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CHAPTERR 7 

VASOPRESSIN-INDUCEDD VASOCONSTRICTION IS 

DEPENDENTT ON MAPK ERK1/ 2 PHOSPHORYLATION . 

AcceptedAccepted for publication, Fundamental and Clinical Pharmacology 
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1.. Introductio n 

Thee neurohypophyseal peptide hormone vasopressin is known to be a potent 
vasoconstrictorr in several vascular beds, and this process is mediated by the 
Vii receptor. In contrast, the regulation of the water reabsorption in the renal 
collectingg duct is mediated by the V2 receptor 1. VV receptors couple to Gq-
proteinss and their stimulation results in smooth muscle cell contraction, 
mediatedd by the activation of phospholipase C, A2, D and by calcium channels 
2.. The importance of the vasopressin-mediated effects in cardiovascular 
functionn has been substantiated by the knowledge that vasopressin-receptor 
activationn can result in the activation of extracellular signal-regulated kinases 
11 and 2 (MAPKerkl/2) in cultured smooth muscle cells 3"6. The importance of this 
signallingg pathway has been illustrated by its involvement in the development 
off cardiac hypertrophy 7;8. Furthermore a possible role of the MAPKerkl/2 

pathwayy in the development of reperfusion injury and congestive heart failure 
hass been proposed 9. 

Manyy tissues express the 44-kDa and 42-kDa MAPKerkl/2 including cardio-
myocytes,, fibroblasts, vascular smooth muscle-, and endothelial cells 10;11. The 
rolee of MAPKerkl/2 in apoptosis, hypertrophy and differentiation appears to be 
welll established. MAPKerkl/2 are involved in the regulation of gene expression 
viaa phosphorylation of transcription factors, in the regulation of protein 
synthesis,, and the activation of cytoplasmic and membrane proteins 12~15. 
Severall authors have demonstrated that vasoconstriction mediated by 
activationn of several G-protein-coupled receptors in differentiated vascular 
tissuee is partially MAPKerkl/2 dependent 16~21. This has been shown for instance 
forr serotonin and adrenoceptor stimulation, but so far not for vasopressin. 

Thee objective of the present study was to investigate a possible role of the 
MAPKerkl/22 pathway in the contractile responses to vasopressin by making use 
off the two specific MAPKerkl/2 kinase (MKKmekl/2) inhibitors PD 98059 and U 
01266 22. 
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2.. Method s 

AorticAortic ring preparations and isometric recordings 
Malee wistar rats (Charles River, Sulzfeld, Germany) weighing 240-260g were 
sacrificedd by stunning and exsanguination. The thoracic aorta was carefully 
excisedd and placed in a Tyrode's solution of the following composition (mM): 
NaCII (118.5); KCI (4.7); KH2P04 (1.2); CaCI2 (2.5); MgS04 (1.2); glucose 
(5,5);; Na4EDTA (0.026); NaHC03 (25) at room temperature, which was 
continuouslyy gassed with carbogen (95% 02 and 5% C02). The aortae were 
cleanedd from superficial fat and connective tissue, care being taken not to 
stretchh the vessels or to damage the endothelium. The aortic rings were cut 
intoo segments of approximately 3 mm long each, and mounted between two 
triangularr stainless steel hooks and then put into organ baths containing 5 ml 
Tyrode'ss solution at . The medium was continuously gassed with 
carbogen.. Tension was measured by means of isometric force transducers 
(A.D.. instruments, Castle Hill, Australia), connected to a Powerlab/8 computer 
system.. The aortic rings were equilibrated for 30 min at a resting tension of 10 
mN,, which was maintained throughout the experiment. 

Alll experiments were performed in the presence of N-Nitro-I-Arginine (L-NNA) 
1000 uM. After a 30-minute equilibration period, the aortic rings were exposed 
thricee to a depolarising 60 mM K+ solution for 5 minutes, with 30 minutes 
intervals.. Thirty minutes after the last potassium-induced contraction, a 
cumulativee concentration response curve for vasopressin was constructed in 
eachh ring, except for the segments used as (time) controls. 

WesternWestern blotting 

Immediatelyy after making the concentration response curve of vasopressin or 
vehicle,, all the segments were freeze clamped and stored at C until use. 
Thee vessel segments were homogenized at  in SDS 1 % , glycerol 10%, 
dithiotreitoll 20 mM, Tris HCI 25 mM (PH 6.8), EGTA 5 mM, EDTA 1 mM, 
sodiumm orthovanadate 1 mM, phenylmethylsulfonyl fluoride 20 ug/ml and a 
proteasee inhibitor cocktail (Roche Molecular Biochemicals; Mannheim; 
Germany).. The homogenate was centrifuged and the protein content of the 
supernatantt was determined by a protein assay, using Bovine Serum Albumine 
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ass standard (Bio-Rad Laboratories, Munich, Germany). Supernatant proteins 
(400 ug) were diluted with 250 mM sucrose and the solution was boiled for 5 
minutes.. The proteins were separated on a 10% SDS-polyacrylamide gel, and 
electricallyy transferred to an Immobilon-P membrane. Phosphorylated ERK 1 
andd 2 were identified by a primary anti-body 1:1000 and detected using a 
horseradishh peroxidase-labelled secondary antibody 1:2000 (both obtained 
fromm Cell Signaling Technology; Beverly; MA; USA). The signals were 
visualizedd with the ECL-detection system (Amersham; Uppsala; Sweden) and 
autoradiographss were quantified using camcorder digital image analysis 
equipmentt and software (Eagle eye I I ; Stratagene; Heidelberg; Germany). 

DrugsDrugs and chemicals used 

L-NNAA (N-Nitro-I-Arginine) was obtained from Sigma (St. Louis, MO, USA). 
(Arg8)-vasopressinn was obtained from Bachem (Bubendorf, Switzerland). 
Thesee drugs were dissolved in distilled water. PD 98059 (2'-Amino-3'-
methoxyflavone)) and U 0126 (l,4-Diamino-2,3-dicyano-l,4bis(2-
aminophenylthio)-butadiene)) were obtained from Alexis Biochemicals (San 
Diego,, CA, USA). PD 98059 and U 0126 were dissolved in 98% DMSO to a 
concentrationn of 10 mM. These solutions were subsequently diluted with 
distilledd water to the final concentration needed. 

EvaluationEvaluation of data 
Thee data are expressed as means  S.E.M. The concentration-response curves 
forr the compounds investigated were analysed by means of a computer 
programmee (Graph Pad, Institute for Scientific Informatics, San Diego, CA, 
USA).. The pD2-value as well as the maximal effect (Emax) were obtained from 
thee non-linear regression curve fit analysis for the individual experiments. The 
statisticall significance was evaluated using a one-way analysis of variance 
followedd by a Dunnett's post-test. Values of P<0.05 were considered 
significant. . 

3.. Result s 

Vasopressinn (1-300 nM) caused a contractile response of the rat aorta with an 
Emaxx of 93.9  0.8 % of the maximal potassium (60 mM) induced contraction 
withh a pD2 of 8.1  0.1 (n=8). To elucidate whether MAPKerkl/2 pathway is 
involvedd in the vasopressin-induced vascular contractions, vessel segments 
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weree pre-incubated for 30 minutes with either of the two different MKKmekl /2 

inhibitorss PD 98059 (figure l a ) or U 0126 (figure l b ) , both in the 

concentrationss of 1 , 10, 100 uM, prior to vasopressin addition. Pre-incubation 

withh the lowest concentration of PD 98059 did not significantly influence the 

CRCC of vasopressin. PD 98059 10 uM (n=8) decreased the Emax from 93.9

0.8%% to 83.3  2 .0% and incubation with PD 98059 100 uM (n=8) resulted in 

aa further reduction of the vasopressin-induced Emax to 67.3  0.6%, without 
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Figur ee 1(A) . Contractile responses in rat isolated aorta preparations to vasopressin 
(AVP;; l-300nM), in the presence of the MAPKerkl/2 kinase inhibitors PD 98059 1 uM, 
PDD 98059 10 uM, or PD 98059 100 uM. (B) Contractile responses in rat isolated aorta 
preparationss to vasopressin (AVP; l-300nM), in the presence of the MAPKerkl/2 kinase 
inhibitorr U 0126 1 |JM, U 0126 10 uM, or U 0126 100 uM. Values are expressed as 
meanss  SEM; n=8. * p < 0.05 compared to only vasopressin. 



128 8 MAPKMAPKerkl/2erkl/2 and vasopressin 

influencingg the pD2-value. Similarly, only the two highest concentrations of U 
01266 (10 uM and 100 uM; n = 8) caused reductions of the Emax to 81.4  1.0% 
andd to 51.6  1.4%, respectively. The potency of the constrictive effects of 
vasopressinn was decreased by U 0126 (100 uM), from a pD2-value of 8.1
0.11 to 7.7  0.1. Both the pD2- and the Emax-values were significantly more 
influencedd by U 0126 100 uM than by PD 98059 100 uM. In all experiments 
thee functional integrity of the vessel segments was not impaired at the end of 
thee experimental protocol, in the presence of the highest concentration of PD 
980599 and-U-frlZft-, astestetf by-KCt-induced contractions (data"not snowrr). 

Westernn blot analysis was used to assess more directly the ability of 
vasopressinn to stimulate the MAPKerkl/2 -phosphorylation (figure 2a and b). In 
thee vessel segments, after constructing the vasopressin concentration 
responsee curve, the immunoblots revealed that vasopressin caused a 2.7
0.66 fold (n = 6) increase in MAPKerkl/2 phosphorylation compared to control 
aortae.. This increase in MAPKerkl/2 phosphorylation could be concentration-
dependentlyy prevented by the two MKKmekl/2 inhibitors. U 0126 (10 uM and 
1000 uM) decreased the vasopressin stimulated MAPKerkl/2 phosphorylation to a 
levell of 0.7  0.2 and to 0.1 1 fold (n=4), respectively. PD 98059 at the 
highestt concentration (100 uM) caused a decrease of to 0.2  0.1 fold (n = 3). 

4.. Discussio n 

Severall G-protein coupled receptors can activate the MAPKerkl/2 pathway in a 
varietyy of cell types 10. Granot et al. and others have demonstrated that 
vasopressin,, via the Vi-receptor, can activate the MAPKerkl/2 pathway in 
culturedd vascular smooth muscle cells 3;23~25. This may lead to potent 
mitogenicc and hypertrophic effects in cultured vascular smooth muscle cells 4' 
5.. More recently the MAPKerkl/2 pathway has also been shown to be involved in 
thee vasoconstrictor responses of several agonists, as has been demonstrated 
forr serotonin and adrenoceptor stimulation 18-20;26-28. 

Thee present study was designed to determine whether the MAPKerkl/2 pathway 
iss involved in vasopressin-induced vasoconstriction, since it remains unclear if, 
andd if so, to what extent vasopressin-induced vasoconstriction is dependent on 
thee activation of MAPKerkl/2. The major finding of the present study is that 
vasopressinn can stimulate the phosphorylation of the MAPKerkl/2 in 
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differentiatedd vascular smooth muscle cells, parallel to the induction of 
vasoconstriction.. In addition, the MKKmekl/2 inhibitors PD 98059 and U 0126 
cann inhibit both the vasopressin-induced MAPKerkl/2 phosphorylation and the 
increasee in contractile force. These findings suggest that the MAPKerkl/2 

pathwayy is involved in vasopressin-induced vasoconstriction. The potassium-
inducedd contraction was not influenced by both MKKmekl/2 inhibitors, 
suggestingg that these MKKmekl/2 inhibitors did not cause any non-specific 
effectss on the contractile process. The stronger inhibition of the MAPKerkl/2 

phosphorylationn and the vasoconstriction by U 0126 compared to PD 98059 
suggestss a more potent inhibitory activity of U 0126. This finding is in 
accordancee with the data of Davies et al. 22. A further important point 
illustratedd by the Western blot analysis is that under baseline conditions, there 
existss already a certain degree of MAPKerkl/2 phosphorylation. These results are 
inn accordance with the data presented by others 29. In addition, the levels of 
MAPKerkl/22 phosphorylation in the presence of the highest concentration of 
MKKmekl/22 inhibitors showed a tendency to be lower when compared to the 
controll samples. Taken together, both observations suggest that MAPKerkl/2 

phosphorylationn may be considered as an active balance between 
phosphorylationn and de-phosphorylation, already occurring in the resting 
vessels. . 

Besidess their well known inhibiting effect on the MAPKerkl/2 pathway, U 0126 
andd PD 98059 are suggested to inhibit the MAPKerk5 pathway in a comparable 
concentrationn range. The MAPKerk5 pathway can be activated by growth factors 
andd oxidative stress 30. Consequently, both the MAPKerkl/2 and the MAPKerk5 

pathwayss may be involved in vascular effects of vasopressin. It has also been 
suggestedd that PD 98059 might inhibit the cyclooxygenase pathway 31. 
However,, although vasopressin is known to induce an endothelium-dependent 
releasee of vasodilator prostaglandins in other vascular beds, this effect has not 
beenn demonstrated in the rat aorta 32;33. Furthermore the other MKKmekl/2 

inhibitorr U 0126, appears not to suppress the cyclooxygenase pathway 22. 
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Figuree 2(A). Effect of vasopressin (1-300 nM) on the MAPKerkl/2 phosphorylation in 
thee homogenate of the vessel segments. MAPKerkl/2 kinase inhibitors U 0126 1, 10 and 
1000 uM, or PD 98059 1, 10 and 100 uM; (n = 3-6). The degree of phosphorylation was 
determinedd by Western blot analysis with a phospho-specific antibody against 
MAPKerkl/2.. Pos. denotes positive control sample for MAPKerkl/2 phosphorylation, n is 
denotedd in figure 2B for every specific lane. 2B Quantification of Western blot analysis 
off the effect at the end of the concentration response curve of vasopressin (1-300 nM) 
onn the MAPKerkl/2 phosphorylation in the homogenate of the vessel segments. 

MAPKerki/22 k i n a s e inhibitors U 0126 100 uM 10 uM and 1 uM, or PD 98059 100 uM, PD 
980599 10 uM, and PD 98059 1 uM; (n denotes the number of experiments analysed). 
Thee degree of phophorylation was determined by Western blot analysis with a 
phospho-specificc antibody against MAPKerkl/2. Values are expressed as means  SEM. 
nn is denoted in the figure. * p < 0.05 compared to control vessel segments. # p < 
0.055 compared to vessel segments with only vasopressin. 
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Severall substrates have been proposed for the direct mechanism by which the 
MAPKerkl/2-pathwayy influences vasoconstriction. Accordingly, an increased 
activationn of Ca2+ channels by phosphorylated MAPKerkl/2 has been proposed, 
becausee the continuation of higher levels of MAPKerkl/2 phosphorylation is 
dependentt on an increase of the intracellular Ca2+ concentration 34. Besides 
thee involvement of Ca2+ channels, a parallel phosphorylation of caldesmon by 
thee activated MAPKerkl/2 pathway has been suggested. Caldesmon is an actine-
associatedd protein, and although an evident increase of caldesmon 
phosphorylationn has been demonstrated, this appears to have little or no 
effectt on vasoconstriction 35. In contrast, vasoconstriction could be associated 
withh the level of the 20-kDa myocin light chain phosphorylation and it seems 
too play a role as a downstream substrate for the MAPKerkl/2 pathway 36. 

Thee vasopressin-induced increase in MAPKerkl/2 phosphorylation involved in 
bothh vasoconstriction, and the mitogenic and hypertrophic effects 3"6, 
illustratess the importance of this pathway for the regulatory role of 
vasopressin.. These reports are of special interest in combination with 
epidemiologicall data demonstrating an important modulating role of 
vasopressinn in several cardiovascular syndromes 3739. Although this 
associationn between vasopressin and these cardiovascular syndromes is 
appealing,, a potential role of vasopressin antagonists in the treatment of these 
syndromess must be adressed in further clinical studies. 

Inn summary, we have demonstrated that vasopressin induces MAPKerkl/2 

phosphorylationn in differentiated vascular tissue. Incubation with selective 
MKKmekl/22 inhibitors results in a simultaneous inhibition of both the contractile 
forcee and MAPKerkl/2 phosphorylation. Therefore we conclude that the 
MAPKerkl/22 pathway is involved in vasopressin-mediated vasoconstriction. 
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