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Abstract. We have observed that treatment of human
glioma cells with morphine in the nanomolar range of
concentration affects the mitochondrial membrane poten-
tial. The effect is specific to morphine and is mediated
by naloxone-sensitive receptors, and is thus better ob-
served on glioma cells treated with desipramine; moreover,
the mitochondrial impairment is not inducible by fentanyl
or methadone treatment and is prevented by the nitric

oxide (NO) synthase inhibitor L-NAME. We conclude
that in cultured glioma cells, the morphine-induced NO
release decreases the mitochondrial membrane potential,
as one might expect based on the rapid inhibition of the
respiratory chain by NO. The identification of new intra-
cellular pathways involved in the mechanism of action of
morphine opens additional hypotheses, providing a novel
rationale relevant to the therapy and toxicology of opioids.

Key words. Cytochrome oxidase; nitrosative stress; opioid responsiveness; bioenergetics; antinociceptive drug; radicals.

Nitric oxide (NO) is a signalling molecule of para-
mount importance, with functions in the cardiovascular,
immune and nervous systems [ [-4]. Recently, conclusive
evidence has been collected on the reactivity of NO with
mitochondrial complexes [5—7]; in particular, NO inhibits
mitochondrial complex IV, i.e. cytochrome c¢ oxidase
(CcOX), reversibly and on a time scale compatible with
physiology, thereby controlling cell bioenergetics [8].
Endogenous NO is produced by three distinct NO syn-
thases isoforms (NOSs) differently expressed in cells and
tissues [9 and references therein]. Further supporting the
hypothesis of a bioenergetic role for NO, experiments
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aimed at revealing the existence of a specific mitochon-
drial mtNOS [10, 11] showed that the NOS extracted
from mitochondria is a membrane-bound isoform of the
constitutive neuronal nNOS-«a [12]. NO is produced by
mitochondria isolated to a high degree of purity from
brain, heart and other organs [13] and once released
inhibits respiration, the inhibition being prevented by
L-nitroso-arginine-methyl-ester (L-NAME) and other
NOS inhibitors [14].

The activation of the N-methyl-D-aspartate receptor of
neuroblastoma SH-SYS5Y cells induces a transient Ca**
flux with the activation of the constitutive Ca?"-depen-
dent NOS [15], an observation relevant to the study pre-
sented here. The concomitant increase in the endogenous
NO level caused by the Ca?" transient induces, in fact,
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a decrease in the ability of mitochondria to import
electrophoretically cationic fluorescence probes, similar
to the inhibition caused by incubation of cells with exo-
genous NO [14].

Morphine activation of opioid receptors was also shown to
trigger Ca?* fluxes in human [16] and in cloned mouse neu-
roblastoma [17] cell lines. Morphine binding is coupled
to NO release [18], possibly by activating the N-methyl-D-
aspartate receptor [19], an effect that may participate in
the mechanism by which morphine produces tolerance and
hyperalgesia during cancer pain treatment [20, 21].

In this work, we studied the effect of morphine, metha-
done and fentanyl on the mitochondrial membrane poten-
tial (Ap) of glioma cells. We examined the ability of cell
mitochondria to import the fluorescent probe JC, and to
form J-aggregates, a property closely related to variations
in Ay in the high (= 200 mV) potential value region [22].
Experiments were aimed at investigating both acute (in-
cubation for tens of minutes) and chronic (incubation for
tens of hours) effects and proved that morphine, in con-
trast to methadone or fentanyl, and particularly following
chronic treatment induces a significant decrease in the
mitochondrial membrane potential, i.e. by approximately
30% (n =15, p < 0.01). These findings add information
on the molecular mechanism(s) underlying the biological
peculiarities of opioids.

Materials and methods

Cell culture

Human glioma cells were grown in RPMI 1640 medium
with 10% FBS, supplemented with 2 mM glutamine
and 100 units/ml penicillin-0.1 mg/ml streptomycin. All
cultures were maintained in humidified incubators at
37 °C, and under 5% CO, and 95% air. When necessary,
before morphine/opioid treatment, cells were grown for
24 h in the presence of 20 pM desipramine [23]. Cells for
fluorescence bulk measurements were grown in 25-cm?
flasks (one flask for each condition).

Nitrite/nitrate determination

Nitrite accumulation in the culture medium was mea-
sured after (typically) 24 h morphine treatment. Nitrite
levels were determined spectrophotometrically on tripli-
cate samples using the Griess reaction (Nitric Oxide Syn-
thase Assay Kit-Colorimetric; Calbiochem). Absorbance
was measured using a microplate photometer reader
(Spectracount; Packard Instrument Co.) equipped with a
540-nm filter. Absorbance of samples was compared with
that of standard sodium nitrite solutions. The nitrite con-
centration was expressed as percentage of the concen-
tration measured in control cells, and equal to [NO3] =
43 + 3 pM x mg! protein (n = 9); the protein concentra-
tion was determined according to Bradford’s procedure
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[24]. Because of the relatively high level of nitrite present
in RPMI medium, incubations of cells for nitrite mea-
surements were performed in serum-free D-MEM.

Morphine, methadone and fentanyl treatment

Cells pre-treated for 24 h with 20 pM desipramine and
incubated in the presence of desipramine with 20 nM
morphine, methadone or fentanyl for a further 24 h were
used for measurements; cells incubated in parallel with
desipramine were used as controls. The number of dif-
ferent cell preparations used for independent experiments
was 15 for morphine and never less than 3 for all other
conditions (as specified in the figure legends). Each assay
was carried out at least in duplicate. Where indicated,
levels of statistical significance were determined using
Student’s t test. A p value below 0.05 was considered sig-
nificant.

Mitochondrial membrane potential measurement

The mitochondrial membrane potential, negative on the
matrix side, is responsible for the accumulation of posi-
tive charged molecules, such as rhodamines and carbo-
cyanines like JC, [22]. The fluorescence emission of JC,
depends both on its concentration and on the excitation
wavelength. Upon exciting at 490 nm, JC, monomers
display a cytoplasmic fluorescence emission centered at
537 nm (green band). Beyond a critical concentration,
better reached at high mitochondrial membrane potential
values (Ay = 200 mV) [22], JC, aggregates are formed
in the mitochondria, characterised by an intense emission
band centered at 590 nm (red band).

Fluorescence emission spectra of JC,-loaded cells were
recorded between 500 and 620 nm with a single-photon
counting spectrofluorometer (Fluoromax, Jobin-Yvon)
equipped with a magnetic stirrer and thermostated cuvette
of 1-cm light path. The excitation wavelength was 490 nm
when the whole spectrum was recorded, or 575 nm when
the kinetics of formation of the red JC, aggregates was
followed. When necessary, the NOS inhibitor L-NAME
was added, at | mM concentration together with mor-
phine and maintained in the medium throughout the
incubation. The fluorescence measurements were carried
out in culture medium containing 137 mM KCI and
3.6 mM NaCl, and in the presence of 2 pM ouabain in
order to dissipate the plasma membrane potential, thus
abolishing any aspecific cytoplasmic fluorescence [25].
Accumulation of the JC, aggregates was started by adding
to the cells, pre-mixed with the dye, 0.6 pM nigericin;
this ionophore converts the ApH component of Ap,;, into
the electrical membrane potential gradient Ay, allowing
full expression of mitochondrial Ap,., as Ay [26]. The
concentration of JC, was 0.4 pM.

For time-based experiments, cells were gently transferred
into a fluorometer cuvette, containing 3 ml of high-K*
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buffer (see above), 2 pM ouabain and 0.4 pM JC,. Upon
addition of nigericin, the red peak signal rises, due to for-
mation of J-aggregates [22]. The excitation and emission
wavelengths were 575 and 590 nm, respectively.

Cytotoxicity assay

Cell viability and cytotoxicity were measured accord-
ing to a standard procedure using lactate dehydrogenase
release [27]. Lysed cells and fresh medium were used as
100 and 0% cytotoxicity, respectively. Treatments with
morphine, methadone or fentanyl, as well as with naloxone
under all conditions used had no significant, or very little
(£ 5%) effect on cell viability, at least over the time
scale of the experiments (24—48 h). RPMI 1640 medium,
Dulbecco’s modified Eagle’s medium, and foetal bovine
serum were from Invitrogen Life Technologies; all other
reagents were from Sigma. Stock solutions of NO (Air
Liquide) were prepared by equilibrating degassed water
with the pure gas suitably purged of higher NOx, at 1 atm
and 20 °C. The stock NO concentration was independ-
ently evaluated as [NO] =2.1 £ 0.1 mM.

Results

Glioma cells incubated overnight with 20 nM morphine,
displayed a detective mitochondrial accumulation of rho-
damine (RD,,;) by approximately 50%, with respect to
untreated cells. This is shown in figure 1, where the same
cells incubated with excess N-methyl-D-aspartate to
stimulate the production of endogenous NO displayed a
mitochondrial fluorescence level lower than controls
(fig. 1, panel 3).
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Figure 1. Fluorescence microscopy of glioma cells: mitochondria
staining by rhodamine. Cells grown for 48 h on glass coverslips
were incubated for 5 min at 37°C in culture medium containing
0.5 pg/ml rhodamine 123, washed with PBS and mounted on a
microscope slide for fluorescence observation equipped with a
living chamber, obtained by removing a circular portion (about
1.5 cm) of silicon rubber (1.5 mm thick). Control cells (1), or cells
treated before observation for 24 h with 20 nM morphine (2) or for
30 min with 0.5 mM N-methyl-D-aspartate (3).
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The observation was extended to a larger number of cells
(21x10° ml '), by fluorometrically monitoring in glioma
cell suspensions the mitochondrial Ay through the ability
of mitochondria to accumulate the red-fluorescent JC,
aggregates; the kinetics of the process were followed and
analysed, and the spectra of the internalised probe were
collected after reaching equilibrium, i.e. in about 20 min.
The reaction was started by hyperpolarising mitochon-
dria with a saturating amount of nigericin. As shown in
figure 2, the fluorescence emission signal at 590 nm
reached a maximum in about 30 min, thereafter decaying
slowly (hours, not shown). The same experiment was
carried out using cells pre-incubated for 24 h with desi-
pramine and then treated for 24 h with morphine, in the
presence of desipramine; as also shown in figure 2, after
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Figure 2. Effect of morphine on the time-dependent accumulation
of JC, red aggregates into mitochondria of glioma cells. Cells 1x
10 ml~! were suspended in air-equilibrated medium and in the pre-
sence of 2 pM ouabain, and 0.4 pM JC; after signal stabilisation
(about 150 s), 0.6 pM nigericin was added (arrow) and the fluo-
rescence followed over time; desipramine-induced control cells
(trace 1). Cells pre-treated with desipramine were incubated for
24 h with a saturating amount of morphine (20 nM) in the absence
(trace 2) or presence of 200 nM naloxone (trace 3) or | mM L-NAME
(trace 4). The addition of excess NO, as a 50 pM water solution, led
to a rapid decay of fluorescence (trace 5), whereas the addition of
valinomycin almost abolished the membrane potential (trace 6).
Excitation wavelength at 575 nm, emission at 590 nm. Typical time
courses (4) and maximal fluorescence expressed as percentage of
fluorescence by taking the signal of control cells as 100% (B). T =
37 °C. The number of independent cell preparations assayed was
n=15 (morphine), n = 6 (other conditions). The statistical p value
for morphine-treated cells was < 0.01. For details see Materials
and methods.
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Figure 3. Effect of methadone and fentanyl on the time-dependent
accumulation of JC, aggregates into mitochondria of glioma cells.
The experiments, designed as in Figure 2, were carried out using cul-
tured glioma cells (trace 1), cells incubated for 24 h with morphine
(trace 2), 20 nM fentanyl (trace 3) or 20 nM methadone (trace 4).
Traces and analysis of control and morphine-treated cells are re-
ported for comparison with figure 2. T=37°C. The number of in-
dependent experiments was n=15 (morphine), n=3 (other condi-
tions). For details see Materials and methods.

morphine treatment, accumulation of the red aggregates
occurred on a similar time scale but to a smaller extent,
i.e. up to ~ 70% of untreated cells. The effect of morphine
was prevented by naloxone, a commonly used antagonist
of the morphine receptor, as well as by the NOS inhibitor
L-NAME (see fig. 2). Naloxone alone had no effect on
the kinetics and amplitude of the fluorescence signal
which was comparable to that of untreated cells, whereas
in the presence of L-NAME, some significant increase in
the signal amplitude was often detected (up to ~20%).
The specificity of the effect induced by morphine was
investigated by treating cells for 24 h with 20 nM fentanyl
or 20 nM methadone. As shown in figure 3, cells treated
with these drugs displayed the same ability to import JC,
as control cells.

The addition of valinomycin, dissipating mitochondrial
AY, caused a rapid and complete disappearance of the
signal, confirming that the red fluorescence depends on
the mitochondrial membrane potential (fig. 2). A similar
behaviour was observed upon addition of excess (50 pM)
NO gas directly in the cuvette and to the cell culture me-
dium (fig. 2).
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Figure 4. Fluorescence emission spectra of glioma cells after accu-
mulation of the J-aggregates. Spectra were collected at the end of
JC, red aggregate formation, under the experimental conditions de-
scribed in figure 2. Spectra were accumulated and averaged after
normalisation for the total number of cells suspended in the cuvette,
and directly counted. Notice that an increase in fluorescence at
595 nm (red peak) corresponds to a decrease in fluorescence at
538 nm (green peak) as expected by the conversion of monomers
into polymers. T =37°C.

The time courses shown in figures 2 and 3 reflect the
formation of JC, red aggregates; this was proved by collect-
ing the fluorescence emission spectra of the cells at equi-
librium, i.e. about 20-30 min after addition of nigericin
(fig. 4). The spectra display the typical green (538 nm)
and red (595 nm) band characteristic of JC, accumulated
in the monomeric (low potential) and polymeric (high
potential) state, respectively. As expected, the red/green
peak ratio (595/538 nm) observed after morphine treat-
ment was significantly lower (inset to fig. 4), indicating
the existence of a smaller AW than in control cells. Inter-
estingly, treatment of glioma cells with excess morphine
for a limited period of time (10 min) or even 24 h induced
small changes (not shown) unless cells were pre-treated
with desipramine for 24 h.

The production of NO by the cells accounting for the de-
crease in mitochondrial fluorescence was also directly
monitored by measuring nitrite levels in the cell culture
supernatant. As shown in figure 5, the Griess reaction
revealed that glioma cells incubated with desipramine
for 24 h and then for a further 24 h with morphine dis-
played an approximately 25% increase in nitrite level
compared to control cells. Consistent with the mitochon-
drial fluorescence results, the nitrite increment was re-
versed by the NOS inhibitor L-NAME or by the antagon-
ist of the morphine receptor, naloxone. In contrast, the
nitrite concentration level of cells incubated with fentanyl
or methadone for 24 h was similar to that of control
cells (fig. 5).



CMLS, Cell. Mol. Life Sci.  Vol. 61, 2004
A 150 -
100 f i 93
® 1001 —F T ¢
® 1
.E
3 50-
o T T T 1
1 2 3 4
B
150 .
120
100 - 94 g
o 100 =f I :
. I
5 50 -
0 T T 1
1 2 3 4

Figure 5. Accumulation of nitrite in the medium of cells treated
with morphine and other effectors. Glioma cells were treated as for
the experiments shown in figures 2 (4) and 3 (B), but were grown in
modified Dulbecco’s medium. At the end of treatment, the nitrite
concentration was measured in the supernatant. The average con-
centration of nitrite in the supernatant of control glioma cells was
[NO3] =43 + 3 pM mg! protein. Results are expressed as percent-
age of the nitrite concentration measured in control cells.

Discussion

We have shown that morphine treatment induces a sub-
stantial decrease in mitochondrial membrane potential
in human glioma cells via an NO-dependent pathway.
This novel effect is consistent with previous reports show-
ing morphine-induced impairment of cell energy meta-
bolism [28], and is assigned here to morphine-induced
NO release, a reaction which has been intensively studied
and characterised [19, 29, 30]. The reaction is inhibited by
the NOS inhibitor L-NAME and is mediated by naloxone-
sensitive receptors, whose expression was induced by
24 h incubation with desipramine. Sensitivity to desipra-
mine strengthens the hypothesis that a p-type receptor is
involved, namely the p;-type according to some authors
[31], without excluding the involvement of other binding
sites [32].

In this report we show that mitochondria of glioma cells,
exposed to morphine lose a significant fraction of the
mitochondrial membrane potential. The effect is more
clearly elicited if incubation with morphine occurs over
a period of hours. According to previous reports [19,
29-32], binding of morphine activates NOS, particularly
the constitutive cNOS. Consequently, NO is released in
the (barely measurable) nanomolar range of concentra-
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tion, and promptly diffuses through and within the cell
membranes and compartments [33]. Under these condi-
tions, mitochondrial CcOX is transiently inhibited [7, 8],
and the mitochondrial membrane potential falls, although
to a different extent and with different kinetics depending
on the cell line under investigation [ 14, 34]. Consistently,
glioma cells in the presence of morphine, when compared
to untreated cells, display a decreased mitochondrial con-
centration of JC, red aggregates, whose formation re-
quires high mitochondrial A ¥ regimes [22]. Thus, follow-
ing a persistent (hours) morphine treatment, glioma cell
mitochondria appear de-energized. The effect can be
reversed by inhibiting morphine binding to the cell recep-
tor with naloxone, or treating cells with NOS inhibitors
such as L-NAME, which is to be expected if the effect on
mitochondria is mediated by NO release. The same con-
clusion is supported by the finding that upon exposing
glioma cells to morphine, the concentration of nitrite in
the culture medium increases over the same period of
time.

Interestingly, by simply inhibiting the NOSs with L-
NAME, the observed mitochondrial fluorescence was
often higher than in control cells. This finding is not sur-
prising, as it had already been described in neuroblastoma
cells [14]. It further suggests that, in cultured glioma cells
also, there is a steady production of NO. This persistent
nanomolar concentration of NO has been proposed to
produce a partial inhibition of the respiratory chain at the
level of CcOX [7, 35], and that inhibition would account
for the higher, compared to the purified enzyme, apparent
Ky of CcOX for O,, when measured in situ, in cells and
tissues [7, 8].

Although small (~10%), a mitochondrial fluorescence
decrease is observed even at early incubation times with
morphine (not shown), fully consistent with the reported
release of NO that follows the activation of cNOS by the
morphine-induced calcium entry [16]. A longer (chronic)
treatment, on the other hand, is compatible with persistent
NO production, and therefore a persistent depression in
mitochondrial function and fluorescence, which becomes
more clearly detectable. Whether on a longer time scale,
in addition to the activation of the cNOS, the transcrip-
tionally regulated inducible iNOS is also activated [36]
needs to be unequivocally substantiated.

In experiments carried out with cardiomyocytes,
McPherson et al. [37] proposed that on the time scale of
minutes, morphine may open mitochondrial K, chan-
nels, thereby inducing mitochondrial impairment. Interest-
ingly, in these experiments, an overproduction of 2’,7’-
dichlorofluorescein diacetate-sensitive radical species
was demonstrated, also in agreement with previous
reports [38]. Our results confirm that the NO radical is
produced upon morphine treatment, accounting not only
for the opening of mitochondrial K, channels [39] but
also for the inhibition of the mitochondrial respiratory
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chain, with a decrease in mitochondrial membrane poten-
tial. Interestingly, the effect on the mitochondrial po-
tential is specific for morphine and is not inducible by
fentanyl or methadone. This finding might suggest that
these opioids exert different effects on Ca?* fluxes and
thus, in our view, on NOS activation. Moreover, although
possibly binding to the same p-type receptors, their sub-
type [40, 41] and the chemistry involved [42] could be
different.

According to several reports, an important side-effect of
morphine treatment is cell pre-conditioning; i.e. morphine
can be protective [43], an observation recently extended
to purkinjie cells [44], and a potential clinical use of
morphine to reduce ischemic brain injury is envisaged.
An involvement of the mitochondrial K, channels in the
pre-conditioning events has been proposed. In addition,
we would also draw attention to the recent observation
that a significant but limited inhibition of the respiratory
chain by NO can induce activation of glycolysis [34] and
this process has also been suggested to be beneficial to
neurons which are going to be exposed to ischemia [45].
In conclusion, our results suggest that not only the activa-
tion of the K, channels but also the partial inhibition of
the respiratory chain can contribute to the cell pre-condi-
tioning induced by morphine. As recently hypothesised
[31], and on the basis of our results, it will be of interest
to verify whether endogenous morphine can play a bio-
energetic role.

Acknowledgements. We thank A. Giuffré (Institute of Molecular
Biology and Pathology, CNR, Rome) for extended discussions on
these issues. This work supported by Ministero dell’Istruzione,
dell’Universita e della Ricerca (MIUR) of Italy-PRIN ‘Bioener-
getica: aspetti genetici, biochimici e fisiopatologici’, and by Fondo
per gli Investimenti della Ricerca di Base (FIRB-RBAUO1F2BJ) to
P. S. and by Ministero della Salute (Progetti Speciali 2000-2002;
RF 01.112) to E. A.

1 Ignarro L. J. (1999) Nitric oxide: a unique endogenous signal-
ling molecule in vascular biology. Biosci Rep. 19: 51-71

2 Shah A. M. and Channon K. M. (2004) Free radicals and redox
signalling in cardiovascular disease. Heart 90: 486487

3 Guzik T. J., Korbut R. and Adamek-Guzik T. (2003) Nitric
oxide and superoxide in inflammation and immune regulation.
J. Physiol. Pharmacol. 54: 469487

4 Stern J. E. (2004) Nitric oxide and homeostatic control: an
intercellular signalling molecule contributing to autonomic
and neuroendocrine integration? Prog. Biophys. Mol. Biol. 84:
197-215

5 Clementi E., Brown G. C., Feelisch M. and Moncada S. (1998)
Persistent inhibition of cell respiration by nitric oxide: crucial
role of S-nitrosylation of mitochondrial complex I and pro-
tective action of glutathione. Proc. Natl. Acad. Sci. USA 95:
7631-7636

6 Poderoso J. J., Lisdero C., Schopfer F., Riobo’ N., Carreras
M. C., Cadenas E. et al. (1999) The regulation of mitochondrial
oxygen uptake by redox reactions involving nitric oxide and
ubiquinol. J. Biol. Chem. 274: 37709-37716

7 Sarti P, Giuffré A., Barone M. C., Forte E., Mastronicola D.
and Brunori M. (2003) Nitric oxide and cytochrome oxidase:

10

11

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Morphine, NO and mitochondria

reaction mechanisms from the enzyme to the cell. Free Radic.
Biol. Med. 34: 509-520

Brown G. C. (2001) Regulation of mitochondrial respiration by
nitric oxide inhibition of cytochrome ¢ oxidase. Biochim. Bio-
phys. Acta. 1504: 46-57.

Ghosh D. K. and Salerno J. C. (2003) Nitric oxide synthases:
domain structure and alignment in enzyme function and con-
trol. Front. Biosci. 8: 193-209

Ghafourifar P. and Richter C. (1997) Nitric oxide synthase
activity in mitochondria. FEBS Lett 418: 291-296

Kanai A. J.,, Pearce L. L., Clemens PR., Birder L. A., Van Bibber
M. M., Choi S.Y. et al. (2001) Identification of a neuronal nitric
oxide synthase in isolated cardiac mitochondria using electro-
chemical detection. Proc. Natl. Acad. Sci. USA 98: 14126—
14131

Elfering S. L., Sarkela T. M. and Giulivi C. (2002) Biochem-
istry of mitochondrial nitric-oxide synthase. J. Biol. Chem.
277:38079-3886

Giulivi C. (2003) Characterization and function of mitochon-
drial nitric oxide synthase. Free Radic. Biol. Med. 34: 397-408
Sarti P, Lendaro E., Ippoliti R., Bellelli A., Benedetti P. A. and
Brunori, M. (1999) Modulation of mitochondrial respiration by
nitric oxide: investigation by single cell fluorescence micro-
scopy. FASEB J. 13: 191-197

Bredt D. S. and Snyder S. H. (1994) Nitric oxide: a physiologic
messenger molecule. Annu. Rev. Biochem. 63: 175-195
Quillan J. M., Carlson K. W., Song C., Wang D. and Sadee W.
(2002) Difterential effects of mu-opioid receptor ligands on
Ca(2+) signalling. J. Pharmacol. Exp. Ther. 302: 1002-1012
Lorentz M., Hedlund B. and Arhem P. (1988) Morphine activ-
ates calcium channels in cloned mouse neuroblastoma cell lines.
Brain Res. 445: 157-159

Stefano G. B., Hartman A., Bilfinger T. V., Magazine H. 1., Liu
Y., Casares F. et al. (1995) Presence of the mu3 opiate receptor
in endothelial cells: coupling to nitric oxide production and
vasodilation. J. Biol. Chem. 270: 30290-30293

Pasternak G. W., Kolesnikov, Y. A. and Babey, A. M. (1995)
Perspectives on the N-methyl-D-aspartate/nitric oxide cascade
and opioid tolerance. Neuropsycopharmacology 13: 309-313
Mercadante S., Ferrera P, Villari P. and Arcuri E. (2003) Hyper-
algesia: an emerging iatrogenic syndrome. J. Pain Symptom
Manage. 26: 769-775

Nemmani K. V. S., Grisel J. E., Stowe J. R., Smith-Carliss R.
and Mogil J. S. (2004) Modulation of morphine analgesia by
site-specific N-methyl-D-aspartate receptor antagonists: depen-
dence on sex, site of antagonism, morphine dose, and time.
Pain 109: 274-283

Reers M., Smith T. W. and Chen L. B. (1991) J-aggregate for-
mation of a carbocyanine as a quantitative fluorescent indicator
of membrane potential. Biochemistry 30: 44804486

Barg J., Belcheva M. M., Bem W. T., Lambourne B., McLachlan
J. A., Tolman K. C. et al. (1991) Desipramine modulation of
sigma and opioid peptide receptor expression in glial cells. Pep-
tides 12: 845-849

Bradford M. M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72: 248-254
Davis S., Weiss M. J., Wong J. R., Lampidis T. J. and Chen L. B.
(1985) Mitochondrial and plasma membrane potentials cause
unusual accumulation and retention of rhodamine 123 by
human breast adenocarcinoma-derived MCF-7 cells. J. Biol.
Chem. 260: 13844-13850

Reed P. W. (1979) Ionophores. Methods Enzymol. 55: 435454
Korzeniewski C. and Callewaert D. M. (1983) An enzyme-
release assay for natural cytotoxicity. J. Immunol. Methods 64:
313-320

Di Francesco P, Tavazzi B., Gaziano R., Lazzarino G., Casa-
linuovo I.A., Di Pierro D. et al. (1998) Differential effects
of acute morphine administrations on polymorphonuclear cell



CMLS, Cell. Mol. Life Sci.

29

30

31

32

33

34

35

36

Vol. 61, 2004

metabolism in various mouse strains. Life Sci. 63: 2167-2174
Stefano G. B., Liu Y. and Goligorsky M. S. (1996) Cannabinoid
receptors are coupled to nitric oxide release in invertebrate im-
munocytes, microglia, and human monocytes. J. Biol. Chem.
271: 19238-19242

Tseng L., Mazella J., Goligorsky M. S., Rialas C. M. and
Stefano G. B. (2000) Dopamine and morphine stimulate nitric
oxide release in human endometrial glandular epithelial cells.
J. Soc. Gynecol. Invest. 7: 343-347

Stefano G. B., Zhu W., Cadet P, Bilfinger T. V. and Mantione K.
(2004) Morphine enhances nitric oxide release in the mam-
malian gastrointestinal tract via the micro(3) opiate receptor
subtype: a hormonal role for endogenous morphine. J. Physiol.
Pharmacol. 55: 279-288

Bohn L. M., Belcheva M. M. and Coscia C. J. (1998) Evidence
for kappa- and mu-opioid receptor expression in C6 glioma
cells. J. Neurochem. 70: 1819-1825

Wood J. and Garthwaite J. (1994) Models of the diffusional
spread of nitric oxide: implications for neural nitric oxide
signalling and its pharmacological properties. Neuropharma-
cology 33: 1235-1244

Almeida A., Almeida J., Bolanos J. P. and Moncada S. (2001)
Different responses of astrocytes and neurons to nitric oxide:
the role of glycolytically generated ATP in astrocyte protection.
Proc. Natl. Acad. Sci. USA 98: 152941529

Brunori M., Giuffre A., Sarti P, Stubauer G. and Wilson M. T.
(1999) Nitric oxide and cellular respiration. Cell. Mol. Life Sci.
56: 549-557

Stefano G. B., Cadet P, Fimiani C. and Magazine H. 1. (2001)
Morphine stimulates iNOS expression via a rebound from in-
hibition in human macrophages: nitric oxide involvement. Int. J.

37

38

39

40

41

42

43

44

45

Research Article 2997

Immunopathol. Pharmacol. 14: 129-138

McPherson B. C. and Yao Z. (2001) Morphine mimics pre-
conditioning via free radical signals and mitochondrial K(ATP)
channels in myocytes. Circulation 103: 290-295

Liang B. T. and Gross G. J. (1999) Direct preconditioning of
cardiac myocytes via opioid receptors and KATP channels.
Circ. Res. 84: 1396-1400

Bell R. M., Maddock H. L. and Yellon D. M. (2003) The
cardioprotective and mitochondrial depolarising properties of
exogenous nitric oxide in mouse heart. Cardiovasc. Res. 57:
405-415

Bilfinger T. V., Fimiani C. and Stefano G. B. (1998) Morphine’s
immunoregulatory actions are not shared by fentanyl. Int. J.
Cardiol. 64: S61-S66

Kvam T. M., Baar C., Rakvag T. T., Kaasa S., Krokan H. E. and
Skorpen F. (2004) Genetic analysis of the murine micro opioid
receptor: increased complexity of Oprm gene splicing. J. Mol.
Med. 82: 250-255

LiuZ. H., He Y., Jin W. Q., Chen X. J., Zhang H. P,, Shen Q. X.
et al. (2003) Binding affinity to and dependence on some
opioids in Sf9 insect cells expressing human mu-opioid recep-
tor. Acta Pharmacol. Sin. 24: 859-863

Schultz J. E. and Gross G. J. (2001) Opioids and cardioprotec-
tion. Pharmacol. Ther. 89: 123-137

Lim Y. J., Zheng S. and Zuo Z. (2004) Morphine precondi-
tions Purkinje cells against cell death under in vitro simulat-
ed ischemia-reperfusion conditions. Anesthesiology 100: 562—
568

Almeida A., Moncada S. and Bolanos J. P. (2004) Nitric oxide
switches on glycolysis through the AMP protein kinase and
6-phosphofructo-2-kinase pathway. Nat. Cell Biol. 6: 45-51

To access this journal online:
http://www.birkhauser.ch




