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Background: Activation of adenylyl cyclase (AC) by prolonged exposure of mammalian organism to morphine
was demonstrated in previous studies of mechanism of action of this drug. However, expression level of in-
dividual AC isoforms was not analyzed in crucial cell structure, plasma membrane (PM).
Methods: Rats were adapted to morphine for 10 days and sacrificed 24 h (group+M10) or 20 days
(+M10/−M20) after the last dose. Control animals were sacrificed in parallel with morphine-treated
(groups−M10 and (−M10/−M20)). Percoll®-purified PM were isolated from brain cortex and analyzed
by immunoblotting and specific radioligand binding.
Results: ACI (ACII) was increased 8× (2.5×) in morphine-adapted rats (+M10) when compared with controls
(−M10). Increase of ACI and II by long-term adaptation to increasing doses of morphine represented a specific
effect as the amount of ACIII–ACIX, of prototypical PM marker, Na, K-ATPase and of trimeric G protein α and β
subunits was unchanged. Increase of ACI and II was not detected in PM isolated from group (+M10/−M20).
Thus, the marked increase of ACI and ACII faded away 20 days since the last dose of morphine.
Conclusions: We assume that the specific increase in expression level of ACI and ACII in brain cortex of
morphine-adapted rats proceeds as a compensatory, homeostatic response to prolonged exposure to inhibitory
drug, morphine.
General significance: Our findings demonstrate that the dramatic and specific change of the crucial component of
the opioid receptor cascade in brain cortex, manifested as an increase in PM level of ACI and II, is reversible.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Physiological action of opioid drugs requires an initial interaction
with opioid receptors [1]. These receptors, MOR (μ-OR), DOR (δ-OR)

and KOR (κ-OR) [2–9] are classified as members of rhodopsin family
of G-protein coupled receptors, GPCRs. All these receptors are
known to inhibit adenylyl cyclase activity in pertussis-toxin-
dependent manner by activation of Gi/Go class of trimeric G proteins
[10]. These proteins (Gi1, Gi2, Gi3, Go1, Go2) are present in brain in
large quantities and inhibit adenylyl cyclase activity or regulate
ionic channels in pertussis-toxin-dependent manner [11–15].

Hyper-sensitization or super-activation of AC enzyme activity by
prolonged exposure of cultured cells or mammalian organisms to
morphine has been demonstrated in previous studies of mechanism
of action of this drug representing the non-selective OR agonist
[1,7,8,16–26]. Adenylyl cyclase is regulated by trimeric G-proteins,
so any significant change of AC activity should be preceded by alter-
nation of trimeric G-protein activity.

In our previous work [27], the purified membranes from brain cor-
tex were used for determination of DAMGO (μ-OR)-, DADLE (δ-OR)-,
and U-23554 (κ-OR)-stimulated [35S] GTPγS binding which was used
as an estimate of trimeric G protein activity. Membranes were isolat-
ed from forebrain cortex of control and morphine-treated rats. Re-
sults of this study indicated a clear desensitization of DAMGO- and
DADLE-stimulated G protein response in membranes prepared from
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morphine-treated rats [27]. U-23554-stimulated [35S] GTPγS binding
was unchanged. Our results were fully in line with data of Sim et al.
[28], Sim-Selley et al. [29] and Maher et al. [30] indicating the desen-
sitization of G protein response in specific areas of brain stem and
hippocampus in morphine- as well as heroine-adapted rats.

In our present work, we have analyzed the content of all types of
adenylyl cyclase protein molecules (ACI–IX) in PM isolated in the
same way frommorphine-adapted rats because the previous analyses
of AC in drug-addicted state were preferentially oriented to function-
al assays of AC only and not to the quantitative determination of dif-
ferent isoforms of this enzyme in plasma membranes. Recent
histochemical analysis of ACI–IX mRNA levels indicated that the ex-
pression level of ACI and II in rat brain cortex is high [31].

2. Material and methods

2.1. Chemicals

[3H]-ouabain (30 mCi/mmol, NET211001MC), [3H]DADLE
(39.1 Ci/mmol, NET648250UC) and [3H]DPDPE (45 Ci/mmol;
NET922050UC) were purchased from Perkin Elmer. [α-32P] ATP
(adenosine-5′-[α-32P] triphosphate, cat. no. 32007.2) was pur-
chased from MP Biomedicals. [3H]cAMP (cyclic 3′,5′-[α-3H] aden-
osine monophosphate, cat. no. TRK498) was from Amersham.
Complete protease inhibitor cocktail was from Roche Diagnostic,
Mannheim, Germany (cat. no. 1697498). All other chemicals
were of highest purity available.

2.2. Antisera

Giα and Goα subunit proteins were identified by antipeptide anti-
bodies as originally described by Gierschik et al. [11], Goldsmith et al.
[12], Backlund et al. [13] and Milligan [15]. Production of the rabbit
polyclonal antisera anti-Gi1/Gi2α, anti-Gi3α, anti-Go and anti-
Gq/G11α was performed according to Mitchell et al. [32,33], Mullaney
and Milligan [34] and Mullaney et al. [35–37]. These antisera were
previously characterized in our laboratory by Ihnatovych [38]. Gsα
(G-5040) antibody was from Sigma. Rabbit polyclonal antibodies
Gzα (I-20, sc-388), Gβ (T-20, sc-378), ACI (V-20, sc-586), ACII (C-
20, sc-587), ACIII (C-20, sc-588), ACIV (C-20, sc-589), ACV/VI (C-17,
sc-590), ACVII (M-20, sc-1966), ACVIII (C-17, sc-32131), ACIX (N-
18, sc-8576) were purchased from Santa Cruz Biotechnology. Anti-
body oriented against α subunit of Na, K-ATPase (H-300, sc-28800)
was also from Santa Cruz. Caveolin-1-oriented antibody C13630 was
purchased from Transduction Laboratories [39].

2.3. Animals

All experiments were performed in accordance with the European
Council Directive (86/609/EEC). Male Wistar rats (220–250 g) were
killed by decapitation under ether narcosis, the frontal brain was rap-
idly removed, washed intensively from the remaining blood and
cooled to 0 °C. The cerebral cortex was separated on the pre-cooled
plate, snap frozen in liquid nitrogen and stored at −70 °C until use.

2.4. Morphine treatment of experimental animals

The animals were exposed to morphine by intra-muscular appli-
cation according to the following protocol: 10 mg/kg (days 1 and 2),
15 mg/kg (days 3 and 4), 20 mg/kg (days 5 and 6), 30 mg/kg (days
7 and 8), 40 mg/kg (day 9) and, finally 50 mg/kg (day 10). The mor-
phine-adapted rats were sacrificed 24 h (group+M10) or 20 days
(group (+M10/−M20)) after the last dose of the drug. Control animals
were injected with sterile PBS and sacrificed in parallel with morphine-
adapted rats, i.e. 24 h (−M10) or 20 days (−M10/−M20) after the last
dose.

An independent group of animals was exposed to the single dose
(injection) of 10 mg/kg, 15 mg/kg, 20 mg/kg, 30 mg/kg, 40 mg/kg or
50 mg/kg of morphine (group+M1) and sacrificed for 24 h later.
Control animals were injected with sterile PBS (group−M1). The
aim of this short term morphine exposure experiment was to obtain
an independent set of data on ACI and II levels in PM with the aim
to compare these data with those collected from morphine-adapted
rats for 10 days (group+M10).

2.5. Isolation of plasma membrane-enriched fraction from rat brain cortex

Rat brain cortexwasmincedwith razor blade on pre-cooled plate and
diluted in STEM medium containing 250 mM sucrose, 20 mM Tris–HCl,
3 mMMgCl2, 1 mM EDTA, pH 7.6, fresh 1 mM PMSF plus protease inhib-
itor cocktail. It was then homogenized mildly in loosely-fitting Teflon-
glass homogenizer for 5 min (2 g w. w. per 10 ml) and centrifuged for
5 min at 3500 rpm. Resultingpost-nuclear supernatant (PNS)wasfiltered
through Nylon nets of decreasing size (330, 110 and 75 mesh, Nitex) and
applied on top of Percoll in Beckman Ti70 tubes (30 ml of 27.4% Percoll in
STE medium). Centrifugation for 60 min at 30,000 rpm (65,000×g)
resulted in the separation of two clearly visible layers [40]. The upper
layer represented plasma membrane fraction (PM); the lower layer con-
tainedmitochondria (MITO). The upper layerwas removed, diluted 1:3 in
STEM medium and centrifuged in Beckman Ti70 rotor for 90 min at
50,000 rpm (175,000×g). Membrane sediment was removed from the
compact, gel-like sediment of Percoll and re-homogenized by hand in a
small volume of 50 mM Tris–HCl, 3 mM MgCl2, 1 mM EDTA, pH 7.4
(TME medium).

2.6. SDS-PAGE and immunoblotting

The aliquots of membrane fractions were mixed 1:1 with 2× con-
centrated Laemmli buffer (SLB) and heated for 3 min at 95 °C. Standard
(10% w/v acrylamide/0.26% w/v bis-acrylamide) SDS electrophoresis
was carried out as described before [41–43]. Molecular mass determi-
nations were based on pre-stained molecular mass markers (Sigma,
SDS 7B). After SDS-PAGE, proteins were transferred to nitrocellulose
and blocked for 1 h at room temperature in 5% (w/v) low-fat milk in
TBS-Tween buffer [10 mM Tris–HCl, pH 8.0, 150 mM NaCl, 0.1% (v/v)
Tween 20]. Antibodies were added in TBS-Tween containing 1% (w/v)
low-fat milk and incubated for at least 2 h. The primary antibody was
then removed and the blot washed extensively (3×10 min) in TBS-
Tween. Secondary antibodies (donkey anti-rabbit IgG conjugated with
horse-radish peroxidase) were diluted in TBS-Tween containing 1%
(w/v) low-fat milk, applied for 1 h and after three 10 min washes the
blots were developed by ECL technique using Super Signal West Dura
(Pierce) as substrate. The developed blots were scanned with an imag-
ing densitometer ScanJett 5370C (HP) and quantified by Aida Image An-
alyzer v. 3.28 (Ray test).

When indicated, membrane fractions were also analyzed by
NuPAGE system (Invitrogen). Aliquots of membrane fractions were
solubilized in NuPAGE LDS Sample Buffer (4×) with addition of
NuPAGE Sample Reducing Agent (10×) according to manufacturer's
instructions. Samples were heated at 70 °C for 10 min, loaded at
10 μg/well and resolved by NuPAGE 4–12% or 10% Bis-Tris polyacryl-
amide gels (10 wells,1 mm thick) using 3-(N-morpholino) propane
sulfonic acid (MOPS), sodium dodecyl sulfate (SDS) running buffer
with NuPAGE Antioxidant prior to blotting on nitrocellulose mem-
branes (Protran, Schleicher & Schuell). Western blotting was carried
out as described above.

2.7. Na, K-ATPase

All membrane preparations were screened for the content of PM
marker, sodium- plus potassium-activated magnesium-dependent
adenosine triphosphatase (EC 3.6.1.3). Na, K-ATPase was determined
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by binding of radioactively labeled, selective inhibitor of this enzyme,
[3H]ouabain as described before by Svoboda et al. [44]. Membranes
(50 μg) were incubated with 5 nM [3H]ouabain for 90 min at 30 °C in
total volume of 0.4 ml of 5 mM NaHPO4, 5 mM MgCl2, 50 mM Tris–HCl,
pH 7.6 at 37 °C. Binding reaction was terminated by dilution with 5 ml
of ice-cold buffer and filtration throughWhatman GF/B filters. The filters
were washed twice, dried overnight at laboratory temperature and the
radioactivitywas determined by liquid scintillation. Non-specific binding
was determined in the presence of 1 μM unlabelled ouabain.

Membrane density of Na, K-ATPase molecules was detected by im-
munoblotting with antibodies oriented against α-subunit of this en-
zyme (sc-28800, Santa Cruz) as described above.

2.8. Adenylyl cyclase

Adenylyl cyclase enzyme activity was determined as described be-
fore by Bourova et al. [45]. Reaction mix was prepared according to
Salomon [46]; separation of cyclic AMP from other nucleotides and
inorganic phosphate was performed by dry alumina column chroma-
tography as described by White [47].

2.9. δ-opioid receptors

Saturation binding experiments were performed using [3H]DADLE
or [3H]DPDPE according to Bourova et al. [45] and Moon et al. [48].
The assay medium contained membrane protein (120 μg per tube) di-
luted in final volume of 100 μl of binding mix containing 50 mM Tris–
HCl, 10 mMMgCl2, 1 mM EDTA, pH 7.4±100 mM NaCl plus increasing
radioligand concentrations ([3H]DADLE 0.1–34.4 nM; [3H]DPDPE 0.1–
57.3 nM). Specific binding of the radioligand was obtained as the differ-
ence between binding in the absence and presence of nonradioactive
10 μM DADLE or DPDPE. After incubation for 60 min at 30 °C, samples
were diluted with 3 ml of ice-cold Mg-HEPES buffer, immediately fil-
tered and washed 3× with 3 ml of Mg-HEPES buffer. Whatman GF/B fil-
ters mounted in Brandel cell harvester were used for separation of bound
and free radioactivity. Radioactivity remaining on the filters was deter-
mined by liquid scintillation. Data were analyzed by GraphPadPrizm4.

2.10. Protein determination

The method of Lowry was used for determination of membrane
protein. Bovine serum albumin (Sigma, Fraction V) was used as stan-
dard. Data were calculated by fitting the data with calibration curve
as quadratic equation.

3. Results

3.1. Morphine-induced increase in plasma membrane density of
adenylylcyclases I and II

The amount of adenylylcyclases I and II was determined first in
plasma membrane fraction (PM) isolated from frontal brain cortex
of rats adapted to increasing doses of morphine for 10 days and com-
pared with PM isolated from control animals. Data presented in
Fig. 1A (left panels) indicate clearly a large increase in membrane
density of ACI. Quantitative analysis of 32 immunoblots performed
with 50 μg or 100 μg of PM protein applied per gel indicated a highly
significant difference between the two sets of data, pb0.001. Mem-
branes isolated from morphine-adapted rats (group+M10) exhib-
ited 8× higher density of ACI than membranes isolated from control
animals (group−M10). The same type of analysis, when performed
with ACII oriented antibody indicated 2.5× increase of this enzyme
protein in membranes prepared from morphine-adapted rats when
compared with controls (Fig. 1A, middle panels). The difference be-
tween the two groups was again highly significant, pb0.01.

The increased level of ACI and ACII in PM samples prepared from
morphine-adapted animals was not observed in membranes isolated
from animals exposed to morphine for 10 days but sacrificed 20 days
since the last dose of morphine (group (+M10/−M20)), Fig. 1B.
These samples exhibited the same amount of ACI and ACII as corre-
sponding controls (group (−M10/−M20)); (compare left and mid-
dle panels in Fig. 1B). Thus, in drug addicted state, PM density of AC
molecules was dramatically increased mainly as far as ACI isoform
was involved. This increase, being clearly disproportionate between
ACI (8×) and ACII (2.5×), faded away 20 days since application of
the last dose of morphine. Obviously, the withdrawal of the drug for
sufficiently long period of time resulted in reversal of the pathological
change back to “normal” state as far as the levels of these two iso-
forms of AC were involved.

The increase of ACI and II observed after 10 days of adaptation to
increasing doses of morphine represented the specific phenomenon
as the PM level of ACIII, IV, V/VI, VII, VIII and IX was unchanged
(Fig. 2A). Furthermore, analysis of ACI and II in membranes prepared
from animals exposed to the same doses of morphine but for 24 h
only, i.e. to the single injection of morphine 10, 15, 20, 30, 40 and
50 mg/kg (see Material and methods for details), indicated that this
short-term exposure had no effect on the membrane density of ACI
and ACII in brain cortex PM (Fig. 2B). Thus, the dramatic and specific
increase of ACI (8×) observed after 10 days of step-wise adaptation to
increasing doses of morphine does not represent an acute phenome-
non and may be regarded as the long-term adaptation of experimen-
tal animals to this drug.

3.2. Unchanged level of Na, K-ATPase

The next part of our work was oriented to analysis of other PM sig-
naling molecules distinct from AC. Therefore, in parallel membrane
samples to those used for determination of ACI and ACII, the specific
content of Na, K-ATPase was measured as a negative standard and
prototypical plasma membrane marker which should not be affected
by morphine treatment, (Fig. 1A–C, right panels). Quantitative analy-
sis of immunoblot signals corresponding to α subunit of this enzyme
indicated that the expression level of this protein in PM was
unchanged after adaptation to morphine for 10 days (Fig. 1A). Ac-
cordingly, the membrane content of Na, K-ATPase in samples isolated
from rats sacrificed 20 days after the last dose of morphine was the
same as in controls (Fig. 1B, right panel).

Data obtained by immunoblot analysis of Na, K-ATPase protein con-
tent in PM were extended and verified by analysis of “functional” pa-
rameter of this marker molecule, the number and affinity of binding
sites for its selective inhibitor [3H] ouabain. The maximum number
(Bmax) and affinity (Kd) of binding of this radioligand represents the
highly selective and sensitive method for detection of Na, K-ATPase
molecules in a given membrane sample. Virtually the same results as
those obtained by immunoblot analysis were obtained (Fig. 3). Maxi-
mum binding capacity Bmax and dissociation constant Kd of this radioli-
gand binding to membranes isolated from morphine-adapted rats
(Bmax=35.5±2.1 pmol . mg− 1; Kd=20.8±2.3 nM) were not differ-
ent from those determined in membranes prepared from control ani-
mals (Bmax=36.6±2.1 pmol . mg−1; Kd=26.2±3.1 nM).

3.3. Unchanged level of trimeric G protein α and β subunits

Determination ACI–IX and Na, K-ATPase presented in the previous
paragraphs (Figs. 1–3) was accompanied by analysis of G protein con-
tent in PM preparations isolated from the same rats as those used for
determination of ACI and ACII. The reason why we have performed
this analysis was that the change in functional activity of a given set
of signaling molecules does not necessarily mean the change in its ex-
pression level or membrane density. As already mentioned in intro-
duction section, our previous data indicated the desensitization of G
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protein response to OR stimulation in membranes isolated from mor-
phine-adapted rats [27].

Data presented in Fig. 4 indicated clearly the unchanged level of all
the major classes of trimeric G protein α and β subunits: Gi1/Gi2α,
Gi3α, Goα, Gzα, Gsα, Gq/G11α and Gβ. When normalized and com-
pared in at least 3 immunoblots performed with different amounts
of protein, the difference between morphine-treated and control
samples (100%) was not significant: Gi1/Gi2α (100±10%), Gi3α
(109±5%), Goα (105±2%), Gzα (100±6%), Gsα (98±4%), Gq/G11α
(96±4%), Gβ (101±7%). Membrane density of caveolin-1 was also
unchanged — the level of this PM marker in morphine-adapted sam-
ples represented 89±6% of the control level. The difference between
control and morphine treated rats was analyzed by Student's t-test
and expressed as% of control level. The numbers represent the aver-
age±SEM of densitometric scans carried out in triplicate.

Results presented in Fig. 4 may be regarded as an additional sup-
port for desensitization mechanism of morphine action as more dras-
tic adaptation should result in decrease of the amount of the cognate
G protein α subunits in PM isolated from morphine-treated rats. This
phenomenon, known as down-regulation of G proteins is well known,
has been originally described by Milligan and Green [49] in white fat
cells and later demonstrated in numerous GPCR-stimulated cascades
both in cultured cells and intact tissue [35,36,49–56].

3.4. Adenylyl cyclase activity in morphine-adapted rats

The question, to what extend the increase of ACI and ACII in brain
cortex of morphine-adapted rats (group+M10) is associated with or
reflected in change of an overall adenylyl cyclase enzyme activity, was
tested in parallel PM samples as those used before in immunoblot anal-
ysis of ACI–IX, Na, K-ATPase andG protein subunits. Data shown in Fig. 5
indicated that inhibitory effect of MOR and DOR agonists DAMGO and
DADLE, which was manifested in control animals (group−M10), was
not detected in morphine-adapted rats (group+M10). This result,
demonstrated for basal as well as Forskolin-stimulated AC, supports
the previously published data describing the decrease (desensitization)
of G protein response to opioid stimulation in drug-addicted state [27–
30,32] and is directly relevant and in agreement with principal finding
of He and Whistler [57] indicating that chronic morphine resulted in a
significant attenuation of the DAMGO-mediated inhibition of AC
activity.

3.5. Increase in number of δ-opioid receptors (DOR)

In crude membrane preparations of monkey cortex and thalamus,
the magnitude of MOR-, DOR- and KOR-stimulated G protein re-
sponses was proportional to the corresponding receptor densities

Fig. 1. Adenylyl cyclases I, II and Na, K-ATPase; immunoblot analysis. A. Membrane content of ACI (left), ACII (middle) and Na,K-ATPase (right panels) was determined by quanti-
tative immunoblotting in PM isolated in parallel from brain cortex of control rats (group−M10) and rats adapted to increasing doses of morphine for 10 days (group+M10). Ad-
aptation was performed according to the following protocol: 10 mg/kg (days 1 and 2), 15 mg/kg (days 3 and 4), 20 mg/kg (days 5 and 6), 30 mg/kg (days 7 and 8), 40 mg/kg (day 9)
and 50 mg/kg (day 10). Control animals were injected with PBS at the same time intervals. Resolution of control and morphine-adapted samples by SDS-PAGE was always per-
formed on the same gel and subsequently transferred to the same nitrocellulose sheet. Typical immunoblots performed with the same amount of protein in the two types of PM
are shown: 4×(−M10) samples followed by 4×(+M10) samples from left to right. Control, membranes isolated from group (−M10); Morphine, membranes isolated from
group (+M10). B. PM had been isolated from animals adapted to morphine according to the same protocol but further nurtured for 20 days in the absence of this drug (group
(+M10/−M20)). Corresponding controls were represented by PM isolated from animals designated as (−M10/−M20), see Material and methods. Animals in this group were
injected with PBS for 10 days and subsequently nurtured in the absence of any additions/injections for 20 days. Typical immunoblots performed with the same amount of PM pro-
tein resolved in the same gel [4×(−M10) plus 4×(+M10) samples] are shown. Control 20D, membranes isolated from group (−M10/−M20); Morphine 20D, membranes iso-
lated from group (+M10/−M20). C. Statistical analysis of immunoblot signals collected from 32 (ACI), 26 (ACII) and 12 (Na, K-ATPase) immunoblots [4×(−M10) plus
4×(+M10) samples in each gel/blot]. Numbers represent the average+M10/−M10 ratio±SEM expressed as% of control values, 100%.

1223H. Ujcikova et al. / Biochimica et Biophysica Acta 1810 (2011) 1220–1229



[58]. Accordingly, the studies dealing with MOR in CHO cells [59] and
in brain [60,61] indicated that the relationship between MOR occu-
pancy and G protein activation depends on the receptor density
[59–61]. As these studies were primarily oriented to MOR we decided
to compare DOR density in PM prepared from control and morphine-
adapted rat brain cortex.

DOR receptors in control (−M10) and morphine-treated (+M10)
brain cortex were characterized by saturation binding studies with
DOR agonists [3H]DADLE and [3H]DPDPE. Saturation binding curves
were measured in 0.1–34.4 nM ([3H]DADLE) and 0.1–57.3 nM ([3H]

DPDPE) range of agonist concentrations in the presence or absence
of 100 mM NaCl.

As shown in Fig. 6, maximum number of [3H]DADLE binding sites in
membranes isolated from morphine-adapted rats (Bmax=0.115 pmol .
mg−1) was 1.4× higher than in membranes isolated from control rats
(Bmax=0.083 pmol . mg−1). Surprisingly, 100 mM sodium chloride
had no effect on [3H]DADLE binding in morphine-adapted samples,
but, as expected, it did inhibit radioligand binding to controlmembranes.

Morphine-induced increase of ligand binding to DOR was sub-
stantially higher when more specific ligand, [3H] DPDPE, was
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used for determination of DOR in brain membranes. Maximum
number of [3H]DPDPE binding sites in morphine-treated mem-
branes (Bmax=0.057 pmol . mg− 1) was 2.1× higher than in control
(Bmax=0.027 pmol . mg− 1), Fig. 7. The effect of sodium chloride
on [3H]DPDPE binding was similar to that on [3H]DADLE binding:
inhibition was detected in control membranes only.

The difference between the two radioligands may be explained by
higher specificity of [3H]DPDPE to DOR in samples prepared from
brain as the brain tissue contains, besides δ-opioid-receptors, high
amount of μ- and κ-receptors [58]: maximum number of radioligand
binding sites occupied by [3H]DADLE was significantly higher than
that recognized by [3H]DPDPE. Therefore, morphine-induced increase
of DOR detected by [3H] DPDPE (2.1×) represents a “better estimate”
of the actual increase of DOR density in PM isolated from morphine-
adapted rats.

Sodium ions have been described as efficient inhibitors of agonist
binding to numerous GPCR including OR causing the shift of receptor
molecules towards the non-active state and uncoupling DOR from the
cognate G protein, i.e. inverse agonist effect [62–65]. Sodium ions also
decrease the basal GDP/GTP exchange of Gi/Go proteins [66]. The low
sensitivity of DOR to inhibitory effect of NaCl in morphine-adapted
samples may be therefore interpreted as disturbance of equilibrium
between active and non-active forms of receptor molecules.

4. Discussion

Opioid addiction has been long recognized as neurological disease
involving the development of complex behavior characterized by
drug tolerance, dependence and craving for the drug. The efforts to
elucidate the molecular and cellular mechanisms of opioid addiction
extend over many years and their results may be classified into two
main hypotheses [1]:

(a) According to homeostasis theory, the drug disturbs cellular ho-
meostasis and its effects are compensated by the activation of
pathways that produce opposite effects and thus restore
homeostasis.

(b) According to desensitization theory, the change of the drug–
receptor interaction, receptor–G protein interaction or of
some other, down-stream steps of OR-stimulated cascade
renders the receptor less sensitive to the drug [1,7,57,67].

The homeostasis model involves an alteration of the amount of
macromolecules in the cell, while the desensitization hypothesis
does not because the negative change of drug–receptor interaction
or subsequent steps of OR-initiated cascade may proceed with
unchanged level of down-stream effectors. Our previous data [27] in-
dicated that long-term adaptation of rats to increasing doses of mor-
phine (according to the same protocol as that used in this work,
group+M10) induces the desensitization of trimeric G protein re-
sponse to MOR and DOR agonists (high-affinity GTPase and GTPγS
binding assays). Desensitization of G protein response was demon-
strated in plasma-membrane fraction isolated from rat brain cortex
[27,40]. Furthermore, behavioral studies performed with the same
group of animals indicated that these animals were fully “drug
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adapted” (hot-plate and hind paw withdrawal tests of tolerance). The
state of drug dependencewas also manifested by ptosis, chewing, diar-
rhea, increased sensitivity to touch and teeth clattering after drug
withdrawal [27].

These results were fully compatible with data reported earlier by
other authorswhoused auto-radiographic detection of the high-affinity
[〈35〉S] GTPγS binding sites in different brain regions, mainly in specific
areas of brain stem [28–30]. Thus, the decrease in functional response of
G proteins persists in brain of animals fully adapted to morphine for
prolonged period of time [27–30] and proceeds at the unchanged
level of all the main classes of G proteins (Fig. 4). Accordingly, determi-
nation of AC activity in PM isolated from morphine-adapted rats

indicated that inhibitory effect of opioid agonists, clearly manifested
in control animals (group−M10), was not present in morphine-
adapted rats (group+M10). This result has been demonstrated for
basal as well as Forskolin-stimulated AC activity (Fig. 5) and was in
full agreement with the data of He and Whistler [57].

Significance of the dramatic increase of ACI (8×) and ACII (2x) de-
scribed in this work (Fig. 1A) was strongly supported by additional
data indicating the specificity of this increase as the level of all
other AC isoforms (AC III–IX) was unchanged (Fig. 2A) and that the
increase of ACI and II was not detected in membranes exposed to
the same doses of morphine, but for 24 h only (Fig. 2B).

It may be assumed that desensitization of G protein response for
prolonged period of time (10 days) serves as an impulse for induction
of compensatory response — proteosynthesis leading to specific in-
crease of ACI and II in PM of morphine-adapted rats. This interpreta-
tion is fully in line with characteristics of molecular mechanisms of
opioid tolerance and addiction as an example for homeostatic control
aiming to keep the performance of target cell metabolism at
unchanged level [1]. Finally, after withdrawal of the drug for
20 days, AC levels return back to the normal state (Fig. 1B).

Data presented in this work thus fall in line between the two
above mentioned hypotheses of drug addiction as homeostatic mech-
anisms and activation of specific proteosynthetic pathways are obvi-
ously responsible for increase in plasma membrane density of ACI
and ACII, simultaneously, the decrease of G protein response to OR
stimulation detected in the same type of membranes [27], may be
regarded as a part of desensitization mechanism of morphine action.

In brain, ACI and ACII represent the highly expressed and physio-
logically important species of this crucial regulatory enzyme of cAMP-
dependent signaling cascades [31,68–70]. Sensitization, activation or
over-shoot of AC activity after prolonged exposure of cultured cells
or brain tissue to morphine has been demonstrated in previous stud-
ies of mechanism of action of this drug [1,7,8,16–23,26]. These data,
however, were up to now not accompanied by the detailed analysis
of the individual subtypes of AC protein molecules in plasma mem-
branes isolated from brain cortex. Furthermore, the efforts to explain
the molecular mechanism of the increase of AC activity by long-term
morphine treatment have not so far resulted in a commonly accepted
interpretation as widely different and even contradictory results were
obtained [1,7,21,22,28,29,57].

The increase of ACI and II which has been clearly demonstrated in
this work has to be considered together with the unchanged level of
all other types of ACmolecules and PMmarkers Na,K-ATPase, trimeric
G protein subunits and caveolin-1. The unchanged level of these PM
proteins brings strong evidence for the specificity of the long-term
morphine effect on ACI and II. Therefore, data presented in this work
bring new and original evidence which so far has not been presented in
the up-to-date literature and help for better understanding of the com-
plicated pathological phenomenon denominated as drug addiction.

We suggest that the positive as well as negative regulatory circuits
exist at different steps of OR-induced signaling pathways when
responding to prolonged exposure to morphine in the course of full
adaptation to this drug. Decrease of G protein response to OR stimu-
lation, desensitization, persists in animals adapted to morphine for
10- or 12 days [27–30], while the levels of all the main classes of G
proteins remained unchanged (Fig. 4). Consequently, the decrease
in inhibitory effect of G proteins on AC activity was measured in PM
isolated from morphine-adapted rats (Fig. 5). It may be therefore as-
sumed that the synthesis of new ACI and II molecules represents the
specific, compensatory response leading to the increased plasma
membrane density of these protein molecules (Fig. 1A, left panels).

Our results and interpretation are also relevant to analysis of drug
tolerance and addiction states of mammalian organism as behavioral
tests performed under in vivo conditions indicated that morphine-
adapted animals have been fully drug dependent and developed toler-
ance to subsequent drug addiction [27].
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Explanation why ACI and ACII differ when responding to the long-
term morphine treatment can hardly be clear-cut and unequivocal as
these two isoforms differ substantially when responding to different
GPCR agonists and activated forms of G proteins [25,68–70]. ACI is
known to be inhibited by free Goα and Gβγ subunits [10,68,70], while
ACII activity is dramatically activated/potentiated by Gβγ in the pres-
ence free Gsα subunits [21,22,25,69]. Nevertheless, we assume that
the decreased response of PTX-sensitive G proteins of Gi/Go family to
MOR andDOR agonists inmorphine-adapted rats (desensitization) rep-
resents the primary impulse for subsequent compensatory response in-
creasing the expression level of ACI and II. Preferential increase of ACI
(Fig. 1A) and attenuation of DAMGO-mediated inhibition of AC activity
(Fig. 5) [57] suggests the primary involvement of “classical, inhibitory
pathway” proceeding via MOR and inhibition of ACI activity [68,70].

5. Conclusions

Data presented in this work extend the knowledge and bring more
close view to understanding of the long-term adaptation of mamma-
lian organism to morphine and widely studied phenomena of drug
addiction and tolerance.

We have found that:

- plasma membrane density of ACI and II molecules was increased
largely and this increase was disproportionate between ACI (8×)
and ACII (2.5×) in rats adapted to increasing doses of morphine
for prolonged period of time, 10 days,

- increase of ACI and II represented the specific effect as the level of
ACIII–IX was unchanged,

- levels of plasma membrane marker Na, K-ATPase and caveolin-1
were unchanged,

- membrane density of all the major classes of trimeric G proteins
was unchanged;

- number of δ-opioid receptors was increased 2× and agonist bind-
ing to these receptor sites was not affected by sodium ions;

- difference in responsiveness of different AC isoforms to the long-
term morphine treatment may be interpreted as preferential acti-
vation of specific synthetic pathway leading to production of new
ACI and AC II molecules,

- increase of ACI and II was not detected in PM prepared from rats
exposed to the same doses of morphine, but for 24 h only
(short-term exposure),

- analysis of PM isolated from animals adapted to morphine for
10 days and subsequently nurtured for 20 days in the absence of
the drug indicated that membrane density of both ACI and ACII
returned fully to the control level observed in morphine-unexposed
rats. Thus, the major reorganization of the complement of ACmolecules
in plasma membrane, arising as a compensatory response to the long-
term adaptation to morphine, was fully reversible.
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Proteomic analysis of post-nuclear supernatant
fraction and percoll-purified membranes prepared
from brain cortex of rats exposed to increasing
doses of morphine
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Abstract

Background: Proteomic analysis was performed in post-nuclear supernatant (PNS) and Percoll-purified membranes
(PM) prepared from fore brain cortex of rats exposed to increasing doses of morphine (10–50 mg/kg) for 10 days.

Results: In PNS, the 10 up (↑)- or down (↓)-regulated proteins exhibiting the largest morphine-induced change were
selected, excised manually from the gel and identified by MALDI-TOF MS/MS: 1-(gi|148747414, Guanine deaminase),
↑2.5×; 2-(gi|17105370, Vacuolar-type proton ATP subunit B, brain isoform), ↑2.6×; 3-(gi|1352384, Protein disulfide-isomerase
A3), ↑3.4×; 4-(gi|40254595, Dihydropyrimidinase-related protein 2), ↑3.6×; 5-(gi|149054470, N-ethylmaleimide sensitive
fusion protein, isoform CRAa), ↑2.0×; 6-(gi|42476181, Malate dehydrogenase, mitochondrial precursor), ↑1.4×; 7-(gi|
62653546, Glyceraldehyde-3-phosphate dehydrogenase), ↑1.6×; 8-(gi|202837, Aldolase A), ↑1.3×; 9-(gi|31542401,
Creatine kinase B-type), ↓0.86×; 10-(gi|40538860, Aconitate hydratase, mitochondrial precursor), ↑1.3×. The
identified proteins were of cytoplasmic (1, 4, 5, 7, 9), cell membrane (2), endoplasmic reticulum (3) and
mitochondrial (6, 8, 10) origin and 9 of them were significantly increased, 1.3-3.6×. The 4 out of 9 up-regulated proteins
(4, 6, 7, 10) were described as functionally related to oxidative stress; the 2 proteins participate in genesis of apoptotic
cell death.
In PM, the 18 up (↑)- or down (↓)-regulated proteins were identified by LC-MS/MS and were of plasma membrane [Brain
acid soluble protein, ↓2.1×; trimeric Gβ subunit, ↓2.0x], myelin membrane [MBP, ↓2.5×], cytoplasmic [Internexin, ↑5.2×;
DPYL2, ↑4.9×; Ubiquitin hydrolase, ↓2.0×; 60S ribosomal protein, ↑2.7×; KCRB, ↓2.6×; Sirtuin-2, ↑2.5×; Peroxiredoxin-2,
↑2.2×; Septin-11, ↑2.2×; TERA, ↑2.1×; SYUA, ↑2.0×; Coronin-1A, ↓5.4×] and mitochondrial [Glutamate dehydrogenase 1,
↑2.7×; SCOT1, ↑2.2×; Prohibitin, ↑2.2×; Aspartate aminotransferase, ↓2.2×] origin. Surprisingly, the immunoblot analysis
of the same PM resolved by 2D-ELFO indicated that the “active”, morphine-induced pool of Gβ subunits represented
just a minor fraction of the total signal of Gβ which was decreased 1.2x only. The dominant signal of Gβ
was unchanged.

Conclusion: Brain cortex of rats exposed to increasing doses of morphine is far from being adapted. Significant
up-regulation of proteins functionally related to oxidative stress and apoptosis suggests a major change of energy
metabolism resulting in the state of severe brain cell “discomfort” or even death.

Keywords: Morphine, Long-term adaptation, Fore brain cortex, Isolated plasma membranes, Post-nuclear supernatant,
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Background
Morphine is one of the most effective painkillers. Re-
peated exposure of experimental animals to morphine
results in tolerance to this drug, development of physical
dependence and a chronic relapsing disorder – drug ad-
diction [1-5]. Physical dependence contributes to a drug
seeking behavior and the continuous drug use with
the aim to prevent the onset of unpleasant withdra-
wal symptoms. To name just few, morphine-induced
changes of brain function were associated with alterna-
tions of synaptic connectivity [6], neurotransmission [7],
specific signaling cascades [8], energy metabolism [9]
and stability of protein molecules [10].
Hyper-sensitization or super-activation of adenyl cyclase

(AC) activity by prolonged exposure of cultured cells or
mammalian organism to morphine has been demon-
strated in previous studies of mechanism of action of this
drug [1-5] and considered as biochemical basis for devel-
opment of opiate tolerance and dependence.
Our previous work on isolated Percoll® membranes (PM)

prepared from brain cortex of rats exposed to morphine for
10 days (10–50 mg/kg) indicated a desensitization of G-
protein response to μ-OR (DAMGO) and δ-OR (DADLE)
stimulation [11] and specific increase of ACI (8x) and ACII
(2.5×) isoforms [12]. The κ-OR (U-23554)-stimulated [35S]
GTPγS binding and expression level of ACIII-IX in PM
was unchanged. Behavioral tests of morphine-treated ani-
mals indicated that these animals were fully drug-
dependent (opiate abstinence syndrome) and developed
tolerance to subsequent drug addition (analgesic tolerance -
hot-plate and hind paw withdrawal tests). The increase of
ACI and ACII was interpreted as a specific compensatory
response to prolonged stimulation of brain cortex OR by
morphine.
Proteomic analysis represents a useful approach for an in-

vestigation of the overall changes of protein composition in-
duced by the short-term or prolonged use of drugs. The aim
of our present work was to identify proteins which are sig-
nificantly altered in brain cortex of rats exposed to the in-
creasing, high doses of morphine for prolonged period of
time (10 days). For this aim, the post-nuclear supernatant
fraction (PNS) was analyzed because it contains proteins of
mitochondrial, endoplasmic reticulum, plasma membrane as
well as cytoplasmic origin. In the second part of our work,
we extended these studies by analysis of protein composition
in membrane fraction isolated in Percoll gradient (PM).

Results
Two-dimensional electrophoresis and protein
identification in post-nuclear supernatant prepared
from brain cortex of control and morphine-treated rats;
analysis by MALDI-TOF MS/MS
Samples of PNS were extracted in ice-cold aceton/TCA/
96% ethanol, resolved by 2D-ELFO in linear IPG strips

(pH 3–11) and 10% w/v acrylamide/0.26% w/v bis-
acrylamide gels as described in methods and stained
with silver or colloidal Coomassie blue. The stained 2D
gels were scanned with an imaging densitometer and
quantified by PDQuest software.
About 440 protein spots were recognized by silver

staining and PDQuest analysis of gels in both types of
PNS (Figure 1, left panels); when stained in colloidal
Coomassie blue, about 200 spots were recognized. In
CBB-stained gels, proteins 1–10 with different mobility
in (+M10) and (−M10) samples were selected for identifi-
cation by MALDI-TOF MS/MS as described in methods
(Figure 1, right panels). The detailed list of the altered
and identified proteins is presented in Additional file 1:
Table S1 and Table 1. These tables also include descrip-
tion of the subcellular localization and function of these
proteins.
The identified proteins were of cytoplasmic (1-Guanine

deaminase, ↑2.5×; 4-Dihydropyrimidinase-related protein
2,↑3.6×; 5-N-ethylmaleimide sensitive fusion protein,
isoform CRAa, ↑2.0×; 7-Glyceraldehyde-3-phosphate de-
hydrogenase, ↑1.6×; 9-Creatine kinase B-type, ↓0.86), cell
membrane (2-Vacuolar-type proton ATPase, subunit B,
brain isoform), ↑2.6x), endoplasmic reticulum (3-Protein
disulfide-isomerase A3, ↑3.4×) and mitochondrial (6-Malate
dehydrogenase, mitochondrial precursor, ↑1.4x; 8-Aldolase
A, ↑1.3×; 10-Aconitate hydratase, mitochondrial precursor,
↑1.3x) origin. The 9 of them were significantly increased,
1.3-3.6x. Correlation with functional properties of these
proteins indicated up-regulation of proteins related
to guanine degradation (1), vacuolar acidification (2),
apoptotic cell death (3), oxidative stress (4, 6, 7, 10),
membrane traffic (5) and glycolysis (8). All together, the
spectrum of the altered proteins suggests a major alter-
nation of brain cortex tissue when exposed to increasing
doses of morphine. The most significant change from
functional point of view was up-regulation of proteins
related to oxidative stress (see discussion for further
details).

Two-dimensional electrophoresis and protein
identification in Percoll-purified membranes isolated
from brain cortex of control and morphine-treated rats;
analysis by LC-MS/MS
PM samples were resolved by 2D-electrophoresis in the
same way as described for PNS. The resolution in
10% w/v acrylamide/0.26% w/v bis-acrylamide gels was
used in the case of silver staining; 12.0% w/v acrylamide/
0.32% w/v bis-acrylamide gels were used for staining in
CBB. About 300 protein spots were recognized by silver
(Figure 2, left panels); when stained in CBB, the total
number of detected protein spots was 490 (Figure 2,
right panels). Proteins 1–18 with an altered mobility in
(+M10) versus (−M10) samples were excised from in
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CBB-stained gels and identified by LC-MS/MS. The
list of altered and identified proteins is presented in
Additional file 2: Table S2 and Table 2. These tables also
include a brief description of subcellular localization
and function of these proteins as well as quantitative
estimate of their relative change induced by morphine-
treatment.
The identified up (↑)- or down (↓)-regulated proteins

were of plasma membrane [1-BASP1, Brain acid soluble

protein 1, ↓2.1×; 2-GBB1, Guanine nucleotide-binding
protein subunit beta-1, ↓2.0×], myelin membrane [17-
MBP, Myelin basic protein S, ↓2.5×], cytoplasmic [3-
KCRB, Creatine kinase B-type (EC 2.7.3.2), ↓2.6x; 4-AINX,
Alpha-internexin, ↑5.2×; 5-DPYL2, Dihydropyrimidinase-
related protein 2, ↑4.9×; 6-SIRT2, NAD-dependent deace-
tylase sirtuin-2, ↑2.5×; 7-SYUA, Alpha-synuclein, ↑2.0×;
8-PRDX2, Peroxiredoxin-2, ↑2.2×; 9-TERA, Transitio-
nal endoplasmic reticulum ATPase, ↑2.1×; 13-UCHL1,
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Figure 1 Two-dimensional gel electrophoresis maps of PNS prepared from control (A) and morphine-treated (B) rats. Protein samples
(600 μg for both Silver and CBB staining) were separated in the first dimension on pH 3–11 IPG strips. For resolution in the second dimension,
SDS-PAGE was performed in 10% w/v acrylamide/0.26% w/v bis-acrylamide gel. The stained 2D gels were scanned in an imaging densitometer
and quantified by PDQuest software. The process of quantification of the difference between morphine-treated (+M10) and control (−M10)
samples included spot detection, gel matching and spot quantification. Master gel was constructed for each group (+M10) or (−M10) as a
synthetic image that contains the spot data from all the gels in the MatchSet. At least four replicates were performed for each group/sample.
All matched and unmatched spots were then checked in a manual manner. Protein levels altered at least two-fold were taken into consideration.
About 200 protein spots totally were recognized by CBB silver staining by PDQuest analysis. Proteins 1–10 with an altered mobility in (+M10)
versus (−M10) samples were excised from in CBB-stained gels and identified by MALDI TOF/TOF analyzer as described in methods. Left panels,
Silver staining; Right panels, CBB staining.
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Ubiquitin carboxyl-terminal hydrolase L1, ↓2.0×; 15-
COR1A, Coronin-1A, ↓5.4×, 16-SEP11, Septin-11, ↑2.2×;
18-RL12, 60S ribosomal protein L12, ↑2.7×] and mito-
chondrial [10-DHE3, Glutamate dehydrogenase 1, ↑2.7×;
11-SCOT1, Succinyl-CoA:3-ketoacid-coenzyme A transfer-
ase 1, ↑2.2×; 12-AATM, Aspartate aminotransferase, ↓2.2×;
14-PHB, Prohibitin, ↑2.2×] origin.
Thus, the only member of GPCR-initiated signaling cas-

cades identified by LC-MS/MS was trimeric Gβ subunit,
which was decreased 2× in PM samples prepared from
morphine-adapted rats. The morphine-induced decrease
of Gβ subunit in PM was subsequently verified by immu-
noblot analysis of the same 2D-gels as those used for
preparation of samples for LC-MS/MS (Figure 3). The
spot 2 (compare with Figure 2) represented just a small
fraction of the total signal of Gβ subunits which was dis-
tributed over wider range of pI. The total signal of Gβ was
decreased 1.2x only. We have divided the signal of Gβ in
CBB-stained gels into 8 small spots according to immuno-
blot signal (Figure 3) in order to verify it. Proteomic ana-
lysis was performed by LC-MS/MS and positive signal
was detected in spots 3, 4, 5, 7 and 8 (Table 3).
Therefore, the decrease of Gβ determined by prote-

omic analysis (2×) has to be regarded as an alternation

of relatively small fraction of numerous forms of Gβ
resolved by 2D-ELFO. Morphine-induced decrease of
Gβ is selectively oriented to specific, minority compo-
nent of this protein; the dominant pool of Gβ subunits
is unchanged.

Discussion
Opium extracts from the plant Papaver somniferum have
been used for therapeutic and recreational purposes for
thousands of years. Opioid alkaloids and related pharma-
ceuticals are the most effective analgesics for the treat-
ment of acute and chronic pain. They also represent one
of the largest components of the illicit drug market
worldwide, generating revenue of approximately $70 bil-
lion in 2009, much of which supports crime, wars and
terrorism. Intravenous use of opioid drugs is a leading
cause of death by overdose in Europe and North America,
and a major contributing factor to the worldwide AIDS
epidemic [50,51].
Morphine and codeine are the main active opioid alka-

loids in opium. In humans, they act on the central ner-
vous system to produce a wide range of effects including
analgesia, euphoria, sedation, respiratory depression and
cough suppression. Chronic opiate administration results

Table 1 Functional significance of proteins identified in PNS as altered by chronic morphine

Protein name Change
(dependence
vs.control)

Subcellular
localization

Functional
category

Protein characterization - PNS

Guanine deaminase Up-regulated Cytoplasm Metabolism Purine metabolism, guanine degradation [13]

V-type proton ATP
subunit B, brain isoform

Up-regulated Cell membrane Trafficking ATP hydrolysis coupled proton transport, vacuolar acidification [14]

Protein disulfide-
isomerase A3

Up-regulated Endoplasmatic
reticulum
lumen

Cellular
development
and regulation

Up-regulation of this protein causes apoptotic cell death [15],
alterations in its level were revealed during neurodegenerative
processes [16]

Dihydropyrimidinase-
related protein 2

Up-regulated Cytoplasm Neuronal
development
and regulation

Neuronal development and polarity [8], cone collapse and cell
migration; one of major determinants in the control of oxidative
stress [17]

N-ethylmaleimide
sensitive fusion protein,
isoform CRA_a

Up-regulated Cytoplasm Trafficking ATP binding, regulating protein membrane trafficking, involved in
vesicle priming [18]

Malate dehydrogenase,
mitochondrial precursor

Up-regulated Mitochondrion
matrix

Metabolism L-malate dehydrogenase activity, protein self-association; up-
regulation of the mitochondrial malate dehydrogenase is caused
by oxidative stress [19]

Glyceraldehyde-3-
phosphate
dehydrogenase

Up-regulated Cytoplasm Metabolism Glyceraldehyde-3-phosphate dehydrogenase and nitrosylase
activities; surprising role in apoptosis [20]; is known as a major
target protein in oxidative stress [21]

Aldolase A Up-regulated Mitochondrion Metabolism Role in glycolysis and gluconeogenesis, scaffolding protein;
potential role in regulating the free intracellular concentration of
InsP3, and subsequently intracellular calcium dynamics[22,23]; the
expression of aldolase A may be regulated by chronic lithium
administration [24]

Creatine kinase B-type Down-
regulated

Cytoplasm Metabolism Energy-related (skeletal muscle, heart, brain and spermatozoa),
brain development [25]

Aconitate hydratase,
mitochondrial precursor

Up-regulated Mitochondrion Metabolism Isomerization of citrate to isocitrate via cis-aconitate;an iron-sulfur
protein, the particular susceptibility to oxidative damage may be
related to the iron-sulfur cluster [4Fe-4S]in its active site [26]
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in the development of tolerance and dependence, but the
regulation of MOR and DOR function during this
process is not clearly understood.
To localize changes of MOR-stimulated G-protein

activity in various brain regions after chronic morphine
treatment, Sim et al. [52] examined [35S]GTPγS binding
to brain sections by in vitro autoradiography. Rats were
treated for 12 d with increasing doses (10–320 mg . kg-1

. d-1) of morphine. Control rats were injected with either

saline or a single acute injection of morphine (20 mg/kg).
[35S]GTPγS binding was measured in the presence or ab-
sence of MOR-selective agonist DAMGO. In rats injected
with a single acute dose of morphine, no significant changes
were detected in basal or DAMGO-stimulated [35S]GTPγS
binding in any brain region. In chronic morphine-treated
rats, however, DAMGO-stimulated [35S]GTPγS binding in
cerebral cortex was significantly decreased when compared
with control rats. Similar data were obtained in analysis of

Figure 2 Two-dimensional gel electrophoresis maps of protein extracts prepared from PM of control (A) and morphine-treated (B) rats.
Protein samples (400 μg for Silver staining; 2 mg for CBB staining) were separated in the first dimension on pH 3–11 IPG strips. For resolution
in the second dimension, SDS-PAGE was performed in 10% w/v acrylamide/0.26% w/v bis-acrylamide gel (silver staining) or in 12.5% w/v
acrylamide/0.0625% w/v bis-acrylamide gel (CBB staining). The stained 2D gels were scanned in an imaging densitometer and quantified by
PDQuest software. The process of quantification of the difference between morphine-treated (+M10) and control (−M10) samples included spot
detection, gel matching and spot quantification. Master gel was constructed for each group (+M10) or (−M10) as a synthetic image that contains
the spot data from all the gels in the MatchSet. At least four replicates were performed for each group/sample. All matched and unmatched spots
were then checked in a manual manner. Protein levels altered at least two-fold were taken into consideration. About 500 protein spots totally
were recognized by CBB staining by PDQuest analysis. Proteins 1–18 with an altered mobility in (+M10) versus (−M10) samples were excised from
in CBB-stained gels and identified by LC-MS/MS as described in methods. Left panels, Silver staining. Right panels, Coomassie staining.
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Table 2 Functional significance of proteins identified in PM fraction as altered by chronic morphine

Protein name Change
(dependence
vs.control)

Subcellular
localization

Functional category Protein characterization - PM

Brain acid soluble protein
1

Down-
regulated

Cell membrane;
Lipid anchor

Neuronal
development and
regulation

Associated with the membranes of growth cones that form
the tips of elongating axons, DNA-dependent, localizes in
the membrane raft domain with a cholesterol-dependent
manner; changes in the localization during the develop-
ment of neuronal polarity [27]

Guanine nucleotide-
binding protein subunit
beta-1

Down-
regulated

Cell membrane Signaling Gβ1 is required for neural tube closure, neural progenitor
cell proliferation and neonatal development [28]; stimulated
ACII, ACIV, ACVII, inhibited ACI, ACV/VI, ACVIII [29,30]

Creatine kinase B-type Down-
regulated

Cytoplasm Metabolism Energy-related (skeletal muscle, heart, brain and
spermatozoa), brain development [25], aging [31]; one of
major determinants in the control of oxidative stress [17]

Alpha-internexin Up-regulated Cytoplasm Neuronal
development and
regulation

Copurifies with intermediate filaments from rat spinal cord
and optic nerve, developmental protein involved in
morphogenesis of neurons [32]

Dihydropyrimidinase-
related protein 2

Up-regulated Cytoplasm Neuronal
development and
regulation

Neuronal development and polarity [8], cone collapse and
cell migration; one of major determinants in the control of
oxidative stress [17]

NAD-dependent
deacetylase sirtuin-2

Up-regulated Cytoplasm Cellular development
and regulation

Colocalizes with microtubules; NAD-dependent deacetylase,
involved in the control of mitotic exit in the cell cycle;
up-regulation may protect the brain against incurred
oxidative damage [33]

Alpha-synuclein Up-regulated Cytoplasm Neuronal
development and
regulation

Specifically expressed in neuronal cell bodies and synapses,
negative regulation of neuron apoptosis, aging; role in the
pathogenesis of Parkinson’s disease [34]

Peroxiredoxin-2 Up-regulated Cytoplasm Neuronal
development and
regulation

Involved in redox regulation of the cell, negative regulation
of neuron apoptosis; the relative abundance appears to
protect cellular components by removing the low levels of
hydroperoxides and peroxinitrites produced as a result of
normal cellular metabolism in the cytosol [35]

Transitional endoplasmic
reticulum ATPase

Up-regulated Cytoplasm
Nucleus

Cellular development
and regulation

Involved in the formation of the transitional endoplasmatic
reticulum, necessary for the fragmentation of Golgi stacks
during mitosis and for their reassembly after mitosis [36];
interacts with neurofibromin to control the density of
dendritic spines [37]

Glutamate
dehydrogenase 1,
mitochondrial

Up-regulated Mitochondrion
matrix

Metabolism Glutamate catabolic process, long-term memory, in rat brain
the glutamate dehydrogenase reaction operates in the dir-
ection of ammonia production [38]

Succinyl-CoA:3-ketoacid-
coenzyme A transferase 1,
mitochondrial

Up-regulated Mitochondrion
matrix

Metabolism A mitochondrial ketone body-activating enzyme [39]; brain
development, response to drug

Aspartate
aminotransferase,
mitochondrial

Down-
regulated

Mitochondrion
matrix

Metabolism Amino acid metabolism, metabolite exchange between
mitochondria and cytosol, fatty acid transport; its activity is
related with the maintenance of amino acid homeostasis
and might be an indicator of mitochondrial injury [40]

Ubiquitin carboxyl-
terminal hydrolase
isozyme L1

Down-
regulated

Cytoplasm
Endoplasmatic
reticulum
membrane

Deubiquitination
Neuronal
development and
regulation

Involved both in the processing of ubiquitin precursors and
of ubiquitinated proteins; the ubiquitination/proteasome
pathway involved in synaptic plasticity [41]

Prohibitin Up-regulated Mitochondrion
inner membrane

Cellular development
and regulation

Antiproliferative activity, role in regulating mitochondrial
respiration activity and aging, response to drug [42-44];
down-regulation of prohibitin renders neurons more
vulnerable to injury and reactive oxygen species
production, whereas up-regulation appears to be
neuroprotective [45]

Coronin-1A Down-
regulated

Cytoplasm Cellular development
and regulation

Invagination of plasma membrane, forming protrusions
of plasma membrane involved in cell locomotion;
coronin-1A activity is spatially and temporally regulated by
phosphoinositides [46]
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MOR-stimulated [35S]GTPγS binding after chronic heroin
administration [53,54]. Accordingly, our analysis of PM iso-
lated from cerebral cortex of rats exposed to morphine for
10 days (10–50 mg/kg) indicated significant desensitization
of G-protein response to MOR and DOR stimulation [11]
and up-regulation of ACI and II [12].
Proteome changes after prolonged morphine exposure

have been so far investigated in “frozen tissue powders” of
the rat cerebral cortex, hippocampus, striatum [55,56] and
nucleus accumbens [7] or in the “whole-cell lysates” of stri-
atal neuronal cell cultures [57]. Therefore, the aim of our
work was to perform proteomic analysis in more defined
preparations: post-nuclear supernatant (PNS) and mem-
branes isolated in Percoll® gradient (PM). The morphine-
induced changes in protein composition (proteom) of PNS
and PM were determined by 2D-electrophoresis resolution
and PDQuest analysis; the altered proteins were identified
by MALDI-TOF MS/MS or LC-MS/MS.

Proteomic analysis of PNS indicated a marked increase
of proteins of mitochondrial and cytoplasmic origin
(Additional file 1: Table S1 and Table 1). The 9 out of 10
proteins exhibiting the largest morphine-induced change
in Coomassie stained gels were increased by morphine:
1-Guanine deaminase, ↑2.5×; 2-Vacuolar-type proton ATP
subunit B, brain isoform ↑2.6×; 3-Protein disulfide-
isomerase A3, ↑3.4×; 4-Dihydropyrimidinase-related pro-
tein 2, ↑3.6x; 5-N-ethylmaleimide sensitive fusion protein,
isoform CRAa, ↑2.0×; 6-Malate dehydrogenase, mitochon-
drial precursor, ↑1.4×; 7-Glyceraldehyde-3-phosphate de-
hydrogenase, ↑1.6×; 8-Aldolase A, ↑1.3×; 10-Aconitate
hydratase, mitochondrial precursor, ↑1.3×. The 4 out of 9
up-regulated proteins (4, 6, 7, 10) were described as
functionally related to manifestation of oxidative stress
conditions [17,19,21,26]. Marked increase of Protein
disulfide-isomerase A3 (3) causing apoptotic cell death
[15] should be also noticed. The role in apoptosis has

Table 2 Functional significance of proteins identified in PM fraction as altered by chronic morphine (Continued)

Septin-11 Up-regulated Cytoplasm Cellular development
and regulation

Filament-forming cytoskeletal GTPase, cell division; it is
involved in dendritic maturation [47]

Myelin basic protein S Down-
regulated

Myelin membrane Neuronal
development and
regulation

Myelination, negative regulation of axonogenesis; morphine
exposure colud result in a decreased number of myelinated
axons [48]

60S ribosomal protein
L12

Down-
regulated

Cytoplasm Regulatory Binds directly to 26S ribosomal RNA; it accesses the
importin 11 pathway as a major route into the nucleus [49]

26,6 kDa

M.w.
Control

26,6 kDa

M.w.
Morphine

G subunit

Control Morphine
0
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Figure 3 Gβ subunit protein; immunoblot analysis of 2D-gels. A Two-dimensional resolution of Gβ protein content in PM isolated from
control and morphine-adapted rats. PM protein (400 μg) was resolved by 2D electrophoresis using the pI range 3–11 for isoelectric focusing in
the first dimension. The white small circle shows the small fraction of the the total signal of Gβ which was taken into consideration when
analyzed by LC-MS/MS. The second dimension was performed by SDS-PAGE in 10% w/v acrylamide/0.26% bis-acrylamide gels (Hoefer SE 600).
Gβ was identified by immunoblotting with specific antibody as described in Material and methods. The numbers 1–8 represent spots of Gβ
subunits which were subsequently analyzed by LC-MS/MS. B The average of 3 immunoblots ± SEM. Difference between (−M10) and (+M10) was
analyzed by Student’s t-test using GraphPadPrizm4 and found not significant, NS (p > 0.05).
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Table 3 Proteomic analysis of Gβ subunits isolated from brain cortex of control and morphine-treated rats
Spot Accession Protein name Mascot Matched Peptides SCa MWb pIc

number score peptides [%] (kDa)

3 GBB1_RAT Guanine nucleotide-binding protein 184.3 6 R.LFDLR.A 16.8 37.4 5.6

subunit beta-1 R.LLVSASQDGK.L

K.LWDVR.E

K.IYAMHWGTDSR.L + Oxidation (M)

K.ACADATLSQITNNIDPVGR.I

K.VHAIPLR.S

4 GBB1_RAT Guanine nucleotide-binding protein 471 12 K.ACADATLSQITNNIDPVGR.I 32.9 37.4 5.6

subunit beta-1 R.LFVSGACDASAK.L

K.IYAMHWGTDSR.L + Oxidation (M)

R.LFDLR.A

K.IYAMHWGTDSR.L

R.LLVSASQDGK.L

K.LWDVR.E

R.KACADATLSQITNNIDPVGR.I

R.LLLAGYDDFNCNVWDALK.A

K.VHAIPLR.S

K.LIIWDSYTTNK.V

R.ELAGHTGYLSCCR.F

4 GBB2_RAT Guanine nucleotide-binding protein 413.9 10 R.TFVSGACDASIK.L 14.4 37.3 5.6

subunit beta-2 K.ACGDSTLTQITAGLDPVGR.I

K.IYAMHWGTDSR.L + Oxidation (M)

R.LFDLR.A

K.IYAMHWGTDSR.L

R.LLVSASQDGK.L

K.LWDVR.D

K.VHAIPLR.S

K.LIIWDSYTTNK.V

R.LLLAGYDDFNCNIWDAMK.G + Oxidation (W)

5 GBB1_RAT Guanine nucleotide-binding protein 199.1 5 R.AGVLAGHDNR.V 14.1 37.4 5.6

subunit beta-1 R.LFVSGACDASAK.L

R.LFDLR.A

K.IYAMHWGTDSR.L + Oxidation (M)

R.LLVSASQDGK.L

5 GBB2_RAT Guanine nucleotide-binding protein 188.7 5 R.AGVLAGHDNR.V 3.5 37.3 5.6

subunit beta-2 R.TFVSGACDASIK.L

R.LFDLR.A

K.IYAMHWGTDSR.L + Oxidation (M)

R.LLVSASQDGK.L

7 GBB (1–4)_RAT Guanine nucleotide-binding protein 22.4 1 K.LLVSASQDGK.L 2.9 37.2 5.4

subunit beta-3

8 GBB (1–4)_RAT Guanine nucleotide-binding protein 34.7 1 K.LLVSASQDGK.L 2.9 37.2 5.4

subunit beta-3
aSequence coverage.
bTheoretical molecular weight.
cTheoretical isoelectric point.
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been also described for Glyceraldehyde-3-phosphate de-
hydrogenase (7), already mentioned as major target pro-
tein in oxidative stress [21]. The 4 out of 9 up-regulated
proteins (4, 6, 7, 10) were thus functionally related to
manifestation of the state of oxidative stress/oxidative
damage in brain of morphine-exposed rats and 2 proteins
were related to apoptotic cell death.
More detailed analysis of Percoll-purified membranes

indicated a complex reorganization of PM protein com-
position. The list of proteins presented in Additional file
2: Table S2 and Table 2 indicates that morphine-induced
alternation included increase as well as decrease of wide
range of proteins functionally and structurally related to
plasma, myelin, endoplasmic reticulum and mitochon-
drial membranes. Numerous soluble enzymes present
in soluble, cytosol fraction or in mitochondrial matrix
were also altered by chronic morphine. Surprisingly,
with the exception of trimeric Gβ subunit, not just one
of these proteins was functionally related to GPCR-
or ionic-channel-activated signaling cascades. Similarly,
proteomic analysis of protein alternations induced in the
long-term TRH-treatment of HEK cells expressing TRH-R
and G11α protein indicated the change of 42 proteins, but
not even one of these proteins represented plasma mem-
brane protein functionally related to GPCR-initiated signal-
ing cascades [58].
Our results indicate that the energy metabolism of rat

brain cortex exposed to increasing doses of morphine
(10–50 mg/kg, 10 days) is shifted far from the normal,
physiological state. Using other words, brain cortex of rats
exposed to morphine according to our protocol is far from
being adapted. It may be suggested that the both neuronal
and glial cells undergo a drastic reorganization as conse-
quence of cell discomfort and, subsequently, oxidative
stress. Simultaneous activation of all types of opioid recep-
tors (μ-, δ- and κ-OR) by high doses of morphine results
in high energy demand of neurons [59,60]. Consequently,
glycogen in astrocytes as the single largest energy reserve
in the brain is mobilized with the aim to match these
increased energy requirements [61]. After depletion of
glycogen in astrocytes, the state of oxidative stress appears
[62] as the full supply of oxygen to brain mitochondria is
not accompanied by transfer of the sufficient number of
“reducing equivalents” into the mitochondrial matrix.

Conclusions
Proteomic analysis of rat brain cortex of rats exposed
to morphine for 10 days (10–50 mg/kg) indicated a sig-
nificant morphine-induced change of membrane pro-
tein composition. Changes in post-nuclear supernatant
were exclusively based on increase (1.3-3.6×) of proteins
of mitochondrial and cytoplasmic origin. In isolated
plasma membranes (PM), morphine-induced alterna-
tion included increase as well as decrease of wide range

of proteins functionally and structurally related to plasma,
myelin, endoplasmic reticulum and mitochondrial mem-
branes. Numerous soluble enzymes present in soluble,
cytosol fraction or in mitochondrial matrix were also
altered by chronic morphine. The only member of GPCR-
initiated signaling cascades identified by LC-MS/MS in
Percoll-purified membranes was trimeric Gβ subunit
(2-GBB) which was decreased 2x in samples prepared
from morphine-adapted rats. This “active” component
of Gβ subunits, however, represented a minor pool of
total complement of Gβ molecules in PM, which was
unchanged.

Material and methods
Chemicals
Acrylamide, bis-acrylamide and Coomassie Blue G-250
were from SERVA (Heidelberg, Germany), nitrocellu-
lose membrane was from Whatman (Germany). Immo-
biline Dry-Strips, Pharmalyte buffer, and secondary
anti-rabbit antibody labeled with horseradish peroxidase
were purchased from GE Healthcare (Piscataway, NJ).
Complete protease inhibitor cocktail was from Roche
Diagnostic, Mannheim, Germany (cat. no. 1697498). All
others chemicals were from Sigma-Aldrich and were of
highest purity available. Primary antibody oriented
against trimeric Gβ subunit protein (T-20, sc-378) was
from Santa Cruz.

Animals
Male Wistar rats (220-250 g) were killed by decapita-
tion under ether narcosis, the frontal brain was rapidly
removed, washed intensively from the remaining blood
and cooled to 0ºC. The cerebral cortex was separated on
the pre-cooled plate, snap frozen in liquid nitrogen and
stored at −70°C until use. The experiments were
approved by Animal Care and Use Committee of the
Institute of Physiology, Academy of Sciences of the
Czech Republic to be in agreement with Animal Protec-
tion Law of the Czech Republic as well as European
Comunity Council directives 86/609/EEC.

Morphine treatment of experimental animals
The animals were exposed to morphine by intra-muscular
application according to the following protocol: 10 mg/kg
(day 1 and 2), 15 mg/kg (day 3 and 4), 20 mg/kg (day 4
and 5), 30 mg/kg (day 6 and 7), 40 mg/kg (day 9) and,
finally 50 mg/kg (day 10). The morphine-adapted rats
were sacrificed 24 hours after the last dose of the drug
(group +M10). Control animals were injected with sterile
PBS and sacrificed in parallel with morphine-treated rats,
i.e. 24 hours (group −M10) after the last dose [12].
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Subcellular fractionation of rat brain cerebral cortex;
preparation of post-nuclear supernatant (PNS) and
percoll-purified membranes (PM)
Rat brain cortex was minced with razor blade on pre-
cooled plate and diluted in STEM medium containing
250 mM sucrose, 20 mM Tris–HCl, 3 mM MgCl2, 1 mM
EDTA, pH 7.6, fresh 1 mM PMSF plus protease inhibitor
cocktail. It was then homogenized mildly in loosely-fitting
Teflon-glass homogenizer for 5 min (2 g w. w. per 10 ml)
and centrifuged for 5 min at 3500 rpm (1200 × g). Result-
ing post-nuclear supernatant (PNS) was filtered through
Nylon nets of decreasing size (330, 110 and 75 mesh,
Nitex) and applied on top of Percoll in Beckman Ti70
tubes (30 ml of 27.4% Percoll in STE medium). Centrifu-
gation for 60 min at 30000 rpm (65000 × g) resulted in
the separation of two clearly visible layers (Bourova et al.,
2009). The upper layer represented plasma membrane
fraction (PM); the lower layer contained mitochondria
(MITO). The upper layer was removed, diluted 1:3 in
STEM medium and centrifuged in Beckman Ti70 rotor
for 90 min at 50000 rpm (175000 × g). Membrane sedi-
ment was removed from the compact, gel-like sediment
of Percoll and re-homogenized by hand in a small volume
of 50 mM Tris–HCl, 3 mM MgCl2, 1 mM EDTA, pH 7.4
(TME medium).

SDS-PAGE and immunoblotting
The aliquots of membrane fractions were mixed 1:1 with
2x concentrated Laemmli buffer (SLB) and heated for
3 min at 95 °C. Standard (10% w/v acrylamide/0.26% w/v
bis-acrylamide) SDS electrophoresis was carried out as
described before [63-65]. Molecular mass determina-
tions were based on pre-stained molecular mass markers
(Sigma, SDS 7B). After SDS-PAGE, proteins were trans-
ferred to nitrocellulose and blocked for 1 h at room
temperature in 5% (w/v) low-fat milk in TBS-Tween buf-
fer [10 mM Tris–HCl, pH 8.0, 150 mM NaCl, 0.1% (v/v)
Tween 20]. Antibodies were added in TBS-Tween con-
taining 1% (w/v) low-fat milk and incubated for at least
2 h. The primary antibody was then removed and the blot
washed extensively (3x10 min) in TBS-Tween. Secondary
antibodies (donkey anti-rabbit IgG conjugated with horse-
radish peroxidase) were diluted in TBS-Tween containing
1% (w/v) low-fat milk, applied for 1 h and after three
10 min washes, the blots were developed by ECL tech-
nique using Super Signal West Dura (Pierce) as substrate.
The developed blots were scanned with an imaging densi-
tometer ScanJett 5370C (HP) and quantified by Aida
Image Analyzer v. 3.28 (Ray test).

Sample preparation for isoelectric focusing
Samples of PNS or PM containing 400–600 μg protein
or 2 mg protein, respectively, were precipitated with ice
cold aceton overnight at – 20°C. After centrifugation at

16 000 × g for 20 min at 4˚C, the supernatant was re-
moved and the pellet was precipitated with ice-cold 6%
TCA for 1.5 h on ice. After centrifugation at 16 000 × g
for 10 min at 4˚C, the supernatant was discarded and
the pellet washed with 400 μl of ice-cold 96% ethanol
for 1 h at room temperature. The mixture was centri-
fuged at 16 000 × g for 10 min at 4˚C and the remaining
pellet was solubilizated with 250 μl IEF sample buffer
containing 7 M urea, 2 M thiourea, 4% CHAPS, 1%
DTT, 1% ampholines pH 3–10 and 0.01% bromphenol
blue for 3 h at room temperature. After a brief centrifu-
gation (16 000 × g, 1 min), the sample was transferred
into a groove of the Immobiline DryStrip Reswelling
Tray (GE Healthcare).

Two-dimensional electrophoresis (2D-ELFO)
Immobiline DryStrips (linear pH gradient 3–11 NL,
13 cm) were placed into the Immobiline DryStrip Reswel-
ling Tray containing protein samples and rehydrated
overnight.
Isoelectric focusing was performed using the Multi-

phor II system (GE Healthcare) at 15˚C in the following
manner: 150 V for 5 h, 500 V for 1 h, 3500 V for 12 h
and 500 V for 3 h. The focused strips were stored at –
20˚C or immediately used.
Strips were rinsed thoroughly with ultrapure water,

dried quickly on filter paper and equilibrated in 4 ml of
equilibration buffer (50 mM Tris–HCl pH 6.8, 6 M urea,
0.1 mM EDTA, 2% SDS, 30% glycerol and 0.01% bromo-
phenol blue) containing 1% DTT for 15 min in order to
reduce disulphide bridges and other oxidized groups.
Subsequently, the strips were alkylated in equilibra-
tion buffer containing 2.5% iodoacetamide for 15 min.
Molecular weight markers were loaded onto a piece of
filter paper and placed close to the alkaline side of the
strip. The strip and molecular marker were covered with
0.5% agarose. Gels were run vertically at a constant
current of 10 mA for 20 min and then at 80 mA for 2 h
till the bromophenol blue dye reached the end of the gel.
The apparatus was cooled to 15˚C using the Hoefer SE
600 unit (GE Healthcare).

Silver staining
Silver staining was performed by ProteoSilver™ Plus
Silver Stain Kit (Sigma-Aldrich) according to the manu-
facturer’s instructions [66-68]. Briefly, the gel was fixed
in 40% ethanol/10% acidic acid overnight and then
washed by 30% ethanol for 10 min and once by ultra-
pure water for 10 min. The gels were incubated for
10 min with 1% Sensitizer solution and washed twice
with 200 ml of ultrapure water for 10 min. The gels were
submerged in 1% Silver solution for 10 min, washed with
200 ml of ultrapure water for 1 min and developed with
100 ml of the Developer solution until the desired
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intensity of spots was attained. The ProteoSilver Stop
solution was added to the Developer solution and gels
were incubated for 5 min. All steps were carried out at
room temperature on an orbital shaker at 60 to 70 rpm.
The gels were stored in fresh, ultrapure water or dried
in 3% glycerol/25% methanol.

Colloidal coomassie staining
For MS analysis, the gels were stained by colloidal
Coomassie Blue G-250 [69]. The gel was fixed in 40%
methanol/5% orthophosphoric acid for 12 h and incu-
bated with colloidal Coomassie Blue (17% ammonium
sulphate, 34% methanol, 3% orthophosphoric acid and
0.1% Coomassie G-250) for 48 h. After staining, the
gels were kept in 1% acetic acid at 4˚C.

Image analysis
The stained 2D gels were scanned with an imaging densi-
tometer ScanJett 5370C (HP) and quantified by PDQuest
software (Bio-Rad, version 7.3.1). The process included
spot detection, gel matching and spot quantification.
Master gel was constructed as a synthetic image that
contains the spot data from all the gels in the MatchSet.
At least four replicates were performed for each sample.
All matched and unmatched spots were then checked in
a manual manner. Protein levels altered at least two-fold
were taken into consideration.

Preparation of samples for MALDI-TOF MS/MS; analysis of
post-nuclear fraction
Mass spectrometric analysis MALDI-TOF was per-
formed as described before [58]. The peak lists from the
MS spectra were generated by 4000 Series Explorer V
3.5.3 (Applied Biosystems/MDS Sciex) without smooth-
ing, peaks with local signal to noise ratio greater than 5
were picked and searched by local Mascot v. 2.1 (Matrix
Science) against nonredundant NCBI database of protein
sequences (11186807 sequences; 3815639892 residues).
Database search criteria were as follows-enzyme: trypsin,
taxonomy: Rattus norvegicus (66703 sequences), fixed
modification: carbamidomethylation, variable modifica-
tion: methionine oxidation, peptide mass tolerance:
120 ppm, one missed cleavage allowed. Only hits that
were scored as significant (P < 0.001) were included.

In-gel digestion and preparation of samples for LC-MS/
MS; analysis of percoll-purified membranes (PM)
Protein spots (from 2-DE: ca 1–2 mm in diameter) were
excised from the Coomassie-stained gels, and then proc-
essed as described by Shevchenko et al. [70]. Briefly, the
spots were first destained by incubation in 100 μl of
100 mM ammonium bicarbonate/acetonitrile (1:1, v/v)
with occasional shaking for 1 hour. After destaining, the
gel pieces were shrunk by dehydration in 500 μl of

acetonitrile, which was then removed and the gel pieces
were dried in a vacuum centrifuge. In further step, 100 μl
of 10 mM DTT in 100 mM ammonium bicarbonate was
added, and the proteins were reduced for 1 hour at 56°C.
After cooling to room temperature, the DTT solution was
replaced by roughly the same volume of 55 mM iodoace-
tamide in 100 mM ammonium bicarbonate, and the gels
were incubated at ambient temperature for 45 min in the
dark. Then the gel pieces were washed with 100 μl of
100 mM ammonium bicarbonate, and dehydrated by
addition 500 μl of acetonitrile. Subsequently, the liquid
phase was removed and the gel pieces were dried in a vac-
uum centrifuge.
Before the in-gel digestion, the gel pieces were cooled

in an ice-cold bath and swollen in a 100 μl of digestion
buffer containing trypsin (20 μg/ml) in 50 mM ammo-
nium bicarbonate, and the gel pieces were sonicated
(5 min), placed to air circulation thermostat, and incu-
bated overnight at 37°C. The volumes of solutions
needed for processing of the protein bands were four-
fold larger than the volumes for processing of the spots.
The supernatant of each spot was then transferred to
a new vial. The in-gel digestion was performed once
more the same way. The resulting tryptic peptides were
extracted with sonication (15 min) by 150 μl of extrac-
tion buffer (5% formic acid/acetonitrile, 1:2, v/v). Then
the solution was spun, the supernatants were transferred,
pooled and concentrated to dryness by lyophilization.
Dried extracts were stored at −80°C before analysis.

Analysis of tryptic digests with LC-MS/MS
Dried protein digests were dissolved in 20 μl of 1% formic
acid, centrifuged (10 000 × g, 5 min, 4°C) and the super-
natant transferred to inserts in vials. The nano-HPLC
apparatus used for protein digests analysis was a Proxeon
Easy-nLC (Proxeon, Odense, Denmark) coupled to a
maXis Q-TOF (quadrupole – time of flight) mass spec-
trometer with ultrahigh resolution (Bruker Daltonics,
Bremen, Germany) by nanoelectrosprayer. The nLC-MS/
MS instruments were controlled with the software pack-
ages HyStar 3.2 and micrOTOF-control 3.0. The data
were collected and manipulated with the software pack-
ages ProteinScape 2.0 and DataAnalysis 4.0 (Bruker
Daltonics).
The 3 μl of the peptide mixture were injected into a NS-

AC-11-C18 Biosphere C18 column (particle size: 5 μm,
pore size: 12 nm, length: 150 mm, inner diameter: 75 μm),
with a NS-MP-10 Biosphere C18 pre-column (particle
size: 5 μm, pore size: 12 nm, length: 20 mm, inner diam-
eter: 100 μm), both manufactured by NanoSeparations
(Nieuwkoop, Netherlands).
The separation of peptides was achieved via a linear gra-

dient between mobile phase A (water) and B (acetonitrile),
both containing 0.1% (v/v) formic acid. Separation was
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started by running the system with 5% mobile phase B,
followed by gradient elution to 30% B at 70 min. The
next step was gradient elution to 50% B in 10 min, and
then a gradient to 100% B in 8 min was used. Finally, the
column was eluted with 100% B for 2 min. Equlibration
before the next run was achieved by washing the column
with 5% mobile phase B for 10 min. The flow rate was
0.25 μl min-1, and the column was held at ambient
temperature (25°C).
On-line nano-electrospray ionization (easy nano-ESI) in

positive mode was used. The ESI voltage was set at
+4.5 kV, scan time 1.3 Hz. Operating conditions: drying
gas (N2), 1 l min-1; drying gas temperature, 160°C;
nebulizer pressure, 0.4 bar. Experiments were performed
by scanning from 100 to 2200m/z. The reference ion
used (internal mass lock) was a monocharged ion of
C24H19F36N3O6P3 (m/z 1221.9906). Mass spectra corre-
sponding to each signal from the total ion current chro-
matogram were averaged, enabling an accurate molecular
mass determination. All LC-MS/MS analyses were done
in duplicates.

Database searching
Data were processed using ProteinScape software. Pro-
teins were identified by correlating tandem mass spectra
to SwissProt databases, using the MASCOT searching
engine (http://www.matrixscience.com); Rattus norvegi-
cus as species. Trypsin was chosen as the enzyme par-
ameter. One missed cleavage was allowed, and an initial
peptide mass tolerance of ±10.0 ppm was used for MS
and ±0.05 Da for MS/MS analysis. Cysteines were as-
sumed to be carbamidomethylated, proline and lysine to
be hydroxylated, serine, threonine and tyrosine to be
phosphorylated, and methionine was allowed to be oxi-
dated. All these possible modifications were set to be
variable. Monoisotopic peptide charge was set to 1+, 2+
and 3+. The Peptide Decoy option was selected during
the data search process to remove false-positive results.
Only significant hits (MASCOT score ≥60, http://www.
matrixscience.com) were accepted.

Statistical analysis
In immunoblot assays, the significance of difference be-
tween data collected in control and morphine-treated
samples was analyzed by Student’s t-test by GraphPad-
Prizm4. Results represent the average ± S.E.M.

Protein determination
The method of Lowry was used for determination of
membrane protein. Bovine serum albumin (Sigma, Frac-
tion V) was used as standard. Data were calculated by
fitting the data with calibration curve as quadratic
equation.

Additional files

Additional file 1: Table S1. Proteomic analysis of post-nuclear
supernatant prepared from brain cortex of control and morphine-treated
rats.

Additional file 2: Table S2. Proteomic analysis of PM fraction isolated
from brain cortex of control and morphine-treated rats.
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Summary 

Large number of extracellular signals is received by plasma 

membrane receptors which, upon activation, transduce 

information into the target cell interior via trimeric G-proteins 

(GPCRs) and induce activation or inhibition of adenylyl cyclase 

enzyme activity (AC). Receptors for opioid drugs such as 

morphine (μ-OR, δ-OR and κ-OR) belong to rhodopsin family of 

GPCRs. Our recent results indicated a specific up-regulation of  

AC I (8-fold) and AC II (2.5-fold) in plasma membranes (PM) 

isolated from rat brain cortex exposed to increasing doses of 

morphine (10-50 mg/kg) for 10 days. Increase of ACI and ACII 

represented the specific effect as the amount of ACIII-ACIX, 

prototypical PM marker Na, K-ATPase and trimeric G-protein  

α and β subunits was unchanged. The up-regulation of ACI and 

ACII faded away after 20 days since the last dose of morphine. 

Proteomic analysis of these PM indicated that the brain cortex of 

morphine-treated animals cannot be regarded as being adapted 

to this drug because significant up-regulation of proteins 

functionally related to oxidative stress and alteration of brain 

energy metabolism occurred. The number of δ-OR was increased 

2-fold and their sensitivity to monovalent cations was altered. 

Characterization of δ-OR-G-protein coupling in model HEK293 cell 

line indicated high ability of lithium to support affinity of δ-OR 

response to agonist stimulation. Our studies of PM structure and 

function in context with desensitization of GPCRs action were 

extended by data indicating participation of cholesterol-enriched 

membrane domains in agonist-specific internalization of δ-OR. In 

HEK293 cells stably expressing δ-OR-Gi1α fusion protein, 

depletion of PM cholesterol was associated with the decrease in 

affinity of G-protein response to agonist stimulation, whereas 

maximum response was unchanged. Hydrophobic interior of 

isolated PM became more “fluid”, chaotically organized and 

accessible to water molecules. Validity of this conclusion was 

supported by the analysis of an immediate PM environment of 

cholesterol molecules in living δ-OR-Gi1α-HEK293 cells by 

fluorescent probes 22- and 25-NBD-cholesterol. The alteration of 

plasma membrane structure by cholesterol depletion made the 

membrane more hydrated. Understanding of the positive and 

negative feedback regulatory loops among different OR-initiated 

signaling cascades (µ-, δ-, and κ-OR) is crucial for understanding 

of the long-term mechanisms of drug addiction as the decrease 

in functional activity of µ-OR may be compensated by increase of 

δ-OR and/or κ-OR signaling. 
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Introduction 
 

Hormones, neurotransmitters and growth factors 
bind to the cell surface membrane receptors, which may 
be divided into the three main families: i) coupled with 
guanine nucleotide-binding regulatory proteins (GPCR), 
ii) ionic channels, and iii) tyrosine-kinases. Binding of 
hormones or neurotransmitters to the stereo-specific site 
of receptor molecules located at extracellular side of 
plasma membrane represents the first step in complicated 
sequence of molecular events transmitting the signal into 
the cell interior and initiating the ultimate physiological 
response. In G-protein-mediated cascades, ligand binding 
induces conformational change of receptor molecule, 
which, in the next step, induces dissociation of trimeric 
G-protein complex (non-active) into the free, active Gα 
and Gβγ subunits. Subsequently, both Gα and Gβγ 
subunits activate variety of enzyme activities and/or ionic 
channels which regulate intracellular concentrations of 
secondary messengers such as cAMP, cGMP, IP3, DAG, 
arachidonic acid, sodium, potassium or calcium cations 
(Svoboda et al. 2004, Drastichova et al. 2008).  

Receptors for opioid drugs, μ-OR, δ-OR and  
κ-OR, were classified as members of rhodopsin family of 
GPCRs. All these receptors are known to inhibit adenylyl 
cyclase activity in pertussis-toxin-dependent manner by 
activation of Gi/Go class of trimeric G-proteins. These 
proteins (Gi1, Gi2, Gi3, Go1, Go2) are present in brain in 
large quantities and inhibit adenylyl cyclase activity or 
regulate ionic channels in pertussis-toxin-dependent 
manner. 

Morphine binds to all three types of OR (μ-, δ- 
and κ-OR) and represents one of the most effective 
painkillers. Repeated exposure of experimental animals to 
morphine results in tolerance to this drug, development of 
physical dependence and a chronic relapsing disorder – 
drug addiction (Contet et al. 2004). Physical dependence 
contributes to a drug seeking behavior and the continuous 
drug use with the aim to prevent the onset of unpleasant 
withdrawal symptoms (Preston et al. 1991). Morphine 
withdrawal generates a set of symptoms like retches, 
vomiting, blood pressure increase, insomnia, intestines 
dysfunctions, body shaking and teeth chatter.  

Drug addiction to morphine is characterized by a 
complex etiology including changes in psychology of 
experimental animals as well as physiology of their brain 
function. These changes proceed mainly in the brainstem 
and hippocampus (Connor and Christie 1999, Law et al. 
2000, 2004, Chen et al. 2007). However, some of the 

long-term behavioral consequences of repeated morphine 
exposure were related to reorganized patterns of synaptic 
connectivity in the forebrain (Robinson et al. 1999). 
Morphine-induced changes of brain function were also 
associated with alterations of neurotransmission, specific 
signaling cascades, energy metabolism and stability of 
protein molecules (Miller et al. 1972, Kim et al. 2005, Li 
et al. 2006, Li et al. 2009)  

Hyper-sensitization or super-activation of 
adenylyl cyclase (AC) activity by prolonged exposure of 
cultured cells or mammalian organism to morphine has 
been demonstrated in previous studies delineating the 
mechanism of action of this drug (Preston 1991, Connor 
and Christie 1999, Law et al. 2000, 2004, Contet et al. 
2004) and considered as biochemical basis for 
development of opiate tolerance and dependence. 

Our previous work on PM fraction isolated  
from brain cortex in Percoll gradient of rats exposed  
to morphine for 10 days (10-50 mg/kg) indicated  
a desensitization of G-protein response to µ-OR 
(DAMGO) and δ-OR (DADLE) stimulation (Bourova et 
al. 2009, 2010) and specific increase of ACI (8-fold) and 
ACII (2.5-fold) isoforms (Ujcikova et al. 2011). The  
κ-OR (U-23554)-stimulated [35S]GTPγS binding and 
expression level of ACIII-IX in PM was unchanged. 
Behavioral tests of morphine-treated animals indicated 
that these animals were fully drug-dependent (opiate 
abstinence syndrome) and developed tolerance to 
subsequent drug addition (analgesic tolerance detected by 
hot-plate and hind paw withdrawal tests). The increase of 
ACI and ACII was interpreted as a specific compensatory 
response to prolonged stimulation of brain cortex OR by 
morphine.  
 
Proteomic analysis of membrane proteins in 
rat brain cortex: changes induced by the 
long-term exposure to increasing doses to 
morphine 

 
The aim of the next step of our work was the 

description of an overall change of membrane protein 
composition and recognition of proteins exhibiting the 
largest changes induced by morphine. This was 
performed by proteomic analysis of post-nuclear 
supernatant (PNS) and plasma membrane-enriched 
fraction isolated in Percoll gradient. PNS was analyzed 
because it contains proteins of mitochondrial, 
endoplasmic reticulum, plasma membrane and 
cytoplasmic origin. Rats were adapted to morphine for 
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10 days [10 mg/kg (day 1 and 2), 15 mg/kg (day 3 and 4), 
20 mg/kg (day 4 and 5), 30 mg/kg (day 6 and 7), 
40 mg/kg (day 9) and 50 mg/kg (day 10)] and sacrificed 
24 h after the last dose (group +M10). Control animals 
were sacrificed in parallel with morphine-treated (group 
−M10). Post-nuclear supernatant fraction was prepared 
from brain cortex of both groups and resolved by  
2D-ELFO. The gels were stained by Coomassie brilliant 
blue (CBB) and the altered proteins detected by PDQuest 
software analysis.  

The 10 up-regulated or down-regulated proteins 
exhibiting the largest morphine-induced change were 
selected, excised manually from 2D-gel and identified by 
MALDI-TOF MS/MS. The identified proteins were: 
1) (gi|148747414, Guanine deaminase), up 2.5-fold; 
2) (gi|17105370, Vacuolar-type proton ATP subunit B, 
brain isoform), up 2.6-fold; 3) (gi|1352384, Protein 
disulfide-isomerase A3), up 3.4-fold; 4) (gi|40254595, 
Dihydropyrimidinase-related protein 2), up 3.6-fold; 5) 
(gi|149054470, N-ethylmaleimide sensitive fusion 
protein, isoform CRAa), up 2.0-fold; 6) (gi|42476181, 
Malate dehydrogenase, mitochondrial precursor), up  
1.4-fold; 7) (gi|62653546, Glyceraldehyde-3-phosphate 
dehydrogenase), up 1.6-fold; 8) (gi|202837, Aldolase A), 
up 1.3-fold; 9) (gi|31542401, Creatine kinase B-type), 
down 0.86-fold; 10) (gi|40538860, Aconitate hydratase, 
mitochondrial precursor), up 1.3-fold. Thus, the ten most 
highly altered proteins in PNS were of cytoplasmic 
(proteins no. 1, 4, 5, 7, 9), cell membrane (protein no. 2), 
endoplasmic reticulum (protein no. 3) and mitochondrial 
(proteins no. 6, 8, 10) origin and nine of them were 
significantly increased by morphine (1.3 to 3.6-fold). 
Correlation with functional properties of these proteins 
indicated up-regulation of proteins related to guanine 
degradation (protein no. 1), vacuolar acidification 
(protein no. 2), apoptotic cell death (protein no. 3), 
oxidative stress (proteins no. 4, 6, 7, 10), membrane 
traffic (protein no. 5) and glycolysis (protein no. 8). 
The role in apoptosis has been also described 
for glyceraldehyde-3-phosphate dehydrogenase (protein 
no. 7), already mentioned as major target protein in 
oxidative stress (Hwang et al. 2009). All together, the 
spectrum of altered proteins suggests a major change of 
energy metabolism of brain cortex tissue when exposed 
to increasing doses of morphine. Judged from functional 
point of view, the most significant change was the  
up-regulation of proteins related to oxidative stress 
(proteins no. 4, 6, 7, 10) and apoptotic cell death 
(proteins no. 3, 7). 

We could therefore conclude that the brain 
cortex of rats exposed to increasing doses of morphine 
(10-50 mg/kg) for 10 days cannot be regarded as being 
adapted to this drug. Significant up-regulation of proteins 
functionally related to oxidative stress and apoptosis 
indicates the state of severe “discomfort” of brain cells or 
even damage. 

 
Identification of an active, minority pool of 
trimeric Gβ subunits responding to chronic 
morphine in rat brain cortex: proteomic 
analysis of Percoll-purified membranes 

 
In PM, the altered proteins were of plasma 

membrane origin [BASP1, Brain acid soluble protein, 
down-regulated 2.1-fold; GBB, Guanine nucleotide-
binding protein subunit beta-1, down 2.0-fold], myelin 
membrane [MBP, Myelin basic protein S, down  
2.5-fold], cytoplasmic [KCRB, Creatine kinase B-type 
(EC 2.7.3.2), down 2.6-fold; AINX, alpha-internexin,  
up-regulated 5.2-fold; DPYL2, Dihydropyrimidinase-
related protein 2, up 4.9-fold; SIRT2, NAD-dependent 
deacetylase sirtuin-2, up 2.5-fold; SYUA, Alpha-
synuclein, up 2.0-fold; PRDX2, Peroxiredoxin-2, up  
2.2-fold; TERA, Transitional endoplasmic reticulum 
ATPase, up 2.1-fold; UCHL1, Ubiquitin carboxyl-
terminal hydrolase L1 down 2.0-fold; COR1A, Coronin-
1A, down 5.4-fold; SEP11, Septin-11, up 2.2-fold; RL12, 
60S ribosomal protein L12, up 2.7-fold] and 
mitochondrial [DHE3, Glutamate dehydrogenase 1, up 
2.7-fold; SCOT1, Succinyl-CoA:3-ketoacid-coenzyme A, 
up 2.2-fold; AATM, Aspartate aminotransferase, down 
2.2-fold; PHB, Prohibitin, up 2.2-fold].  

The only member of GPCR-initiated signaling 
cascades identified by LC-MS/MS in PM was trimeric 
Gβ subunit (2-GBB) which was decreased 2-fold in 
samples from morphine-adapted rats. Similarly, 
proteomic analysis of protein alterations induced by long-
term stimulation of HEK293 cells stably expressing 
TRH-receptor and G11α protein by TRH, indicated the 
change of 42 proteins, but none of these proteins 
represented the plasma membrane protein functionally 
related to G-protein-mediated signaling cascades 
(Drastichova et al. 2010).  

The immunoblot analysis of the same PM 
resolved by 2D-ELFO indicated that the “active” pool of 
Gβ subunits affected by morphine, which was decreased 
2x, represented just a minor fraction of the total signal of 
Gβ subunits in 2D-gels (Fig. 1). The total signal of Gβ was 
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decreased 1.2-fold only but dominant/major part of the 
total signal was unchanged. Accordingly, the immunoblot 
analysis of Gβ after resolution by 1D-SDS-PAGE in 10 % 
w/v acrylamide/0.26 % w/v bis-acrylamide or 4-12 % 
(InVitroGene) gradient gels indicated no change of this 

protein. We could therefore conclude that proteomic 
analysis represents a valuable tool for identification of 
membrane proteins. However, the analysis of low-
abundance proteins of OR-initiated signaling cascades in 
plasma membranes has to be accompanied by specific 
immublot analysis. Identification of an “active”, minority 
pool of Gβ subunits down-regulated by morphine 
represents an original finding which has not been described 
in current literature dealing with drug addiction and 
morphine effect on mammalian brain. 

 
The effect of lithium and other monovalent 
cations on ligand binding and efficiency of 
δ-opioid receptor-G-protein coupling 

 
Lithium is still one of the most effective 

therapies for depression. Comparison of the effect of 
lithium, sodium and potassium on δ-opioid receptors was 
studied in HEK293 cells stably expressing PTX-
insensitive δ-OR-Gi1α (Cys351-Ile351) fusion protein.  
δ-OR-Gi1α (C351-I351) cells represent useful experimental 
tool as the covalent bond between δ-OR and Gi1α  
(C351-I351) provides the permanent and fixed 1:1 
stoichiometry and C351-I351 mutation provides resistance 
to PTX together with extraordinary high efficacy of 
coupling between δ-OR and Gi1α (C351-I351) protein 
(Bourova et al. 2003, Brejchova et al. 2011).  

Agonist [3H]DADLE binding was decreased 
with the order: Na+≫Li+>K+>NMDG+. When plotted as a 
function of increasing NaCl concentrations, binding was 
best-fitted with a two phase exponential decay 
considering the two Na+-responsive sites (r2=0.99). High-
affinity Na+-sites were characterized by Kd=7.9 mM and 
represented 25 % of the basal level determined in 
the absence of Na+ ions. Remaining 75 % represented 
the low-affinity sites (Kd=463 mM). Inhibition of 
[3H]DADLE binding by lithium, potassium and NMDG+ 
proceeded in low-affinity manner only. Preferential 
sensitivity of δ-OR-Gi1α to sodium was thus clearly 
manifested. 

Surprisingly, the affinity/potency of DADLE-
stimulated [35S]GTPγS binding, quantitatively 
characterized by comparison of dose-response curves in 
different ion media (EC50 values), was increased in 
reverse order: Na+<K+<Li+. This result was demonstrated 
in PTX-treated as well as PTX-untreated cells (Table 1). 
Therefore, this finding is not restricted to Gi1α present in 
fusion protein, but is also valid for stimulation of 
endogenous G-proteins of Gi/Go family.  

 

Fig. 1. Morphine-induced decrease of trimeric Gβ subunits in
plasma-membrane-enriched fraction: immunoblot analysis of
2D-electrophoresis. (A) Two-dimensional resolution of Gβ protein
content in PM isolated from control and morphine-adapted rats.
PM protein (400 μg) was resolved by 2D electrophoresis using
the pI range 3-11 for isoelectric focusing in the first dimension.
The white small circle shows the small fraction of the total signal
of Gβ which was taken into consideration when analyzed by
LC-MS/MS. The second dimension was performed by SDS-PAGE 
in 10 % w/v acrylamide/0.26 % bis-acrylamide gels (Hoefer SE
600). Gβ was identified by immunoblotting with specific antibody
oriented against C-terminal peptide of Gβ. Numbers 1-8 
represent spots of Gβ subunits which were subsequently
analyzed by LC-MS/MS. (B) The average of three immunoblots ±
SEM. Difference between (-M10) and (+M10) was analyzed by
Student´s t-test using GraphPadPrizm4 and found not significant,
NS (p>0.05). 
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Table 1. DADLE-stimulated [35S]GTPγS binding in membranes prepared from PTX-treated and PTX-untreated δ-OR-Gi1α - HEK293 cells. 
 

 
 
[35S]GTPγS binding was measured in P2 membrane fraction isolated from PTX-treated (A) or PTX-untreated cells (B) as described in 
methods. Binding assays were performed in 200 mM NaCl, KCl or LiCl. EC50 (M) and Bmax (pmol x mg-1) values were calculated by 
GraphPadPrizm4. Bmax values were also expressed as the ratio (%) between maximum DADLE-stimulated (Bmax) and the basal level 
(Bbasal) of binding. Net-increment of agonist stimulation (Δmax) was calculated as the difference between Bmax and Bbasal values. Numbers 
represent the means ± SEM of 3 binding assays, each performed in triplicates. Data were analyzed by one-way ANOVA followed by 
Neuman-Keuls post test (* p<0.05, ** p<0.01, NS non-significant). (A) In PTX-treated membranes, [35S]GTPγS binding in the absence 
of ions was 0.622 pmol × mg-1 and this level was decreased to 0.143 (NaCl), 0.241 (KCl) and 0.209 (LiCl)  pmol × mg-1 by addition of 
200 mM NaCl, KCl or LiCl, respectively. (B) In PTX-untreated membranes, [35S]GTPγS binding in the absence of ions was 0.809 pmol × 
mg-1 and this level was decreased to 0.178 (NaCl), 0.222 (KCl) and 0.211 (LiCl) pmol × mg-1 by addition of 200 mM NaCl, KCl or LiCl, 
respectively.  
 
 

This surprising but fully reproducible result may 
be considered in connection with clinical use of lithium in 
the treatment of manic depression. In electrically active 
cells, Li+ enters the intracellular compartment via “fast“ 
sodium channel (Richelson, 1977) and also via ouabain-
sensitive K+-influx catalyzed by Na,K-ATPase. However, 
the efflux of Li+ via Na,K-ATPase is limited because 
ATP+Mg+Na-dependent phosphorylation proceeding at 
inner side of the plasma membrane and outward oriented 
efflux of Na+ cations via Na+-pump are strictly specific 
for sodium. Thus, if available in extracellular space, the 
intracellular Li+ concentration will be slowly increased. It 
is reasonable to assume that such conditions may arise in 
neuronal or glial cells of depressive patients as the 
effective range of plasma Li+ concentrations under 

clinical conditions is 0.6-1.0 mM. The 2 mM LiCl is 
regarded as toxic. This is exactly the concentration range 
in which the first significant inhibition of the basal level 
of [35S]GTPγS binding was detected in our experiments. 
The first significant decrease of the basal level of 
[35S]GTPγS binding measured in the absence of cations 
was noticed at 1-2 mM NaCl, KCl and LiCl; the 50 % 
inhibition was reached at 62 mM NaCl, 88 mM LiCl and 
92 mM KCl, respectively (Vosahlikova and Svoboda 
2011). Thus, in the treatment of acute depression, 
competitive effect of Li+ on inverse agonist-like effect of 
Na+ on δ-OR and, in parallel, on Gi/Go class of  
G-proteins, might be considered as one of plausible 
mechanisms of Li+ action besides its numerous other 
effects on overall cell metabolism (Young 2009).  



S170   Ujčíková et al.  Vol. 63 
 
 
The role of cholesterol, cholesterol depletion 
and membrane domains/rafts in structural 
organization of plasma membrane and 
transmembrane signaling through  
G-protein-coupled receptors 

 
Cholesterol constitutes a major component of 

mammalian plasma (cell) membrane. Its correct 
distribution among plasma membrane and intracellular 
membrane compartments is essential for the homeostasis 
of mammalian cells and intracellular membrane traffic 
plays a major role in the correct disposition of 
internalized cholesterol and in the regulation of 
cholesterol efflux (Maxfield and Wüstner 2002, Scheidt 
et al. 2003). Furthermore, lateral and transbilayer 
organization of cholesterol molecules in the plasma 
membrane determines plasma membrane structure and 
dynamics. However, neither its intracellular pathways of 
trafficking nor its precise lateral organization in 
cholesterol-enriched microdomains such as membrane 
rafts and caveolae is fully understood. The same applies 
to the transbilayer distribution between the two leaflets of 
biological membranes (Simons and Ikonen 1997, Brown 
and London 1998, Anderson and Jacobson 2002). 

Cholesterol- and sphingolipid-enriched 
membrane domains, characterized by high content of 
cholesterol, saturated phospholipids, glycolipids and 
sphingomyelin, have been described as lipid platforms 
capable to harbor and confine trimeric G-proteins in high 
amounts (Simons and Ikonen 1997, Brown and London 
1998, Anderson 1998, Moffett et al. 2000, Oh and 
Schnitzer 2001, Anderson and Jacobson 2002, Pike 2004, 
Quinton et al. 2005). Considering the function of trimeric 
G-proteins in membrane domains containing caveolin, 
heterologous desensitization of GPCR signaling was 
described as specific binding of G-proteins to caveolin 
(Murthy and Makhlouf 2000). 

These structures were also reported to play an 
important role in both positive and negative regulation of 
transmembrane signaling through G-protein-coupled 
receptors (Gimpl et al. 1995, Klein et al. 1995, Feron et 
al. 1997, De Weerd and Leeb-Lundberg 1997, 
Schwencke et al. 1999, De Luca et al. 2000, Dessy et al. 
2000, Lasley et al. 2000, Igarashi and Michel 2000, 
Ostrom et al. 2000, 2001, Rybin et al. 2000, 2003, Ushio-
Fukai et al. 2001, Gimpl and Farenholz 2002, Sabourin et 
al. 2002, Ostrom and Insel 2004, Pucadyil and 
Chattopadhyay 2004, 2007, Monastyrskaya et al. 2005, 
Savi et al. 2006, Xu et al. 2006, Allen et al. 2007, 

Ostasov et al. 2007, 2008, Chini and Parenti 2009). More 
specifically, the functional significance of OR presence in 
membrane domains is far from being understood as 
cholesterol reduction by methyl-β-cyclodextrin attenuated 
δ-OR-mediated signaling in neuronal cells but enhanced 
it in non-neuronal cells (Huang et al. 2007).  

In HEK293 cells stably expressing δ-OR-Gi1α 
fusion protein, depletion of PM cholesterol was 
associated with a decrease (by one order of magnitude) in 
affinity/potency of G-protein response to agonist 
stimulation. The maximum response was unchanged 
(Brejchova et al. 2011). Hydrophobic interior of isolated 
PM became more “fluid”, chaotically organized and more 
accessible to water molecules. The analysis of PM 
environment by fluorescent derivatives of cholesterol 
(22- and 25-NBD-cholesterol) in living δ-OR-Gi1α-
HEK293 cells confirmed these results because the 
alteration of plasma membrane structure by cholesterol 
depletion made the membrane more hydrated (Ostasov et 
al. 2013). Our data also indicated that small perturbation 
of PM structure by low, non-ionic detergent 
concentrations increased GPCR-G-protein coupling, 
while the high concentrations were strictly inhibitory 
(Sykora et al. 2009). The close-to-zero level of basal and 
agonist-stimulated G-protein activity is the typical feature 
of detergent-resistant membrane domains (DRMs) 
prepared at high detergent concentrations, 0.5-1 % Triton 
X-100 (Bourova et al. 2003).  

 
Agonist-induced internalization of δ-opioid 
receptors 

 
The first evidence for agonist-induced 

internalization of GPCRs was brought by subcellular 
fractionation studies of cell homogenate using 
differential or sucrose density gradient centrifugation. 
The internalized, endosomal pool of receptor molecules 
was separated from the major pool of receptor 
molecules in plasma membranes and was found to be 
increased by agonist stimulation (Stadel et al. 1983, 
Waldo et al. 1983, Clark et al. 1985, Hertel et al. 1985, 
Sibley et al. 1987). In intact cells, the specific, agonist-
induced sequestration and internalization of GPCRs was 
detected by immunofluorescence microscopy of cells 
expressing β2-adrenergic receptors. β2-AR were 
transferred from clathrine-coated pitts (in the plasma 
membrane) to clathrine-coated vesicles, rab5-containing 
early endosomes and back to the plasma membrane (von 
Zastrow and Kobilka 1992, 1994, Moore et al. 1995, 
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Pippig et al. 1995). Cellular and molecular mechanisms 
of GPCR internalization are in focus of OR studies as 
one the leading theories of drug addiction is directly 
based on atypical parameters of µ-OR internalization 
(Whistler and von Zastrow 1998, Whistler et al. 1999). 
When exposed to morphine, µ-OR remain at PM and in 
this way elude desensitization by β-arrestin. 

Our analysis of HEK293 cells transiently 
expressing Flag-epitope tagged version of δ-OR indicated 
that cholesterol depletion alone induced transfer of 
receptor molecules into the cell interior (Fig. 2A, upper 
right and left panels). Incubation of cells with 10 mM  
β-cyclodextrin (β-CDX, 30 min) caused significant 
increase of intracellular fluorescence (p<0.05), while in 
control, β-CDX-untreated cells, the small intracellular 
signal distributed among numerous faint fluorescent 
patches was unchanged in the course of 30 min 
incubation in serum-free medium alone (Fig. 2B). 

Massive transfer of receptor molecules from the cell 
surface (plasma membrane) into the intracellular 
compartments was noticed after agonist stimulation 
(100 nM DADLE). This transfer was decreased in  
β-CDX-treated cells (Fig. 2A, lower right and left 
panels). Difference between β-CDX-treated and β-CDX- 
plus DADLE-treated samples was highly significant 
(p<0.01) (Fig. 2B). 

We could therefore conclude that the treatment 
of HEK293 cells with β-CDX alone, i.e. degradation of 
membrane domains, induced destabilization of HEK293 
plasma membrane structure manifested as spontaneous 
transfer of a portion of δ-OR molecules into the cell 
interior. Massive internalization of δ-OR proceeding in 
the presence of specific agonist was suppressed by  
β-CDX. This part of internalized receptor molecules 
may be regarded as functionally related to membrane 
domains.  

 
 

 
Fig. 2. Agonist (DADLE)-induced internalization of δ-OR is attenuated by cholesterol depletion. HEK293T cells transiently transfected 
with FLAG-tagged δ-OR were in vivo labeled with the corresponding anti-tag antibodies, exposed to serum-free DMEM (Control), 10 mM 
β-CDX in serum-free DMEM (CDX), 100 nM DADLE (DADLE), or 10 mM β-CDX plus 100 nM DADLE in serum-free DMEM (CDX+DADLE) 
for 30 min, and fixed. After fixation the cells were subjected to indirect immunofluorescence with Alexa Fluor 488-conjugated secondary 
antibodies and imaged with laser scanning confocal microscopy. Left panels (A) show representative micrographs of cells expressing 
FLAG-tagged δ-OR and treated as described above. Right panel (B) displays results from quantification of micrographs performed by 
ImageJ software. Fraction of internalized receptors was calculated as a ratio of intracellular to total signal determined in 8 cells per each 
condition, averaged and normalized to values obtained by agonist (DADLE) stimulation. Data represent the average of three 
experiments, i.e. three independent transfections, ± SEM. Statistical analysis was performed using one-way ANOVA repeated 
measurements with Bonferroni post-hoc test. *, **, represent the significant difference, p<0.05, p<0.01.  
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Conclusions and future perspectives 

 
Understanding of the positive and negative 

feedback regulatory loops among different OR-initiated 
signaling cascades (µ-, δ-, and κ-OR) is crucial for 
understanding of the long-term mechanisms of drug 
addiction as the decrease in functional activity of µ-OR 
may be compensated by increase of δ-OR and/or κ-OR 
signaling. In our experiments using increasing doses of 
morphine (10-50 mg/kg) for 10 days, the decrease of 
functional activity of µ-OR in brain cortex PM was 
measured together with decrease of δ-OR signaling 
(agonist-stimulated, high-affinity [35S]GTPγS binding). 
In parallel PM samples, membrane density of adenylyl 
cyclase I and II was markedly increased; the other AC 
isoforms (III-IX) were unchanged. The highly positive 
and “optimistic” result (for drug addicts) was that the up-
regulation of ACI and ACII faded away 20 days since the 
last dose of morphine.  

Rat brain cortex of rats sacrificed 24 h after the 
last dose of morphine (50 mg/kg) cannot be regarded as 
“being adapted” as the proteomic analysis suggests a 
major alteration/reorganization of energy metabolism of 
brain cortex cells: four out of nine up-regulated proteins 
were described as functionally related to oxidative stress; 
the two proteins were related to genesis of apoptotic cell 
death. This was not an optimistic finding indeed (for drug 
addicts), however, further research is needed to find out 
whether these changes are reversible as the up-regulation 
of ACI and ACII after 20 days of drug withdrawal. 

Analysis of model HEK293 cell line expressing 
the defined type of OR (δ-OR) indicated that degradation 
of membrane domains/rafts by cholesterol depletion 
resulted in decrease of affinity of δ-OR-response to 
agonist stimulation in parallel with increase of “fluidity” 

and hydration of PM. Agonist binding to δ-OR was 
unchanged. Perturbation of optimum PM organization by 
cholesterol depletion deteriorated the functional coupling 
between δ-OR and G-proteins while receptor ligand 
binding site was unchanged. Therefore, the biophysical 
state of hydrophobic PM interior should be regarded as 
regulatory factor of δ-OR-signaling cascade. 

In HEK293 cells expressing δ-OR-Gi1α  
(Cys351-Ile351) fusion protein, the inverse agonist-like 
effect of monovalent cations on δ-OR was detected as 
inhibition of agonist binding. Maximum of G-protein 
response to agonist stimulation was preferentially 
oriented to sodium with the order: Na+≫Li+>K+> 
NMDG+. Surprisingly, affinity of G-protein response was 
preferentially supported by lithium.  

Modern biophysical and confocal microscopy 
techniques (fluorescence lifetime imaging, fluorescence 
resonance energy transfer, raster image correlation 
spectroscopy) are being introduced at present time for the 
analysis of agonist-induced change of receptor mobility 
in HEK293 cell lines transiently expressing δ-OR-CFP, 
δ-OR-YFP and δ-OR-CFP plus δ-OR-YFP. Stably 
transfected HEK293 cells expressing TRH-R-eGFP and 
fluorescence recovery after photobleaching are used as 
reference standard when testing agonist-specific 
alteration of receptor mobility in living cells.  
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