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Abstract:

Adenosine (10��–3 × 10�� M) produced concentration-dependent and endothelium-independent relaxation of isolated rat inferior

mesenteric artery. Application of indomethacin (10�� M) or N�-nitro-L-arginine (10�� M) did not alter adenosine-elicited relaxation.

Conversely, in the presence of high concentration of K� (100 mM), ouabain (10�� M) or combination of tetraethylammonium

(5 × 10�� M) and glibenclamide (10�� M), adenosine-evoked relaxant effect was significantly reduced. In K�-free solution, 1–3 mM

potassium induced relaxation, which was partially reversed by ouabain (10�� M). 1,3-Dipropyl-8-cyclopentylxanthine (10�� M), an

A�-receptor antagonist, did not affect adenosine-evoked relaxation. Oppositely, 8-(3-chlorostyryl)-caffeine (3 × 10��–10�� M),

a selective A	
 receptor antagonist, significantly inhibited adenosine-induced relaxation in a concentration-dependent manner (pA	

= 6.74). These results indicate that in the isolated rat inferior mesenteric artery, adenosine produces endothelium-independent

relaxation, which is partly induced by activation of smooth muscle adenosine A	
 receptors, and further mediated by the activation of

smooth muscle Na�/K�-ATPase and opening of mixed population of K� channels.
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Introduction

Adenosine is a purine nucleoside that notably contrib-

utes to the modulation of different cardiovascular pro-

cesses [26], including the complex balance between

capacitance and resistance in numerous blood vessels

[28, 30]. Moreover, it has been postulated that patho-

logical alterations of homeostasis such as ischemia,

hypoxia and consequent decrease in ambient pH can

induce the release of purines, including adenosine.

Once derived from different adjacent cells, adenosine

would be then utilized to maintain vascular resistance

and increase oxygen supply.

The results from previous studies suggested that

vasodilations produced by adenosine were predomi-

nantly independent upon the endothelial functional in-

tegrity. These effects have been observed for example
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in guinea pig coronary artery [17], rat aorta [24], or

rat and feline pulmonary arteries [4, 10]. Conversely,

it has been also determined that adenosine produced

endothelium-dependent relaxation in rabbit pulmo-

nary artery [29], rat renal artery [9], human small

coronary arteries [18], or porcine coronary and pial

arteries [1, 22].

Vascular effect of adenosine in rat splanchnic cir-

culation has been investigated by using the perfusion

model of mesenteric arterial bed [2, 11, 31], as well as

isolated blood vessel method [25, 32, 34]. The results

from those studies, considering the underlying mecha-

nism of adenosine vasodilator effect in mesenteric ar-

teries, suggested endothelium-dependent as well as

endothelium-independent processes. Moreover, it was

also proposed that adenosine-induced vascular effect,

apart from typical involvement of adenosine recep-

tors, might be a consequence of activation of specific

adenosine receptor-independent sites in blood vessel

[25, 31].

Taking into account the important role of mesen-

teric blood vessels in the regulation of blood flow and

volume distribution in splanchnic circulation, as well

as possible contribution of adenosine in reducing is-

chemia in mesenteric circulation and preventing the

occurrence of significant hypoxic damage, the present

experiments were undertaken in order to investigate

the effect of adenosine in isolated rat inferior mesen-

teric artery. It was of particular interest to establish the

role of intact endothelium and endothelial relaxing

factors in adenosine-elicited vascular response, and

also to determine the population of adenosine recep-

tors involved in action of this nucleoside on isolated

rat inferior mesenteric artery.

Materials and Methods

Preparation of rat inferior mesenteric artery

The animal procedures were in full accordance with

the standards from European Convention for the Pro-

tection of Vertebrate Animals Used for Experimental

and other Scientific Purposes. The inferior mesenteric

artery was isolated from male Wistar rats weighing

220–280 g, carefully dissected from surrounding fat

and connective tissue, cut into circular segments

(which were 4 mm long) and immediately placed in

Krebs-Ringer bicarbonate solution. The endothelium

was removed from some rings by gently rubbing the

intimal surface with stainless-steel wire. Ring prepa-

rations were mounted between two stainless-steel tri-

angles in an organ bath containing 15 ml of Krebs-

Ringer bicarbonate solution (37°C, pH 7.4), aerated

with 95% O2 and 5% CO2. One of the triangles was

attached to a displacement unit allowing a fine adjust-

ment of tension, and further connected to a force-

displacement transducer (Hugo Sachs Elektronik F30

Type 372, Freiburg, Germany). Isometric tension was

continuously recorded on a Rikadenki R-62 multi-pen

electronic recorder (Rikadenki Kogyo Co, Ltd, To-

kyo, Japan).

The preparations were allowed to equilibrate for

45 min in Krebs-Ringer bicarbonate solution. During

this period the organ baths were washed with fresh

buffer solution every 15 min. After 45 min, each ring

was gradually stretched to the resting tension of 1.5 g,

and additionally equilibrated for 30 min before ex-

perimentation.

Experimental procedure

At the beginning of each experiment endothelium

functional integrity was examined by precontraction

of isolated inferior mesenteric artery with submaxi-

mal concentration (EC50–EC70) of phenylephrine (3 ×

10–7–3 × 10–6 M), followed by the addition of acetyl-

choline (10–6 M). This procedure was repeated three

times at 20 min intervals. Relaxation > 80% of pheny-

lephrine precontraction was indicative of structurally

intact endothelium.

Adenosine concentration-response curves were ob-

tained by adding increasing concentration of this nu-

cleoside (10–7–3 × 10–4 M) to rings precontracted

with EC70 of phenylephrine, after the equilibrium re-

sponse of previous concentration has been produced.

Since separate experiments on preparations of inferior

mesenteric artery (n = 7) demonstrated that the first

and the second concentration-response curve (deter-

mined 45 min apart) for adenosine were not signifi-

cantly different, a multiple curve design protocol was

applied. Also, preliminary experiments have shown

that increasing concentrations of adenosine failed to

produce notable effect in non-precontracted (on basal

tone) rings. Hence, the following protocol was used:

(1) contraction in response to phenylephrine, followed

by the addition of acetylcholine, three washes and 30

min equilibration period; (2) contraction in response
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to phenylephrine and concentration-response curve

with adenosine, followed by three washes; (3) incuba-

tion with specific antagonist, and (4) contraction in

response to phenylephrine, and concentration-

response curve with adenosine. The effect of three con-

centrations of 8-(3-chlorostyryl)-caffeine (CSC) was

examined, but only for one concentration per ring.

In some experiments, vascular rings were precon-

tracted with K+-rich Krebs-Ringer bicarbonate solu-

tion prepared by equimolar replacement of 100 mM

NaCl with 100 mM KCl.

In order to investigate relaxant response to potas-

sium, inferior mesenteric artery rings were incubated

in K+-free medium for 30 min. Subsequently, isolated

rings were contracted with phenylephrine and then K+

(1–3 mM) was cumulatively added at intervals of

2.5 min.

At the end of each experiment papaverine (10–4 M)

was added to the organ bath in order to establish

maximal relaxation of vascular rings [9, 16].

Drugs and solutions

The Krebs-Ringer bicarbonate solution had the fol-

lowing composition (in mM): NaCl 118.3; KCl 4.7;

CaCl2 2.5; MgSO4 1.2; KH2PO4 1.2; NaHCO3 25.0;

Ca-EDTA 0.026; glucose 11.1. K+-free Krebs-Ringer

bicarbonate solution was prepared by omitting KCl

and replacing KH2PO4 with NaH2PO4. The following

drugs were used: adenosine, L-phenylephrine,

indomethacin, glibenclamide, ouabain, 1,3-dipropyl-

8-cyclopentylxanthine (DPCPX) (Sigma, St. Louis,

USA); acetylcholine iodide, tetraethylammonium bro-

mide (TEA) (Serva, Heidelberg, Germany); papaver-

ine hydrochloride (Merck, Rashway, NJ, USA);

NG-nitro-L-arginine (L-NOARG) (RBI, Natick, MA,

USA); 8-(3-chlorostyryl)-caffeine (CSC) (ICN, Ir-

vine, CA, USA). All agents were dissolved in distilled

water (exceptions are described below) and diluted to

the desired concentration with buffer. Indomethacin

was dissolved in equimolar Na2CO3 solution, gliben-

clamide was dissolved in 1,2-propylene glycol,

DPCPX was dissolved in DMSO with NaOH and

CSC was dissolved in DMSO. Preliminary experi-

ments on preparations of rat inferior mesenteric artery

demonstrated that the vascular action of adenosine

was unaffected by the used solvents. The experiments

with ouabain and CSC were performed in a dark

room. During experimental procedure all agents were

added directly to the bath in a volume of 150 × 10–6 l

and the concentrations given are the calculated final

concentrations in the bath solution.

Data analysis

The relaxation induced by each concentration of

adenosine is expressed as a percentage of the maxi-

mum relaxation to papaverine (100%), and was used

in the construction of the concentration-response

curves. The concentration of adenosine producing

50% of its own maximum response (EC50) was deter-

mined for each curve by using a non-linear least

square fitting procedure of the individual experimen-

tal data, and presented as pD2 (pD2 = –log EC50).

The pA2 value (–log molar concentration of an-

tagonist reducing the agonist response by the factor of

two) for 8-(3-chlorostyryl)-caffeine (CSC) was deter-

mined from Schild plot [3] by using adenosine as ago-

nist. The concentration ratios (the ratio between the

EC50 value for adenosine in the presence and the ab-

sence of antagonist) at different antagonist concentra-

tions were calculated for each experiment. Thus, the

mean values of concentration ratios for an adeno-

sine/CSC pairs were plotted in a Schild diagram using

regression analysis, and pA2 was obtained from the

intercept of the regression line with the abscissa [3].

The significance of the Schild plot linearity was tested

by analysis of variance [19]. The closeness of the

slope to unity was verified by Student’s t-test, and

was considered not different from unity if p > 0.05.

The results are expressed as the means ± SEM; n

refers to the number of experiments. All calculations

were done by using the computer program Graph Pad

Prism (Graph Pad Software Inc., San Diego, USA).

Statistical significance of differences between two

means was determined with Student’s t-test for paired

or unpaired observations where appropriate. A value of

p < 0.05 was considered to be statistically significant.

Results

Adenosine (10–7–3 × 10–4 M) induced concentration-

dependent relaxation of intact rat inferior mesenteric

artery rings precontracted with phenylephrine (pD2 = 4.21

± 0.04; Fig. 1A). The obtained relaxant response was

unaffected by removal of endothelium (pD2 = 4.26 ±

0.02; p > 0.05).
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Application of indomethacin (10–5 M), a cyclooxy-

genase inhibitor, or L-NOARG (10–5 M), an inhibitor

of NO-synthase, did not alter adenosine-elicited re-

laxation independently of the endothelium presence

(p > 0.05, Tab. 1).

Precontraction of inferior mesenteric artery with

K+-rich Krebs-Ringer bicarbonate solution (KCl

= 100 mM) comparably (p > 0.05) inhibited adeno-

sine-evoked relaxations in rings with and without en-

dothelium (Tab. 2, Fig. 1B). Likewise, ouabain

(10–4 M), an inhibitor of Na+/K+-ATPase, reduced

adenosine-elicited vasorelaxation equally (p > 0.05)

in intact and denuded vascular preparations (Tab. 2,

Fig. 2A).

In K+-free medium, cumulative addition of potas-

sium (1–3 mM) induced relaxation of denuded precon-

tracted preparations (93.2 ± 0.5% of phenylephrine

precontraction). Subsequent incubation with ouabain

(10–4 M) partially reversed this effect to 41.6 ± 0.3%

of maximal potassium-elicited control relaxation
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Tab. 1. Adenosine-produced relaxation in isolated rat inferior mesenteric artery in the absence (–) or presence (+) of indomethacin (10
��

M),
N
�

-nitro-L-arginine (L-NOARG, 10
��

M), tetraethylammonium bromide (TEA, 5 x 10
��

M) or glibenclamide (10
��

M). Concentration of adenosine
inducing 50% of its own maximum response (EC

��
) is presented as pD

�
(pD

�
= –log EC

��
), while maximal obtained relaxant response is ex-

pressed as percentage of the maximum relaxation produced by papaverine (100%)

Absence (–) or presence (+) of the blocker Intact Rat Inferior Mesenteric Artery Denuded Rat Inferior Mesenteric Artery

pD� ± SEM max. % relaxation ± SEMpD� ± SEM max. % relaxation ± SEM

Indometh. (–) 4.09 ± 0.11 95.0 ± 7.1 4.05 ± 0.05 100.0 ± 8.5

Indometh. (+) 3.99 ± 0.09 89.4 ± 2.9 4.25 ± 0.05 95.2 ± 6.8

L-NOARG (–) 4.23 ± 0.02 86.0 ± 4.5 4.15 ± 0.11 84.2 ± 7.4

L-NOARG (+) 4.01 ± 0.08 83.4 ± 7.8 3.98 ± 0.12 87.9 ± 7.8

TEA (–) 4.32 ± 0.11 88.5 ± 6.4 4.23 ± 0.09 73.9 ± 3.2

TEA (+) 4.32 ± 0.08 82.9 ± 5.7 4.22 ± 0.14 75.6 ± 4.1

Glibenclam. (–) 4.27 ± 0.09 90.3 ± 6.3 4.21 ± 0.03 85.1 ± 4.6

Glibenclam. (+) 4.35 ± 0.09 85.3 ± 8.2 4.22 ± 0.07 89.5 ± 6.8

Adenosine, –log M

3.54.04.55.05.56.06.57.0
0

20

40
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100

Endothelium (+)

Endothelium (–)
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Fig. 1. The effect of endothelium removal and increased K
	

concentration on adenosine-produced relaxant action in rat inferior mesenteric
artery. (A) Adenosine concentration-response curves in precontracted intact and denuded rat inferior mesenteric artery rings. (B) Con-
centration-response curves for adenosine in denuded rat inferior mesenteric artery in the presence of KCl (100 mM). Each point represents the
mean ± SEM (n = 5–7). Responses are expressed as percentages of the maximal relaxation induced by 10

��
M papaverine. *p < 0.05 and **p < 0.01

compared to the control relaxant response to adenosine (n = number of vessels)



(p < 0.05). TEA (5 × 10–4 M), a nonselective potas-

sium channel blocker, or glibenclamide (10–6 M), an

ATP-sensitive K+ channel (KATP) blocker, slightly

(p > 0.05) reduced inferior mesenteric artery response

to adenosine, regardless of the functional integrity of

endothelial layer (Tab. 1). However, only after the

concomitant addition of TEA and glibenclamide

adenosine logarithmic concentration-relaxation curve

was significantly shifted to the right in both intact and

denuded rings (Tab. 2, Fig. 2B).

Application of DPCPX (10–9 M), an adenosine A1

receptor antagonist, had no significant effect on de-

nuded rat inferior mesenteric artery relaxations

elicited by adenosine (control: pD2 = 4.53 ± 0.12; in

the presence of DPCPX: pD2 = 4.59 ± 0.15; p > 0.05).

CSC (3 × 10–7–10–6 M), a selective adenosine A2A

receptor antagonist, produced concentration-depen-

dent reduction of adenosine-evoked relaxation in de-

nuded vascular rings (p < 0.01, Fig. 3A). The obtained

results with adenosine A2A receptor antagonist were
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Tab. 2. Adenosine-produced relaxation in isolated rat inferior mesenteric artery in the absence (–) or presence (+) of KCl (100 mM), ouabain
(10

��
M) or combination of tetraethylammonium (TEA, 5 x 10

��
M) and glibenclamide (10

��
M). Maximal obtained relaxant response is ex-

pressed as percentage of the maximum relaxation produced by papaverine (100%)

Absence (–) or presence (+) of blocker Intact Rat Inferior Mesenteric Artery Denuded Rat Inferior Mesenteric Artery

max. % relaxation ± SEM Significant max. % relaxation ± SEM Significant

High K� (–) 85.7 ± 6.0 p < 0.01 80.1 ± 6.7 p < 0.01

High K� (+) 39.6 ± 7.0 48.1 ± 4.0

Ouabain (–) 77.8 ± 7.9 p < 0.01 74.3 ± 5.0 p < 0.01

Ouabain (+) 48.3 ± 4.6 54.2 ± 6.6

TEA + Glib. (–) 89.4 ± 5.9 p < 0.05 84.9 ± 7.8 p < 0.05

TEA + Glib. (+) 72.2 ± 6.2 69.1 ± 2.9

Adenosine, –log M

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5
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Fig. 2. The effect of 10
��

M ouabain (A), or combination of 5 x 10
��

M tetraethylammonium bromide (TEA) and 10
��

M glibenclamide (B) on
adenosine-induced relaxation in denuded inferior mesenteric artery. Each point represents the mean ± SEM (n = 5–7). Responses are ex-
pressed as percentages of the maximal relaxation induced by 10

��
M papaverine. * p < 0.05 and ** p < 0.01 compared to the control relaxant

response to adenosine (n = number of vessels)



analyzed as described by Arunlakshana and Schild [3]

and Kenakin [19]. The experiments with CSC yielded

straight line with mean slope of the Schild plot not

different from unity (0.89 ± 0.19). Consequently,

a pA2 value for CSC, determined by the intercept of

the regression line with the abscissa, was 6.74, while

the coefficient of correlation was 0.99 (Fig. 3B).

Discussion

Adenosine is well-described endogenous purine nu-

cleoside that modulates vascular tone of various blood

vessels. Although the role of endothelium in rat mes-

enteric artery relaxant response to adenosine has been

previously examined, the obtained results were not al-

ways consistent. Particularly, it has been reported that

adenosine relaxation in isolated mesenteric arterial

bed of the rat was dependent on endothelium [11, 31],

but not due to the release of nitric oxide [11]. Simi-

larly, in ring preparations of mesenteric resistance ar-

teries of Wistar-Kyoto rats, it has been observed that

meclofenamic acid (the cyclooxygenase inhibitor) at-

tenuated the relaxation in vascular segments with en-

dothelium, but not in denuded preparations [32]. On

the contrary, Prentice and Hourani [25] reported that

in ring segments of isolated albino Wistar rat mesenteric

artery, dose-response relaxation curves to adenosine

were not altered by the removal of the endothelium.

The results of our experiments have shown that in

intact rat inferior mesenteric artery adenosine pro-

duced monophasic concentration-dependent relaxa-

tion. Vascular response to the examined nucleoside

was not affected by subsequent endothelial denuda-

tion, indicating an endothelium-independent process.

Moreover, inhibitors of cyclooxygenase or NO-

synthase did not affect adenosine-induced relaxation

of intact or denuded artery segments, suggesting that

endothelial cyclooxygenase products of arachidonic

acid (presumably prostacyclin), or nitric oxide are not

involved in this effect. Taking all together, it may be

assumed that in our study functional integrity of endo-

thelial layer does not have significant role in

adenosine-produced relaxation of rat inferior mesen-

teric artery.

In the next part of our study, we have examined the

potential role of potassium conductance in adenosine

vascular action on studied blood vessel. Thus, the

presence of elevated extracellular K+ concentration

significantly inhibited adenosine-elicited relaxations.
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Fig. 3. The antagonism of 8-(3-chlorostyryl)-caffeine (CSC) on adenosine-produced relaxation. (A) Adenosine concentration-response curves
in precontracted denuded rat inferior mesenteric artery, in the absence (� – pD

�
= 4.76 ± 0.12) and presence of 3 x 10

�

M (� – pD

�
= 4.33

± 0.13), 6 x 10
�


M (� – pD
�

= 4.18 ± 0.07) or 10
��

M (�– pD
�

= 4.00 ± 0.11) CSC. Each point represents the mean ± SEM (n = 5–7). Responses
are expressed as percentages of the maximal relaxation induced by 10

��
M papaverine. (B) Schild plot of log(concentration ratio-1) against

–log[antagonist] for adenosine/CSC antagonism in isolated rat inferior mesenteric artery (slope = 0.89 ± 0.19). Each point represents the mean
(n = 5–7). The intercept on the abscissa scale gives pA

�
value for CSC of 6.74, with coefficient of correlation = 0.99



Similar results have been obtained in prior investiga-

tions of adenosine action on guinea-pig and rabbit

coronary arteries [17, 21]. Hence, it may be presumed

that increased smooth muscle potassium conductance

significantly contributes to endothelium-independent

relaxant effect of adenosine in rat isolated inferior

mesenteric artery.

Potassium-mediated vascular effects of different

vasoactive substances in general involve activation of

Na+/K+-ATPase or/and various potassium channels

[5, 27]. In our investigation submaximal inhibition of

Na+/K+-ATPase [23] produced notable reduction of

adenosine-elicited relaxant response in inferior mes-

enteric artery. Moreover, in precontracted artery, low

concentrations of potassium ions induced relaxation,

which was significantly reduced by the inhibition

Na+/K+-ATPase activity. These results are indicative

of the fact that rat inferior mesenteric artery response

to adenosine notably depends upon smooth muscle

cell Na+/K+-ATPase activity. This is in accordance

with previous findings that activation of rat vascular

smooth muscle Na+/K+-ATPase has an important role

in maintenance of high sodium and potassium gradi-

ents across the plasma membrane [33, 35]. Further-

more, it has been shown that during Na+/K+-ATPase

inhibition, smooth muscle responses to adenosine in

isolated rabbit coronary and femoral arteries were re-

duced [6, 12]. Adenosine-induced relaxations in rat

aorta and porcine small retinal arterioles have been

also found to be dependent upon functional sodium-

potassium pump [8, 15].

Activations by adenosine of calcium-activated and

ATP-sensitive potassium channels in vascular smooth

muscle cells have been demonstrated as important

mechanisms of adenosine-induced vasodilations [28].

In accordance, it has been reported that in the rat iso-

lated superior mesenteric arterial bed, a non-selective

adenosine receptor antagonist, 8-phenyltheophylline

(8-PT) significantly shifted the dose-response curve

for levcromakalim (the opener of KATP channels) to

the left, indicating adenosine involvement in KATP

channel-sensitive action of levcromakalim [20]. How-

ever, in our investigation only the concomitant addi-

tion of glibenclamide (an ATP-sensitive K+ channel

blocker) and tetraethylammonium bromide (a potas-

sium channel blocker with some predominant inhibi-

tory action on large conductance Ca2+-activated K+

channels) produced significant reduction of mesen-

teric artery response to adenosine. Additionally, the

obtained reduction of adenosine-induced relaxation

was comparable to that evoked after the ouabain ap-

plication. Overall, it may be presumed that one part of

adenosine-elicited relaxant effect in rat inferior mes-

enteric artery is probably due to activation of smooth

muscle Na+/K+-ATPase and opening of mixed popu-

lation of K+ channels.

Earlier results obtained with nonselective antago-

nist of adenosine receptors, 8-phenyltheophylline

(8-PT) have indicated that adenosine-produced re-

laxation of Sprague Dawley rat mesenteric artery was

a consequence of smooth muscle cell adenosine re-

ceptor activation [34]. Thus, we have examined the

effects of DPCPX and CSC, selective antagonists of

adenosine A1 and A2A receptors, respectively [7, 26].

Selective block of adenosine A1 receptors did not

alter adenosine-induced relaxation in isolated rat infe-

rior mesenteric artery. This result is consistent with

former investigation of DPCPX effect on adenosine

relaxation in the rat isolated perfused superior mesen-

teric arterial bed [11]. On the other hand, application

of increasing concentrations of CSC produced signifi-

cant inhibition of adenosine-elicited relaxant effect in

a competitive fashion, indicating the presence of

adenosine A2A receptors. Consequently, the obtained

pA2 value for CSC was 6.74. In the study of Hiley et

al. [11] CSC has been applied at a single concentra-

tion to block adenosine dilation in rat isolated per-

fused superior mesenteric arterial bed. However, the

pharmacological antagonism of increasing concentra-

tions of CSC on adenosine A2A receptors located on

isolated rat inferior mesenteric artery rings has been

examined for the first time in this investigation.

Taking into account the Schild plot analysis from

the present study, as well as our formerly reported

pA2 values for CSC from the experiments on rat aorta

and renal artery (6.65 and 7.29, respectively) [8, 9],

and in the light of earlier findings of CSC binding af-

finity to other rat adenosine A2A receptors [13, 14], it

may be presumed that only one part of adenosine-

evoked rat inferior mesenteric artery relaxation re-

sulted from the activation of adenosine A2A receptors

located on smooth muscle cells. This is consistent

with the finding of Prentice and Hourani [25] that in

the presence of an adenosine uptake blocker, dose-

response curves to adenosine in rat mesenteric artery

were shifted to the right by selective adenosine A2A

receptor antagonist, ZM 241385 (4-(2-[7-amino-2(2-

furyl)]1,2,4-triazolo [2,3-�] [1,3,5] triazin-5-ylomino]

ethyl) phenol), yielding a pA2 value consistent with

the activation of adenosine A2B receptors. Likewise, it

830 Pharmacological Reports, ����� ��� �������



has been further proposed that adenosine-induced re-

laxation might be a consequence of specific action on

selective site, which may be intracellular.

In conclusion, our results suggest that adenosine

produces concentration-dependent and endothelium-

independent relaxation of isolated rat inferior mesen-

teric artery. It may be proposed that transduction

mechanism of adenosine-induced relaxant action in-

cludes activation of Na+/K+-ATPase, as well as mixed

population of K+ channels from smooth muscle cells.

Also, endothelium-independent relaxation of rat infe-

rior mesenteric artery in response to adenosine is

likely to be partly induced by activation of smooth

muscle adenosine A2A receptors.

Acknowledgment:

This work was supported by The Ministry of Science and

Environment Protection, R. Serbia – Grant No.

�

1975.

References:

1. Abebe W, Mustafa SJ: Effect of low density lipoprotein

on adenosine-mediated coronary vasorelaxation in vitro.

J Pharmacol Exp Ther, 1997, 282, 851–857.

2. Armstead WM: Role of nitric oxide, cyclic nucleotides,

and activation of ATP-sensitive K� channels in the con-

tribution of adenosine to hypoxia-induced pial artery

dilatation. J Cereb Blood Flow Metabol, 1997, 17, 100–108.

3. Arunlakshana O, Schild HO: Some quantitative uses of

drug antagonists. Br J Pharmacol, 1959, 14, 48–58.

4. Cheng DY, DeWitt BJ, Suzuki F, Neely CF, Kadowitz PJ:

Adenosine A� and A	 receptors mediate tone-dependent re-

sponses in feline pulmonary vascular bed. Am J Physiol,

1996, 352, H200–H207.

5. Cohen RA, Vanhoutte PM: Endothelium-dependent hy-

perpolarization. Beyond nitric oxide and cyclic GMP.

Circulation, 1995, 92, 3337–3349.

6. Foley DH: Diminished arterial smooth muscle response

to adenosine during Na-K pump inhibition. Pflugers

Arch, 1984, 1, 88–95.

7. Fredholm BB, Ijzerman AP, Jacobson KA, Klotz K, Lin-

den J: International union of pharmacology. XXV. No-

menclature and classification of adenosine receptors.

Pharmacol Rev, 2001, 53, 527–552.

8. Grboviæ L, Radenkoviæ M: Analysis of adenosine vascu-

lar effect in isolated rat aorta: possible role of

Na�/K�-ATPase. Pharmacol Toxicol, 2003, 92, 265–271.

9. Grboviæ L, Radenkoviæ M, Prostran M, Pešiæ S: Charac-

terization of adenosine action in isolated rat renal artery:

Possible role of adenosine A	
 receptors. Gen Pharmacol

2001, 35, 29–36.

10. Haynes J Jr, Obiako B, Thompson WJ, Downey J:

Adenosine-induced vasodilatation: receptor characteriza-

tion in pulmonary circulation. Am J Physiol, 1995, 268,

H1862–H1868.

11. Hiley CR, Bottrill FE, Warnock J, Richardson PJ: Effects

of pH on response to adenosine, CGS 21680, carbachol

and nitroprusside in the isolated perfused superior mes-

enteric arterial bed of the rat. Br J Pharmacol, 1995, 116,

2641–2646.

12. Hisajima H, Hama T, Kurahashi K, Usui H, Fujiwara M:

Vasodilation produced by forskolin compared with that

produced by adenosine in rabbit coronary artery. J Car-

diovasc Pharmacol, 1986, 8, 1262–1267.

13. Jacobson KA, Gallo-Rodrigues C, Melman N, Fischer B,

Millard M, van Bergen A, van Galen PJ, Karton Y:

Structure-activity relationships of 8-styrylxanthines as

A	-selective adenosine antagonists. J Med Chem, 1993,

36, 1333–1342.

14. Jacobson KA, Nikodijevic O, Padgett WL, Gallo-Rodrigues

C, Millard M, Daly JW: 8-(3-Chlorostyryl) caffeine

(CSC) is a selective A	-adenosine antagonist in vitro and

in vivo. FEBS Lett, 1993, 323, 141–144.

15. Jeppesen P, Aalkjaer C, Bek T: Adenosine relaxation in

small retinal arterioles requires functional Na-K pumps

and K
�� channels. Curr Eye Res, 2002, 25, 23–28.

16. Jovanoviæ A, Jovanoviæ S, Tuliæ I, Grboviæ L: Predomi-

nant role of nitric oxide in the relaxation induced by va-

soactive intestinal polypeptide in human uterine artery.

Mol Hum Reprod, 1998, 4, 71–76.

17. Keef KD, Pasco JS, Eckman DM: Purinergic relaxation

and hyperpolarization in guinea pig and rabbit coronary

artery: role of the endothelium. J Pharmacol Exp Ther,

1992, 260, 592–598.

18. Kemp BK, Cocks TM: Adenosine mediates relaxation of

human small resistance-like coronary arteries via A	 re-

ceptors. Br J Pharmacol, 1999, 126, 1796–1800.

19. Kenakin TP: Competitive antagonism. In: Pharma-

cologic Analysis of Drug-Receptor Interaction. Ed. Ke-

nakin TP, New York, Lippincott – Raven Publishers,

1997, 331–374.

20. McCulloch AI, Randall MD: Modulation of vasorelaxant

responses to potassium channel openers by basal nitric

oxide in the rat isolated superior mesenteric arterial bed.

Br J Pharmacol, 1996, 117, 859–866.

21. Mutafova-Yambolieva VN, Keef KD: Adenosine-induced

hyperpolarization in guinea pig coronary artery involves

A	 receptors and K
�� channels. Am J Physiol, 1997,

273, H2687– H2695.

22. Olanrewaju HA, Hargittai PT, Lieberman EA, Mustafa

SJ: Role of endothelium in hyperpolarization of coronary

smooth muscle by adenosine and its analogues. J Cardio-

vasc Pharmacol, 1995, 25, 234–239.

23. Ponte A, Sánchez-Ferrer CF, Hernández C, Alonso MJ,

Marín J: Effect of ageing and hypertension on endothe-

lial modulation of ouabain-induced contraction and so-

dium pump activity in the rat aorta. J Hypertens, 1996,

14, 705–712.

24. Prentice DJ, Hourani SMO: Activation of multiple sites

by adenosine analogues in the rat isolated aorta. Br J Phar-

macol, 1996, 118, 1509–1517.

25. Prentice DJ, Payne SL, Hourani SMO: Activation of two

sites by adenosine receptor agonists to cause relaxation

Pharmacological Reports, 2005, 57, 824–832 831

Adenosine action and potassium channels
Miroslav Radenkoviæ et al.



in rat isolated mesenteric artery. Br J Pharmacol, 1997,

122, 1509–1515.

26. Ralevic V, Burnstock G: Receptors for Purines and Py-

rimidines. Pharmacol Rev, 1998, 50, 413–492.

27. Sánchez-Ferrer CF, Ponte A, Casado MA, Rodríguez-

Mañas L, Pareja A, González R, Fernández-Alfonso MS

et al.: Endothelial modulation of the vascular sodium

pump. J Cardiovasc Pharmacol, 1993, 22, S99–S101.

28. Shryock JC, Belardinelli L: Adenosine and adenosine

receptors in the cardiovascular system: biochemistry,

physiology, and pharmacology. Am J Cardiol, 1997, 79,

2–10.

29. Steinhorn RH, Morin FC, Van Wylen DGL, Gugino SF,

Geise EC, Russell JA: Endothelium-dependent relaxa-

tions to adenosine in juvenile rabbit pulmonary arteries

and veins. Am J Physiol, 1994, 266, H2001–H2006.

30. Tabrizchi R, Bedi S: Pharmacology of adenosine recep-

tors in the vasculature. Pharmacol Ther, 2001, 91, 133–147.

31. Tabrizchi R, Lupichuk SM: Vasodilatation produced by

adenosine in isolated rat perfused mesenteric artery:

a role for endothelium. Naunyn Schmiedebergs Arch

Pharmacol, 1995, 352, 412–418.

32. Takase H, Dohi Y, Kojima M, Sato K: Changes in the en-

dothelial cyclooxygenase pathway in resistance arteries

of spontaneously hypertensive rats. J Cardiovasc Phar-

macol, 1994, 23, 326–330.

33. Therien AG, Blostein R: Mechanisms of sodium pump

regulation. Am J Physiol Cell Physiol, 2000, 279, C541–C566.

34. Vuorinen P, Wu X, Arvola P, Vapaatalo H, Pörsti I: Ef-

fects of P� and P	� purinoceptor antagonists on

endothelium-dependent and -independent relaxations of

rat mesenteric artery to GTP and guanosine. Br J Phar-

macol, 1994, 112, 71–74.

35. Weston AH, Richards GR, Burnham MP, Félétou M,

Vanhoutte PM, Edwards G: K�-induced hyperpolariza-

tion in rat mesenteric artery: identification, localization

and role of Na�/K�-ATPases. Br J Pharmacol, 2002, 136,

918–926.

Received:

March 11, 2005; in revised form: August 31, 2005.

832 Pharmacological Reports, ����� ��� �������


	683	OBITUARY Œ Professor Alfons Chodera Ph.D., M.D.
	685	REVIEW Œ The serotonergic system and its role in cocaine addiction.
	Ma³gorzata Filip, Ma³gorzata Frankowska, Magdalena Zaniewska, Anna Go³da, Edmund Przegaliñski


	701	REVIEW Œ Short review on dopamine agonists: insight into clinical and research studies relevant to Parkinson™s disease.
	Khaled Radad, Gabriele Gille, Wolf-Dieter Rausch

	713	REVIEW Œ Zinc and depression. An update.
	Gabriel Nowak, Bernadeta Szewczyk, Andrzej Pilc

	719	REVIEW Œ Profile of anticonvulsant activity and neuroprotective effects of novel and potential antiepileptic drugs Œ an update.
	Karolina Stêpieñ, Micha³ Tomaszewski, Stanis³aw J. Czuczwar

	734	Anxiolytic action of group II and III metabotropic glutamate receptors agonists involves neuropeptide Y in the amygdala.
	Joanna M. Wieroñska, Bernadeta Szewczyk, Agnieszka Pa³ucha, Piotr Brañski, Barbara Ziêba, Maria „mia³owska

	744	Role of opioidergic mechanisms and GABA uptake inhibition in the heroin-induced discriminative stimulus effects in rats.
	Wojciech Solecki, Tomasz Krówka, Ma³gorzata Filip, Ryszard Przew³ocki

	755	Naloxone precipitates nicotine abstinence syndrome and attenuates nicotine-induced antinociception in mice.
	Gra¿yna Bia³a, Barbara Budzyñska, Marta Kruk

	761	Association studies of 5-HT2A and 5-HT2C serotonin receptor gene polymorphisms with prophylactic lithium response in bipolar patients.
	Monika Dmitrzak-Wêglarz, Janusz K. Rybakowski, Aleksandra Suwalska, Agnieszka S³opieñ, Piotr M. Czerski, Anna Leszczyñska-Rodziewicz, Joanna Hauser

	766	Effects of some new antidepressant drugs on the glucocorticoid receptor-mediated gene transcription in fibroblast cells.
	Matylda Augustyn, Magdalena Otczyk, Bogus³awa Budziszewska, Grzegorz Jag³a, Wojciech Nowak, Agnieszka Basta-Kaim, Lucylla Jaworska-Feil, Marta Kubera, Magdalena Tetich, Monika Leœkiewicz, W³adys³aw Lasoñ

	774	Effect of short- and long-term treatment with antidepressant drugs on the activity of rat CYP2A in the liver.
	Anna Haduch, Jacek Wójcikowski, W³adys³awa A. Daniel

	782	How significant is the difference between drug doses influencing the threshold for electroconvulsions?
	Jarogniew J. £uszczki, Stanis³aw J. Czuczwar

	787	2-Chloro-N6-cyclopentyladenosine enhances the anticonvulsant action of carbamazepine in the mouse maximal electroshock-induced seizure model.
	Jarogniew J. £uszczki, Maria Kozicka, Mariusz J. „wi¹der, Stanis³aw  J. Czuczwar

	795	Non-competitive metabotropic glutamate subtype 5 receptor antagonist (SIB-1893) decreases body temperature in rats.
	Jarogniew J. £uszczki, Kinga K. Borowicz, Stanis³aw J. Czuczwar

	802	Analgesic and anti-inflammatory activity of stereoisomers of carane derivatives in rodent tests.
	Tadeusz Librowski

	811	Effects of lactoferrin on the immune response modified by the immobilization stress.
	Micha³ Zimecki, Jolanta Artym, Grzegorz Chodaczek, Maja Kociêba, Marian Kruzel

	818	Microarray analysis of altered gene expression in diallyl trisulfide-treated HepG2 cells.
	Zhe Zhou, Hong-Ling Tan,  Bing-Xin Xu, Zeng-Chun Ma, Yue Gao, Sheng-Qi Wang

	824	Isolated rat inferior mesenteric artery response to adenosine: possible participation of Na+/K+-ATPase and potassium channels.
	Miroslav Radenkoviæ, Leposava Grboviæ, Srðan Peıiæ, Dragica Stojiæ

	833	Effect of two non-steroidal anti-inflammatory drugs, aspirin and nimesulide on the D-glucose transport and disaccharide hydrolases in the intestinal brush border membrane.
	Sankar N. Sanyal, Naveen Kaushal

	SHORT COMMUNICATIONS
	840	Combined treatment with imipramine and metyrapone induces hippocampal and cortical brain-derived neurotrophic factor gene expression in rats.
	Zofia Rogó¿, Beata Legutko


	845	Purvalanol A, inhibitor of cyclin-dependent kinases attenuates proliferation of cells in the dentate gyrus of the adult rat hippocampus.
	Marzena Maækowiak, Wac³aw Kolasiewicz, Katarzyna Markowicz-Kula, Krzysztof Wêdzony

	850	Lack of effect of some dopamine and non-dopamine receptor ligands on amphetamine-induced changes in the rat brain neuropeptide Y system.
	Ewa Obuchowicz, Zbigniew S. Herman

	856	Lack of the antianxiety-like effect of (S)-3,4-DCPG, an mGlu8 receptor agonist, after central administration 
in rats.
	Katarzyna Stachowicz, Kinga K³ak, Andrzej Pilc, Ewa Chojnacka-Wójcik

	861	Application of magnetic resonance diffusion anisotropy imaging for the assessment neuroprotecting effects of MPEP, a selective mGluR5 antagonist, on the rat spinal cord injury in vivo.
	Tomasz Banasik, Andrzej Jasiñski,, Andrzej Pilc, Katarzyna Majcher, Pawe³ Brzegowy

	867	Direct effects of neuroleptics on the activity of CYP2A in the liver of rats.
	Anna Haduch, Jacek Wójcikowski, W³adys³awa A. Daniel

	872	Interactions between neuroleptics and CYP2C6 in rat liver Œ in vitro and ex vivo study.
	Anna Haduch, Tomasz Ogórka, Jan Boksa, W³adys³awa A. Daniel

	878	Plasma concentrations of adhesion molecules and chemokines in patients with essential hypertension.
	Andrzej Madej, Bogus³aw Okopieñ, Jan Kowalski, Maciej Haberka, Zbigniew S. Herman

	882	Multi-drug transporter MDR1 gene polymorphism and prognosis in adult acute lymphoblastic leukemia.
	Krzysztof Jamroziak, Ewa Balcerczak, Barbara Cebula, Monika Kowalczyk, Mariusz Panczyk, Agnieszka Janus, Piotr Smolewski, Marek Mirowski, Tadeusz Robak

	889	Study on organic nitrates, part VIII. Pharmacological activity and nitric oxide generation capacity of nitrate derivatives of piperazine.
	Lucyna Korzycka, Dorota Górska

	896	Effect of 4-hydroxyandrost-4-ene-3,17-dione (formestane) on the bile secretion and metabolism of 4-14C-cholesterol to bile acids.
	Bogus³aw Czerny, Maria Teister, Zygmunt Juzyszyn, Andrzej Modrzejewski, Andrzej Pawlik
	901	Note to Contributors


	content
	cont
	contents_3'2005

