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Abstract:

Adrenaline (0.001–1,000 �M) strongly stimulated adenosine-3’,5’cyclic monophosphate (cAMP) generation in cultured human

microvascular-derived endothelial cells (HMEC-1). Isoprenaline mimicked the action of adrenaline, whereas noradrenaline ap-

peared to be decisively less potent. Experiments carried out with an array of compounds acting selectively on different types/sub-

types of adrenergic receptors revealed that the adrenaline cAMP effect in HMEC-1 cells did not possess either an �1 or �2

component. However, the effect may have been mediated through a receptor that did not fit �1-, �2-, or �3-receptor classification.

Supporting this assertion, various double and triple �-subtype selective drug combinations maximally inhibited the adrenaline effect

by 50–60%, whereas the non-selective antagonist propranolol totally prevented the hormone-evoked cAMP effect. Based on results

utilizing the phosphodiesterase (PDE)-isoform nonselective inhibitor 3-isobutyl-1-methylxanthine (IBMX) and the PDE-4-selecti-

ve inhibitor rolipram, the adrenaline-driven cAMP signal appeared to be regulated by PDE-4. In addition, the present study demon-

strated that phenylephrine, a presumed selective �1-adrenoceptor agonist, was capable of stimulating cAMP generation in HMEC-1

cells in a prazosin-insensitive and propranolol-sensitive manner. This result indicated that in at least this cell model system, phenyl-

ephrine may act nonspecifically. Microvessel-derived endothelial cells such as HMEC-1 exhibit functional differences when com-

pared with macrovessel-derived endothelial cells (e.g. HUVEC sensitivity to adrenaline). Accordingly, these cell cultures represent

a useful model system to study the biological effects of endogenous catecholamines, including adrenaline, as well as potential thera-

peutics targeting adrenergic receptors.
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Abbreviations: cAMP – adenosine-3’,5’cyclic monophos-

phate, CGP-20712 – (±)-2-hydroxy-5-[2-[[2-hydroxy-3-[4-[1-

methyl-4-(trifluoromethyl)-1H-imidazol-2-yl]phenoxy]propyl]-

amino]ethoxy]-benzamide, ECs – endothelial cells, HMEC-1 –

human microvascular endothelial cells, HUVEC – human um-

bilical vein endothelial cells, IBMX – 3-isobutyl-1-methylxan-

thine, ICI 118,551 – (±)-1-[2,3-(dihydro-7-methyl-1H-inden-

4-yl)oxy]-3-[(1-methylethyl)amino]-2-butanol, ISO – isopre-

naline, PBS – phosphate buffered saline, PDE – phosphodies-

terase, PRA – prazosin, PRO – propranolol, SR 59230A –

3-(2-ethylphenoxy)-1-{[(1S)-1,2,3,4-tetrahydronaphth-1-yl]ami-

no}-(2S)-2-propanol

950 Pharmacological Reports, 2008, 60, 950–956

Pharmacological Reports

2008, 60, 950–956
ISSN 1734-1140

Copyright © 2008
by Institute of Pharmacology
Polish Academy of Sciences



Introduction

Since its discovery and isolation more than a centen-

ary ago by independent efforts of three scientists (Na-

poleon N. Cybulski, Jokichi Takamine, and John J.

Abel), adrenaline/epinephrine was the subject of in-

tense investigation and rapidly received the status of

a vital hormone, colloquially named the “stress hor-

mone” (for its essential role in the short-term stress

reactions). In response to specific stimuli, e.g. low

blood glucose, exercise, or stress, adrenaline is synthe-

sized in the adrenal medulla and rapidly secreted into

the bloodstream where it circulates throughout the

whole body and reaches various target cells, with the

endothelium being the first to be contacted. Then, the

hormone binds to specific-adrenergic receptors local-

ized on target cells, where it activates specific intracel-

lular signaling system(s) and evokes/affects an array of

vital processes, including cardiac function, blood ves-

sels dynamics, and energy metabolism [9, 10, 29].

The endothelium represents the inner cellular

lining of blood vessels and is composed of endothelial

cells (ECs) displaying phenotypic and functional

heterogeneity that is dependent on species, organ,

vascular bed (e.g. micro- and macrovessels), as well

as the different populations of receptors present on

their cell membranes [1, 3, 4, 10, 22, 23, 29]. Among

the various receptors present are adrenaline-sensitive

adrenergic receptors including a prominent popula-

tion of �-adrenoceptors that are positively coupled to

the adenylyl cyclase/adenosine-3’,5’cyclic monophos-

phate (cAMP) signaling system [10, 14, 15, 25].

A comparative study carried out on human micro-

vessel- and macrovessel-derived ECs revealed that

adrenaline is a powerful stimulator of cAMP genera-

tion in the former cells (human microvascular endo-

thelial cells – HMEC-1), and comparatively weakly

affects the nucleotide formation in the latter cells (hu-

man umbilical vein endothelial cells – HUVEC) [20,

30]. In addition, previous findings have shown the op-

posite cAMP response in HUVEC and HMEC-1 cells

to the adenosine A2-type receptor agonist NECA and

EC type-specific sensitivity to hypoxic conditions

(HMEC-1 > HUVEC) [30]. Thus, these findings illus-

trate functional differences between human micro-

and macrovessel-derived ECs and suggest that adre-

naline may primarily and specifically influence micro-

vessel-derived ECs. This work is a continuation of our

earlier studies on cAMP-directed effects in different

types of ECs, and focuses on a more detailed pharma-

cological characterization of adrenaline-driven recep-

tor-mediated cAMP signaling in microvessel-derived

ECs using HMEC-1 cells as a model system.

Materials and Methods

Chemicals

The substances used were the following: MCDB 131

medium, fetal bovine serum, penicillin-streptomycin

solution (5,000 units/ml penicillin and 5,000 �g/ml

streptomycin sulphate in normal saline), phosphate

buffered saline (PBS; pH 7.4) and trypsin-EDTA

(0.25% trypsin, 1 mM EDTA-4 Na) were purchased

from Invitrogen (Carlsbad, CA, USA). Epinephrine

bitartare (adrenaline), 3-isobutyl-1-methylxanthine

(IBMX), rolipram, isoprenaline hydrochloride, nor-

epinephrine bitartare, phenylephrine hydrochloride,

methoxamine hydrochloride, propranolol hydrochlo-

ride, and prazosin hydrochloride were purchased from

Sigma (St. Louis, MO, USA), (±)-2-hydroxy-5-[2-

[[2-hydroxy-3-[4-[1-methyl-4-(trifluoromethyl)-1H-

imidazol-2-yl]phenoxy]propyl]amino]ethoxy]-benz-

amide (CGP 20712) dihydrochloride, (±)-1-[2,3-(di-

hydro-7-methyl-1H-inden-4-yl)oxy]-3-[(1-methylethyl)-

amino]-2-butanol (ICI 118,551) hydrochloride, 3-(2-

ethylphenoxy)-1-{[(1S)-1,2,3,4-tetrahydronaphth-1-yl]-

amino}-(2S)-2-propanol (SR 59230A) hydrochloride

were purchased from Tocris (Ellisville, MO, USA).

Radioactive compounds including 2,8-[3H]adenine

(specific activity 24.40 Ci/mmol) was from Perkin-

Elmer Life Sciences, Inc. (Boston, MA, USA) and

[14C]cyclic AMP (specific activity 56 mCi/mmol)

was from Moravek Biochemicals (Brea, CA, USA).

Cell culture

HMEC-1 were kindly provided by Dr. F. Candal from

the Center for Disease Control and Prevention (At-

lanta, GA, USA). The cells were used between pas-

sages 32–41 and cultured in 25 cm3 flasks in MCDB

131 medium supplemented with 10% fetal bovine se-

rum, 10 ng/ml epidermal growth factor, 1 �g/ml hy-

drocortisone and penicillin-streptomycin solution, in

a humidified atmosphere of 95% O2 and 5% CO2 at

37°C. Cells were harvested every third day in a tryp-

sin-EDTA (0.25% trypsin, 1 mM EDTA) solution.
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Assay of cAMP formation

Cells used in these experiments were seeded in 12-

well plates at a density of 250,000 cells/well in 500 �l

of culture medium and cultured overnight. The next

day, the culture medium was removed, fresh serum-

free culture medium was added, and cells were incu-

bated in the presence of [3H]adenine for 2 h at 37°C.

After this incubation, the medium was removed, cells

were rinsed two times with pre-warmed PBS and

serum-free culture medium was added. Subsequently,

cells were preincubated for 20 min at 37°C in the

presence of IBMX (0.1 mM). After this preincubation

period, cells were exposed to appropriate agonists for

a further 15 min. Antagonists were applied 15 min be-

fore agonist treatment. The reaction was stopped by

adding 500 �l of ice-cold 10% trichloroacetic acid.

The resulting mixture was then transferred to test

tubes, centrifuged, and the supernatant fraction was

examined for cAMP generated. The formation of

[3H]cAMP in [3H]adenine-prelabeled cells was as-

sayed according to Shimizu et al. [26] with some

modifications [30]. The formed [3H]cAMP was iso-

lated by sequential Dowex-alumina column chroma-

tography according to Salomon et al. [24]. The results

were individually corrected for percent recovery that

was normalized with the aid of [14C]cAMP added to

each column system prior to the nucleotide extraction.

The accumulation of cAMP during a 15 min stimula-

tion period was assessed as a percentage of the con-

version of [3H]adenine to [3H]cAMP.

Data analysis

All data are expressed as the mean ± SEM values. For

statistical evaluation of the results, an analysis of vari-

ance (ANOVA) was used followed by a post-hoc

Student-Newman-Keuls test.

Results and Discussion

Role of PDE-4 type phosphodiesterase in

cAMP inactivation in human microvessel-

derived endothelial cells

Our earlier experiments carried out on HMEC-1 cells

incubated with or without the phosphodiesterase (PDE)

inhibitor IBMX showed that under specified routine

experimental conditions, the basal activity contribut-

ing to cAMP generation in this cell type is rather low

[20]. However, the addition of forskolin (a direct acti-

vator of adenylyl cyclase), an adenosine A2-agonist,

adrenaline, or isoprenaline to the incubation mixture

led to significant increases in cAMP production. No-

tably, the effects of these compounds were highly pro-

nounced in the presence of IBMX, as is observed in

Figure 1 and as previously reported [20, 30]. IBMX is

a widely used PDE inhibitor, which effectively blocks

PDE-dependent hydrolysis of cAMP when applied at

high concentrations. Mammalian PDEs are encoded

by many isoenzymes, which based on primary amino

acid sequence, overall domain structure, and catalytic

or regulatory characteristics are classified into 11 dis-

tinct families. Of these family members, eight hydro-

lyze cAMP selectively (PDE-4, -7, -8), the remaining

hydrolyze cAMP in addition to guanosine-3’,5’ cyclic

monophosphate to varying degrees (PDE-1, -2, -3,

-10, -11) [2, 17]. The understanding of which particu-

lar PDE subtype may be involved in cAMP inactiva-

tion in a given biological model system is important

in light of the cell-specificity of PDE isoenzymes and

PDE subtype-dependent subcellular compartmen-

talization of cyclic nucleotide signaling [7, 28]. Since

it has been suggested that the PDE-4 enzyme is in

microvascular endothelial cells [21, 31], our next ex-

periments utilized a PDE-4-selective inhibitor, roli-

pram [17, 21, 27]. In rolipram (100 �M) pretreated

HMEC-1 cells, the cAMP-elevating effects of adrena-

line were comparable to those seen in the presence of

IBMX, which is a PDE multi-isoform inhibitor (Fig. 2).

Thus, the obtained results indicated that in human

microvascular-derived ECs (such as HMEC-1) cAMP

952 Pharmacological Reports, 2008, 60, 950–956

Fig. 1. Concentration-dependent effects of noradrenaline (NA), adre-
naline (A), and isoprenaline (ISO) on cAMP synthesis in HMEC-1 cells.
Data represent the means of 5–25 experiments; C – control values



was chiefly, if not exclusively, inactivated by the ac-

tions of the PDE-4 enzyme subfamily.

Role of �-adrenergic receptor subtype mediat-

ing the cAMP effect of adrenaline

Based on reports from the literature and our own data

[14, 20, 25, 30], the action of adrenaline on cAMP ge-

neration in different types of ECs, including HMEC-1

cells, is mediated through �-adrenergic receptors,

with two of the following facts being consistently ob-

served: (1) the �-adrenoceptor antagonist propranolol

(PRO) prevented the effect of adrenaline, and (2) the

�-adrenoceptor agonist isoprenaline mimicked the ac-

tion of adrenaline (Fig. 1, 3). However, the �-adrenergic

receptor is comprised of at least three subtypes (�1,
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Fig. 2. Effects of adrenaline on cAMP synthesis
in HMEC-1 cells in the absence and presence of the
PDE inhibitor IBMX (100 µM) and PDE-4 inhibitor
rolipram (100 µM). Bars represent the means ± SEM
of 5–9 experiments. C – control values. * p < 0.05,
*** p < 0.001 vs. adrenaline without inhibitors of
PDE

Fig. 3. Effects of the following �-adrenergic recep-
tor antagonists: �1-blocker CGP 20712, �2-blocker
ICI 118,551, �3-blocker SR 59230A (each at 10 µM),
and propranolol (PRO, 0.001–10 µM), on adrenaline
(A, 100 µM)-evoked stimulation of cAMP accumula-
tion in HMEC-1 cells. Bars represent the means
± SEM of 5–23 experiments. C – control value.
*** p < 0.001 vs. adrenaline



�2, �3), all being positively coupled to adenylyl cy-

clase and all showing similar sensitivity to isoprena-

line and PRO. Therefore, in order to determine the re-

ceptor subtype mediating the effects of adrenaline, the

three following established �-receptor subtype-specific

antagonists were used: CGP 20712 (�1), ICI 118,551

(�2), and SR 59230A (�3) [13, 19]. Each antagonist

was used at a relatively high concentration (10 �M) so

as to elicit a clear response. When used separately,

only the �2-selective agent significantly reduced (by

49%) the action of adrenaline (100 �M) (Fig. 3). In

addition, all possible double-antagonist combinations

(�1 + �2, �2 + �3, �1 + �3) produced an inhibition of

the adrenaline-evoked effect. However, the observed

actions were variable with the most pronounced and

statistically significant effects noted for combinations

of �1 + �2 (inhibition by 63%) and �2 + �3 (inhibition

by 46%) antagonists, whereas the least effective was

a combination of �1 + �3 (non-significant inhibition

by 19%) antagonists. Interestingly, simultaneous pre-

treatment of HMEC-1 cells with three drugs (�1 + �2

+ �3) led to inhibition of the adrenaline effect by only

55%. This effect was roughly similar to that produced

by a �2-selective blocker or a drug combination con-

taining a �2-selective agent (Fig. 3). It should be

stressed that parallel experiments utilizing the non-

selective �-adrenoceptor antagonist PRO at a similar

dose (10 �M) as the other �-blockers completely in-

hibited the adrenaline-evoked cAMP effect (Fig. 3).

In our earlier experiments, lower concentrations

(< 10 �M) of PRO were also highly effective, with

usually a 1 �M dose producing complete antagonism

(unpublished results). These findings do not provide

a straightforward conclusion concerning the role of

a particular �-receptor subtype in the adrenaline-

evoked cAMP response in HMEC-1 cells. Neverthe-

less, the following possibilities should be considered:

(1) �2-adrenergic receptors mediate only a portion of

the adrenaline-induced cAMP effect, (2) �-receptor

subtype-selective drugs used at 10 �M concentration

do not effectively block particular types of �-receptor

in HMEC-1 cells, and (3) the �-receptor expressed in

human microvessel-derived ECs does not fit the �1-,

�2-, or �3-classification profile. In other words, it is

likely that HMEC-1 cells possess an atypical subtype

of �-adrenergic receptor that is sensitive to PRO, par-

tially sensitive to ICI 118,551, and insensitive to

CGP 20712 and SR 59230. Interestingly, these find-

ings in HMEC-1 cells do not appear to be unique. In

the literature, there are many conflicting findings re-

garding �-adrenoceptor subtypes expressed in the

heart, blood vessels, or specifically in the endothe-

lium, with such terms as e.g. “putative �4-adrenergic

receptor” or “atypical �-adrenoceptor” being intro-

duced and supported by some authors and neglected

by others [6, 8, 11, 12, 18, 19]. Although the putative

954 Pharmacological Reports, 2008, 60, 950–956

Fig. 4. Effects of phenylephrine (1–300 µM) and methoxamine (1–300 µM) on cAMP synthesis, and effects of the adrenergic receptor antago-
nists propranolol (PRO, 10 µM) and prazosin (PRA, 10 µM) on cAMP accumulation evoked by adrenaline, phenylephrine, and methoxamine
(each at 100 µM) in HMEC-1 cells. Note that y-axis scales in the left and right figure are different. Bars represent the means ± SEM of 5–15 ex-
periments, * p < 0.05 vs. adrenaline or phenylephrine



�4-adrenoceptor appears to be a low-affinity form of

the �1-adrenoceptor [11], the cardiac �3-adrenoceptor

remains a matter of intensive debate [see 11], al-

though the �3-receptor has been cloned, molecularly

characterized, and its presence in the endothelium has

been demonstrated [5, 12, 16]. Moreover, such endo-

thelial �3-adrenoceptors may signal via a mechanism

independent of adenylyl cyclase/cAMP, including ni-

tric oxide generation [12, 16].

In conclusion, the difficulties of identifying sub-

types of Gs protein/adenylyl cyclase-coupled �-adren-

oceptors in HMEC-1 cells remain to be overcome.

�-Adrenergic receptors do not participate

in the cAMP effects of adrenaline

Our earlier experiments excluded the role of �2-adre-

nergic receptors in the cAMP effect of adrenaline be-

cause the selective �2-antagonist yohimbine (10 �M)

did not modify the hormone (100 �M)-evoked re-

sponse of HMEC-1 cells [20, 30]. A similar situation

was observed while using a selective �1-type adrener-

gic receptor antagonist, prazosin (PRA, 10 �M).

However, this compound slightly (up to 10%) and

non-significantly, yet consistently, increased the ef-

fects of adrenaline. To resolve the problem of �1-re-

ceptor mediated signals contributing to the overall

cAMP effect of adrenaline, two selective �1-adreno-

ceptor agonists, phenylephrine and methoxamine

(both at concentrations of 1–300 �M), were used

alone and in combination with PRA and PRO (each

antagonist at 10 �M and agonists at 100 �M). These

results are presented in Figure 4. Methoxamine ap-

peared to be inactive at the concentration tested,

whereas phenylephrine affected the cAMP generation

in HMEC-1 cells by increasing nucleotide formation

in a concentration-dependent manner. Its action was

decisively weaker than that of adrenaline, and at the

highest dose tested (300 �M) phenylephrine produced

a net rise in the nucleotide level marked by a 1.61%

increase in conversion (p < 0.01). In parallel experi-

ments, 100 �M adrenaline produced increases of

8–11% conversion. The effect of phenylephrine

(100 �M) was practically insensitive to PRA, but was

completely prevented by the presence of PRO. In other

experiments, neither phenylephrine (1 �M; at this con-

centration the drug by itself had no effect on cAMP

generation; Fig. 4) nor methoxamine (100 �M) af-

fected isoprenaline (ISO; 10 �M)-induced cAMP for-

mation. The obtained results were the following: ISO,

7.43 ± 0.51(4); ISO + phenylephrine, 7.67 ± 0.19(4);

ISO + methoxamine, 7.26 ± 0.25(4)% conversion.

These results suggest the following: (1) methoxamine

did not stimulate cAMP production, (2) the phenyle-

phrine-evoked cAMP effect was PRO-sensitive and

PRA-insensitive, and (3) the two �1-agonists did not

affect the �-agonist ISO-driven cAMP effect. These

observations favor the conclusion that there was no

�1-adrenoceptor-dependent component contributing

to the overall effect of adrenaline on cAMP produc-

tion in HMEC-1 cells. The phenylephrine-evoked

cAMP effect in the tested human microvessel-derived

ECs indicates to us that this �1-adrenoceptor agonist,

which is widely used in cardiovascular research, ex-

hibits a nonspecific interaction with adenylyl cyclase-

coupled �-adrenergic receptors and should be used

with caution.

In conclusion, there are four major findings of this

study. First, adrenaline is a powerful stimulator of

cAMP formation in human microvessel-derived ECs,

i.e. HMEC-1, and the formed nucleotide is likely hy-

drolyzed by the PDE-4 isoenzyme. Second, although

it is clear that the cAMP effect of adrenaline in

HMEC-1 cells results from activation of �-adrenergic

receptors, we were unable to precisely identify the re-

ceptor isoform involved in the observed phenomenon

using selective �1-, �2-, �3-adrenoceptor blockers.

Third, there was no �1- or �2-dependent signal/com-

ponent influencing the adrenaline-driven cAMP effect

in HMEC-1 cells. Fourth, microvessel-derived ECs

and HMEC-1 cells have emerged as important

physiological targets in human blood vessels. There-

fore, they may serve as a good model system with

which to study the biological effects of endogenous

catecholamines, including adrenaline, as well as po-

tential therapeutics targeting adrenergic receptors.

Acknowledgments:

This study was supported by grants from the Medical University
of £ódŸ (No. 503-1023-1, 502-11-579, 502-11-580).

References:

1. Aird WC: Phenotypic heterogeneity of the endothelium.

I. Structure, function, and mechanisms. Circ Res, 2007,

100, 158–173.

2. Bender AT, Beavo JA: Cyclic nucleotide phosphodies-

terases: molecular regulation to clinical use. Pharmacol

Rev, 2006, 58, 488–520.

Pharmacological Reports, 2008, 60, 950–956 955

Endothelium, adrenaline, cAMP

Anna Wiktorowska-Owczarek et al.



3. Born GVR, Schwartz CJ (Eds.): Vascular Endothelium:

Physiology, Pathology and Therapeutic Opportunities.

Schattauer-Verlag, Stuttgart, 1997.

4. Conway EM, Carmeliet P: The diversity of endothelial

cells: a challenge for therapeutic angiogenesis. Genome

Biol, 2004, 5, 207.

5. Dessy C, Saliez J, Ghisdal P, Daneau G, Lobysheva II,

Frerart F, Belge C et al.: Endothelial �3-adrenoreceptors

mediate nitric oxide-dependent vasorelaxation of coro-

nary microvessels in response to the third-generation

�-blocker nebivolol. Circulation, 2005, 112, 1198–1205.

6. Ferro A, Queen LR, Priest RM, Ritter JM, Poston L,

Ward JPT: Activation of nitric oxide synthase by

�2-adrenoceptors in human umbilical vein endothelium

in vitro. Br J Pharmacol, 1999, 126, 1872–1880.

7. Fischmeister R: Is cAMP good or bad? Depends on

where it’s made. Circ Res, 2006, 98, 582–584.

8. Floreani M, Quintieri L, Varani K, Dorigo MT, Dorigo P:

Carteolol, a non-conventional partial agonist of

�1-adrenoceptors, relaxes phenylephrine-constricted rat

aorta through antagonism at �1-adrenoceptors. Eur J

Pharmacol, 2008, 590, 269–275.

9. Garcia-Sainz JA: Adrenaline and its receptors: one

hundred years of research. Arch Med Res, 1995, 26,

205–212.

10. Guimaraes S, Moura D: Vascular adrenoceptors: an up-

date. Pharmacol Rev, 2001, 53, 319–356.

11. Kaumann AJ, Molenaar P: The low-affinity site of the

�1-adrenoceptor and its relevance to cardiovascular phar-

macology. Pharm Ther, 2008, 118, 303–336.

12. Kou R, Michel T: Epinephrine regulation of the endothe-

lial nitric-oxide synthase. Roles of Rac1 and �3-adrener-

gic receptors in endothelial NO signaling. J Biol Chem,

2007, 282, 32719–32729.

13. Leblais V, Pourageaud F, Ivorra MD, Guibert C, Marthan

R, Muller B: Role of �-adrenergic receptors in the effect

of the �-adrenergic receptor ligands, CGP 12177, bupra-

nolol, and SR 59230A, on the contraction of rat intrapul-

monary artery. J Pharmacol Exp Ther, 2004, 309,

137–145.

14. Manolopoulos VG, Liu J, Unsworth BR, Lelkes PI:

Adenylyl cyclase isoforms are differentially expressed

in primary cultures of endothelial cells and whole tissue

homogenates from various rat tissues. Biochem Biophys

Res Commun, 1995, 208, 323–331.

15. Manolopoulos VG, Samet MM, Lelkes PI: Regulation

of the adenylyl cyclase signaling system in various types

of cultured endothelial cells. J Cell Biochem, 1995, 57,

590–598.

16. Matsushita M, Tanaka Y, Koike K: Studies on the

mechanisms underlying �-adrenoceptor-mediated relaxa-

tion of rat abdominal aorta. J Smooth Muscle Res, 2006,

42, 217–225.

17. Maurice DH, Palmer D, Tilley DG, Dunkerley HA,

Netherton SJ, Raymond DR, Elbatarny HS, Jimmo SL:

Cyclic nucleotide phosphodiesterase activity, expression,

and targeting in cells of the cardiovascular system. Mol

Pharmacol, 2003, 64, 533–546.

18. Molenaar P: The “state” of �-adrenoceptors. Br J Phar-

macol, 2003, 140, 1–2.

19. Molenaar P, Parsonage WA: Fundamental considerations

of �-adrenoceptor subtypes in human heart failure.

Trends Pharmacol Sci, 2005, 26, 368–375.

20. Namieciñska M, Wiktorowska-Owczarek A, Loboda A,

Dulak J, Nowak JZ: Cyclic AMP generating system in

human microvascular endothelium is highly responsive

to adrenaline. Pharmacol Rep, 2006, 58, 884–889.

21. Netherton SJ, Sutton JA, Wilson LS, Carter RL, Maurice

DH: Both protein kinase A and exchange protein acti-

vated by cAMP coordinate adhesion of human vascular

endothelial cells. Circ Res, 2007, 101, 768–776.

22. Pries AR, Kuebler WM: Normal endothelium. Handb

Exp Pharmacol, 2006, 176, 1–40.

23. Pries AR, Secomb TW, Gaehtgens P: The endothelial

surface layer. Pflugers Arch, 2000, 440, 653–666.

24. Salomon Y, Londos C, Rodbell M: A highly sensitive

adenylate cyclase assay. Anal Biochem, 1974, 58,

541–544.

25. Schafer AI, Gimbrone MA, Handin RI: Endothelial cell

adenylate cyclase: activation by catecholamines and

prostaglandin I2. Biochem Biophys Res Commun, 1980,

96, 1640–1647.

26. Shimizu H, Daly JW, Creveling CR: A radioisotopic

method for measuring the formation of adenosine

3’,5’-cyclic monophosphate in incubated slices of brain.

J Neurochem, 1969, 16, 1609–1619.

27. Thopmpson WJ, Ashikaga T, Kelly JJ, Liu L, Zhu B,

Vemavarapu L, Strada SJ: Regulation of cyclic AMP

in rat pulmonary microvascular endothelial cells by

rolipram-sensitive cyclic AMP phosphodiesterase

(PDE4). Biochem Pharmacol, 2002, 63, 797–807.

28. Vandecasteele G, Rochais F, Abi-Gerges A, Fischmeister

R: Functional localization of cAMP signaling in cardiac

myocytes. Biochem Soc Trans, 2006, 34, 484–488.

29. Vane JR: The Croonian Lecture 1993: The endothelium:

maestro of the blood circulation. Philos Trans R Soc

Lond B Biol Sci, 1994, 343, 225–246.

30. Wiktorowska-Owczarek A, Namieciñska M, Balcerczyk

A, Nowak JZ: Human micro- and macrovessel-derived

endothelial cells: a comparative study on the effects of

adrenaline and a selective adenosine A2-type receptor

agonist under normoxic and hypoxic conditions. Pharma-

col Rep, 2007, 59, 800–806.

31. Zhu B, Vemavarapu L, Thomson WJ, Strada SJ: Activa-

tion and induction of cyclic AMP phosphodiesterase

(PDE4) in rat pulmonary microvascular endothelial cells.

Biochem Pharmacol, 2004, 68, 479–491.

Received:

September 19, 2008; in revised form: December 5, 2008.

956 Pharmacological Reports, 2008, 60, 950–956


	755	Review Œ GABAB receptors in drug addiction.
	Ma³gorzata Filip, Ma³gorzata Frankowska
	771	Review Œ Antiapoptotic action of lithium and valproate.
	Anna M. Bielecka, Ewa Obuchowicz

	783	Review Œ Experimental asthma in rats.
	Iwona Kucharewicz, Anna Bodzenta-£ukaszyk, W³odzimierz Buczko

	789	Review Œ Caffeine as a marker substrate for testing cytochrome P450 activity in human and rat.
	Marta Kot, W³adys³awa A. Daniel
	798	Effects of serotonin (5-HT)1B receptor ligands on cocaine-seeking behavior in rats.
	Edmund Przegaliñski, Anna Go³da, Ma³gorzata Filip

	811	Inhibition of neophobia-stimulated c-Fos expression in the dorsomedial part of the prefrontal cortex in rats pretreated with midazolam.
	Aleksandra Wis³owska-Stanek, Ma³gorzata Lehner, Anna Skórzewska, Andrzej Bidziñski, Danuta Turzyñska, Alicja Sobolewska, Piotr Maciejak, Janusz Szyndler, Adam P³a�nik

	817	Repeated co-treatment with fluoxetine and amantadine induces brain-derived neurotrophic factor gene expression in rats.
	Zofia Rogó¿, Gra¿yna Skuza, Beata Legutko

	827	Repeated administration of the dopaminergic agonist apomorphine: development of apomorphine aggressiveness and changes in the interaction between dopamine D2 receptors and G-proteins.
	Ruth Rudissaar, Jaanus Harro, Katrin Pruus, Ago Rinken, Lembit Allikmets

	834	Alterations in g-aminobutyric acidB receptor binding in the rat brain after reinstatement of cocaine-seeking behavior.
	Ma³gorzata Frankowska, Karolina Wydra, Agata Faron-Górecka, Magdalena Zaniewska, Maciej Kuœmider, Marta Dziedzicka-Wasylewska, Ma³gorzata Filip

	844	Olfactory bulbectomy and amitriptyline treatment influences mGlu receptors expression in the mouse brain hippocampus.
	Joanna M. Wieroñska, Beata Legutko, Dorota Dudys, Andrzej Pilc

	856	Detrimental effect of postnatal blockade of N-methyl-D-aspartate receptors on sensorimotor gating is reversed by neuroleptic drugs.
	Krzysztof Wêdzony, Katarzyna Fija³, Marzena Maækowiak, Agnieszka Chocyk

	865	Antidepressant treatments-induced modifications of glutamatergic transmission in rat frontal cortex.
	Bartosz Bobula, Grzegorz Hess

	872	Chronic treatment with fluoxetine and sertraline prevents forced swimming test-induced hypercontractility of rat detrusor muscle.
	Sirri Bilge, Ayhan Bozkurt, Duygu B. Bas, Elif Aksoz, Evren Savli, Fatih Ilkaya, Yuksel Kesim

	880	Effects of co-administration of fluoxetine or tianeptine with metyrapone on immobility time and plasma corticosterone concentration in rats subjected to the forced swim test.
	Zofia Rogó¿, Gra¿yna Skuza, Monika Leœkiewicz, Bogus³awa Budziszewska

	889	Effects of selective s receptor ligands on glucocorticoid receptor-mediated gene transcription in LMCAT cells.
	Gra¿yna Skuza, Zofia Rogó¿, Magdalena Szymañska, Bogus³awa Budziszewska

	896	Central interaction between physostigmine and histamine during yawning in rats.
	Esmaeal Tamaddonfard, Hamid Soraya, Nasrin Hamzeh-Gooshchi

	904	Pharmacological preconditioning of the brain: a possible interplay between opioid and calcitonin gene related peptide transduction systems.
	Ashish K. Rehni, Thakur G. Singh, Amteshwar S. Jaggi, Nirmal Singh

	914	Increased synphilin-1 expression in human elderly brains with substantia nigra Marinesco bodies.
	Anna Krygowska-Wajs, Tomasz Lenda, Dariusz Adamek, Marek Moska³a, Katarzyna Kuter, Jerzy Kunz, Maria „mia³owska, Krystyna Ossowska

	925	Effects of new antiepileptic drugs and progabide on the mitogen-induced proliferative activity of mouse splenocytes.
	Agnieszka Basta-Kaim, Bogus³awa Budziszewska, Monika Leœkiewicz, Marta Kubera, Grzegorz Jag³a, Wojciech Nowak, Stanis³aw J. Czuczwar, W³adys³aw Lasoñ

	933	Heme oxygenase (HO-1) is involved in the negative regulation of contact sensitivity reaction.
	Monika Majewska, Katarzyna Zaj¹c, Józef Dulak, Marian Szczepanik

	941	Adaptive vasoactive response to modulatory effects of endothelin-1 in spontaneously hypertensive rats.
	Soòa Èaèányiová, Frantiıek Kristek

	950	Characteristics of adrenaline-driven receptor-mediated signals in human microvessel-derived endothelial cells.
	Anna Wiktorowska-Owczarek, Magdalena Namieciñska, Ma³gorzata Bereziñska, Jerzy Z. Nowak

	957	Effect of selected antidepressant drugs on cytochrome P450 2B (CYP2B) in rat liver. An in vitro and in vivo study.
	Anna Haduch, Jacek Wójcikowski, W³adys³awa A. Daniel

	966	Identification of factors mediating the effect of the brain dopaminergic system on the expression of cytochrome P450 in the liver.
	Jacek Wójcikowski, W³adys³awa A. Daniel

	972	Limited applicability of 7-methoxy-4-trifluoromethylcoumarin as a CYP2C9-selective substrate.
	Pálma Porrogi, László Kóbori, Krisztina Kõhalmy, Judit Gulyás, László Vereczkey, Katalin Monostory


	SHORT COMMUNICATIONS
	980	Effect of cocaine on responsiveness of a1-adrenergic receptors in rat cerebral cortex: modulation by GABA-mimetic drugs.
	Krzysztof Wieczerzak, Tadeusz Witarski, Marta Kowalska, Dominika Nawrat, Adam Roman, Adam Bielawski, Irena Nalepa


	985	Interaction between tobacco smoke and alcohol in animal models.
	Ewa Florek, Wojciech Piekoszewski, Maksymilian Kulza, Tamar Szind¿ikaszwili, Ewa Gomó³ka, Marek Chuchracki, Anna Sêdziak



