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Abstract:

Background: Morphine is often administered to patients for pain management, but it is also recommended to ameliorate some types

of cardiovascular diseases. Nevertheless, there is a lack of information regarding the effect of prolonged morphine treatment on

myocardial adenylyl cyclase (AC) signaling, which plays an important role in regulating heart function.

Method: The present work has investigated the consequences of 10-day administration of high morphine doses (10 mg/kg per day)

to adult Wistar rats for functioning of the G-protein-mediated AC signaling system.

Results: Morphine treatment appreciably affected neither the number of myocardial b-adrenoceptors nor the content of selected

subunits of trimeric G-proteins (Gsa, Gi/oa, Gza, Gq/11a and Gb) but the amount of the dominant myocardial AC isoform V/VI al-

most doubled. These alterations were accompanied by a marked AC supersensitization: the enzyme activity stimulated by manga-

nese, fluoride, forskolin or isoproterenol was considerably increased (by about 50–100%). In contrast, the ability of opioid agonists

to inhibit forskolin-stimulated AC activity was slightly but significantly decreased in both groups. Besides that, morphine markedly

decreased the incidence of ischemic ventricular arrhythmias induced by coronary artery occlusion, but did not significantly influ-

ence infarct size and arrhythmias occurring during reperfusion.

Conclusion: Overall, these results indicate that prolonged treatment of rats with high doses of morphine substantially alters

the function of myocardial G-protein-regulated AC signaling. These alterations are accompanied by a reduced susceptibility to

ischemia-induced ventricular arrhythmias.
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Introduction

Morphine is well known for its ability to exert signifi-

cant cardiovascular effects. However, a number of

controversial data have been published about its fa-

vorable or adverse effects on the heart. This drug can

apparently induce increased parasympathetic activity

and suppress cardiovascular functions [32, 45]. Pro-

longed morphine administration and subsequent with-

drawal can affect catecholamine turnover and thus

Pharmacological Reports, 2012, 64, 351�359 351

Pharmacological Reports
2012, 64, 351�359
ISSN 1734-1140

Copyright © 2012
by Institute of Pharmacology
Polish Academy of Sciences



myocardial adrenergic signaling and function [15,

44]. Morphine can block reuptake of norepinephrine

resulting in cardiotoxic effects [4]. It might be impor-

tant to differentiate between the consequences of short-

and long-term morphine application. Markiewicz and

colleagues showed that one-shot administration of

morphine to rats prior to a permanent coronary artery

occlusion produced a statistically significant increase

in infarct size [25]. In contrast, morphine given by

three 5-min infusions was able to mimick the benefi-

cial effect of preconditioning in open-chest rats sub-

jected to myocardial ischemia and reperfusion [50].

Since then, several studies have been published that

confirm a role of opioid receptors in morphine-

induced acute and delayed preconditioning [9, 11, 17,

19, 27, 39, 48, 55]. In addition, cardioprotective effect

of chronic morphine exposure has been also observed

in a mouse model of myocardial infarction [40, 41].

Morphine can induce changes at the receptor level

as well as in some other proteins engaged in signaling

pathways initiated by opioid receptors and regulated by

their cognate trimeric G-proteins [10, 23]. Whereas

acute opioid action is characterized by diminution of

intracellular cAMP levels (through the inhibitory effect

of Gi/o proteins on adenylyl cyclase (AC)), sustained

opioid treatment may increase AC activity [53]. Heterolo-

gous sensitization of the AC signaling cascade, termed

AC supersensitivity, was first described in studies aim-

ing to explain the development of tolerance and with-

drawal syndrome, which can occur after chronic opioid

exposure [21, 34]. The majority of studies addressing

the effects of morphine on AC signaling were done on

samples of brain tissue obtained from laboratory ani-

mals [5, 20, 47], but changes in AC activity (superacti-

vation or superinhibition) caused by sustained morphine

treatment were also observed in cell cultures [49, 51].

Surprisingly, only little attention has so far been paid to

the possible interference of morphine with the myocar-

dial AC signaling system. To the best of our knowl-

edge, there is only one report concerning this issue.

Napier and colleagues observed that chronic admini-

stration of morphine increased expression of Gia and

Gsa proteins in the dog heart, but they did not find any

significant change in the enzyme activity of AC [32].

In the present work, we have studied the presumed

effect on myocardial AC signaling of sustained ad-

ministration of morphine in high doses to rats. Paral-

lel experiments have been conducted to find out

whether this morphine exposure may have some car-

dioprotective potential.

Materials and Methods

Materials

[3H]CGP-12177 was purchased from Amersham Bio-

sciences (Buckinghamshire, UK) and scintillation

cocktail CytoScint from ICN Biomedicals (Irvine,

CA, USA). Nitrocellulose membrane was purchased

from Schleicher-Schuell (Erdmannhausen, Germany)

and Whatman GF/C filters from Whatman Ltd.

(Oxford, UK). Acrylamide and bis-acrylamide were

from SERVA (Heidelberg, Germany). All other che-

micals were from Sigma (St. Louis, MO, USA) and

they were of the highest purity available.

Experimental model

Animal experiments were conducted in accordance

with the recommendations of the Guide for the Care

and Use of Laboratory Animals (National Academy

Press, 1996) and they were approved by local institu-

tional animal care and use committee. Male Wistar

rats kept under standard laboratory conditions with

free access to water and a standard pellet diet were

given intramuscular morphine (10 mg/kg per day,

~300 µl) for 10 days. Control animals were injected

with sterile normal saline (0.9% NaCl). The animals

designated for biochemical analysis were killed by

decapitation one day after the last morphine dose. The

hearts were rapidly excised, divided into left and right

ventricles, snap frozen in liquid nitrogen and stored at

–80°C until use.

Myocardial membrane preparation

Frozen samples of left ventricular (LV) myocardium

were placed into 10 volumes of ice-cold homogeniza-

tion buffer (20 mM Tris, 3 mM MgCl2, 1 mM EDTA

and 0.25 M sucrose; pH 7.4) containing the protease

inhibitor cocktail (Roche Diagnostics, Mannheim,

Germany), cut in small pieces and homogenized in an

Ultra-Turrax blender (15 s). The resulting suspension

was further homogenized for 1 min in a glass ho-

mogenizer with a motor-driven Teflon pestle, and

then centrifuged at 600 × g for 10 min at 4°C in order

to remove large tissue debris and nuclear fragments.

A portion of the resulting postnuclear supernatant

(PNS) was centrifuged at 50,000 × g for 30 min in or-

der to isolate crude membranes. The pellet containing
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crude membranes was resuspended in TME buffer

(20 mM Tris, 3 mM MgCl2, and 1 mM EDTA; pH

7.4) and frozen in aliquots at –80°C. Another portion

of PNS was applied on the top of 18% Percoll solu-

tion in homogenization buffer and centrifuged at

60,000 × g for 15 min. In this way, two layers contain-

ing opaque material were separated on the gradient.

The upper layer enriched in plasma membranes was

diluted in TME buffer and centrifuged at 150,000 × g

for 1 h. Membrane pellet was then resuspended in

TME buffer, snap-frozen in liquid nitrogen and stored

in aliquots at –80°C until use.

b-Adrenoceptor binding

Myocardial b-adrenoceptors (b-ARs) were deter-

mined by radioligand binding assay with the b-antag-

onist [3H]CGP-12177 as described previously [37].

Assay mixtures in a final volume of 0.5 ml contained

50 mM Tris-HCl buffer (pH 7.4), 10 mM MgCl2,
1 mM ascorbic acid, 100 µg of myocardial membrane

protein and 4 nM [3H]CGP-12177 (38 Ci/mmol; Am-

ersham, Arlington Heights, IL, USA). The binding

mixture was incubated for 2 h at 37°C; at this time,

the specific binding of radioligand had attained an

equilibrium. The binding reaction was terminated by

adding 3 ml of ice-cold 50 mM Tris-HCl buffer (pH

7.4) containing 10 mM MgCl2 and subsequent filtra-

tion through GF/C filters presoaked for 1 h with poly-

ethylenimine. The filters were then washed twice with

3 ml of ice-cold Tris-HCl buffer, dried, and placed

into scintillation vials. After addition of 4 ml scintilla-

tion cocktail CytoScint, radioactivity retained on the

filters was measured by counting for 5 min. Nonspe-

cific binding was defined as that not displaceable by

10 µM (S)-(–)-propranolol.

Electrophoresis and immunoblotting

Samples of myocardial membranes were solubilized

in Laemmli buffer and loaded (30 µg per lane) on

standard 10% acrylamide gels for SDS-PAGE. After

electrophoresis, the resolved proteins were transferred

to nitrocellulose membrane (Schleicher & Schuell),

blocked with 3% non-fat dry milk in TBS buffer

(10 mM Tris, 150 mM NaCl; pH 8.0) for 1 h and then

incubated with relevant primary antibodies overnight

at 4oC. After three 10-min washes in TBS containing

0.3% Tween 20, the secondary goat anti-rabbit IgG la-

beled with horseradish peroxidase was applied for 1 h

at room temperature. After another three 10-min

washes in TBS-Tween, the blots were visualized by

enhanced chemiluminiscence technique according

to the manufacturer’s instructions (Pierce Biotechnol-

ogy, Rockford, IL, USA). The immunoblots were

scanned and quantitatively analyzed by ImageQuantTM

TL software (Amersham Biosciences).

Determination of AC activity

AC activity was assayed in 100 µl of reaction mixture

containing 50 mM Tris-HCl buffer (pH 7.4), 0.8 mM

MgCl2, 1 mM EDTA, 0.4 mM ATP, 50 U/ml pyruvate

kinase, 10 mM potassium phosphoenolpyruvate, 160 µg/

ml BSA, 0.2 mM isobutylmethylxanthine, 10 µM

GTP, and different stimulators (50 µM forskolin,

10 mM NaF, or 10 µM (–)-isoproterenol). The assay

was run for 20 min at 30°C and the reaction was then

terminated by adding 0.2 ml of 0.15 M HCl and cool-

ing on ice. The amount of cAMP product in each as-

say tube was determined using a commercial cAMP

EIA kit (NewEast Biosciences; Malvern, PA, USA)

according to the manufacturer´s instructions. A stan-

dard curve was utilized to express data in pmol of

cAMP per mg of protein per min.

Myocardial ischemia/reperfusion

Susceptibility to ventricular arrhythmias and myocar-

dial infarction of control and morphine-treated rats

was evaluated the next day after the last morfine dose

in anesthetized (sodium pentobarbital; 60 mg/kg body

weight) open-chest pump-ventilated (69 strokes/min,

tidal volume of 12 ml/kg body weight) animals sub-

jected to ischemia/reperfusion insult. A single-lead

electrocardiogram (ECG) and blood pressure in the

carotid artery were continually recorded. Left thora-

cotomy was performed and a silk braided suture 5/0

(Chirmax, Czech Republic) was placed around the

left anterior descending (LAD) coronary artery about

1–2 mm distal to its origin. After 10-min stabilization,

regional myocardial ischemia was induced by the

tightening of the suture threaded through a polyethyl-

ene tube. After a 20-min occlusion period, the ligature

was released and reperfusion of previously ischemic

tissue continued. After 5 min of reperfusion chest was

closed, air from thorax was exhausted and spontane-

ously breathing animals were maintained in deep an-

esthesia following 3 h.
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Assessment of arrhythmias

The incidence and severity of arrhythmias during the

ischemic insult and in the first 5 min of reperfusion were

assessed according to the Lambeth Conventions [52].

Premature ventricular complexes (PVCs) occurring as

singles, salvos or tachycardia (a run of 4 or more con-

secutive PVCs) were counted separately. The incidence

of ventricular tachycardia (VT) and fibrillation (VF) was

also evaluated. VF lasting more than two minutes was

considered as sustained (VFs); hearts exhibiting VFs

were excluded from further evaluation. The severity of

arrhythmias in each individual heart was evaluated by

means of a 5-point arrhythmia score: single PVCs were

given a score of 1, salvos a score of 2, VT a score of 3,

reversible VF a score of 4, and VFs a score of 5. An as-

signed number corresponded to the most severe type of

arrhythmias observed in that heart. Scores were used for

group analysis of severity of arrhythmias.

Assessment of myocardial infarction

The hearts were excised and washed with saline

through the aorta. The area at risk was delineated by

perfusion with 5% potassium permanganate (after

coronary artery occlusion). Frozen hearts were cut

into slices 1 mm thick, incubated with 1% 2,3,5-

triphenyltetrazolium chloride (phosphate buffer pH

7.4, 37°C) for 30 min to stain viable myocardium, and

fixed in formaldehyde solution. Four days after the

staining, both sides of the slices were photographed.

The sizes of the infarct area (IA), the area at risk (AR)

and the left ventricles (LV) were determined by com-

puterized planimetry. The size of IA was normalized

to the AR (IA/AR) and the size of AR was normalized

to the LV (AR/LV).

Data analysis

All results were expressed as the mean ± SEM. Bio-

chemical data were determined in at least three inde-

pendent preparations. Effect of morphine on parame-

ters with normal distribution was analyzed by one-

way ANOVA, and group-to-group comparisons were

done using unpaired Student’s t-test. Differences in

the number of PVCs between the groups were com-

pared by the Kruskal-Wallis non-parametric test. The

incidence of tachycardia and fibrillation was exam-

ined by Fischer´s exact test. Differences were consid-

ered statistically significant when p £ 0.05.

Results

Body and heart weight parameters

Body weight (control: 305 ± 13 g, morphine: 290 ± 14 g),

heart weight (control: 697 ± 40 mg, morphine: 665

+ 40 mg) and heart-to-body weight ratio (control: 2.290,

morphine: 2.296 ± 0.031) did not significantly differ

between animals treated for 10 days with morphine

(10 mg/kg per day) and the corresponding controls

(n = 11 in each group).

b-Adrenoceptors

Saturation binding experiments with [3H]CGP-12177

performed on myocardial membranes indicated that

the levels of b-ARs were similar (about 23 fmol/mg

protein) in preparations from control and morphine-

treated rats (Fig. 1). The apparent dissociation con-

stants (KD) were about 0.35 nM and they did not dif-

fer significantly between the two groups.

Expression of G-proteins and AC

Selected G-protein subunits and isoforms of AC in

myocardial preparations were assessed by western

blotting using specific antisera (Fig. 2). Whereas there
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Fig. 1. Representative saturation binding curves demonstrating
[3H]CGP-12177 binding to myocardial membranes from control
(CON, open symbols) and morphine-treated (MOR, closed symbols)
rats. Inset: b-Adrenoceptor binding parameters (Bmax and Kd) calcu-
lated by nonlinear regression using Prism 5 software (GraphPad).
Data points are the mean of triplicate determinations



were no significant differences in the amount of Gsa,

Gi/oa, Gza, Gq/11a and Gb in samples from control

and morphine-treated rats, AC V/VI doubled after

morphine treatment.

AC activity

In order to evaluate the presumed effect of morphine

on functional status of the myocardial AC signaling

system, activity of AC was determined under various

experimental conditions. Whereas basal activity of

AC was not significantly changed, the activity meas-

ured under various stimulation conditions (fluoride,

manganese, forskolin or isoproterenol) was markedly

increased (by about 50–100%) in preparations from

morphine-treated rats as compared to those from cor-

responding age-matched control animals (Fig. 3).

This observation apparently reflects AC supersensiti-

zation elicited by sustained morphine treatment. Sub-

sequent assessment of the ability of opioid agonists to

inhibit forskolin-stimulated AC revealed that DADLE

(agonist of d-OR) and U-50488 (agonist of k-OR) in-

hibited the enzyme activity in myocardial prepara-

tions from morphine-treated rats by about 18% but in

those from the corresponding controls by about 25%

(Fig. 3). A significantly reduced ability of opioid ago-
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Fig. 2. Immunoblot analysis of selected G-proteins and adenylyl cy-
clase in myocardial preparations from control (CON) and morphine-
treated (MOR) rats. (A) Samples (30 µg in each lane) were resolved
on SDS-PAGE, electrotransferred to nitrocellulose membrane and
probed with antibodies selective for Gsa, Gia(1,2), Goa Gza, Gq/11a,
Gb and AC V/VI. b-Actin was used as a control to ensure equal load-
ing. One representative blot is shown out of three separate experi-
ments. (B) ECL signals were quantified by densitometry and ex-
pressed as a percentage of the values obtained in myocardial prepa-
rations from control animals (100%). The bar chart shown here dis-
plays the data of significantly altered AC V/VI (* p £ 0.001)

Fig. 3. Effect of prolonged morphine exposure on adenylyl cyclase
activity in myocardial membranes. AC activity was determined in
samples from control (CON, empty bars) and morphine-treated
(MOR, closed bars) rats using the following stimulators: manganese
(MnCl2), forskolin (FSK), fluoride (NaF), and isoproterenol (ISO). Inhi-
bition of forskolin-stimulated AC activity by 10 µM DADLE (D, d-opioid
receptor agonist) and 10 µM U-50488 (U, k-opioid receptor agonist)
was assessed in control and morphine-treated rats. Values are the
means ± SEM of three independent measurements performed in du-
plicates. * p £ 0.05 vs. control group, � p £ 0.05 vs. respective FSK-
stimulated AC activity



nists to inhibit AC activity indicates at least a partial

desensitization of the inhibitory arm of the AC signal-

ing complex upon prolonged morphine treatment.

Incidence of ventricular arrhythmias

and infarct size

A comparison between the incidence of arrhythmias oc-

curring during ischemia and in the early reperfusion

phase in control and morphine-exposed rats is given in

Figure 4. Prolonged morphine treatment markedly re-

duced the number of PVCs occurring as salvos or VT

and lowered the duration of tachyarrhythmias evoked by

myocardial ischemia (Fig. 4A). The incidence of VF in

control animals was 22% (one rat exhibited VFs and one

reversible VF), while no VF was observed in the

group of rats treated with morphine. On the other

hand, no difference was found in the incidence of ven-

tricular arrhythmias between the two groups of ani-

mals during the early reperfusion period (Fig. 4B).

The normalized area at risk did not differ between

the groups (30.8 ± 3.0 and 31.0 ± 2.3). Assessment of

myocardial infarction induced by ischemia/reperfu-

sion did not reveal any significant effect of morphine

on the infarct size (Fig. 5).

Discussion

It is well known that morphine can affect transmem-

brane signaling mediated by trimeric G-proteins, in-

cluding AC activity. However, most of these data

have so far been obtained from in vitro studies [3, 7,

16, 54] and there is a lack of data concerning the myo-

cardial AC signaling system during chronic opioid

treatment.

There are some indications that long-term opioid

exposure may modulate b-AR functions in both cen-

tral nervous system and myocardium [1, 22]. In the

nervous system, a certain increase was usually ob-

served in b-AR density after chronic morphine admini-

stration [26, 29, 30]. However, there is no information
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Fig. 5. Myocardial infarct size normalized to the area at risk (AR) in
control (CON, empty bars) and morphine-treated (MOR, closed bars)
rats. Values are the means ± SEM of 8 and 12 hearts per group

Fig. 4. Effect of prolonged morphine exposure on ischemic and early
reperfusion ventricular arrhythmias. Premature ventricular com-
plexes (PVCs) occurring as singles, salvos, tachycardia (VT), total
number of PVCs, score and duration of tachyarrhytmias were as-
sessed during 20-min ischemia (A) and the first 5 min of reperfusion
(B) in control (CON, empty bars) and morphine-treated (MOR, closed
bars) rats. Values are the means ± SEM of 11 hearts per group; * p £
0.05 vs. control group



regarding the effect of morphine on myocardial

b-ARs. Therefore, we assessed b-ARs in myocardial

preparations from both control and morphine-treated

rats. Our finding that prolonged morphine treatment

affected neither density nor affinity of myocardial

b-ARs conforms well with the earlier report describ-

ing no changes in cerebral ARs in morphine-depend-

ent animals [28].

Our subsequent analyses focused on the distribu-

tion of trimeric G-proteins did not reveal any signifi-

cant changes in the content of Gsa, Gi/oa, Gza, Gq/11a
and Gb subunits in rat hearts after prolonged mor-

phine treatment. So far, discordant results have been

published concerning the effect of morphine on the

expression of G-proteins. Prolonged morphine admin-

istration led to changes of G-protein subunit levels in

the CNS but there are some discrepancies concerning

the specific regions where these changes have been

detected. Either decrease, or increase or no change

was observed in the content of Gsa and Gi/oa in differ-

ent brain areas after chronic morphine treatment [6, 8,

35, 38, 43]. Besides that, no significant change was

found in the levels of Gza or Gb [6, 13, 18, 31, 33]. In

these in vivo experiments, morphine was usually ad-

ministered in similar doses as in our present study

(about 10–50 mg/kg per day, 1–2 weeks). Interest-

ingly, prolonged morphine treatment of human neuro-

blastoma SH-SY5Y cells (10 µM; 3 days) resulted in

up-regulation of various G-protein subunits [2]. More

relevant to the present study, long-term continuous

administration of morphine (5.75 mg/kg per day,

2 weeks) increased expression of Gia and Gsa in the

dog heart [32]. Some of the observed differences and

incongruities may be due to the experimental models,

the regimes of morphine administration, and to the as-

say methods utilized.

It has been previously reported that prolonged mor-

phine treatment may lead to up-regulation of some

isoforms of AC in rat brain and guinea pig longitudi-

nal muscle/myenteric plexus [13, 46]. Our present

finding of markedly increased level of myocardial AC

V/VI in samples from morphine-treated rats is in line

with these observations. The increased expression of

AC may contribute to the enzyme superactivation.

Accordingly, AC activity stimulated either directly or

indirectly (via b-ARs and/or Gs protein) was mark-

edly higher in preparations from morphine-treated

animals than in the corresponding controls. AC super-

activation as a consequence of chronic opioid treat-

ment has been previously described in in vitro cell

cultures, as well as in peritoneal macrophages and

distinct brain regions [12, 24, 54]. Interestingly, Napier

and co-workers [32] failed to detect any significant

changes in myocardial AC activity after chronic mor-

phine administration to dogs. The discrepancy be-

tween these and our results can most likely be attrib-

uted to different animal models and experimental con-

ditions.

Our finding of lower incidence of ischemic ven-

tricular arrhythmias in morphine-treated rats suggests

that this drug can be implicated in the acquisition of

antiarrhythmic protection. Similar antiarrhythmic ef-

fect of morphine was observed in rats that were ad-

ministered the drug (about 20 mg per day) via drink-

ing water for 3 weeks [14]. This also conforms well to

the results of some earlier investigations conducted on

other models. It is well known that morphine can me-

diate acute or delayed preconditioning-like effects

[19, 48]. Moreover, Peart and co-workers [41] have

recently described a profound cardioprotective pheno-

type in mice that was afforded by prolonged continu-

ous exposure to morphine (75-mg subcutaneous pel-

let; 5 days). Intriguingly, we did not see any protec-

tive effect of morphine against lethal myocardial

injury induced by ischemia/reperfusion as indicated

by unchanged infarct size. Similarly, the occurrence

and severity of reperfusion arrhythmias was not af-

fected by morphine treatment. These data suggest that

the cardioprotective effects of morphine are strongly

dependent on the concrete experimental conditions

and the endpoint of injury.

Overall, results of the present work indicate that

prolonged treatment of rats with high doses of mor-

phine substantially alters the function of myocardial

AC signaling and that up-regulation of the cAMP

pathway is not caused by changes in G-protein ex-

pression. It is unclear whether these changes may be

related to the reduced susceptibility to ischemia-

induced ventricular arrhythmias. It is known that ab-

normalities in intracellular Ca2+ handling can pro-

foundly disrupt the electrophysiological properties of

the heart and lead to arrhythmias [42]. Crucial Ca2+

handling proteins, such as ryanodine receptors and

phospholamban, are regulated through phosphoryla-

tion by PKA, the best known downstream effector of

the AC signaling pathway [36]. Therefore, attention

should by paid to the role of the AC signaling in future

research focused on elucidating molecular mecha-

nisms of potential antiarrhythmic effect of chronic mor-

phine treatment.
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