to the mitochondrial membranes, has been
shown to play a important role in protecting neurones from
apoptotic cell death (Hockenbery et al., 1990), probably by

preventing the release of cytochrome c (induced by Bax) and
the subsequent activation of speci®c proteases termed
caspases, the proteolytic enzymes which are crucial for the

execution of nuclear fragmentation and apoptosis (see Adams
& Cory, 1998; Sastry & Rao, 2000; Yuan & Yankner, 2000).
In fact, Bax mRNA and Bax protein are increased in the

British Journal of Pharmacology (2001) 134, 1263 ± 1270 ã 2001 Nature Publishing Group All rights reserved 0007 ± 1188/01 $15.00

www.nature.com/bjp

*Author for correspondence at: UniteÂ de Recherche Clinique,
DeÂ partement de Psychiatrie, HUG Belle-IdeÂ e (Le SaleÁ ve), 2 Chemin
du Petit-Bel-Air, CH-1225 CheÃ ne-Bourg/GeneÁ ve, Switzerland;
E-mail: Jesus.A.Garcia-Sevilla@hcuge.ch



substantia nigra of MPTP-treated mice (degeneration of
dopamine neurones by apoptosis) (Hassouna et al., 1996),
and the release of cytochrome c from the mitochondria and

the subsequent activation of caspases-3/9 was shown to play
a key role in cocaine-induced apoptosis in foetal rat
myocardial cells (Xiao et al., 2000). Another key element
involved in the regulation of apoptosis is the Fas

glycoprotein (also known as CD95 or Apo1), a cell surface
receptor that belongs to the tumour necrosis factor receptor
family (death receptors) and that is expressed abundantly in

various tissues (Nagata & Golstein, 1995; Nagata, 1999;
Orlinick et al., 1999). In contrast to Bcl-2 mitochondrial
protein, the Fas receptor triggers cell apoptosis when it binds

to its ligand FasL, and Fas-mediated death bypasses the
usual long sequence of signalling enzymes and immediately
activates a pre-existing caspase cascade (Nagata, 1999;

Krammer, 2000). In the context of the induction of aberrant
apoptosis in opioid addiction, it was of great interest the
recent in vitro study demonstrating the ability of morphine to
increase, through a naloxone-sensitive mechanism, the

expression (mRNA) of the pro-apoptotic receptor Fas in
mouse splenocytes and in human blood lymphocytes (Yin et
al., 1999). A relevant consequence of the morphine-induced

potentiation of apoptosis in lymphocytes (Singhal et al., 1999;
Yin et al., 1999) is the reduction of the immune response (and
the increase in recurrent infections) observed in heroin

addicts (Govitrapong et al., 1998).
Against this background, and because various chronic

e�ects of morphine on the structure of neurones have been

interpreted to indicate that opiate drugs might induce
neuronal damage after long-term exposure (see Nestler,
1996; Ferrer-AlcoÂ n et al., 2000), the present study was
designed to assess the in vivo in¯uence of the activation and

blockade of the endogenous opioid system (i.e. the acute and
chronic e�ects of the agonist morphine and the antagonist
naloxone) on the immunodensities of the pro-apoptotic Fas

receptor and the anti-apoptotic Bcl-2 oncoprotein in the rat
brain.

Methods

Animals and treatments

Male Sprague-Dawley rats (250 ± 300 g) were used. The
animals received a standard diet with water freely available

and were housed under controlled environmental conditions
(20+28C, 70% humidity and 12 h light/dark cycle). For the
acute treatments, the rats received a single intraperitoneal

(i.p.) injection of morphine (3 and 30 mg kg71) or naloxone
(1 and 100 mg kg71). For the chronic treatment with
morphine, the rats were injected i.p. three times (at 08:00,

14:00 and 20:00 h) during 5 consecutive days with increasing
doses of the opiate as follows: day 1: 10, 10 and 10 mg kg71;
day 2: 10, 20 and 20 mg kg71; day 3: 20, 20 and 40 mg kg71;
day 4: 40, 40 and 80 mg kg71; day 5: 80 and 100 mg kg71. In

another series of chronic experiments, the animals were
injected i.p. every 12 h with morphine (10 mg kg71) during 13
days. In rats, the 5-day treatment with morphine resulted in a

high degree of tolerance and dependence (Ulibarri et al.,
1987; EscribaÂ et al., 1994) and the 13-day treatment in a
marked degree of tolerance (Boronat et al., 1998). For the

chronic treatment with naloxone (10 mg kg71), the animals
received the opiate antagonist i.p. every 12 h during 13 days.
In a parallel experiment, a group of rats received i.p. every

12 h and during 13 days an injection of naloxone
(10 mg kg71) followed by a morphine injection (10 mg kg71)
30 min later. In all series of experiments, control rats received
0.9% saline vehicle i.p. at the indicated treatment times. The

animals were killed by decapitation 2 h after the last dose in
the acute and in the 5-day chronic morphine treatments, and
24 h after the last injection in the 13-day chronic treatments

(morphine and naloxone). The brains were rapidly removed
and the parieto-occipital cortex dissected on ice and stored at
7708C until assay. These experiments in rats were performed

according to the guidelines of the University of Balearic
Islands.

Immunoblotting of Fas, Bcl-2 and 68 kDa neurofilament
(NF-L) proteins

For the immunodetection of the target proteins 250 ± 350 mg

of cerebral cortex was homogenized (30 s) with an Ultra-
turrax homogenizer in 5 volumes of 10 mM Tris HCl bu�er,
pH 7.4, containing 150 mM NaCl, 0.03% Nonidet P-40 (NP-

40), and the following protease inhibitors: 1 mM phenyl-
methylsulphonyl¯uoride (PMSF), 5 mM iodoacetamide,
10 mg ml71 of trypsin-chymotrypsin inhibitor and 1 mg ml71

of each leupeptin and aprotinin. The samples were then
sonicated (10 s) and centrifuged at 48C and 14,9006g for
15 min. The supernatant was recovered and the protein

content determined by the method of Lowry et al. (1951) with
bovine serum albumin as the standard. An aliquot (400 ml) of
the supernatant was mixed with 50 ml of 160 mM Tris HCl,
8% SDS, pH 6.8, and 50 ml of electrophoresis loading bu�er

(500 mM Tris HCl, 8% SDS, 30% glicerol, 20% 2-
mercaptoethanol, 0.02% bromophenol blue, pH 6.8) and
boiled. The samples were then submitted to SDS ±PAGE in a

12% Laemmli gel (1.5 mm thickness). Proteins were
transferred to 0.45 micron (for Fas immunoblotting) or 0.2
micron (for Bcl-2 immunoblotting) nitrocellulose membranes

and blocked at room temperature for 1 h with phosphate
bu�ered saline solution (PBS in mM: NaCl 137, KCl 2.7,
Na2HPO4 12, KH2PO4 1.38, pH 7.4) containing 5% nonfat
dry milk, 0.5% bovine serum albumin and 0.2% Tween 20

(blocking solution). Then, the membranes were incubated
overnight at 48C in blocking solution containing the primary
antibody: anti-Fas (M-20; batch D 219) dilution of 1 : 2000

(Santa Cruz Biotechnology, CA, U.S.A.) and anti-Bcl-2 (DC
21; batch C 309) dilution of 1 : 2000 (Santa Cruz Biotechnol-
ogy). The secondary antibody, horseradish peroxidase-linked

donkey anti-rabbit immunoglobulin G (IgG), was incubated
at 1 : 5000 dilution in blocking solution at room temperature
for 2 h. Immunoreactivity of Fas protein was detected with

the Enhanced Chemiluminiscence (ECL) Western Blot
Detection system (Amersham International, U.K.) followed
by exposure to Hyper®lm ECL ®lm (Amersham). For Bcl-2
detection the more sensitive ECL-Plus System was used

(Amersham).
Fas and Bcl-2 antibodies are rabbit a�nity-puri®ed

polyclonal antisera raised against a peptide of Fas carboxy

terminus (mouse origin) or against a recombinant protein
corresponding to amino acids 1 ± 205 of Bcl-2 (human origin).
In rat brain, these antisera labelled proteins with relative
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molecular masses of &48/49 kDa (Fas) and &25/26 kDa
(Bcl-2) (see Figure 1), which were in good agreement with
previous ®ndings in rat tissues (Prehn et al., 1994; Taylor et

al., 1999). In order to test the selectivity of anti-Fas antibody
with speci®c proteins, the antigenic peptide was used in excess
to block the binding of the antibody to the speci®c protein
species tested. Thus, previous preincubation of the antibody

with the antigenic peptide (preabsorbed antibody) resulted in
the blockade of the immunoreaction for the speci®c protein
(Fas, 48/49 kDa) and other unknown related peptides (&35 ±

40 kDa) (Figure 1A). In the case of Bcl-2, because of the lack
of the antigenic peptide availability, omission of the primary
antibody was used as a negative control; i.e. the immunor-

eactivity was absent under this condition (Figure 1B).
Immunodetection of 68 kDa neuro®lament (NF-L) protein,

a speci®c neuronal cytoskeletal protein used as a positive

control for the cellular e�ects of morphine (Boronat et al.,
1998; Jaquet et al., 2001) was performed by stripping and
reprobing the same nitrocellulose membranes that had been
used for the immunodetection of Fas and Bcl-2 proteins.

Brie¯y, the membranes were washed three times for 10 min
with PBS and then incubated in stripping bu�er (2-
mercaptoethanol 100 mM, SDS 2%, Tris HCl 62.5 mM,

pH 6.8) at 508C for 30 min with occasional agitation. After
two quick rinses with PBS and a further three 10 min
washings, the membranes were blocked at room temperature
for 1 h with blocking solution and the immunodetection of

NF-L protein was performed similarly as described above
using a speci®c monoclonal anti-68 kDa NF-L (Amersham)
diluted at 1 : 500 as the primary antibody, followed by a

horseradish peroxidase-linked sheep anti-mouse IgG second-
ary antibody (1 : 2000 dilution). The immunoreactivity was
detected with the ECL system as described above.

Quantitation of specific immunoreactivity for Fas, Bcl-2
and 68 kDa neurofilament (NF-L) proteins

Speci®c protein immunoreactivity was quantitated by scan-
ning densitometry in the image analyser Bio Image
(Millipore, Ann Arbor, MI, U.S.A.). After scanning,

standard curves were constructed using samples from saline-
treated rats. In these curves, the total protein loaded in at
least four wells (25 ± 125 mg) was plotted against the

integrated optical density (IOD). For Fas, Bcl-2 and NF-L
linear relationships (correlation coe�cients: r=0.98 ± 0.99)
between the amount of protein loaded in the gel and the IOD

were found all over the range of protein content used (Figure
1). For the quantitation of the immunoreactivity of the target
proteins, samples from saline-treated and drug-treated rats

were loaded in the same gel as well as the standard curve
and, for every sample, a theoretical amount of protein loaded
in the gel (Pt) was obtained by intrapolation of its IOD in the
standard curve. The percentage of target protein immunor-

eacivity of a given sample respect to the standard (saline-
treated) samples was calculated as (Pt/Pr)6100; where Pr is
the real amount of protein loaded in the gel well. This

quantitation procedure was repeated at least ®ve times for
each rat brain sample in di�erent gels and the mean value
calculated. The mean intra- and inter-assay coe�cients of

variation were 7 ± 10% and 18 ± 20%, respectively, for the
di�erent target proteins.

Statistics

Results are expressed as mean+s.e.mean values. One-way
ANOVA, followed by Sche�eÂ 's multiple comparison test, was

used for the statistical evaluations. The level of signi®cance
was chosen as P=0.05.

Materials and drugs

Morphine HCl was from UnioÂ n QuõÂmico-FarmaceÂ utica

S.A.E. (Madrid, Spain) and naloxone HCl was from Endo
Laboratories (Garden City, NY, U.S.A.). Polyclonal rabbit
antisera against Fas and Bcl-2 proteins were purchased from
Santa Cruz Biotechnology (U.S.A.). Anti-68 kDa NF-L

mouse monoclonal antibody, horseradish peroxidase-linked
donkey anti-rabbit or sheep anti-mouse IgG antibodies,
Enhanced Chemiluminescence (ECL) reagents and Hyper®lm

ECL ®lm were suplied by Amersham International (U.K.).
Other reagents were obtained from Sigma Chemical Co.
(U.S.A.).

Figure 1 Representative autoradiographs of Western blots depicting
labelling of immunodetectable pro-apoptotic Fas receptor (A) and
anti-apoptotic Bcl-2 oncoprotein (B) in rat brain membranes.
Samples from the cerebral cortex were subjected to SDS±PAGE,
transferred to nitrocellulose membranes (immunoblotting), incubated
with the speci®c primary and secondary antibodies, and visualized by
the Enhanced Chemiluminiscence (ECL or ECL-Plus) method. The
apparent molecular masses of Fas (48/49 kDa) and Bcl-2 (25/26 kDa)
proteins were determined by calibrating the blots with prestained
molecular weight markers as shown on the left hand side. For Fas
the amounts of total protein loaded per gel well were: 31.4; 62.7;
94.1; 125.4 (mg) and the corresponding IOD: 0.37; 0.75; 1.08; 1.21
(arbitrary units) (standard curve; mg protein vs IOD, r=0.98). For
Bcl-2 the amounts of total protein loaded per gel well were: 31.4;
62.7; 94.1; 125.4 (mg) and the corresponding IOD: 0.56; 1.29; 2.48;
2.90 (arbitrary units) (standard curve; mg protein vs IOD, r=0.99).
(A) The speci®city of the antibody anti-Fas was assessed by
preincubating the antibody with the antigenic peptide (preabsorbed
antibody), which resulted in the blockade of the immunoreaction for
the speci®c protein (48/49 kDa) and other unknown related peptides
(&35 ± 40 kDa). (B) For Bcl-2 immunodetection, omission of the
primary antibody was used as a negative control and the
immunoreactivity was absent under this condition.
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Results

Acute effects of morphine and naloxone on Fas, Bcl-2 and
NF-L protein immunoreactivity in rat brain

The acute treatment with the m-opioid receptor agonist
morphine (3 and 30 mg kg71, i.p. for 2 h), compared with

saline solution administration, did not modify signi®cantly
the immunodensity of Fas or Bcl-2 proteins in the cerebral
cortex (Figure 2A,B). Similarly, the acute treatment with low

and high doses of naloxone (1 and 100 mg kg71, i.p. for 2 h),
a non-selective opioid receptor antagonist, did not alter
signi®cantly the immunoreactive levels of Fas and Bcl-2 in

the cerebral cortex (Figure 2C,D). These results indicated the

absence of a tonic regulation induced by endogenous opioid
peptides (i.e., endomorphines), through opioid receptors, on
Fas and Bcl-2 proteins in rat brain. Furthermore, the acute

treatments with morphine or naloxone did not modify
signi®cantly the immunoreactivity of NF-L proteins in
cerebral cortex (Figure 2) (see Jaquet et al., 2001).

Chronic effects of morphine and naloxone on Fas, Bcl-2
and NF-L protein immunoreactivity in rat brain

Chronic treatment (5 days) with morphine (increasing doses
from 10 to 100 mg kg71), compared with saline solution
administration, induced a marked increase in the immuno-

density of Fas receptor protein in the cerebral cortex

Figure 2 (A) Representative immunoblots using antisera against Fas, Bcl-2 and NF-L proteins in the cerebral cortex of saline-
treated rats (two animals, S1 and S2) and morphine-treated rats (3 and 30 mg kg71, 2 h) (two animals for each acute treatment, M1
and M2). The amount of total protein loaded per gel well ranged from 87 to 89 mg for the di�erent treatments. Note that the
immunodensities of Fas, Bcl-2 and NF-L did not change signi®cantly in morphine-treated rats (IOD, percentage of saline-treated
rats, range 95 ± 106%). (B) Columns are means+s.e.mean of 6 ± 8 experiments per group performed in duplicate with an animal per
experiment, and expressed as percentage of saline-treated rats. One-way ANOVA did not detect signi®cant di�erences for Fas
(F=0.35, P=0.71), Bcl-2 (F=0.96, P=0.39) and NF-L (F=1.09, P=0.34) immunodensities after the acute treatments with
morphine. (C) Representative immunoblots using antisera against Fas, Bcl-2 and NF-L proteins in the cerebral cortex of saline-
treated rats (two animals, S1 and S2) and naloxone-treated rats (1 and 100 mg kg71, 2 h) (two animals for each acute treatment, N1
and N2). The amount of total protein loaded per well ranged from 88 to 91 mg for the di�erent treatments. Note that the
immunodensities of Fas, Bcl-2 and NF-L did not change signi®cantly in naloxone-treated rats (IOD, percentage of saline-treated
rats, range 98 ± 102%). (D) Columns are means+s.e.mean of 6 ± 8 experiments per group performed in duplicate with an animal per
experiment, and expressed as percentage of saline-treated rats. One-way ANOVA did not detect signi®cant di�erences for Fas
(F=1.04, P=0.36), Bcl-2 (F=1.58, P=0.21) and NF-L (F=3.06, P=0.05) immunodensities after the acute treatments with
naloxone.
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(47+15%, P50.05) (Figure 3A,B). A prolonged chronic
treatment (13 days) with morphine (10 mg kg71, every 12 h)
resulted in a much greater up-regulation in Fas immunor-

eactivity (123+15%, P50.001) in the cortex (Figure 3A,B).
In contrast, chronic morphine treatment (13 days) markedly
decreased the immunodensity of Bcl-2 protein (30+2%,
P50.001) (Figure 3A,B). Treatment for 5 days with

morphine only showed a tendency to decrease Bcl-2
immunoreactivitiy in the cerebral cortex (15+3%,
P40.05) (Figure 3A,B). On the other hand, chronic

treatment with naloxone (10 mg kg71, i.p. for 13 days),
compared with saline solution administration, did not
modify signi®cantly the immunodensities of Fas, Bcl-2

and NF-L proteins in the cerebral cortex (Figure 3C,D),
suggesting further the absence of a tonic regulation of
endogenous opioids on these proteins which are involved in

the regulation of apoptosis.
To prove further the e�cacy of these chronic morphine

treatments, the immunodensity of NF-L, a speci®c neuronal
cytoskeletal protein and a neurochemical marker of opioid

adiction (Boronat et al., 1998; Jaquet et al., 2001), was also
quantitated. Both chronic morphine treatments (5 and 13
days), compared with saline solution administration, induced

marked decreases in NF-L immunoreactivity in the cerebral
cortex (42+3%, and 59+3%, respectively, P50.001) (Figure
3A,B).

Figure 3 (A). Representative immunoblots using antisera against Fas, Bcl-2 and NF-L proteins in the cerebral cortex of saline-
treated rats (two animals, S1 and S2) and chronic morphine-treated rats (10 to 100 mg kg71 for 5 days or 10 mg kg71 every 12 h
for 13 days) (two animals for each chronic treatment, M1 and M2). The amount of total protein loaded per gel well ranged from 92
to 96 mg for the di�erent treatments. Note that the immunodensity of Fas increased (IOD, percentage of saline-treated rats: 155 ±
238%) and that of Bcl-2 (96 ± 80%) or NF-L (58 ± 45%) decreased in chronic morphine-treated rats. (B) Columns are
means+s.e.mean of 6 ± 8 experiments per group performed in duplicate with an animal per experiment, and expressed as percentage
of saline-treated rats. One-way ANOVA detected signi®cant di�erences between groups with respect to protein immunodensities
after the chronic treatments with morphine: Fas (F=27.56, P50.0001), Bcl-2 (F=51.52, P50.0001) and NF-L (F=54.81,
P50.0001). * P50.05; ** P50.001 when compared with the saline group (ANOVA followed by Sche�eÂ 's test). (C) Representative
immunoblots using antisera against Fas, Bcl-2 and NF-L proteins in the cerebral cortex of saline-treated (S), naloxone-treated (N,
10 mg kg71 for 13 days), morphine-treated (M, 10 mg kg71 for 13 days) and naloxone plus morphine-treated (N ±M) rats. The
amount of total protein loaded per gel well ranged from 90 to 91 mg for the di�erent treatments. Note that naloxone completely
prevented the e�ects of morphine (group N±M) on Fas, Bcl-2 and NF-L immunoreactivity. (D) Columns are means+s.e.mean of
6 ± 8 experiments per group performed in duplicate with an animal per experiment, and expressed as percentage of saline-treated
rats. One-way ANOVA detected signi®cant di�erences between groups: Fas (F=53.77, P50.0001), Bcl-2 (F=36.66, P50.0001) and
NF-L (F=25.82, P50.0001). ** P50.001 when compared with the saline group (ANOVA followed by Sche�eÂ 's test).
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Prevention by naloxone of morphine-induced up-
regulation of Fas and down-regulation of Bcl-2 and NF-L
protein immunoreactivity in rat brain

The concurrent chronic treatment (13 days) of naloxone
(10 mg kg71, i.p.) and morphine (10 mg kg71, i.p.), comple-
tely prevented the morphine-induced increase in Fas receptor

protein immunoreactivity in the cerebral cortex, which even
resulted in Fas levels below, but not signi®cantly di�erent,
the saline control values (Figure 3C,D). Similarly, the

concurrent administration of naloxone and morphine also
antagonized completely the morphine-induced decreases in
Bcl-2 and NF-L protein immunoreactivities in the cerebral

cortex (Figure 3C,D).

Discussion

The main ®nding of this study is the demonstration that
chronic treatment of rats with morphine (tolerant and

dependent states) is associated with a remarkable opposite
modulation in brain of two key proteins involved in the
regulation of the programmed cell death: i.e., a strong up-

regulation of the pro-apoptotic Fas receptor and a moderate
down-regulation of the anti-apoptotic Bcl-2 oncoprotein.
Moreover, these chronic e�ects of morphine in the rat brain,

which also decreased the abundance of the specifc marker of
opioid addiction NF-L proteins, were prevented by the
concurrent administration of naloxone, an opioid receptor

antagonist. At present and because of the time-schedules for
the various morphine treatments it cannot completely be
discarded an e�ect of repeated short periods of spontaneous
opiate withdrawal on the observed changes on Fas and/or

Bcl-2 proteins in brain. However, these in vivo ®ndings most
probably indicate that the stimulatory and inhibitory e�ects
of chronic morphine on brain pro-apoptotic Fas receptor and

anti-apoptotic Bcl-2 oncoprotein, respectively, and on NF-L
proteins, are mediated through the sustained activation of
opioid receptors and speci®cally of the m-type.
Previous in vitro studies have demonstrated the ability of

morphine and DAMGO, a speci®c m-opioid receptor agonist,
to induce apoptosis in T lymphocytes and/or Jurkat cells,
through mechanisms associated with a decrease in the

expression of anti-apoptotic protein Bcl-2 and an enhance-
ment in that of pro-apoptotic protein Bax (Singhal et al.,
1999). Moreover, morphine has also been shown to increase

the expression of pro-apoptotic Fas receptor mRNA in
lymphocytes, through the activation of opioid receptors, as
well as that in the spleen, lung and heart of mice (Yin et al.,

1999). On the other hand, Fas mRNA expression also was
shown to be markedly enhanced in splenic lymphocytes of
stressed mice (with increased levels of endogenous opioids),

an e�ect that was antagonized by naltrexone or naloxone,
which suggested that Fas-mediated lymphocyte apoptosis is
dependent on endogenous opioids (Yin et al., 2000). This
®nding could also imply that in stressed mice there is a tonic

regulation of Fas expression mediated by endogenous opioids
acting on opioid receptors. In the current study, however, the
acute treatment of rats with moderate and high doses of

morphine or naloxone did not alter the abundance of
immunoreactive Fas receptor or Bcl-2 oncoprotein in brain.
Moreover, sustained blockade of opioid receptors with

naloxone (13 days) did not result in signi®cant changes in
Fas or Bcl-2 protein expression. These negative results
indicated the absence of a tonic regulation induced by

endogenous opioid peptides (i.e., endomorphines), through
opioid receptors, on Fas and Bcl-2 proteins in rat brain.
However, it is also possible that the lack of e�ects after the
acute treatments with morphine could be due to the partial

agonist character and/or low e�cacy of this prototypical
opiate drug (Yu et al., 1997; Kovoor et al., 1998).

During the last few years, various e�ects of opiate drugs

on the structure (cytoskeleton) of neurones have been
interpreted to indicate that morphine and other opiates
might induce neuronal damage after long-term exposure

(see GarcõÂ a-Sevilla et al., 1997). Recently, cell-matrix
interactions has been suggested to play an important role
in apoptosis, speci®cally in the regulation of anchorage-

dependent apoptosis. In fact, cytoskeletal elements (e.g.
intermediate ®laments and micro®laments) are substrates
for both Fas ligand and caspases, and disruption of the
cytoskeleton can induce cytotoxicity and apoptotic cell

death (Kothakota et al., 1997; Pike et al., 1998; Abbracchio
et al., 1999 and other references therein). In this context,
chronic treatment with morphine in rats has been shown to

result in marked reductions in the immunodensity of NF
proteins, the major intermediate ®laments of the neuronal
cytoskeleton, in brain regions relevant to opioid addiction

(Beitner-Johnson et al., 1992; Boronat et al., 1998; Jaquet
et al., 2001; present results). Similarly, the immunodensities
of nonphosphorylated NF proteins also were shown to be

decreased in postmortem brains of chronic heroin abusers
(GarcõÂ a-Sevilla et al., 1997; Ferrer-AlcoÂ n et al., 2000).
Moreover, aberrant hyperphosphorylation of NF-H and
NF-M was demonstrated in brains of opioid addicts

(Ferrer-AlcoÂ n et al., 2000) and in brains of morphine-
dependent rats (Jaquet et al., 2001). In opioid-dependent
patients, an enlargement of pericortical space and both

lateral ventricles was revealed by use of cranial computer-
ized tomography, which indicates volume loss (frontal
cortex) of brain (Pezawas et al., 1998). Chronic morphine

in rats was also shown to reduce the size and calibre of
dendrites and soma of mesolimbic dopamine neurones
(Sklair-Tavron et al., 1996), and to decrease the number
of dendritic spines on neurones in various brain regions

(Robinson & Kolb, 1999), which could be related to the
ability of opiate drugs to alter NF proteins (see Ferrer-
AlcoÂ n et al., 2000). In the neocortex of mice, chronic

morphine was shown to reduce the number of calbindin D-
28 kDa-positive neurones, a neuroprotective calcium-binding
protein (Maharajan et al., 1998), an e�ect that also might

be related to neuronal damage induced by opiate drugs.
Recently, chronic administration of morphine or chronic
self-administration of heroin has been shown to decrease

neurogenesis in the adult rat hippocampus, without altering
the normal number of apoptotic cells in this brain region
(Eisch et al., 2000). All of this evidence combine to suggest
that these structural, morphological and functional changes

may re¯ect some form of neural injury induced by chronic
opioid exposure in rats and humans (see Nestler, 1996;
Ferrer-AlcoÂ n et al., 2000), and that this neuronal damage

might be related, in part, to the ability of opiate drugs to
markedly alter cytoskeletal NF proteins (Ferrer-AlcoÂ n et
al., 2000). In turn, the disruption of the cytoskeleton in
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target neurones could induce cytotoxicity and apoptotic cell
death (see above).
The current results together with previous ®ndings (Singhal

et al., 1999; Yin et al., 1999) clearly indicate that morphine
and other opiate drugs, through the activation of opioid
receptors, can promote in vitro and in vivo abnormal
programmed cell death by enhancing the expression of pro-

apoptotic Fas receptor (major e�ect) and damping the
expression of anti-apoptotic Bcl-2 oncoprotein (minor e�ect).
Therefore, the induction of aberrant apoptosis in speci®c

types of neurones may be a major consequence of the

neuronal damage induced by opiate drugs after long-term
exposure (see Nestler, 1996; Ferrer-AlcoÂ n et al., 2000).
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