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11 Histor ica l backgroun d 

Argininee Vasopressin (vasopressin, AVP), or the antidiuretic hormone (ADH), is 
secretedd by the posterior lobe of the pituitary gland. Oliver and Schaefer in 
18955 were the first to describe its vasoconstrictor activity. 1 They 
demonstratedd that hypophyseal extracts display vasoconstrictive properties. In 
1913,, the antidiuretic effect of injections of extracts of the pituitary gland was 
firstt observed in patients with diabetes insipidus. 2;3 The synthesis and 
isolationn of vasopressin in the 1950s confirmed that one and the same 
hormonee of the pituitary gland is responsible for the vasoconstrictive and the 
antidiureticc effects. 4;5 Subsequently, several analogues of vasopressin were 
synthesized,, such as desmopressin, 6;7 a vasopressin agonist with selective 
antidiureticc properties, which is used in the treatment of diabetes insipidus. An 
importantt subsequent step was the development of the peptide vasopressin-
antagonistss 8;9 in the nineteen sixties and onwards. This development of 
analoguess and antagonists enabled scientists to evaluate the role of 
vasopressinn in human physiology and pathophysiology. This progress was 
furtherr stimulated by the discovery of nonpeptide vasopressin antagonists, 
whichh display sufficient bioavailability for oral use. 10 

2 .11 Biosynthesi s o f vasopressi n 

Thee oxytocin-vasopressin superfamily is found both in vertebrates and 
invertebrates,, and characterised by a peptide structure of 9 amino acids. The 
preservedd nonapeptide pattern throughout the evolution indicates that both 
thee precursor structures and the processing enzymatic machinery were largely 
conservedd to ensure the generation of a specific conformation. Virtually all 
vertebratee species possess an oxytocin- and a vasopressin-like peptide, 
respectively,, thus allowing the tracing of two evolutionary lineages. The 
ancestrall gene encoding the precursor protein antedates the divergence 
betweenn the two groups, about 700 million years ago. n Vasopressin is a 
peptidee with a disulfide bond between the two cysteine-amino acids in the 
positionss 1 and 6. All mammal vasopressins have the same amino acid 
sequencee with an arginine in position 8, except the porcine vasopressin, which 
hass a lysine in position 8 (Figure 1). 
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Phenylalanin ee Glutami n 

Tyrosin ee Asparagin e 

NH22 —Cystein e S - S Cystein e —Prolin e — Arginin e — Glycinamid e 

Figur ee 1: The primary amino acid structure of the vasopressin. 

Vasopressinn is synthesized predominantly in the neurosecretory cells of the 
supraoptic-- and secondarily the paraventricular-nucleus, both located in the 
hypothalamus.. The gene is located on chromosome 20pl3 and consists of 3 
exons.. These exons form the preprohormone of 168-amino-acids. The first 23 
aminoo acids form the signal peptide, which is responsible for the connection to 
thee ribosomes. During the protein synthesis this signalling peptide is removed, 
afterr which the prohormone is transported via the endoplasmic reticulum (ER) 
andd the Golgi apparatus into secretory granules. In these granules the 
prohormonee disintegrates, under the influence of the enzymes 
monooxygenase,, exopeptidase, endopeptidase and lyase, to yield three 
proteins.. These proteins are vasopressin (9 amino acids), vasopressin-
neurophysinn (92 amino acids) and vasopressin-glycopeptide (39 amino acids), 
respectively.. Vasopressin-neurophysin is responsible for correct intracellular 
transportt and processing. The function of the vasopressin-glycopeptide is 
unknown.. After internalisation of vasopressin into the granules, it is 
transportedd from the paraventricular- and the supraoptic-nuclei, via axons 
locatedd in the internal zone of the median eminence, towards the nerve 
endingss at capillaries in the posterior pituitary. 12 

Att present more than 35 mutations have been related to hereditary forms of 
centrall diabetes insipidus. 13 Most of the mutations are found in the signalling 
peptidee or in the vasopressin-neurophysin part, and only two are found in the 
primaryy structure of vasopressin itself. This finding emphasizes the importance 
off the correct configuration of the (pre) prohormone necessary for correct 
intracellularr processing. Most known forms of familial central diabetes 
insipiduss have an autosomal dominant inheritance pattern, which becomes 
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clinicallyy manifest in the period several months after birth until early 
adolescence.. The reason why this autosomal dominant disease displays a 
delayedd clinical onset so far remains unknown. Several authors suggest that 
thee large accumulation of misfolded precursors is ultimately toxic towards the 
secretoryy cells that produce them. 13;14 This hypothesis is supported by in vitro 
experimentss that demonstrated the occurrence of cellular toxicity due to the 
accumulationn of misfolded precursors in the ER, resulting in morphological 
derangements.. 14 Another possibility is the formation of heterodimers by the 
normall allele and the mutant (pre) prohormone resulting in an impaired 
expressionn of the initial normal function of the non-mutant gene. 15 

Itt has already been suggested two decades ago that vasopressin can be 
generatedd in peripheral tissues. 16;17 Recently two independent publications 
demonstratedd a local generation of vasopressin outside the central nervous 
system.. 18;19 Guillon et al. demonstrated by means of PCR and perfusion 
experimentss that the rat and human adrenal medulla may express and release 
vasopressinn under basal conditions and also as a result of stimulation by 
acetylcholine.. Activation of the cortical Vi receptor (see paragraph 2.1) results 
inn both steroid secretion and cortical growth. In the medulla, both Vi and V3 

receptorr subtypes are expressed. V3 receptors have been shown to stimulate 
catecholaminee secretion. The role of the Vi receptor in the medulla remains 
unclear.. Hupf et al. described the occurrence of low basal levels of vasopressin 
andd the corresponding mRNA in the rat heart. After applying ventricular wall 
stresss the vasopressin levels as well as vasopressin mRNA levels appeared to 
bee increased. Systemic effects of this local vasopressin production remain 
uncertain.. However, the combination of wall stress and coronary infusion of a 
Vi-antagonistt resulted in a decreased coronary perfusion pressure. This finding 
implicatess that besides the centrally regulated release of vasopressin with its 
systemicc effects, vasopressin may serve as a local tissue hormone. 

2.22 Regulat io n o f vasopressi n secret io n 

Thee central secretion of vasopressin is regulated by several stimuli. The most 
importantt one is a change in plasma osmolality (P0sm). Changes in P0Sm are 
perceivedd by specialized so called 'osmoreceptor-neurons' localized in the 
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hypothalamus.. Plasma vasopressin levels (PAVP) start to increase after an 
increasee of P0Sm above a threshold level of about 280-290 mOsm/kg. The rise 
off the PAVP, in the lower range of (0-10 pg/ml), causes after this threshold 
levell an increase by 1 pg/ml, whereas the P0Sm increases by only 1 %. An 
increasee of PAVP by 1 pg/ml significantly increases osmolality of the urine. 20 

Maximall osmotic stress will increase the PAVP to a level of 15-20 pg/ml. 

PAVPP is also affected by changes in blood volume and blood pressure, detected 
byy mechano-receptors of the vagal nerve endings in the aorta, the cardiac 
atriaa and pulmonary veins. Furthermore, endings of the glossopharyngeal 
nervee from the carotid sinus stimulate the release of vasopressin. 21 Small 
decreasess by about 8% of the extracellular fluid volume do not result in an 
increasee of PAVP- Beyond that point PAVP increases steeply up to levels of 50-
1000 pg/ml. These levels result in a maximal antidiuresis and an increased 
peripherall resistance to prevent cardiovascular collapse. Besides these two 
importantt regulatory systems, several other factors are known to increase PAVP 

suchh as hypoglycaemia, 22 hypoxia, 23 acidosis, 24 pharyngeal stimuli, 25 pain, 
266 and emetic stimuli. 27 Vasopressin release can also be directly stimulated by 
hormoness and mediators, such as acetylcholine, histamine, nicotine, 
dopamine,, prostaglandins and angiotensin I I , and inhibited by others such as 
opioidss and the atrial natriuretic peptide. 28 

33 Vasopressin-receptor s and thei r subtype s 

3 .11 Th e V j - recepto r (o r V l a - r ecep to r ) 

Michelll et al. subdivided vasopressin-receptors into two major subtypes, that 
iss the Vi- and the V2-receptor, respectively. 29 The Vi-receptors (Fig. 2) are 
primarilyy members of the Gq/n family, but the Gj family can also be involved 
underr certain conditions. 30;31 In analogy with a i - and the Hi-receptors, the VV 
receptorr activates, via a Gq/n-protein, phospholipase C-(3 which cleaves 
phosphatidylinositol-4,5-bisphosphate,, thus yielding inositol-1,4,5-
triphosphatee (IP3) and diacylglycerol (DAG). IP3 induces the release of calcium 
ionss from intracellular stores. 32 Furthermore the activation of the Vi-receptor 
leadss to an enhanced influx of extracellular Ca2+ ions, via L-type Ca2+-
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channels.. The mechanism underlying channel activation so far remains 

unknown.. The Vi-receptor also activates phospholipase D, resulting in the 

hydrolysiss of other phospholipids to produce phosphatidic acid, which is 

fur therr metabolised to yield DAG. DAG in its turn activates protein kinases C 

andd this results in the phosphorylation of key proteins further downstream. 

Finally,, the Vi-receptor mediates the activation of phospholipase A2, and it 

activatess the cyclooxygenase pathway via the mobilisation of arachidonic acid 

f romm phospholipids. 33 All these effects result in either immediate or late 

responses.. Direct responses cause an activation of the contractile elements of 

thee vascular smooth muscle cells, 34 st imulation of the g l ycogenos i s in the 

Figur ee 2: Signal transduction mechanism mediated by the Vi-receptor. Abbreviations: 
PLA2,, phospholipase A2; PLC-6, phospholipase C-6; PLD, phospholipase D; PIP2, L-3-
phosphatidyl-D-myo-inositol-4,5-bisphosphate;; IP3, inositol-(l,4,5)-trisphosphate; 
DAG,, 1,2-diacylglycerol; PA, phosphatidic acid; AA, arachidonic acid; PS's, 
prostaglandins;; LTE's, leucotriens; TXA, Thromboxanes; PKC, Protein Kinase C; Ras 
GRF,, Ras guanine-nucleotide releasing factor; PYK2, proline-rich tyrosine kinase 2; 
MAPK,, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; 
MKK,, MAPK kinase; MKKK, MAPK kinase kinase. 
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hepatocytes,, 35;36 and increased platelet aggregation. 37 The late responses 
involvee the Vi-receptor-mediated effects on cellular hyperplasia and 
hypertrophy.. These effects seem to involve an increased expression of the 
proto-oncogeness c-fos and c-jun, which are both active in transcription 
regulationn of many other genes necessary for cellular growth. 38 Also the 
activationn of MAP kinases seems to be partly regulated by vasopressin. 39;40 

Thee Vi-receptor as Gq-coupled receptor can activate the MAPKerkl/2 pathway 
viaa the upstream stimulation of MAPK Kinase Kinase R a f l (MKKKRaf *). MKKKRafl 

inn this setting can be stimulated through protein kinase C and via an increase 
inn intracellular Ca2+ concentration 41. 

Untill the nineteen seventies research was focused on the antidiuretic effects of 
vasopressin,, because physiological and pathophysiological levels of 
vasopressinn were thought not to play a role in the regulation of vascular tone. 
However,, it is now assumed that vasopressin at normal or increased plasma 
levelss does indeed play a role in the regulation of blood pressure. Several 
importantt findings support this view. Vasopressin has been demonstrated to 
bee a potent vasoconstrictor in vitro. This vasopressin-induced vasoconstriction 
iss most prominent in the splanchnic, muscular and cutaneous vascular beds. 42 

Inn vivo, the vasoconstrictor effects of vasopressin are compromised by a 
decreasee in activity of the sympathetic nervous system. 43 Under physiological 
conditions,, even large elevations of plasma vasopressin levels do not influence 
bloodd pressure, as a result of a counteracting activity of the baroreflex 
system.. 44 Conversely, it has been demonstrated that ganglionic blockade 
enhancedd vasopressin-induced pressor activity. 45;46 The comparison of 
vasopressinn dose-response relationships in conscious normal and sinoaortic 
denervatedd dogs, revealed an enhancement after denervation of the pressor 
sensitivityy to vasopressin that was far stronger than that observed for either 
angiotensinn I I or norepinephrine. 43;47 Lumbers et al. demonstrated that there 
weree no peripheral vasopressin-mediated interactions with baroreceptor 
discharge,, when measured by electrical activity in dissected single fibres from 
thee carotid sinus nerve of anaesthetized dogs. 48 This finding suggests that the 
vasopressin-inducedd augmentation of the baroreflex system is centrally 
locatedd and not dependent on alterations in the sensitivity of carotid sinus 
baroreceptors.. Several authors evaluated the effect of an increased 
vasopressin-plasmaa concentration enhancing the inhibitory action of the 
baroreceptors.. 49"52 The inhibitory action stimulated by vasopressin was 
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preventedd by local destruction of the area postrema and this effect appeared 
too be mediated by the Vi-receptor. This observation confirms the central 
localisationn of vasopressin-induced sensitisation of the baroreflex. 
Interestingly,, in contrast with this feedback mechanism of vasopressin-
mediatedd vasoconstriction, several recent studies show that vasopressin may 
exertt direct potentiating effects on the perivascular nerve fibers of the 
sympatheticc nervous system. 53~55 This peripheral facilitation of the 
sympatheticc nervous system has been demonstrated only in single vessel 
preparationss and it results in an increase of vascular tone. This effect is 
probablyy Vi-receptor mediated. Conflicting results are presented regarding 
theirr pre- or post-synaptic site of action (Figure 3). 

Sympatheticc nerve terminal 

Vasopressin n 

++ + I I 
Vasoconstriction n 

Nervee varicosity 
(Pre-Synaptic) ) 

Synapticc cleft 

Vascularr Smooth 
musclee cell 

(Post-Synaptic) ) 

Figur ee 3: Potentiating actions of vasopressin on the sympathetic nerve varicosity and 
thee vascular smooth muscle cell. Abbreviations: NA, noradrenaline; m and a2, ai- and 
a2-- adrenoceptors. 

Althoughh vasopressin-induced peripheral vasoconstrictor effects are 
consideredd to be the main hemodynamic function of the Vi-receptor, this 
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receptorr may also mediate direct cardiac effects. It has been suggested that 
thee strong reduction in cardiac output induced by circulating vasopressin is not 
causedd by a sensitised baroreflex system, but rather provoked by direct 
cardiacc actions of this peptide. 56 Graf et al. demonstrated, that the VV 
receptorr is involved in the regulation of cardiac function and perfusion. 57 The 
mostt prominent Vi-mediated effects on cardiac physiology appear to be 
coronaryy vasoconstriction and impaired relaxation. 58 Furthermore, it is 
plausiblee that Vi-receptor activation exerts positive inotropic effects, due to 
increasedd intracellular calcium levels in cardiac myocytes. 59;60 Besides these 
directt effects, protein synthesis is also increased by Vi-receptor stimulation, 
andd this phenomenon may be important for the development of cardiomyocyte 
hypertrophyy and cardiac remodelling. 61~63 The relevance of these Vi-mediated 
effectss is emphasized by the assumption that vasopressin possibly serves as a 
locall tissue hormone in the heart. 19 

Figur ee 4: Transmembrane topology of the human vasopressin Vi-receptor showing 
functionallyy important residues. Amino acids highlighted in black circles are critically 
involvedd in agonist binding. Potential glycosylation (on Asn 14, 27 and 196) and 
palmitoylationn (on Cys 365 and 366) sites are also indicated. Adapted from Barberis et 
al.,, with permission. 64 

Inn addition to the cardiovascular effects on end organs, the Vi-receptor also 
mediatess many interactions of vasopressin with other neurohormones. The 
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centrall pressor action of angiotensin I I is partly mediated by an increased 
releasee of vasopressin. 65"67 Furthermore, Vi-receptor activation of endothelial 
cellss increases the release of endothelin 1. 68~70 In the deoxycorticosterone 
acetatee (DOCA)-salt hypertension model in rats, some of the vascular effects 
off vasopressin provoking hypertension are mediated by endothelin 1. 71 The 
Vi-receptorr activation is also involved, although indirectly, in the inhibition of 
Atriall Natriuretic Factor (ANF) secretion in the isolated heart by stimulating 
NO-releasee from the endothelium. 72 This interaction with endothelium-derived 
NOO causes a reduction of Vi-mediated vasoconstriction in the rat kidney. 73 

Furthermore,, exogenous vasopressin induces the release of NO, resulting in 
vasodilationn both in dog brain stem arteries and in the human forearm. 74;7S In 
certainn vascular beds the increase in peripheral resistance may also be 
diminishedd by vasodilator prostaglandins from the endothelial cells. 76;77 

Moreover,, the prostaglandin-regulated proliferative effects may be induced by 
Vi-receptorr activation. 78;79 

3.22 Vi-recepto r agonist s and -antagonist s 

Inn the past decades close to a thousand analogues of vasopressin and 
oxytocinn have been synthesised. 80;81 These agonists and antagonists have 
playedd an important role in the pharmacological identification of the three 
classicall vasopressin receptors. In thee past decade several new Vi-receptor 
antagonistss have been developed. OPC-21268 was the first nonpeptidergic W 
antagonistt described. 10 Although this antagonist was potent in the rat, it 
failedd to induce an inhibition of Vi-receptor mediated effects in humans. 82;83 

Anotherr nonpeptide antagonist is SR-49059 (relcovaptan), which displays a 
markedd affinity, selectivity and efficacy towards both animal and human Vi-
receptors,, without any partial agonistic activity. 84 SR-49059 has been studied 
inn women with primary dysmenorrhea, since in such patients the plasma 
concentrationss of vasopressin are known to be elevated. 85"87 Furthermore the 
effectt of vasopressin on uterine activity is known to increase premenstrually, 
andd a premenstrual rise in the density of Vi-receptors has been demonstrated. 
SR490599 proved to be beneficial in the symptomatic treatment of primary 
dysmenorrhea.. In addition SR-49059 was studied in hypertensive patients. 
Thee outcomes of these investigations will be discussed in paragraph 4.2. 88 In 
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alll human studies so far performed no serious adverse effects of the W 

antagonistt were observed. 

Figur ee 5: Chemical structures of Vi-antagonists: The quinolinone derivative OPC-
212688 and the /V-Sulfonyl-indoline derivative SR-49059. 

3 .33 T h e V 2 - r e c e p t o r 

V2-receptorr activation causes second messenger activation, which is 

comparablee to other stimulants of Gs-protein coupled receptors. When 

occupiedd by an agonist, the V2-receptor (Fig. 6) catalyses the conversion of 

GDPP into GTP on the Gs-protein, with subsequent dissociation of Gs into its as 

andd py subunits. The as subunit stimulates the well-known second messenger 

systemm of adenylyl cyclase, which catalyzes the generation of cyclic AMP, thus 

triggeringg the activation of cyclic AMP-dependent protein kinase (PKA). PKA 

controlss several cellular functions by phosphorylating various substrates. In 

thee principal cells of the entire renal collecting duct, this results in a decreased 

ratee of endocytosis of water channels (aquaporins-2) from the apical 

membrane.. Also the exocytosis-rate of aquaporin-2 containing vesicles to the 

apicall membrane is increased. 89 Furthermore, PKA phosphorylates cyclic-AMP 

responsee binding protein, which in its turn increases the transcription rate of 

thee gene encoding aquaporin-2. The increased number of aquaporins on the 

apicall membrane due to V2-receptor activation results in an increased 

reabsorptionn of water by the renal collecting duct. 
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Figur ee 6: Signal transduction mechanism mediated by the V2-receptor involved in 
thee regulation Aquaporin-2 translocation to the apical membrane in the collecting 
duct.. Abbreviations: PKA, Protein Kinase A; cAMP, cyclic AMP; AQP2, Aquaporin 2 

Vasopressinn regulates urine osmolality and volume (Fig. 7) by adapting the 
permeabilityy to water of the cortical- and medullary-collecting duct to water 
viaa the V2-receptor. Furthermore, activation of the V2-receptor induces an 
increasedd number of active Na-K-2CI cotransporters (NKCC2), epithelial 
sodiumm channels (ENaC) and renal outer medullary potassium channels 
(ROMK)) in the luminal membrane. 90~93 This results in increased sodium 
reabsorptionn and potassium secretion in the thick ascending limb and the 
corticall and medullary-collecting ducts. Recent studies suggest that 
vasopressinn also decreases extra renal fluid losses via the upregulation of 
ENaC'ss in the lung. 94 V2-receptor antagonists are able to prevent this effect. 
Inn the terminal inner medullary collecting duct V2-receptor activation increases 
permeabilityy to urea. This process probably involves a PKA -
inducedd phosphorylation of the vasopressin-regulated urea-transporter A l 
(UT-A1).. 95 
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Nr. . 

1 1 
2 2 

3 3 

4 4 

5 5 
6 6 

Location n 

Talll ascending limb 
Corticall collecting 
duct t 
Terminall collecting 
duct t 
Medullaryy interstitial 
cells s 
Vasaa recta 
Pneumocytess 2 in 
thee lung 

Receptor r 

v2 2 
v2 2 

v2 2 

Vi i 

V i i 

v2 2 

Effectt via the activation of the 
followingg mechanism. 
ENaC C 
AQP2,, NKCC2, ENaC and ROMK 

AQP22 and UT-A1 

Stimulationn of the prostaglandin 
production n 
Vasoconstriction n 
ENaC C 

Tabl ee 1: Vasopressin-mediated effects in water and electrolyte homeostasis. 
Abbreviations:: AQP2, aquaporin-2; EnaC, epithelial sodium channels; NKCC2, Na-K-
2CII co-transporters; ROMK, renal outer medullary potassium channels; and UT-A1, 
vasopressin-regulatedd urea-transporter A l 

Figur ee 7: Effects of vasopressin on the Nephron. Numbers refer to those given in 
tablee 1. 
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Alll V2-mediated effects can be partly counteracted by a Vi-receptor mediated 
productionn of prostaglandin E2 (Pgs) in the medullary interstitial cells and are 
thoughtt to play a role at plasma vasopressin levels of 15 pg/ml and higher. 
Prostaglandinn E2 is known to inhibit cyclic AMP in the collecting duct. 96 This 
explainss the well-known antidiuretic side effect of indomethacin and other 
prostaglandinn synthesis-inhibitors (NSAID's). In addition, physiological 
elevationss of plasma vasopressin levels (up to 8 pg/ml) reduce blood flow to 
thee inner medulla, whereas a constant blood flow in the outer medulla is 
maintained.. This is a VVreceptor dependent effect at the level of the 
microvesselss of the medullary vasa recta. Accordingly, urine osmolality during 
waterr restriction is optimised, without any changing of baseline arterial 
pressuree or renal cortical blood flow. This mechanism appears to be of utmost 
importancee because of the high oxygen consumption by the renal cortex. 97 

Thee V2-receptor is less widely distributed than the Vi-receptor. The Wreceptor 
iss especially known for its renal effects, but in the past decade evidence was 
presentedd that extra-renal Wreceptor activation may result in vasodilation of 
severall vascular beds. 75;98-100 

3.44 V 2 - recepto r agonist s an d -antagonis t s 

AA well-known vasopressin analogue is l-deamino-8-D-arginine vasopressin 
(DDAVP,, or Desmopressin). This agonist is about 3000 times more functionally 
selectivee for the V2 than for the Vi-receptor. 6 V2-receptor activation by 
desmopressinn causes a strong antidiuretic effect. Desmopressin forms the 
cornerstonee in the treatment of all forms of central diabetes insipidus. 

Itt was already demonstrated around nineteen hundred that stress enhanced 
bloodd clotting via the increase of plasma adrenaline concentrations. Later it 
becamee evident that this effect was caused by an increase in coagulation 
factorr VIII (VTII:C). Besides adrenaline also vasopressin and insulin were able 
too induce an increase in VIII:C. This increase in VIII:C was comparable in 
healthyy humans and in patients with mild Hemophilia A. 101 The development 
off the synthetic vasopressin analogue desmopressin, which is virtually devoid 
off hemodynamic side effects, allowed the application of a blood-transfusion-
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freee therapy for the prevention and treatment of bleeding in these patients. 
Thee source of VIII:C release is not known, but V2-receptor mediated, since 
patientss with nephrogenic diabetes insipidus are unresponsive to 
desmopressin.. 102 In addition to the increase of VIII:C, desmopressin 
increasess plasma levels of tissue-type plasminogen activator (t-PA) and von 
Willebrandd factor (vWF) and it enhances platelet adhesion to the vessel wall. 
io3;io44 Endothelial cells release both t-PA and vWF. Only t-PA release can be 
acutelyy initiated by desmopressin, whereas the release of the vWF seems to 
bee synthesis dependent. 105;106 The fibrinolysis induced by the release of t-PA 
iss generally mild, desmopressin is therefore suitable to reduce the clotting 
timee for clinical purposes. 

Thee following V2-antagonists are currently under investigation SR-121463, 
OPC-31260,, OPC-41061 (tolvaptan), VPA-985 (lixivaptan), WAY-140288, VP-
343,, VP-339 and FR-161282. The first 4 compounds are presently undergoing 
phasee I I clinical tials. These 4 compounds have been shown to produce a dose 
dependentt aquaresis (increase in urine volume, with a low urine osmolality) 
andd a correction of hyponatremia if present. The major potential clinical 
indicationss for the V2-antagonist are conditions that are associated with 
hyponatremiaa and fluid retention, such as congestive heart failure, liver 
cirrhosiss with ascites and the syndrome of inappropriate antidiuretic hormone 
(SIADH). . 

YM-0877 (conivaptan) is a mixed Vi/V2-antagonist, with a comparable affinity 
forr the Vi and V2 receptor. This compound is under evaluation in phase I I I 
clinicall trials, in particular for the treatment of hyponatremia associated with 
congestivee heart failure. Currently three other Vi/V2-antagonists are in the 
pre-clinicall stage of investigation: YM-471, JTV-605 and CL-385004. 
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Figur ee 8: Chemical structures of V2-antagonists and a Vi /2-antagonist: The 
benzazepinee derivatives OPC-31260, OPC-41061 and VPA-985 and the /V-Arylsulfonyl-
oxindolee derivative SR-121463, all selective V2-antagonists. The benzazepine 
derivativee YM-087 a combined V1/2-antagonist 
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3.55 V 3 - recepto r (o r V l b - r ecep to r ) 

Studiess of ligand binding profile, coupling to phospholipase C and adenylyl 
cyclase,, revealed a unique pharmacological profile for this pituitary gland 
receptor.. Depending on the level of receptor expression, the V3-receptor 
coupless to members of the Gq/n family, alone or in combination with G\, and it 
mayy also recruit Gs. Consequently, the human V3-receptor displays a 
pharmacologicall profile clearly distinct from that of the human Vi- and V2-
receptor.. 107 Accordingly, the earlier nomenclature designating this receptor as 
Vib,, suggesting that this receptor evokes a comparable second messenger 
activationn as the Vi(a)-receptor, has become obsolete. 

Stimulationn of the V3-receptor enhances the release of adreno-corticotrophic 
hormonee (ACTH) from the anterior pituitary gland. Furthermore, recent 
studiess have demonstrated that the V3-receptor is expressed in multiple brain 
regionss and in a number of peripheral tissues, such as the kidney, adrenal 
medulla,, pancreas, thymus, heart, lung, spleen, uterus, and breast. 108 In the 
humann adrenal medulla the V3-receptor is thought to be involved in the 
regulationn of adrenal function. 109 In the rat pancreas, the V3-receptor may 
enhancee both insulin n 0 and glucagon release. i n Vasopressin induces insulin 
andd glucagon release in a glucose-dependent manner, the higher the glucose 
concentration,, the stronger the enhancement of vasopressin-induced insulin 
release,, and vice versa. u 2 The possible physiological importance of the 
peripherall V3-receptor in other organs remains to be established. Recently, the 
firstt selective, nonpeptide V3-antagonist, SSR149415, was described. 113 The 
developmentall status of this compound is still preclinical. 

3.66 Recentl y discovere d vasopressi n receptor-subtype s 

Severall new vasopressin-receptors, with varying scientific evidence with 
regardd to their biological activity and functional relevance, are currently under 
investigation.. An example is the vasopressin-activated calcium-mobilizing 
(VACM-1)) receptor. The VACM-1 receptor does not share any structural or 
sequencee homology with the cloned VV or V2-receptors, has one putative 
transmembranee domain and belongs to the recently discovered gene family 
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termedd cullins. 114 VACM-1 receptors are localised in endothelial-, renal 
medullaryy collecting tubule- and brain cells. 115;116 The biological role of the 
VACM-11 receptor so far remains unknown. The VACM-1 receptor has, in 
analogyy with other cullin family members, been implicated in the regulation of 
thee cell cycle. Furthermore, VACM-1-receptor activation is likely to influence 
intracellularr signalling pathways. 117 

Besidess the VACM-1 receptor a dual angiotensin I I (Ang II)-vasopressin 
receptorr was discovered, by screening of a rat kidney complementary DNA 
library.. This receptor has probably 7 transmembrane regions and seems to be 
Gj-coupled.. It appears to be substantially different from other G-protein 
coupledd receptors. The corresponding mRNA has been cloned in many human 
peripherall tissues. Functional analysis revealed specific binding to both Ang I I 
andd vasopressin, and to Ang II- and vasopressin-induced coupling to the 
adenylatee cyclase second messenger system. Site-directed mutagenesis of the 
predictedd Ang I I binding domain obliterated Ang I I binding, but preserved 
vasopressinn binding, suggesting the presence of distinct Ang I I and 
vasopressinn binding domains. 118 

Recently,, the screening of a rat kidney complementary DNA library revealed a 
"V66 encoded vasopressin Vi-type receptor", with a high density in vascular 
smoothh muscle cells. U 9 Pharmacological studies have suggested the possible 
existencee of another receptor, displaying vasodilator activity after stimulation 
withh vasopressin-derived peptides and exhibiting little or no functional 
interactionss with the classic three vasopressin-receptors. 120 These peptides 
aree structural analogues of V2 receptor ligands. Indeed, Johns et al. 
demonstratedd a desmopressin-induced vasodilation, which proved insensitive 
too V i - or V2-antagonists, without evoking an increase of cAMP or cGMP levels. 
121 1 
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44 Clinica l re levanc e of vasopressi n and th e re late d drug s 

Thee present investigation is predominantly concerned with the vascular effects 
off vasopressin and therefore three cardiovascular syndromes in which 
vasopressinn or its antagonists could play a role will be discussed. 

4 .11 Shoc k 

Haemorrhagic,, 122 cardiogenic, 123 and septic shock 124 are associated with an 
increasee in plasma vasopressin levels. In the early phase these levels are the 
highestt reported for the release of endogenous vasopressin. The plasma levels 
rangee between 100 and 1000 pg/ml, compared to the level of 20 pg/ml, which 
iss needed to maximally increase urine osmolality during water deprivation. 
Duringg the progression of shock, the vasopressin levels are decreasing for so 
farr unexplained reasons. 125 It has been speculated that inappropriately low 
plasmaa levels of vasopressin are, at least partly, related to a depletion of 
vasopressinn stores in the pituitary gland. 126 

Besidess the well-known effectiveness of vasopressin in the treatment of 
bleedingg from oesophageal varices, there exists limited evidence with the 
systemicc use of vasopressin in patients with a severe haemorrhage. 127 Two 
randomisedd clinical trials, in which the therapeutic potential of vasopressin in 
septicc shock was investigated, have been conducted. 128'129 The first study 
randomlyy assigned 10 patients to vasopressin 0.04 U/min or placebo. This 
treatmentt resulted in an increased peripheral resistance and blood pressure; 
moreover,, all patients receiving vasopressin were withdrawn from all other 
catecholaminee pressor agents 24 hours later. The second study, randomly 
assignedd 24 patients to a 4-hour double-blinded infusion of noradrenaline or 
vasopressin.. In contrast to noradrenaline, vasopressin decreased the need for 
conventionall therapy and increased urine output and creatinine clearance. 
Theree were no signs of myocardial or gastric ischaemia due to the treatment 
withh vasopressin. 

Inn patients subjected to cardiopulmonary resuscitation (CPR) endogenous 
vasopressinn plasma levels are higher in those who survived. 13  The use of 
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vasopressinn in a CPR setting has theoretically, an advantage over adrenaline, 
sincee 0-adrenergic receptor-mediated effects do not occur. Accordingly 
vasopressinn does not increase myocardial oxygen consumption and it prevents 
skeletall muscle vasodilation. Furthermore, in contrast to cathacholamine-
inducedd vasoconstriction, the vasoconstriction elicited by vasopressin is 
maintainedd during severe acidosis. This suggests that vasopressin becomes 
relativelyy more effective with a longer duration of cardiac arrest. 131 During a 
shortt period of experimentally-induced ventricular fibrillation in animals, 
exogenouss vasopressin during CPR increased coronary perfusion pressure 132, 
cerebrall oxygen delivery, and the blood flow was redistributed in favour of the 
vitall organs. 133;134 

Twoo trials have been performed in patients with cardiac arrest comparing 
vasopressinn to adrenaline. One study demonstrated, in patients with out-of-
hospitall ventricular fibrillation, a significantly better survival for the 
vasopressin-treatedd group. 135 Another study evaluated the same drugs in 104 
patientss with in-hospital cardiac arrest (20 % ventricular fibrillation), however, 
thiss study failed to detect an advantage for vasopressin over adrenaline. 136 An 
ongoingg large trial (1500 patients) is conducted under the guidance of the 
Europeann Resuscitation Council in order to study the possible benefits of 
vasopressinn in patients with cardiac arrest. 

Accordingg to the Guidelines of the American Heart Association, vasopressin 
mayy be a more effective than adrenaline in promoting the return of 
spontaneouss circulation in cardiac arrest due to ventricular fibrillation. 137 The 
evidencee from prospective clinical trials in humans is limited but consistently 
positivee (Class l ib) . Vasopressin (40 U IV, not repeated) may be substituted 
forr adrenaline as an alternative Class l ib agent (acceptable; fair supporting 
evidence).. The better adverse effects profile of vasopressin may be the major 
indicationn for its use. So far, this advice has not yet been incorporated into the 
guideliness of the European Resuscitation Council. 138 
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4.22 Hypertensio n 

Thee role of vasopressin in the pathogenesis of hypertension is controversial. In 
animall models of experimental hypertension the role of vasopressin has been 
extensivelyy investigated. In Spontaneous Hypertensive Rats (SHR), 139 two-
kidneyy one clip hypertension in rats, 14  Dahl's salt sensitive rats receiving a 
highh salt diet, 141 and DOCA-salt induced hypertension in rats, 142'143 bolus 
injectionss of peptidergic- and non- peptidergic Vi-receptor antagonists 
resultedd in a significant decrease in blood pressure. These results suggest that 
vasopressinn is involved in the maintenance of hypertension, at least in these 
animall models. 

Chronicc administration of the Vi-receptor antagonist OPC 21268 in an 
experimentall rat model of DOCA-salt induced hypertension significantly 
preventedd the development of hypertension. 142 Treatment with a Vi-receptor 
antagonistt reduced the full development of hypertension in SHR. 144;145 These 
resultss are in contrast with those of others who, in the same model, did not 
observee a beneficial effect for chronic treatment with a Vi-antagonist. 146 In 
thee two-kidney one clip model of hypertension chronic treatment with Vi- and 
V2-antagonistss did not demonstrate a role for vasopressin in the maintenance 
off blood pressure. 147 In another model evaluating the chronic administration 
off vasopressin antagonists the role of vasopressin seems to be less important. 
Chronicc NO-synthesis inhibition induced hypertension was not influenced by 
thee chronic administration of a Vi-receptor antagonist. 148 

Researchh in humans concerning the role of vasopressin in hypertension has 
beenn performed as well. These studies demonstrated increased plasma 
vasopressinn levels. 149*153 The major question already asked by Padfield 149 in 
19766 is: are the increased levels of vasopressin a cause or an effect of 
hypertension?? Vi-receptor blockade in healthy volunteers does not influence 
bloodd pressure, suggesting that vasopressin is not involved in normal blood 
pressuree regulation. 154;155 Moreover infusion of vasopressin in normal 
subjects,, beyond the levels found in malignant hypertensive patients, did not 
influencee blood pressure. 149 In patients with the syndrome of inappropriate 
antidiureticc hormone (SIADH) the clinical picture is characterised by fluid 
retentionn and low serum sodium levels. However, in patients with SIADH the 
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elevationn of vasopressin plasma levels do not result in the development of 
hypertension.. 155~157 

Thee outcomes of these studies in combination with the results from animal 
experimentss do not support a major role of vasopressin in the development 
andd maintenance of hypertension, although some criticism on this view has 
beenn expressed. Ribeiro et al. demonstrated that random sequential blockade 
off the sympathetic nervous system, the renin-angiotensin system, or the 
vasopressinn system increased the blood pressure dependence of the two 
unblockedd systems in patients with severe hypertension. Although the 
contributionn of the vasopressin system was rather limited, the vasopressin 
componentt in blood pressure maintenance was evident. 158 It is generally 
acceptedd that ACE-inhibition in patients decreases vasopressin release, 153;159 

butt under certain conditions the sensitivity to vasopressin may be increased 
underr ACE inhibition. 16  Furthermore, acute blood pressure lowering with 
sodiumm nitroprusside or clonidine in hypertensive patients increased 
vasopressinn plasma levels. 161 Antihypertensive drug treatment at present is 
mainlyy based upon suppression of the activities of the sympathetic nervous 
systemm and of the renin-angiotensin aldosteron system (RAAS). It can be 
imaginedd that the vasopressin "system" may gain importance in the 
pathophysiologyy of hypertension, and also as a target for drug treatment. 

4.33 Vasopressi n in negroi d hypertensive s 

Vasopressinn levels appear to increase with age in normotensive subjects, 
partlyy as a result of decreased urinary concentrating capacity, and vasopressin 
iss assumed to play a more prominent role in the regulation of blood pressure 
inn the elderly. 162"166 Ethnic factors also differentiate hypertensive patients in 
thiss respect. 151 African-American hypertensives are known to display 
increasedd vasopressin plasma levels compared to age-matched hypertensive 
Caucasianss or African-American normoten-sives. 167 The involvement of 
vasopressinn in blood pressure control was emphasized by Bakris et al., who 
foundd that only in African-American hypertensives a Vi-antagonist decreased 
bloodd pressure. This effect was not seen in age-matched Caucasians. 168 

African-Americann hypertensives are known to display a low renin, salt 
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sensitivee form of essential hypertension, which is usually associated with 
higherr levels of vasopressin. 142;15 169;170 Thibonnier et al. evaluated the effect 
off a single oral dose of the Wantagonist SR-49059 in 24 patients with 
hypertensionn and observed no reduction in blood pressure. However, after a 
hypertonicc salt infusion (a procedure known to increase the release of 
endogenouss vasopressin levels) in the presence of SR49059, the heart rate 
increasee was limited, while the blood pressure peak proved decreased. 88 

Althoughh the role of vasopressin in hypertension is certainly not 
straightforward,, in certain categories of patients treatment with vasopressin-
antagonistss seems worthwhile to be investigated. In hypertension 
vasopressin-antagonistss are thought to be preferably effective against both 
thee Vi- and V2- receptor, in order to lower both the peripheral vascular 
resistancee and the circulating volume. 81 

4.44 Congestiv e hear t fa i lur e 

Severall authors have described elevated vasopressin plasma levels in patients 
withh congestive heart failure. 171"178 Francis et al. reported that patients with 
asymptomaticc left-ventricular dysfunction had elevated plasma vasopressin 
levelss when compared to control patients, whereas patients with symptomatic 
mild-to-moderatee heart failure had even higher vasopressin plasma levels. 171 

Rouleauu et al. emphasized the prognostic value of vasopressin levels in the 
Survivall and Ventricular Enlargement (SAVE) population of post-myocardial 
infarctionn patients with left-ventricular dysfunction. 179 In this study, 1 month 
afterr myocardial infarction vasopressin levels were associated with adverse 
long-termm cardiovascular outcomes, including heart failure, recurrent 
myocardiall infarction, and death. In patients with congestive heart failure 
somee studies could not demonstrate a direct relation between cardiac output 
andd serum sodium levels on the one-hand and vasopressin levels on the other. 
i74;i76;i777 j n parents with congestive heart failure, two groups may be 
distinguished:: one group displays relatively low to slightly increased 
vasopressinn levels, showing a 'normal' relationship between vasopressin and 
osmoregulatoryy control. Conversely, in the second group, with moderate to 
highlyy increased vasopressin levels, no relationship between vasopressin and 
plasmaa osmolality is established. In particular parameters reflecting renal 
functionn like blood urea nitrogen and serum creatinine levels, proved to be 
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deterioratedd in the second group. Furthermore, plasma sodium levels were 
stronglyy decreased in the second group, which is an ominous sign in the 
prognosiss for patients with congestive heart failure. 

Thee possible role of vasopressin was evaluated in several animal models of 
congestivee heart failure. 18 191 in all studies an increase in vasopressin plasma 
levels,, or an increased vascular sensitivity, was established. Acute 
administrationn of a Vi-antagonist induced various hemodynamic effects, 
rangingg from no observed effect at all, 183 to an increase in cardiac output, a 
decreasee in systemic vascular resistance and improved renal function without 
significantt changes in serum electrolytes and hormones. 18 184-189;191-194 i n one 
studyy the effect of administration of an ACE inhibitor was comparable to that 
off a Vi-antagonist with regard to the reduction of peripheral resistance. 
Furthermore,, total peripheral resistance was normalised after the combined 
administrationn of an ACE inhibitor and a Vi-antagonist. 186 A selective V2-
receptorr antagonist (OPC-31260) induced marked water diuresis, reduced 
urinee osmolality, increased plasma sodium and vasopressin concentrations, 
andd increased plasma renin activity.188 The combined administration of a Vi 
andd a V2-antagonist (OPC-21268 and OPC-31260) has yielded synergistic 
hemodynamicc as well as additive renal and metabolic responses. These results 
weree confirmed by the use of conivaptan, a nonpeptidergic combined Vi/V2-
antagonist.. 189;195 

Inn the nineteen eighties several studies were conducted to evaluate the 
responsee to a peptide Vi-receptor antagonist in patients with advanced 
congestivee heart failure. 196"198 A decrease of peripheral resistance was 
observedd in 5 to 30 % of the patients. In a randomised, double blind, placebo 
controlledd trial the effect of short-term treatment with conivaptan at a single 
intravenouss dose (10, 20, or 40 mg) was evaluated in 142 patients with 
congestivee heart failure (NYHA III and IV). 199 Conivaptan at 20 and 40 mg 
significantlyy reduced pulmonary capillary wedge pressure and right atrial 
pressure.. Furthermore, a dose-dependent increase in urine output was 
observed. . 

Thee possibilities of chronic treatment with Vi-,V2-, or combined Vi/V2-
antagonistss have been evaluated in animal models of congestive heart failure. 
200-2033 chronic Vi-receptor blockade improved left ventricular function as well 
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ass neurohormonal profiles in rapid pacing-induced congestive heart failure in 
pigs.. 20  Chronic treatment with a V2-antagonist provoked a marked water 
diuresiss in a rat model of coronary artery ligation. 201;202 Dual Vi/V2-receptor 
blockadee (conivaptan) induced a decrease in urine osmolality and an increase 
inn urinary volume and plasma vasopressin levels. Furthermore, the right 
ventricularr mass appeared to be reduced. Treatment with the ACE inhibitor 
captoprill did not influence any renal parameter, but as expected it reduced left 
andd right ventricular mass. Combination treatment of both conivaptan and 
captoprill resulted, besides the above-mentioned effects, in a reduction of 
bloodd pressure, natriuretic peptide plasma levels, and pulmonary congestion. 
Therefore,, in the management of vasoconstriction and fluid retention in the 
syndromee of congestive heart failure, treatment with Vi and/or V2 antagonists 
inn addition to ACE-inhibitors could be favourable. 204 Treatment of chronic 
congestivee heart failure in pigs with a VVreceptor antagonism (SR-49059) or 
Angg I I type 1 (ATJ-receptor antagonism (irbesartan), resulted in a reduction 
off left ventricular end diastolic dimensions, peak wall stress values and 
noradrenalinee levels. Combination treatment by VV and ATi-receptor blockade 
furthermoree resulted in improved left ventricular and myocyte shortening. 200 
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Ai mm of th e presen t investigatio n 

Thee neurohormone vasopressin plays an important role in the maintenance of 
thee circulating volume and as a regulator of the vascular tone. The 
vasopressinn receptor subtypes and their regulating function are reasonably 
welll characterised. The availability of new non-peptidergic vasopressin-
antagonistss enables us to perform a more detailed analysis of the various 
effectss of vasopressin. Accordingly, the major aim of the present study was to 
elucidatee possible interactions of vasopressin with three other 
neurotransmitterss and modulators associated with the cardiovascular system. 

1)) The sympathetic nervous is one of the major control mechanisms of the 
cardiovascularr system. Circulatory impairment, in syndromes like 
congestivee heart failure or shock, results in a reflex activation of the 
sympatheticc nervous system. Vasopressin has been demonstrated to 
potentiatee the inhibitory action of the baroreceptor-reflex on the 
sympatheticc nervous system. In addition, several recent studies show 
thatt vasopressin may have direct potentiating effects on the 
perivascularr nerve fibres of the sympathetic nervous system. This 
peripherall facilitation of the sympathetic nervous system has been 
demonstratedd only in single vessel preparations, and it is possibly Vi-
receptorr mediated. With respect to their pre- or post-synaptic site of 
actionn conflicting results have been presented. We have adressed these 
issuess by evaluating the facilitating effect of vasopressin on the 
sympatheticc system in three experimental models. Accordingly, we used 
thee single vessel preparation of the rat mesenteric artery for isometric 
tensionn recordings, the intact circulation of the pithed rat to study the 
effectss on the blood pressure, and the forearm-circulation of healthy 
humann volunteers for the local effects on blood flow, respectively. Using 
thee new, relatively selective, vasopressin-antagonists, the receptor 
characteristicss were determined. Furthermore we assessed the location 
off the vasopressin receptors with respect to the pre-, or postsynaptic 
sites. . 

2)) It is well established that the endothelium plays a pivotal role in the 
regulationn of the vascular tone. In addition vasopressin interacts with 
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severall local endothelium-dependent factors. To clarify their relative 
contributionn we assessed the interaction of vasopressin with the NO-, 
thee cyclooxygenase-, the lipoxygenase-pathways, endothelium-derived 
hyperpolarizingg factor (EDHF) and the endothelin system, respectively. 
Inn these experiments we focussed on the role of these factors in the 
vasopressin-inducedd vasoconstriction using the isolated renal artery of 
thee rabbit for isometric tension recordings. 

3)) In recent years, intensive research has been conducted to analyse the 
intracellularr regulatory pathways and mechanisms that are associated 
withh cardiovascular diseases. The MAPKerkl/2 pathway appears to be 
highlyy relevant, since it has been associated with the development of 
congestivee heart failure, cardiac hypertrophy and vasoconstriction. The 
establishedd role of vasopressin in the regulation of the MAPKerkl/2 

pathwayy has so far only been investigated in cultured cells. A variety of 
otherr G-coupled receptors have demonstrated a MAPKerkl/2 pathway 
dependencee in the mediation of vasoconstriction in vascular tissue. 
Therefore,, we focussed on the relation between vasopressin, 
vasoconstriction,, and the MAPKerkl/2 pathway. For this purpose, we 
performedd experiments with isolated rat aortae in an organ bath set-up 
forr isometric tension recording in combination with Western blot 
analysis. . 



466 Introduction 



CHAPTERR 2 

VASOPRESSIN-INDUCE DD FACILITATIO N OF ADRENERGIC 

RESPONSESS I N THE RAT MESENTERIC ARTERY IS 

Vi-RECEPTORR DEPENDENT. 

AutonomicAutonomic & Autacoid Pharmacology 2003; 23: 35-41 



48 8 FacilitationFacilitation in the mesenteric artery 

1.. Introductio n 

Thee neurohypopyseal peptide hormone arginine vasopressin (AVP) is known to 
regulatee water reabsorption in the renal tubular cells via the V2 receptor. * AVP 
alsoo acts as a potent vasoconstrictor in numerous vessels through the Vi-
receptor,, 2 although it appears to mediate vasodilation in some vascular beds 
viaa the V2-receptor. 3"5 Furthermore, AVP also exerts haemostatic activity, due 
too an enhanced platelet aggregation 6 and to an increased release of 
coagulationn factors. 7 Moreover, AVP regulates the release of adreno-
corticotropicc hormone (ACTH), through the activation of the V3-pituitary 
receptorr (or Vib-receptor). 8 

Elevatedd plasma AVP levels are a common finding in congestive heart failure, 
whichh could play a role in the pathophysiology of this syndrome. 9;10 Several 
studiess have evaluated a possible role of AVP in essential hypertension. 
Althoughh these analyses did not yield conclusive results, it seems possible that 
AVPP plays a role in certain subgroups of hypertensive subjects. n"13 The 
importantt role of the sympathetic nervous system in both clinical syndromes is 
welll established. 14"17 Interestingly, several studies show that AVP may have 
indirectt effects on the perivascular nerve fibers of the sympathetic nervous 
system.. 18"21 It can be imagined that this interaction is clinically relevant. 

Thee possibility to study the interaction between AVP and sympathetic neurons 
hass been improved by the recent introduction of highly selective, non-
peptidergicc AVP receptor antagonists. The older peptidergic AVP antagonists 
weree of limited clinical value because of their short half-life, low bioavailability 
andd exclusive parenteral administration. OPC-21268 was the first non-peptide 
AVPP antagonist described by Yamamura et al. 22 In the past decade, new non-
peptidee AVP antagonists have been developed, with a better profile, regarding 
theirr affinity, efficacy and selectivity for either the Vi- or V2-receptor. 23~25 The 
importancee of these antagonists has gained weight owing to the ongoing 
clinicall evaluation of several AVP antagonists. 26~28 

Thee present study was designed to investigate which AVP receptors are 
involvedd in the potentiation of sympathetic neurotransmission by AVP. 
Furthermore,, we aimed to evaluate whether the facilitation of AVP is pre- or 
post-synapticallyy located. So far both sites have been suggested to play a role. 
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i8;2i;29-3ii 0 n e j m p o r t an t problem is the heterogeneity of responses to AVP in 
differentt vascular beds. These responses range from a marked 
vasoconstrictionn to vasodilation and even to a biphasic vascular response. 3" 
5;32-355 T n e involvement of a vascular V2-receptor on the vascular smooth 
musclee cells or indirectly on the endothelium is very likely. This makes the 
interactionn between a pre- or postsynaptic V2-receptor and sympathetic 
nervouss system extremely complicated to evaluate, since the vasodilating 
effectt of a post-synaptic Wreceptor can mask facilitation of sympathetic 
neurotransmissionn by a pre-synaptic V2-receptor. 

Inn order to elucidate the various complex effects of AVP, we evaluated in vitro 
inn rat mesenteric artery preparations the interaction between AVP and the 
sympatheticc nervous system. We applied the new non-peptide AVP 
antagonistss SR-49059 (Vi), SR-121463 B (V2) and the V2-agonist 
desmopressinn as pharmacological tools for the analysis of the interaction 
betweenn AVP and the sympathetic neurons in the present study. 

2.. Method s 

IsolatedIsolated small mesenteric arteries 

Malee Wistar rats (250-270 g) were obtained from Charles River (Sulzfeld, 
Germany).. The rats were killed by stunning and decapitation. The mesenteric 
vascularr bed was placed in a physiological salt solution (PSS) of the following 
compositionn (mM): NaCI (118.5); KCI (4.7); KH2P04 (1.2); CaCI2 (2.5); MgS04 

(1.2);; glucose (5,5); Na4EDTA (0.026); NaHC03 (25). Ascorbic acid (100 mg/l) 
wass added to prevent oxidation of noradrenaline; Yohimbine (1 uM), 
propranololl (1 uM) and N^-nitro-L-arginine (L-NNA, 0.1 mM) were added to 
preventt a2- or (3-adrenergic effects of noradrenaline or those of endothelium 
derivedd nitric oxide, respectively. The arteries were dissected at room 
temperaturee and the PSS was continuously gassed with carbogen (95% 02 

andd 5% C02) at a pH-value of 7.3-7.4. The fat and connective tissues were 
dissectedd from the mesenteric artery segments. The arteries were cut into 
segmentss of 2 mm long and two stainless steel wires, with a diameter of 40 
uM,, were inserted into the lumen. Thereafter the vessels were mounted in an 
organn bath of an isometric wire myograph with PSS at a temperature of . 
Thee vessels were equilibrated for 30 minutes before the normalization 
proceduree according to Mulvany and Halpern was started. 36 In the 
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normalisationn procedure the resting tension was adjusted to a level 
comparablee to a transmural pressure of 100 mmHg. Isometric tension was 
measuredd by means of isometric force transducers (Kister Morse, DSG 6, 
Redmond,, WA, USA), connected to a MacLab/8 computer system. 

ExperimentalExperimental protocol 1 

Afterr the normalisation procedure the vessel segments were subjected for 5 
minn to a depolarising PSS (containing 120 mM K+), thus causing a contraction 
off the vascular smooth muscle. In this solution 115.3 mM NaCI had been 
isotonicallyy replaced by KCI, resulting in a total KCI concentration of 120 mM. 
Withh 20 min equilibration intervals this was followed by 5 min periods of once 
moree PSS KCI 120 mM. Subsequently vasoconstriction induced by 
phenylephrinee (PhE) 3 uM, and after 20 minutes by PSS KCI 120 mM was 
appliedd again. Thirty minutes after the last potassium-induced contraction, 
concentration-responsee curves (CRC) for AVP (0.1 nM- 1 uM) were 
constructed,, in the presence or absence of the Vi-antagonist SR-49059 (10 
nM)) or the V2-antagonist SR-121463 B (10 nM), respectively. The incubation 
periodss of these compounds was 25 min. The results of the AVP-induced CRC 
andd the effects of the AVP-antagonists are expressed as a fraction of the 
maximall contractile force of the third potassium-induced contraction. 

ExperimentalExperimental protocol 2 
Thee stimulator (Danish Myo Technology, model CS200) provided electrical field 
stimulationn (EFS) via two platinum electrodes. We used a bipolar current of 
150/-1500 mA with a pulse width of 2 ms. for 30 s. per frequency step, in 
subsequentt steps of 1, 2, 4, 8 and 16 Hz, respectively. During this experiment 
33 periods of EFS were applied in 30 min. intervals. The reference stimulation 
wass the second period of EFS (S2). The third stimulation (S3) was compared 
too S2 and was carried out in the presence or absence of vehicle, 0.3 nM AVP, 
thee Vi-antagonist SR-49059 (10 nM), the V2-antagonist SR-121463 B (10 nM), 
orr desmopressin (30 pM-300 nM). 

ExperimentalExperimental protocol 3 
Thee priming procedure was similar to that used in experiment 1. This was 
followedd by a 30 min interval; thereafter we precontracted the vessel with 
noradrenalinee (10 uM) and the possible vasodilator effects of exogenous 
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desmopressinn (0.03 nM- 300 nM) were then evaluated by means of a CRC and 

weree related to a t ime-corrected control preparation. 

ExperimentalExperimental protocol 4 

Thee priming procedure was the same as that used in experiments 1 and 3. 

Thiss was followed by 30 min interval; thereafter a concentration response 

curvee was constructed to evaluate the effects of exogenous noradrenaline 

(0.011 uM- 10 uM). These experiments were repeated in the presence or 

absencee 0.3 nM AVP, or the Vi-antagonist SR-49059 (10 nM). As in 

experimentt 1 , the results are expressed as a fraction of the third potassium-

inducedd contraction. 

s s 
E E 
o o 
CM M 

+ * * 
5S S 

o o 
o o 
t i . . 

100--

50--

o-i i 
11 1 1 1 1 -

-100 -9 -8 -7 -6 

AVPP (log M) 

Figur ee 1. Effect of vasopressin (AVP) on the contraction of the isolated rat mesenteric 
arteryy in the presence or absence of the Vi-receptor antagonist SR-49059, or the V2 -
receptorr antagonist SR-121463 B. The AVP concentration is shown on the abscissa 
(expressedd as log mol). The increase in contractile force (expressed as fraction of a 
standardd contraction to KPSS) is shown on the ordinate. Values are expressed as 
meanss  SEM (n=6-7). 

StatisticalStatistical evaluation 

Alll data are expressed as means  SEM. The CRC for the compounds 

investigatedd were analysed by means of a computer programme (Graph Pad, 

Inst i tutee for Scientific Informatics, San Diego, CA, USA). The pD2 value [-log 

 Control 
 SR-49059 10 nM 
 SR-121463 B 10 nM 
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off the effective concentration (molar) that produces 50% of the maximal 
effect],, as well as the maximal effect (Emax) were calculated from the non-
linearr regression curve fit analysis for the individual experiments. The 
statisticall significance of the differences was evaluated using a one-way 
analysiss of variance (ANOVA) followed by a Bonferroni post-test. When 
appropriate,, a two-tailed Student's t-test for paired data was used. Values of 
P<0.055 were considered significant. 

DrugsDrugs used 

L-phenylephrinee hydrochloride, yohimbine hydrochloride and L-NNA (N^-Nitro-
l-Arginine)) were obtained from Sigma (St. Louis, USA). (Arg8)-AVP was 
obtainedd from Bachem (Bubendorf, Switzerland) and l HCL from 
RBII (Natick, USA). All these drugs were dissolved in distilled water. 
Noradrenalinee bitartrate (Sigma (St. louis, USA)) was dissolved in distilled 
waterr containing ascorbic acid (100 mg/l) to prevent oxidation. Both 
SR-490599 and SR-121463 B were kind gifts of Sanofi (Toulouse, France). 
SR-490599 and SR-121463 B were dissolved in 100% DMSO to a concentration 
off 1 mM, and the solution was subsequently diluted with distilled water to the 
finall concentration needed. 

3.. Result s 

ExperimentExperiment 1 

Inn our experiments the mesenteric arteries had a diameter of 529.9  14.9 uM 
(nn = 82) and we started our experiments at a baseline tension of 4.8  0.3 mN. 
Thee third potassium-induced contraction evoked a maximal force of 16.5  2.0 
mN.. The direct effect of AVP on the mesenteric artery was evaluated and the 
resultss are depicted in figure 1. Increasing concentrations of AVP resulted in a 
contractilee force of 93.5  6 .1% of the potassium induced contraction, with a 
pD22 of 8.8  0.0. The Vi-receptor antagonist SR-49059 (10 nM) decreased the 
potencyy to a pD2 of 7.6  0.0, with a comparable Emax of 85.7  6.4%, 
whereass the V2-receptor antagonist SR-121463 B (10 nM) did not influence 
thee concentration response curve (CRC) of AVP. 
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Controle e 
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Figur ee 2. The effect of vasopressin (AVP 0.3 nM) on the frequency-response curve 
inducedd by electrical stimulation, in the presence or absence of Vi -receptor 
antagonistt SR-49059, or of the V2 -receptor antagonist SR-121463 B in the isolated 
ratt mesenteric artery. The stimulation frequency (in Hz) is shown on the abscissa. The 
increasee in contractile force (expressed as a ratio of S3/S2) is shown on the ordinate. 
Valuess are expressed as means  SEM. * p < 0.05 compared to control. (n=6-12). 

ExperimentExperiment 2 

Thee stimulation experiments showed comparable effects of the EFS S2 and S3 

(dataa not shown). In the presence of a sub-pressor concentration of AVP 0.3 

nM,, the ratio S3/S2 increased more than 3 t imes at the stimulation 

frequenciess of 2 and 4 Hz. This facilitation of the effect of the EFS was 

completelyy inhibited in the combined presence of both AVP 0.3 nM and the V i -

receptorr antagonist SR 49059 10 nM (figure 2). The V2 receptor antagonist 

SR-1214633 B (10 nM) appeared to reduce the effect of AVP, but the data do 

nott differ from the results obtained in the presence of only AVP 0.3 nM. 

3-3-
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Figur ee 3. Influence of desmopressin (DDAVP: 30 pM-3 uM) on the contractile 
responsee of noradrenaline (NA 10 uM). The desmopressin concentration is shown on 
thee abscissa (expressed as log mol). The increase in contractile force (expressed as % 
off the maximal contractile force induced by noradrenaline 10 uM) is shown on the 
ordinate.. Values are expressed as means  SEM. Time corrected control without 
desmopressinn D (n = 7), desmopressin A (n=7). 
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Figur ee 4. The effect of desmopressin on the frequency-response curve induced by 
electricall stimulation. The stimulation frequency (in Hz) is shown on the abscissa. The 
increasee in contractile force (expressed as a ratio of S3/S2) is shown on the ordinate. 
Valuess are expressed as means  SEM. ( n = 6 - l l ) . 
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ExperimentExperiment 3 

Thee characterisation of a possible V2 mediated facilitation was further 

investigated,, using the highly selective V2-receptor agonist desmopressin. 

Desmopressinn alone did not influence the resting tension of the mesenteric 

arteryy in the concentration range 30 pM to 300 nM (data not shown). The 

directt vasodilatary properties of desmopressin were evaluated after a 

precontractionn with noradrenaline (10 uM). The CRC of desmopressin (30 pM 

too 300 nM) showed in comparison with t ime-corrected control no observable 

effectt (figure 3). In the stimulation experiments this concentration range of 

desmopressinn did not influence the ratio S3/S2 (figure 4) . 

aa Control 

AA AVP 0.3 nM 

 AVP 0.3 nM 
+SR-490599 10 nM 

- ii  1 1 1 1 1 r-

-8.00 -7.5 -7.0 -6.5 -6.0 -5.5 -5.0 

NANA (log M) 

Figur ee 5. Effects of vasopressin (0.3 nM) on the concentration-response curve 
inducedd by exogenously administered noradrenaline (NA) in the isolated rat 
mesentericc artery. The NA concentration (expressed as log mol) is shown on the 
abscissa.. The increase in contractile force (expressed as a fraction of the standard 
contractionn to KPSS) is shown on the ordinate. Values are expressed as means
SEM.. * p < 0.05. (N = 6-8). 

ExperimentExperiment 4 

AA possible postsynaptic facilitating effect of AVP was assessed by means of 

CRCC of the constrictor effects of exogenous noradrenaline. This resulted in a 

dose-dependentt increase in contractile force (pD2 6.3  0.0 -log M) and Emax 

118.77  5.7 % (of the potassium induced contraction). AVP (0.3 nM) 
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CS S 
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facilitatedd the effect of exogenously administered NA in a concentration of 100 
nMM (figure 5), which was prevented by the Vi-receptor antagonist SR-49059 
100 nM. 

4.. Discussio n 

Thee present study confirms that AVP facilitates the influence of the vascular 
sympatheticc nervous system at the level of the nerve terminal. 18;20;21;37 Our 
resultss indicate that this effect can be attributed to the Vi-receptor. In the 
experimentss evaluating the direct effects of AVP on the mesenteric artery, the 
Vi-receptorr antagonist SR-49059 could competitively antagonize the potent 
vasoconstrictorr effect of AVP (figure 1). This in contrast to the V2 -receptor 
antagonistt SR-121463 B, which did not modify the CRC of AVP. EFS resulted in 
aa reproducible increase in contractile force provoked by the second and third 
periodd of stimulation. Therefore we used the second period of stimulation as a 
referencee for the third stimulation. Earlier published results obtained in our 
laboratoryy demonstrate that, under similar conditions, EFS mediated 
vasoconstrictionn could be abolished by tetrodotoxin (1 uM) and could be 
blockedd by more than 90% by prazosin (0.1 uM), indicating that the 
stimulation-inducedd contractions are caused mainly by noradrenaline release 
fromm the sympathetic nerve endings. 38 

Thee subpressor concentration of AVP potentiated the responses to EFS and the 
Vi-antagonistt SR-49059 could block this effect (figure 2). However, the 
stimulationn effect curve, in the presence of the V2-receptor antagonist, proved 
moree difficult to interpret. In the presence of SR-121463 B (10 nM), the 
facilitatingg effect of AVP (0.3 nM) after EFS seemed to be decreased. These 
resultss must be evaluated in combination with the following two experiments: 
Thee V2-agonist desmopressin (30 pM-3 uM) did not influence EFS (figure 4) at 
alll and furthermore, we have excluded any direct vasodilator effects mediated 
byy the V2-receptor (figure 3). This last experiment was performed in an 
analogouss setting as used in earlier experiments on desmopressin mediated 
relaxationn in the rat aorta. 35;39 However, in the mesenteric artery we could 
demonstratee no direct V2-vasodilator effect. Therefore we assume that the V2-
receptorr is not involved in AVP-induced facilitation of the sympathetic nervous 
system.. A possible nonspecific blockade by SR-121463 B of a Vi-receptor in 
ourr stimulation experiments seems a likely explanation for the loss of 
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significancee of the AVP-induced facilitation. Our results in combination with the 
inn vivo studies in animals and humans both in low and high AVP-states 
suggestt a limited physiologic and clinical significance of extrarenal V2-
receptors.. 40 This limited importance of the vascular V2-receptor is 
encouragingg for the ongoing clinical trials with selective V2-antagonists 
regardingg their side effect profile. These clinical trials aim at decreased water 
absorptionn by blockade of the V2 in the renal collecting duct in patients with 
disorderss of water retention, such as congestive heart failure and liver 
cirrhosiss and in patients with the syndrome of inappropriate antidiuretic 
hormonee secretion. Our data of course do not rule out the possibility of an 
increasedd release of AVP due to selective blockade of the V2-receptor in clinical 
setting. . 

Wee have previously shown in the in vivo model of the pithed rat that AVP-
mediatedd facilitation of the sympathetic nervous system is completely pre-
synapticallyy mediated. 18 The effect of exogenous noradrenaline in the isolated 
ratt mesenteric preparations under isometric conditions has been depicted in 
figuree 5. The contractile force induced by a concentration 100 nM 
noradrenalinee could be increased by the sub-pressor concentration of 0.3 nM 
AVPP and this effect could again be completely blocked in the presence of 
SR-490599 10 nM. From our findings in this model we conclude that the Vi-
mediatedd facilitation occurs at least partly at the post-synaptic level. These 
resultss confirm earlier reports of post-synaptic facilitation by AVP of the effects 
off exogenous noradrenaline in the mesenteric artery. 31;41 

Inn summary, these results exclude a role of the V2-receptor in vascular 
responsess to sympathetic nervous system stimulation. Furthermore, we 
confirmm that in the mesenteric artery the facilitating effect of AVP is, at least 
partly,, post-synaptically mediated. Sympathoinhibitory properties of the new 
non-peptidee Vi-antagonists are likely to contribute to their possible 
therapeuticc effect, in particular in conditions in which the sympathetic nervous 
systemm is activated, such as congestive heart failure and hypertension. 
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1.. Introductio n 

Thee neurohypopyseal peptide hormone arginine vasopressin (AVP) is known to 
regulatee the water reabsorption in the principal cells of the renal collecting 
ductt via the V2 receptor. 1 AVP is also a potent vasoconstrictor in several 
vesselss through the Vi receptor. 2 Furthermore AVP appears to mediate 
vasodilationn in some vascular beds through the V2 receptor. 3"5 AVP also exerts 
haemostaticc activity, via enhanced platelet aggregation and an increased 
releasee of coagulation factors. 6;7 Moreover AVP regulates the release of 
adrenocorticotropicc hormone (ACTH), through activation of the V3-pituitary 
receptorr (or Vib). 8 

Elevatedd plasma AVP levels are a common finding in congestive heart failure 
andd this could play a role in the pathophysiology of this syndrome. 9;10 Several 
studiess have evaluated a possible role of AVP in essential hypertension. These 
analysess did not yield conclusive results, but it seems possible that AVP plays 
aa certain role in subgroups of hypertensive subjects. n"13 There occurs an 
importantt interaction with the sympathetic nerves system in both clinical 
syndromes.. 14"17 Vasopressin may have indirect effects on the perivascular 
nervee fibres of the sympathetic nervous system. 18;19 

Thee possibility to study the interaction between vasopressin and sympathetic 
neuronss has been improved by the availability of selective, non-peptidergtc 
vasopressinn receptor antagonists. The peptidergic AVP antagonists were of 
limitedd clinical value because of their short half life, low bioavailability and 
exclusivee parenteral administration. Yamamura et al. were the first to describe 
aa non-peptide AVP antagonist. 20 In the past decade new non-peptide AVP 
antagonistss have been developed, with a better profile, regarding their 
affinity,, efficacy and selectivity for either the Vi-or V2-receptor. 21;22 

Thee present study was designed to investigate whether the potentiation of the 
sympatheticc neurotransmission by vasopressin, already shown in in vitro 
experiments,, could be demonstrated in the in vivo model of the pithed rat. 
Furthermoree it was studied by which receptor subtype AVP could potentiate 
thee sympathetic neurotransmission in vivo. In addition we wanted to evaluate 
whetherr this facilitation is pre- or post-synaptically mediated. We used the 
neww non-peptide AVP antagonists SR-49059 (Vi) and SR-121463 B (V2 ) as 
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pharmacologicall tools for the analysis of the interaction between vasopressin 
andd the sympathetic neurons in the present study. 

2.. Method s 

ExperimentalExperimental procedures 

Duringg anaesthesia (hexobarbital, 150 mg/kg, i.p., and after the 
administrationn of lidocaine 2 %, s.c. in the cervical region) male normotensive 
Wistarr rats of 290-320g (Charles River, France) received a tracheal cannula 
andd were subjected to a pithing procedure. Immediately thereafter they were 
subjectedd to artificial respiration with ambient air (60 strokes/min, 200 
ml/min)) using a positive pressure (Braun Melsungen) pump. The pithing 
proceduree was performed by introducing a partially isolated steel rod through 
thee right orbit and foramen magnum into the spinal canal. Electrical 
stimulationn of the thoracic-lumbar (T5-L4) segments of the spinal cord was 
performedd via the non-coated segment (3.5 cm length) of the pithing rod. The 
non-coatedd segment was located 2.5 cm proximally from the tip of the pithing 
rod.. The body temperature of C was maintained by means of a 
thermostaticallyy controlled heating table. The right jugular vein was 
catheterisedd and heparin (1000 IU/kg) was injected via this route. A cannula 
wass introduced into the ipsilateral common carotid artery for arterial blood 
pressuree measurement, by means of a pressure transducer connected to a 
MacLabb data acquisition system (AD Instruments, Castle Hill, Australia). The 
heartt rate was derived on-line from the blood pressure recording. Bilateral 
vagotomyy in the cervical region and bilateral adrenalectomy were performed. 
Thee animals were pre-treated with d-tubocurarine (2.5 mg/kg, i.v.) to 
attenuatee muscle contractions during electrical stimulation, propranolol (1 
mg/kgg i.v.) to rule out p-adrenoceptor-mediated effects, and atropine (2 
mg/kgg s.c), to suppress parasympathetic effects, respectively. After an 
equilibrationn period of 15 min, irbesartan 30 mg/kg i.v. was administered to 
preventt the actions of angiotensin I I . The infusion of vasopressin 1 
pmol/kg/minn was initiated 5 min thereafter. The animals were left to recover 
forr 10 minutes. Subsequently, the sympathetic nervous system was locally 
stimulated,, at the level of the T5-L4 segments, at frequencies of 0.125, 0.25, 
0.5,, 1, 2, 4 Hz (15 seconds per frequency) at 50V with square wave pulses of 
22 ms, delivered by a HSE stimulator I. After each period of stimulation at a 
givenn frequency, blood pressure was allowed to return to baseline. 
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Wee used the vasopressin antagonists SR-49059 (Vi) or SR-121463 B (V2) and 

thee V2 agonist desmopressin in order to analyse the possible involvement of V i 

andd V2 receptors. SR49059 10 mg/kg was given orally, at least 60 min. prior 

too the measurements. SR-49059 is known to inhibit the pressor response to 

exogenouss AVP in conscious normotensive rats for more than 8 hours (at 10 

mg /kgg p.o). 21 SR-121463 B 3 mg/kg was given i.v., at least 15 min. prior to 

thee measurements. This dosage is known to induce a marked V2 mediated 

diuresiss in normally hydrated rats. 23 Desmopressin administered in a dosage 

lowerr than 100 pmol /kg/min is known to induce a marked V2-mediated 

antidiureticc action. 24 

Too evaluate the possible postjunctional effects of vasopressin or its 

antagonistss on the pressor responses to a-adrenoceptor stimulation we 

appliedd noradrenaline intravenously in increasing dosages, in combination with 

thee substance under investigation and in the combinations as used in the 

aforementionedd experiments. The pithing procedure and pre-treatment were 

thee same as in the st imulat ion experiments. The pithed animals were allowed 
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Figur ee 1. The pressor effect of vasopressin (AVP) on the diastolic blood pressure in 
thee presence or absence of V i - and V2-receptor antagonists in pithed rats, in the 
presencee of irbesartan 30 mg/kg. The AVP concentration is shown on the abscissa 
(expressedd as log mol/kg/min). The increase in diastolic blood pressure (expressed as 
mmHg)) is shown on the ordinate. Control D, SR-49059 (Vi-antagonist) 3 mg/kg , 
andd 10 mg/kg , SR-121463 B (V2-antagonist) 3 mg/kg . n = 6 for each group. 

Control l 
SR-1214633 3 mg 
SR-490599 3 mg 
SR-490599 10 mg 
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too equilibrate for at least 15 minutes. Subsequently, increasing doses of 
noradrenalinee 0.03 nmol/kg - 0.3 ^mol/kg were administered i.v. in volumes 
off 0.5 ml/kg. Between doses, blood pressure was allowed to return to 
baseline.. Only the highest doses were injected in a cumulative manner. One 
completee dose-response curve was constructed in each animal. 

StatisticalStatistical evaluation 
Thee data are expressed as means  S.E.M. for at least n = 6 animals. The 
dose// stimulation- response curves for the compounds investigated were 
analysedd by means of a computer program (Graph Pad, Institute for Scientific 
Informatics,, San Diego, CA, U.S.A.). The pD2-value [-log effective 
concentrationn (molar) that produces 50% of the maximal inhibitory effect 
(IC50)],, as well as the maximal effect (Emax) were thus obtained from the non-
linearr regression curve fit analysis for the individual experiments. The 
statisticall significance of the differences was evaluated using a one-way 
analysiss of variance followed by a Tukey post test. In appropriate cases a two-
tailedd Student's t-test for unpaired data was used. P values <0.05 were 
consideredd to indicate significant differences. 

DrugsDrugs used 

Irbesartan,, SR49059 and SR-121463 B were a gift of Sanofi (Toulouse, 
France).. The following substances were purchased: Vasopressin and 
desmopressinn (Bachum, Switzerland), l HCI (RBI, USA), 
Atropinee Sulfate, d-Tubocurarine Chloride and (-)-Norepinephrine bitartrate 
fromm (Sigma, USA). Norepinephrine was dissolved in saline containing 
L(+)Ascorbicc acid [100 ng/ml]. SR-49059 10 mg/kg was administered orally in 
aa 5% arabic gum suspension. All other drugs were dissolved in saline. 

3.. Result s 

Afterr an equilibration period of 15 minutes after the pithing procedure the 
diastolicc blood pressure (DBP) was 42.2  1.3 mmHg and the heart rate (HR) 
wass 311.9  3.8 beats/min (n=23). The vasopressin antagonists SR-49059 10 
mg/kgg (Vi) and SR-121463 B 3 mg/kg (V2) did not change the DBP or the HR 
off the pithed animals. Vasopressin (1 pmol/kg/min to 3 nmol/kg/min) caused 
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aa dose dependent increase in DBP by 90.8  1.3 mmHg, at a potency of 10.2 

 0.03 -log mol /kg (Fig. 1). The V i antagonist SR-49059 (10 mg/kg) , induced 

aa dose-dependent potency shift for vasopressin effects to 9.0  0.03 -log 

mol /kgg (P<0.05) , at a comparable maximal DBP change by 96,1  1.0 mmHg. 

Inn the presence of the V2 antagonist SR-121463 B (3 mg/kg) , the dose 

responsee curve of vasopressin remained unchanged. 
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Figur ee 2. The effect of vasopressin (AVP) on the frequency-response curve induced 
byy electrical stimulation of the spinal cord (T5-L4) in the pithed normotensive rat, in 
thee presence of irbesartan 30 mg/kg. The stimulation frequency (in Hz) is shown on 
thee abscissa. The increase in diastolic blood pressure (expressed as mmHg) is shown 
onn the ordinate. Values are expressed as mean  SEM. * p < 0.05 compared to 
control.. (n = 10-13) 

StimulationStimulation experiments 

Thee pithed rat is a high-renin model 25~27, in which endogenously generated 

angiotensinn I I facilitates neurally mediated increments in vascular resistance 
28.. Without the administrat ion of the AT I receptor-antagonist irbesartan (30 

m g / k g ) ,, a facil itating effect of AVP on the stimulation-induced rise in DBP was 

nott observed (data not shown). After the administration of the ATI-antagonist 

irbesartann (30 mg /kg ) , the facilitating effect of AVP became apparent. The 

administrat ionn of the ATI-antagonist irbesartan (30 mg/kg) as such decreased 
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thee baseline blood pressure to a level of 19.6  1.2 mmHg (n=10) . The heart 

ratee was uninfluenced by the administration of the ATI-antagonist irbesartan 

(300 mg/kg) . 

Forr this reason all our stimulation and noradrenaline dose response 

experimentss were performed in the presence or absence of the sub-pressure 

continuouss infusion of AVP 1 pmol /kg/min or vehicle, respectively. The heart 

ratee and DBP were not affected by the presence of AVP (1 pmol /kg/min) or by 

thee administration of the various AVP antagonists. In the stimulation 

experimentss the pre- and postsynaptic effects of AVP were evaluated 

simultaneously,, in contrast to the experiments with exogenous noradrenaline, 
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Figur ee 3. The effect of vasopressin (AVP) and SR49059 (Vi-antagonist) on the 
frequency-responsee curve induced by electrical stimulation of the spinal cord (T5-L4) 
inn the pithed normotensive rat, in the presence of irbesartan 30 mg/kg. The 
stimulationn frequency (in Hz) is shown on the abscissa. The increase in diastolic blood 
pressuree (expressed as mmHg) is shown on the ordinate. Values are expressed as 
meann  SEM. * p < 0.05 control vs AVP 1 pmol/kg/min. $ p < 0.05 control vs AVP 1 
pmol/kg/minn and SR-49059 10 mg/kg. (n = 6-13) 

wheree we investigated the post-synaptic effects of vasopressin only. Electrical 

stimulationn of the thoracic-lumbal segments of the spinal cord resulted in a 
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f requency-dependentt increase in diastolic blood pressure. As depicted in figure 

22 the DBP increased at 4 Hz by 63.7  4.5 mmHg (n=10) and this increase 

wass enhanced in the presence of AVP 1 pmol /kg/min to a rise by 78.6  4.2 

mmHgg (n = 10, p<0.05) . 

Thiss increase in DBP by 23 % could be completely antagonised by the Vx-

receptorr antagonist SR-49059 10 mg/kg (figure 3). At stimulation frequencies 

off 0.5 and 1 Hz the DBP increase was inhibited by 43 .8% and 37 .2%, 

respectivelyy (p<0 .05) . In the absence of AVP, SR-49059 did not influence the 

st imulat ion-inducedd increase in blood pressure. In the presence or absence of 

AVPP the V2-receptor antagonist SR-121463 B 3 mg/kg did not influence the 

risee in blood pressure (f igure 4). Similary the V2-agonist desmopressin 100 

pmol /kg /minn did not influence the pressor response to electrical st imulation. 
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Figur ee 4. The effect of vasopressin (AVP) and SR-121463 B (V2-antagonist) on the 
frequency-responsee curve induced by electrical stimulation of the spinal cord (T5-L4) 
inn the pithed normotensive rat, in the presence of irbesartan 30 mg/kg. The 
stimulationn frequency (in Hz) is shown on the abscissa. The increase in diastolic blood 
pressuree (expressed as mmHg) is shown on the ordinate. Values are expressed as 
meann  SEM. (n=6-13) 
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Exogenouss noradrenaline 

Again,, these experiments were performed in the presence of irbesartan (30 

mg/kg) .. As depicted in figure 5, exogenous noradrenaline provoked a dose 

dependentt DBP increase by 117.6  0.9 mmHg at a potency (pD2) of 8.6

0.033 -log mol /kg. The dose response curves for the pressor effect of i.v. 

noradrenalinee were the same in the presence or absence of AVP, SR-49059 or 

SR-1214633 B. Accordingly, facilitation of the vasoconstrictor response to 

noradrenalinee did not occur. Neither did a V I - or V2-receptor antagonist 

influencee this response. 
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Figur ee 5. Effects of vasopressin (AVP) 1 pmol/kg/min on the dose-response curve 
inducedd by intravenously administered noradrenaline (NA) in the pithed normotensive 
rat,, in the presence of irbesartan 30 mg/kg. The noradrenaline doses (expressed as 
logg mol/kg) are shown on the abscissa. The increase in diastolic blood pressure 
(expressedd as mmHg) is shown on the ordinate. Values are expressed as mean
SEM.. (n=6-8) 
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4.. Discussio n 

Inn the present study, we demonstrated the facilitating effect of exogenous 
vasopressinn on sympathetic neurotransmission in the pithed rat model. This 
facilitatingg effect can be modulated by the Vi antagonist SR-49059, but not by 
thee V2 antagonist SR-121463 B. Without exogenous vasopressin the Vi and V2 

antagonistss did not influence the increase in DBP after stimulation. In 
accordancee with the results reported by others, 21;23 who used the antagonists 
inn the same dosage leading to obvious Vi or V2 mediated effects, our findings 
indicatee that there exists no active vasopressin-mediated tone in the pithed 
rat.. Exogenous vasopressin in the presence of the Vi antagonist SR-49059 
wass able to inhibit the DBP increase in the lower frequency range. This effect 
cannott be explained by the unmasking of an inhibitory V2 receptor, because in 
thee presence of the V2 antagonist SR-121463 B vasopressin showed a 
comparablee facilitation of the rise in DBP. Furthermore, desmopressin 100 
pmol/kg/minn did not influence the DBP increase during stimulation. The 
vasopressin-inducedd facilitation and its inhibition by a Vi antagonist found in 
ourr experiments, are in accordance with in vitro experiments by others, 18;29_32 

whichh suggest that the facilitating effect of vasopressin is entirely Vi-receptor 
dependent. . 

Thee facilitating effect of exogenous vasopressin is completely masked by the 
presencee of endogenous angiotensin I I in pithed rat. In our experiments the 
effectss of vasopressin could therefore only be demonstrated to occur in the 
presencee of the ATi antagonist irbesartan (30 mg/kg). The administration of 
thee ATi-antagonist irbesartan (30 mg/kg) as such decreased the baseline 
bloodd pressure to a level of 20.0 1 mmHg. This confirms the active 
angiotensinn tonus in the pithed rat model. Experiments in the pithed rat with 
exogenouss noradrenaline in the presence or abscense of irbesartan showed 
completelyy comparable results. 27 This is a strong argument that the acute 
bloodd pressure-lowering effect per se, is not responsible for the facilitating 
effectt seen in the presence of vasopressin. 

Thee precise mechanism of the vasopressin-induced fascilitation of sympathetic 
activityy so far remains unknown. An enhanced release of noradrenaline, or a 
decreasedd re-uptake of this neurotransmitter can be thought of as 
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explanationss at the cellular level. There exists no doubt that noradrenaline, 
throughh the stimulation of post-synaptic adrenoceptors, is the main 
neurotransmitterr responsible for cardiovascular effects of spinal cord 
stimulationn in the pithed rat model, because the stimulation-induced increase 
inn DBP is very sensitive to blockade by guanethidine or prazosine. 33;34 To 
elucidatee whether the amplification of the sympathetic neurotransmission by 
vasopressinn was due to pre- or postsynaptic effects, experiments with 
exogenouss noradrenaline were performed (fig. 5). Vasopressin did not 
influencee the increase in DBP as a result of exogenous noradrenaline, and 
neitherr did the administration of the vasopressin antagonists under 
investigation.. These findings suggest that the effect of vasopressin on the 
sympatheticc neurotransmission is predominantly caused by pre-synaptic 
facilitation,, in accordance with the findings of Garcia-Villalon et al. 3S Our 
resultss also suggest the involvement of a Wreceptor at the pre-synaptic 
neuronall level. However, these findings are in contrast with the results of 
Medinaa et al., 36 who showed in in vitro experiments with the human vas 
deferens,, mesenteric artery and the saphenous vein, respectively, that 
vasopressinn increased the contractions elicited by exogenously applied 
noradrenalinee and KCI. 18;29 This would suggest a general postsynaptic 
modificationn of the contractile function of the vascular smooth muscle cells. A 
possiblee explanation of these differences may be the heterogeneity of 
responsivenesss of vasopressin, depending on the region and species under 
investigation.. 37 A major difference between our study and those published 
previouslyy by others is the use of the pithed rat model, in which we were able 
too investigate an intact circulation in contrast to isolated single vessels. To our 
knowledgee our pithed rat experiments offer the first in vivo demonstration of 
thee vasopressin-induced facilitation of sympathetic nervous activity. 

Inn conclusion, the facilitation of sympathetic activity by vasopressin can also 
bee demonstrated in vivo in the pithed rat model. The potentiating effect of 
vasopressinn is likely to be mediated by Vi-receptors at pre-synaptic sites at 
thee sympathetic neurons. In order to demonstrate this facilitation, it is 
necessaryy to block the effects of endogenous angiotensin I I by means of an 
ATi-receptorr antagonist. 
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1 .. Introductio n 

Althoughh the role of vasopressin (AVP) in several cardiovascular syndromes 
suchh as hypertension and congestive heart failure has not been established in 
detail,, there are strong indications that this nonapeptide is an important 
modulatingg factor for vascular tone.1;2 The development of new non-
peptidergicc vasopressin-antagonists has greatly facilitated research concerning 
thee role of AVP in the cardiovascular system.3 In addition epidemiological 
studiess have demonstrated higher AVP plasma levels in patients with 
congestivee heart failure, the elevated AVP plasma levels proved to be 
associatedd with a deteriorated prognosis.4'5 The direct vasoconstrictor effects 
off AVP are well known, but the concentrations needed for direct 
vasoconstrictionn appear to exceed the physiological range.6 On the other hand, 
thee vasoconstrictor potency of AVP is increased in humans with an impaired 
baroreflex-function.77 Endogenous AVP augments the cardiopulmonary 
baroreflexx inhibition in the area postrema, resulting in a decreased central 
sympatheticc influence involved in the regulation of vascular tone.8 In contrast 
too the baroreflex-mediated inhibitory effect of AVP on the sympathetic nervous 
system,, AVP appears to evoke opposite effect on the sympathetic nerve 
endings.. A potentiating effect of AVP on the peripheral sympathetic nervous of 
isolatedd vessels has been demonstrated and it is Vi-receptor dependent.9'10 

Wee have demonstrated previously in an in vivo animal model that low 
concentrationss of AVP, without any direct vascular effects, can enhance 
vasoconstrictionn induced by peripheral sympathetic nervous system 
activation.111 The direct vasoconstrictor effects of AVP, as well as the possible 
AVP-mediatedd facilitation of the peripheral sympathetic nervous system 
involvedd in vasoconstriction can be counteracted by the central effects of AVP 
onn the baroreflex. For the evaluation of the interaction between AVP and the 
peripherall sympathetic nervous system the baroreflex feedback mechanism 
shouldd be excluded. For this reason we have evaluated this interaction by 
meanss of venous occlusion plethysmography in the human forearm. 

Accordingly,, we investigated whether in humans the facilitatory role of AVP on 
thee peripheral sympathetic nerve terminal can be demonstrated. AVP was 
administeredd in low doses devoid of vasoconstrictor activity. Stepwise 
increasingg levels of general sympathetic nervous system activation were 
provokedd by the application of lower body negative pressure (LBNP). We 
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investigatedd the effects of sympathetic nervous system activation on the blood 
floww in the human forearm, in the presence or absence of a local intra-arterial 
AVP-infusion.. The activation of the sympathetic nervous system by LBNP was 
usedd to evaluate the combined pre- and post-synaptic effects of AVP on the 
nervee endings. Accordingly, the influence of AVP (again in a sub-pressor 
dosage)) was investigated on the postsynaptically mediated vasoconstrictor 
actionn of norepinephrine (NE), also applied intra-arterially. 

2.. Method s 

Subjects Subjects 

Eightt healthy normotensive volunteers (7 male/1 female, age 32  2.3 years) 
participatedd in this study. All volunteers gave informed written consent. The 
ethicall committee of the Academic Medical Centre of the University of 
Amsterdamm approved the protocol. Subjects were instructed to refrain from 
smoking,, drinking alcohol- or caffeine containing beverages for at least 12 
hourss before the experiment. None of these subjects used any vasoactive 
medication. . 

ExperimentalExperimental protocol 

Eachh experiment was performed in the morning in a quiet room at a 
temperaturee of . A one-lead electrocardiogram (ECG) was recorded 
continuously.. After local anaesthesia with lidocaine 1 % , the brachial artery 
wass cannulated using a XRO Arterial Catheter-Seldinger Technique 
(Laboratoiree Plastimed, Saint-Leu-La-Forêt Cedex, France). The cannula was 
connectedd to a Baxter pressure transducer. Drugs were infused into the 
brachiall artery using a Braun Secura FT (B.Braun, Melsungen, Germany) 
Perfusor.. Both arms were instrumented with mercury-in-silastic strain gauges 
forr the measurement of FABF, and with pressure cuffs, connected to a 
Hokansonn EC-2 plethysmograph and to a Hokanson E-10 rapid cuff inflator, 
respectivelyy (Hokanson Inc., Isaquah, WA, USA). Furthermore we measured 
heartt rate (HR) from the ECG. Data were recorded on a personal computer 
usingg an analog-to-digital converter (Model DT 2801, Data Translation Inc., 
Marlborough,, MA, USA). During the measurement of the FABF we used a R-
wave-triggeredd upper-arm cuff inflation (at 40 mmHg) controlled by the 
personall computer for venous occlusion plethysmography. FABF was 
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measuredd during upper arm cuff inflation for 4 heartbeats, at a rate of 4 times 
perr minute. The mean of the 8-10 last measurements of each recording period 
wass used for analysis. The hands of the subjects were continuously excluded 
fromm the circulation by inflating small wrist cuffs to a pressure of at least 40 
mmHgg above systolic blood pressure. The infusion experiments were started 
att least 60 minutes after cannulation of the brachial artery. Between the 
variouss infusion-experiments the wrist cuffs were deflated and sufficient time 
(att least 30 min.) was allowed for recovery from hand ischemia and to allow 
FABFF to return to baseline levels. 

SNP P 
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m m H q ) . . 

- 3 00 mmHg, 

orr 40 pg/min 
- 2 00 mmHg, 

orr 20 pg/min 

( - 1 0 0 

AVPP 0.008 ng/kg/min or NaCI 
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NaCII 0 .9% 

00 5 10 15 20 25 30 
Timee (min) 

Figur ee 1: Schematic representation of the experimental protocols for the application 
off lower body negative pressures (LBNP) and norepinephrine (NE), respectively. SNP 
indicatess sodium nitroprusside and AVP, vasopressin. 

Thee protocol of the study is summarised in Fig. 1. The total flow rate of the 
intra-arteriall infusions was kept constant at 0.6 ml/min in the LBNP-
experimentt and at 1.2 ml/min in the experiment evaluating the effects of 
exogenouss NE. Infusion of sodium nitroprusside (SNP, 10 ng/kg/min) was 
usedd to predilate the vascular bed of the forearm in order to quantify more 
accuratelyy the degree of vasoconstriction. The two series of experiments were 
carriedd out in the presence of a continuous infusion of randomly AVP (0.008 
ng/kg/min)) or NaCI 0.9%, applied randomly. This low dosage of AVP did not 
causee any vasoconstriction. 

Highh levels of LBNP are known to activate the sympathetic activity and thus 
causee vasoconstriction. We applied 3 low levels of LBNP of -10, -20 and -30 
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mmHgg for the duration of 5 minutes per pressure step. In a pilot study these 
levelss appeared not to influence the baseline mean arterial blood pressure 
comparedd to the blood pressure at -30 mmHg (73.0  4.4 to 75,3  4.3 
mmHg,, (n = 10) p=0.71). An airtight plastic chamber covered the lower part of 
thee subject's body. The chamber was sealed at the level of the iliac crest. The 
pressuree in the LBNP box was continuously measured by a pressure 
transducerr (Baxter, Utrecht, The Netherlands). During the second protocol NE 
wass intra-arterially infused in three incremental dosages (10, 20, 40 pg/min), 
againn in steps of 5 min each. Due to technical reasons one subject completed 
onlyy the AVP infusion of the NE protocol. 

Drugs Drugs 

[Arg8]-vasopressinn was obtained from Clinalfa AG (Switzerland). Sodium 
nitropussidee and norepinephrine were purchased from BUFA bv (Netherlands). 
Alll substances were dissolved in NaCI 0.9% by our hospital pharmacy. 

DataData analysis 

FABFF was expressed as ml^lOOml^min"1 according the method of Whitney.12 

Thee percentage change in FABF was calculated relative to the baseline values, 
duringg the continuous infusion of SNP and AVP or NaCI, prior to the start of 
thee experiment. In the NE-protocol, the variability of blood-flow data was 
reduced,, by using the non-infused arm as a contemporary control.13 The 
percentagee was calculated as follows: 

%% Change in FABF= 100 * [(Fi/Fni)-(Fbi/Fbni)]/(Fbi/Fbni), 

wheree Fj and Fn, are the blood flows in the infused and non-infused arms, 
respectively,, at the time point under investigation. Fbi and Fbni are the blood 
flowss at baseline, during the continuous infusion of AVP or NaCI and SNP. 

Repeatedd measures analysis of variance was used to assess the differences 
betweenn experiments with vehicle or AVP at the successive levels of LBNP or 
dosess of NE. Student's t-test was used to examine the effects of the 
experimentall conditions on hemodynamics at individual time points. Results 
aree presented as means  SEM. A p-value of less than 0.05 was considered to 
indicatee statistically significant differences. 
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3 .. Resu l t s 

Basall blood flow values in the infused and control arm were comparable (4.4 

 0.3 1100ml"1min"1 vs. 4.6  0.5 ml^ lOOml^min" 1 ; p=0.96) . Baseline 

bloodd flow remained the same at the beginning of the vehicle- and AVP-LBNP 

experimentss (3.7  0.5 ml^ lOOml^min"1 vs. 4.3  0.6 ml^ lOOml^min" 1 ; 

p=0.58)) and it was also comparable between the vehicle- and AVP-exogenous 

noradrenalinee experiments (5.0  0.5 vs. 5.0  0.9; p=0.96) . Continuous SNP 

(100 ng/kg/min) infusion increased the FABF with respect to baseline (from 4.4 

 0.3 m l^ lOOml^min- 1 to 5.4  0.4 ml^ lOOml^min" 1 ; p=0.004) . This increase 

wass not influenced by the continuous co-infusion of vehicle or AVP (0.008 

ng/kg /min)) (5.2  0.6 ml^lOOml_1min_1vs. 5.5  0.6 ml^ lOOml^min" 1 ; 

p=0 .26) . . 
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Figur ee 2: Mean percentage change in forearm blood flow (FABF) during NaCI 0.9 % 
(D)) or AVP (0.008 ng/kg/min) ( ! ) infusions in response to 5-minute applications of 
subsequentt decreases in lower body negative pressure (LBNP). Repeated measure 
analysiss between the combined results of the NaCI- and the AVP-experiment. 
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LowerLower Body Negative Pressure 

Thee application of LBNP resulted in a pressure-dependent decrease of FABF by 

25.66  4 .4%, 29.0  6 . 1 % , and 38.6  6.9% for the LBNP levels of - 1 0 , - 20 

andd - 3 0 mmHg, respectively. In the control arm FABF decreased in a 

comparablee manner by 40.2  6.7% at LBNP of -30 mmHg (p=0.88) . During 

thee experiment with a continuous infusion of the sub-pressor dosage of AVP 

(0.0088 ng/kg /min) , this decrease was enhanced to 38.0  8 .6%, 49.3  5 .2% 

andd 58.9  6 .3% (p=0.014) , for the LBNP levels of - 1 0 , - 2 0 and -30 mmHg, 

respectivelyy (Figure 2). 

Norepinephrine Norepinephrine 

NEE caused a dose-dependent FABF reduction by 3.1  4 .6%, 17.0  4 .3% and 

23.22  4 .9%, at dosages of 10, 20 and 40 pg/min, respectively. In the 

presencee of the continuous infusion of AVP (0.008 ng/kg/min) the FABF 

showedd similar reductions by 9.4  3.3%, 13.3  4 . 1 % and 23.9  6 .9% 

(p=0.91)) (Figure 3). The FABF in the control arms was unaffected during the 

infusionn of NE and demonstrated a flow 103.7  4 . 8 % (p=0.45) at the highest 

dosee of NE (40 pg/min) . 
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Figur ee 3: Mean percentage change in forearm blood flow (FABF) during NaCI 0.9 % 
(D)) or AVP (0.008 ng/kg/min) ) infusions in response to 5-minute successive 
incrementall infusions of norepinephrine (NE). Repeated measure analysis between the 
combinedd results of the NaCI- and the AVP-experiment. 
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4 .. Discussio n 

Thee main finding of the present investigation is that the vasoconstrictor 
responsess to endogenously released NE are enhanced in the presence of a 
sub-pressorr continuous infusion of AVP (intra-arterially) in the human 
forearm.. Previous studies evaluating the interaction of AVP and the 
sympatheticc nervous system dealt with the possible central regulating action 
off AVP on the sympathetic nervous system.14"16 In these studies systemically 
activee dosages of AVP were used, which therefore directly modified the 
baroreflexx function and the baseline sympathetic nervous system activity. 
Previouslyy we have demonstrated in an in vivo animal model that there occurs 
aa facilitating effect of a sub-pressor dosage of AVP on the peripheral 
sympatheticc nervous system activation.11 In the present study in humans, we 
investigatedd the effects of an intra-arterial infusion of AVP in a dosage that 
wouldd not relevantly increase the systemic plasma AVP concentration. A 
moderatee decrease in central venous pressure caused by the LBNP does not 
inducee an increase of endogenous AVP levels.17 We assume that this study 
reflectss the activity and influence of the sympathetic nerve terminal in the 
humann forearm. Accordingly the results of the present study will reflect the 
facilitatingg action of AVP on the sympathetic nerve endings in the human 
forearm. . 

AA moderate reduction in lower body pressure as induced in our study results in 
ann activation of the sympathetic nervous system, predominantly although not 
exclusively,, through stimulation of the 'low-pressure' cardiopulmonary-
baroreflexx system. The local intra-arterial infusion of AVP presumably 
selectivelyy stimulates the sympathetic nerve endings in the forearm. This 
activationn takes place either pre-synaptically by increased NE release or a 
reducedd uptake, or by facilitation at the post-synaptic receptor level. In animal 
studiess data on the pre- or postsynaptic site of AVP-induced facilitation are 
conflicting.. In studies demonstrating a post-synaptic facilitation by AVP, it was 
mostt evident in the lower concentration range of exogenous NE.9;18 For that 
reasonn we investigated the effects of exogenous NE in the lower dosage range. 
Inn the present study in the vascular bed of the human forearm, AVP did not 
facilitatee the effect of exogenous NE, suggesting a selective pre-synaptic site 
off action. We cannot however, exclude a possible post-synaptic facilitating 
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effectt of AVP at higher dosages of NE. Likewise, we cannot extrapolate these 
findingss to other human vascular beds, because AVP is known to exert 
heterogeneouss vasoactive effects depending on the vascular-bed studied.19 

Furthermore,, we cannot rule out a facilitating effect of AVP as a result of a 
decreasedd re-uptake of norepinephrine. In vitro studies have demonstrated, 
thatt in the presence of the adrenergic re-uptake inhibitor cocaine the 
potentiatingg effect of AVP on the sympathetic nervous system is maintained.9 

Itt can be imagined that the facilitating effect of AVP on the peripheral 
sympatheticc nervous system is clinically relevant under certain conditions, 
suchh as for instance congestive heart failure where both systems are 
activated.. In summary, we have demonstrated that AVP in low concentrations, 
devoidd of direct vascular effects, can facilitate the activity of the peripheral 
sympatheticc nervous system, most likely at the pre-synaptic level. 
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CHAPTERR 5 

INFLUENCEE OF THE NATURE OF PRECONTRACTION ON THE 

RESPONSESS TO COMMONLY EMPLOYED VASODILATO R 

AGENTSS I N RAT ISOLATE D AORTIC RINGS. 
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1 .. In t roduc t io n 

Vasodilatorr activity of various drugs continues to be of considerable 
therapeuticc interest. Its qualitative and quantitative evaluation is the main goal 
off numerous ongoing in vivo and in vitro studies 1;2. Although the objective of 
thesee studies seems to be obvious, their execution is far from that. The 
mechanismss by which vessels can be dilated are manifold. They range from 
thee inhibition of voltage- or receptor-operated calcium channels 3;4 to the 
generationn or accumulation of intracellular second messengers, that initiate a 
seriess of events resulting in the sequestration of activator calcium and/or a 
desensitisationn of the contractile elements. 

Acutee vasodilation in vitro can only be induced and measured after activation 
off vascular smooth muscle preparations. Measured vasodilator activity, 
however,, may depend on the type and the magnitude of smooth muscle 
activation.. In principle, there exist two major mechanisms leading to an 
increasee of muscular activity: 1) the influx of calcium ions following their huge 
concentrationn gradient over the plasma membrane through potential- or 
receptor-operatedd calcium-specific channels and 2) the activation of the 
intracellularr membrane bound enzyme phospholipase C, which cleaves 
phosphatidylinositol-4,5-bisphosphatee resulting into the formation of inositol-
1,4,5-triphosphatee (IP3)

 5;6 and diacylglycerol (DAG). IP3 induces the release of 
calciumm ions from intracellular stores, thus activating the contractile elements. 
Itt seems reasonable to assume that the increase in intracellular free calcium 
concentrationn as well as its elimination might be different between the 
aforementionedd two mechanisms. Such differences may influence the potency 
andd the efficacy of counteracting vasodilators. 

Anotherr problem is the fact that the signalling indicator system, that is the 
contractionn of the smooth muscle cells, is only partially reflecting the 
underlyingg biochemical events. Any contractile response is by definition limited 
too the maximal possible activation of the contractile elements on the one hand 
andd the complete loss of all muscular activity on the other hand. An increase of 
thee intracellular free calcium concentration beyond the binding capacity of 
troponinn will not result in any further contraction, although the maximal 
capacityy e.g. of an agonist to liberate calcium ions might not be reached. On 
thee other hand the vasodilator activity of any pharmacological measure 
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becomess only visible if there exists an active muscular tension. If any smooth 
musclee contraction is abolished a further increase of the concentration of 
vasodilatorr second messengers like cyclic GMP or cyclic AMP, will not result in 
anyy observable effect. These limitations of the signalling indicator system, 
althoughh of utmost physiological relevance, will obscure the true 
concentration-responsee relationships of vasodilators as well as of 
vasoconstrictors.. This issue has been critically adressed by Lew et al 7. 

Ann important practical problem arises from these considerations: To which 
degreee does the type and the magnitude of the precontraction influence the 
concentration-responsee relationship of a given vasodilator? 

Inn order to secure the comparability and thereby reliability of in vitro studies 
thatt investigate vasodilator drugs, evaluation of the methodology used in these 
studiess is necessary. In the present investigation we therefore aim to 
determinee to what extent the vasorelaxing properties of vasodilators drugs in-
vitroo depend on the qualitative and quantitative characteristics of the applied 
pre-contraction.. In order to do so we performed in-vitro experiments in rat 
aorticc rings and constructed concentration-response curves to various 
vasodilatorss after pre-contraction with different concentrations of commonly 
employedd vasoconstrictor agents. 

2.. Method s 

AorticAortic ring preparations 

Wistarr rats (Charles River) weighing 240-260g were sacrificed by stunning and 
exsanguination.. The thoracic aorta was carefully excised and placed in a 
physiologicall salt solution (PSS) of the following composition (mM): NaCI 
(118.5);; KCI (4.7); KH2P04(1.2); CaCI2 (2.5); MgS04 (1.2); glucose (5,5); 
Na4EDTAA (0.026); NaHC03 (25) at room temperature, which was continuously 
gassedd with carbogen (95% 02 and 5% C02). The aortas were cleaned of 
superficiall fat and connective tissue. Care was taken not to stretch the vessels 
orr to damage the endothelium. Out of one aorta three segments were 
preparedd in which the three precontraction doses in succession were evaluated 
forr each vasodilator agent. The aortic rings were cut into segments of 
approximatelyy 3 mm long each, and mounted between two triangular stainless 
steell hooks and put into organ baths containing 5 ml PSS at . The PSS 
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wass continuously gassed with carbogen. Isometric tension was measured by 
meanss of isometric force transducers (A.D. instruments, Castle Hill, Australia), 
connectedd to a MacLab/8 computer system. The aortic rings were equilibrated 
inn PSS forr 30 min at a resting tension of 1,0 g, which was maintained 
throughoutt the experiment. 

ExperimentalExperimental protocol 
Afterr the equilibration period the aortic rings were exposed three times for 5 
min.. to a depolarising PSS (containing 60 mM K+), thus causing a contraction 
off the vascular smooth muscle cells. In this PSS solution 55,3 mM NaCI has 
beenn isotonically replaced by KCI. In between the K+-induced there were 
equiliberationn intervals of 20 min. Between the second and third contraction, 
thee vessels were subjected to vasoconstriction, induced by PhE 0.1 uM, after 
whichh endothelial function was tested by means of MCh (0.3, 1 and 3 uM 
respectively).. Preparations with an endothelial function (Emax) of less than 80 
%% were considered too much damaged for the experiment and were discarded. 

Thirtyy minutes after the last potassium-induced contraction, the aortic rings 
weree pre-contracted to different levels with various vasoconstrictors in 3 or 4 
differentt concentrations. Thereafter concentration-response curves were 
constructedd for the vasodilators under investigation. The concentration 
response-curvess of these vasodilators were compared by means of calculated 
pD22 and Emax values and correlated by the characteristics of the preceding 
precontraction.. We used the following three vasoconstrictor agents in three 
concentrationss for the precontraction: phenylephrine (PhE) 0.1, 0.3 and 3 uM, 
U466199 (U-46) 0.18, 0.3 and 1 uM and increasing concentrations of potassium 
ionss (25, 30 and 40 mM), respectively. Again, in the latter group of 
experiments,, sodium in the PSS had been replaced by an isotonically 
equivalentt concentration of potassium. The lowest concentration of each 
compoundd applied is the lowest concentration needed for a stable contraction 
throughoutt the experiment; while the highest concentration applied is the 
concentrationn needed to reach maximal effect (Emax of 100%). After induction 
off these different precontractions, concentration-response curves were 
constructedd for the following vasodilators: sodium nitroprusside (SNP), 
methacholinee (MCh) and forskolin (FSK), respectively. The rationale behind the 
chosenn agents is elucidated in the first part of the discussion. 
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Ass many contractile agents are known to induce the release of NO, a separate 

sett of experiments was performed. We compared the different concentrations 

off PhE and K+-ions and their influence on the SNP concentration response 

curve,, in the presence or absence of the NO-synthesis inhibitor L-NAME. In 

experimentss with L-NAME, a concentration of 100 uM L-NAME was maintained 

throughoutt the experiment. 

Furthermoree to investigate the influence of extracellular Ca2+-influx on the 

variouss vasodilator effects produced by the successive levels of precontraction, 

wee constructed a concentration response curve for the L-type Ca2+-channel 

blockerr nifedipine, after a pre-contraction with several concentrations of the 

partiall d-adrenoceptor agonist St 587. We used St 587 because the contractile 

responsee to this agonist is mainly dependent on extracellular Ca2+. In the rat 

aorticc rings the endothelium had to be removed in order to produce a stable St 

5877 contraction 8 ;9. 
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Figur ee 1 . Contractile responses in rat isolated aorta preparations to phenylephrine: 
0.1,, 0.3 and 3 pM; U46619: 0.18, 0.3 and 1 uM; St 587 1, 3, 10 and 30 uM, and 
potassiumm ions 25, 30 and 40 mM. Values are expressed as means  SEM. * p < 0.05 
comparedd to the lowest concentration of the contractile compound. $ p< 0.05 
comparedd to the same concentration of the contractile compound without L-NAME. 
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DrugsDrugs used 

L-phenylephrinee hydrochloride, U-46619, acetyl-p methacholine chloride and 
nifedipinee were obtained from Sigma chemical Co. (St. Louis, MO, USA) and 
sodium-nitroprussidee from Merck (Darmstadt, Germany). Forskolin and St 587 
weree kindly donated by Hoechst (Amsterdam, the Netherlands) and Boehringer 
(Ingelheim,, Germany) respectively. N-omega-nitro-L-Arginine methyl ester HCI 
wass purchased from ICN (Auora, Ohio, USA). Forskolin was dissolved in 100% 
DMSOO to a concentration of 10 mM, and the solution was subsequently diluted 
withh a mixture of propylene glycol: DMSO (9:1) to a concentration of 5 mM. 
Forr lower concentrations, this solution was diluted with distilled water. The final 
concentrationn of DMSO in the medium proved to have no effect on the 
measurementss (data not shown). All other drugs were dissolved in distilled 
waterr to a stock solution of 10 mM; the stock-solutions were diluted with 
distilledd water to obtain the final drug concentration. 

StatisticalStatistical evaluation 

Thee data are expressed as means  S.E.M. for at least 6 measurements. The 
concentration-responsee curves for the compounds investigated were analysed 
byy means of a computer program (Graph Pad, Institute for Scientific 
Informatics,, San Diego, CA, U.S.A.). The pD2-value [-log effective 
concentrationn (molar) that produces 50% of the maximal inhibitory effect 
(IC5o)],, as well as the maximal effect (Emax) were obtained from the non-linear 
regressionn curve fit analysis for the individual set of experiments. The 
statisticall significance of the differences was evaluated using a one-way 
analysiss of variance followed by a Tukey post test. Values of P<0.05 were 
consideredd significant. 

3.. Result s 

Ass shown in figure 1 vasoconstrictor responses to several pharmacological 
stimulantss were concentration dependent. All agonists applied, produced stable 
contractions.. Subsequently, vasodilator drugs were administered after pre-
contractionn with the different vasoconstrictor agents. For each level of pre-
contractionn induced by a particular vasoconstrictor a concentration response 
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curvee (CRC) of the vasodilator agent investigated was constructed. The CRC 

obtainedd for various vasodilator drugs are visualized in the figures 2-4. 
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Figur ee 2. Influence of the precontraction by phenylephrine (PhE) (0.1, 0.3 and 3 pM) 
onn the concentration response curve of (a) sodium nitroprusside and (b) 
methacholine.. Values are expressed as means  SEM. * p < 0.05, * * p<0.01 
comparedd to PhE 0.1 uM. 
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Thee cumulative CRC for sodium nitroprusside (SNP), showed a potency (pD2 

value)) of 8.56  0.13 after pre-contraction with PhE O.luM (Figure 2a). For the 

subsequentt concentration PhE (0.3 uM) the potency showed a tendency to 

decrease.. This decrease was evident after PhE 3 uM, the highest concentration 

evaluated,, where the potency decreased 16 fold to a value of 7.35  0.09 

(p<0.01) . . 

Thee relaxation response to methacholine (MCh) (Figure 2b) demonstrated 

similarr results regarding the potency and efficacy at the two lowest 

concentrationss of PhE. With respect to the highest 3uM concentration PhE, the 

potencyy for MCh remained comparable to that observed at the two lower 

concentrations,, but a significantly (p < 0.01) decreased relaxation to 43.3 %

6.99 % of the basal pre-contractile force was found. 

Responsess to forskolin (FSK) appeared to be independent of the pre-

contractingg concentrations of PhE. Data are not shown. 
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Figur ee 3. Influence of the precontraction by U-46619 (U-46) (0.18, 0.3 and 1 pM) on 
thee concentration response curve of (a) sodium nitroprusside (b) methacholine and (c) 
forskolin.. Values are expressed as means  SEM. * p < 0.05, * * p<0.01 compared to 
U-466 0.18 MM. 

Afterr pre-contractions induced by 0.18, 0.3 and I M M U-46, respectively, the 

potencyy of SNP (Figure 3a) decreased from 7.61  0 .11 , to 7.15  0.22 

(p<0.05) ,, and finally to 6.57  0.44 (p<0.05) , and the efficacy decreased 

fromm 84 %  4.4 %, to 71 %  9.2 % to 17 %  8.8 %(p<0 .05 ) , respectively. 
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Thee rightward shift observed in the phenylephrine-nitroprusside curves was 
alsoo found after pre-contraction with U-46. The major difference when 
comparedd to the phenylephrine-nitroprusside experiments is the decreased 
Emaxx value achieved after U-46 pre-contraction. 

Thee MCh CRC (Figure 3b), established after the subsequent U-46 
concentrationss of 0.18 uM, 0.3 uM and 1 uM, revealed comparable potencies 
forr the lowest two concentrations, but the efficacy of 64.5 %  12.3 % (U-46 
0.188 uM) was abolished to O.O %  9.2 %(p<0.05) after the highest 
concentrationn of U-46. When compared to the phenylephrine-methacholine 
experimentss the submaximal pre-contractions towards U-46 could not be 
entirelyy reduced to baseline values and the response to the highest 
concentrationn U-46 (1 uM) could not be influenced at all. 

Thee FSK (Figure 3c) CRC, following U-46 pre-contraction, proved comparable 
withh the phenylephrine-forskolin CRC, with respect to the efficacies, which 
weree also approximately 100 %. However, the potency proved to be decreased 
(p<0.05)) from 6 to 0 for the lowest and highest 
concentrationss investigated, respectively. 
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Figur ee 4. Influence of the precontraction by potassium (K+) (25, 30 and 40 mM) on 
thee concentration response curve of (a) sodium nitroprusside (b) methacholine and (c) 
forskolin.. Values are expressed as means  SEM. * p < 0.05, * * p<0.01 compared to 
K++ 25 mM. 

Inn the SNP/K+ experiments (Figure 4a) potassium ions at 30 and 40 mM 

causedd a decrease of potency compared to the lowest K+ concentration (25 
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mM)) applied. The SNP potency decreased from 1 to ) 

andd further to 1 (p<0.05) for the increasing potassium concentrations. 

Thee efficacy of SNP was only decreased after the highest concentration of 

potassiumm ions, f rom % (25 mM K+) and % for (40 mM 

K+ ) ,, (p<0.05) . SNP showed the highest potency in the experiments with PhE 

andd potassium. Although the differences in contractile force were larger, the 

decreasee of potency and efficacy was less marked when compared to the U-46 

exper iments. . 

MChh (Figure 4b) responses also displayed a decrease of potency for the two 

highestt concentrations potassium ions f rom 3 to 1 (for both 

concentrations,, p<0.05) . Again the efficacy was only reduced after pre-

contractionn with 40 mM potassium, from % to % 

(p<0 .05) .. Similarly as in the SNP/K+ experiments notwithstanding the more 

prominentt increase in contractile force, the potency and efficacy of MCh in the 

potassiumm experiments are less pronounced, when compared to the 

experimentss MCh/U-46. 

Ann increase in [K + ] resulted in a decrease of the vasodilator potency of FSK 

(Figuree 4c). The potency decreased from 0 to 0 (p<0.05) and 

fur therr to 1 (p<0.05) for the potassium ion concentrations of 25 mM, 

300 mM and 40 mM, respectively. When compared with PhE and U-46 the 

decreasess in potency after K+ pre-contraction proved more pronounced. 

Accordingly,, the slopes of the curves of FSK after PhE and potassium are 

steeperr when compared with the FSK curve after pre-contraction with U-46. 

Thee levels of pre-contraction (Figure 1) by PhE and K+ -ions increased when 

repeatedd in the continuous presence of L-NAME 100 uM, that is from 4.87 mN 

 0.34 mN to 11.49 mN  0.89 mN (p<0.05) and from 7.54 mN  0.53 mN to 

14.066 mN  0.74 mN (p<0.05) for 0.1 uM and 3 uM PhE, respectively. The 

potassiumm concentrations of 25 and 40 mM showed comparable increases in 

contracti lee force of 4 .01 mN  0.42 mN to 8.40 mN  0.99 mN (p<0.05) and 

f romm 10.77 mN  0.38 mN to 13.51 mN  1.65 mN (p<0.05) , respectively, 

whenn established in the presence of L-NAME 100 uM. The observed potencies 

inn the presence of L-NAME showed only a tendency to increased after pre-

contractionn with PhE at 0.1 and 3 uM when compared with the experiments in 

thee absence of L-NAME (Figure 2a and 4a). This tendency occurred in spite of 
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differencess in contractile force generated in both in the presence and absence 
off L-NAME, respectively. 

Thee CRC for nifedipine were virtually the same when constructed in the 
presencee of the various concentrations of St 587 investigated. Data are not 
shown. . 

4.. Discussio n 

Althoughh the effect of vasodilator drugs can be investigated qualitatively and 
quantitativelyy at the levels of membrane currents and potential, calcium 
sequestration,, and second messenger formation, their effect on the function of 
thee integrated system of a whole vessel preparation remains the gold standard 
inn in-vitro pharmacological research. However, there are certain prerequisites 
andd limitations to this experimental approach. Besides the differences between 
species,, age and sex, the observation of differences in sensitivity of various 
vascularr beds to the endogenous and exogenous vasoconstrictor and dilator 
substancess has been extensively described in the literature 10;11. 

AA second important point is the very nature of a vasodilator/ drug that it 
exertss a functional effect in the presence of smooth muscle activity only. So 
thee consequences of the interaction of these compounds with their target 
structure,, e.g. receptors coupled to a NO-synthase, second messenger 
generatingg systems or ion channels, become only visible if there is an active 
muscularr tone to be counteracted. This in its turn implies that the degree of 
and// or mechanism behind a contraction, i.e. the pre-contraction, present at 
thee time of exposition to the dilator drug may influence its pharmacological 
characteristicss in terms of potency and/or efficacy. It was the aim of the 
presentt study to test this hypothesis by means of applying various pre-
contractingg compounds in different concentrations followed by cumulative 
concentrationn response curves for the various vasodilators. 

Phenylephrinee (PhE) is a non-subtype selective agonist of ai-adrenoceptors, 
thatt belong to the super-family of G-protein-coupled receptors. The interaction 
off PhE with ai-adrenoceptors on vascular smooth muscle results in the 
activationn of at least two different signal transduction cascades: the 
phospholipasee C-induced phoshoinositol breakdown with a subsequent release 
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off calcium from intracellular stores and the activation of calcium channels in 
thee outer plasma membrane leading to a calcium influx 12. This is in contrast 
withh the effect of the imidazolidine derivative St 587, another, although partial, 
Oi-adrenoceptorr agonist, that is mainly dependent on calcium influx via 
nifedipine-sensitivee L-type calcium channels 13. Binding of the thromboxane A2-
likee agonist U-46616 (U-46) to its receptors on the surface vascular smooth 
musclee cells, activates the phospholipase C pathway. Its contractile effect is 
therebyy mainly independent from the extra-cellular calcium concentration 14. 
Increasingg the extra cellular potassium concentration above 10 mM results in a 
concentration-dependentt membrane-depolarisation with a concomitant 
openingg of voltage-gated calcium channels and an influx of this divalent ion. 
Thiss type of response, which is sensitive to the L-type calcium-channel blocker 
nifedipine,, is completely dependent on the extracellular calcium-concentration. 

Methacholinee (MCh) is a metabolically stable derivative of the transmitter 
acetylcholine.. Like acetylcholine, methacholine activates all subtypes of 
muscarinicc receptors. However, the MCh-induced vasodilation is mainly due to 
thee stimulation of endothelial M3-type muscarinic receptors 15. These receptors 
aree coupled to the endothelial nitric oxide synthase. On stimulation, this 
enzymee catalyses the formation of nitric oxide and citrulline, using L-arginine 
ass a substrate. NO diffuses to the underlying smooth muscle layer, enters into 
thee cells and activates the soluble form of guanylate cyclase, thus resulting in 
thee formation of cGMP. This second messenger is responsible for the relaxation 
duee to reduction of the free intracellular Ca2+ concentration and desensitisation 
off the contractile apparatus to Ca2+ probably by activating myosin light chain 
phosphatasee 16"18. The effect of muscarinic agonists like methacholine is 
thereforee completely dependent on the presence of a functional endothelium. 
Thiss is in contrast to sodium nitroprusside (SNP), which is an endothelium-
independentt NO-donor that induces the same cascade of events in smooth 
musclee cells as endothelium-derived nitric oxide. Forskolin (FSK), an alkaloid 
fromm Coleus forskholii , is a selective, cell permeable activator of adenylate 
cyclase,, an enzyme that catalyses the formation of cyclic adenosine 
monophosphatee (cAMP). This second messenger induces relaxation by a 
proteinn kinase A-dependent increase of calcium efflux and uptake by the 
endoplasmaticc reticulum as well as a reduction in the myosin light chain kinase 
sensitivityy to calcium ions 19. 



VasodilatorVasodilator drugs and pre-contraction in vitro 101 1 

Thee chosen concentrations of the vasoconstrictors, with the exception of St 
587,, resulted in different degrees of contraction, a prerequisite for the main 
objectivee of the present study. Increasing vascular smooth muscle tone 
reducedd the potency of the cGMP-dependent vasodilators SNP and MCh, 
independentt of the contractile stimulus used. The potency of the cAMP-
dependentt vasodilator FSK, on the other hand, appeared to be uninfluenced by 
thee degree of PhE induced precontraction, but it was reduced when 
concentrationss of U-46 or K+-ions were increased. 

Thee efficacy (Emax) of the endothelium-dependent, NO-releasing vasodilator 
methacholinee was decreased with increasing concentrations of all three of the 
contractilee stimuli, whereas the NO-donor SNP remained fully effective at all 
PhE-concentrationss but was found to be submaximally effective at higher 
concentrationss of U-46 and K+-ions. It draws the attention that the efficacy 
(Emax)) of FSK was unchanged independent of the type of vasoconstrictor or the 
degreee of smooth muscle tension. 

Althoughh the increasing concentrations of the three contractile stimuli did not 
producee identical absolute forces, a compound-specific impact on the 
vasodilatorss efficacy and potency can be derived from differential effects of 
equieffectivee vasoconstrictive concentrations. Evaluating the results of the 
FSKK experiments the slopes of U-46 are significantly decreased compared to 
thee experiments with K+-ions. This finding suggests that, after K+ 

precontraction,, there occurs a monophasic response of the voltage gated Ca2+ 

channelss to the rise of [c-AMP]. The decreased slope of the FSK concentration 
relaxationn curve suggests an inhibitory activity of U-46. Probably mediated by 
thee (3 isoform of the thromboxane A2 receptor 20, that is known to interact with 
adenylatee cyclase activation, as has been described for internal mammary 
arteryy preparations 21. 

Inn general it can be stated that the vasodilators that exert their effect via the 
NO-dependentt activation of soluble guanylate cyclase, either as a NO-donor 
(SNP),, or as an activator of the endothelial NO-synthase (MCh) are much more 
influencedd by the characteristics of the precontraction than FSK, a vasodilator 
operatingg via cAMP. This difference between vasodilators involving cGMP and 
cAMP,, respectively, was observed irrespective of the type of vasoconstrictor 
usedd for precontraction. Although this phenomenon needs further 
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investigation,, it can be speculated that quantitative and/or qualitative effects 
mightt be responsible for the observed differences. Vasodilators may display 
differentt efficacies due to their quantitative ability to induce the production of 
cAMPP or cGMP, respectively. These second messengers in their turn might 
displayy important differences regarding their efficacy at the target structures 
likee proteins kinases A and G (PKA and PKG), or the cyclic nucleotide-gated 
channels,, or, even more downstream, at the level of IP3 inhibition 22. The 
complexityy of these second messenger cascades is even increased by the fact 
thatt cAMP cross-activates PKG in the rat aorta 23, and this phenomenon 
probablyy holds true for cGMP activating PKA as has been shown in human 
intestinall cells 24. 

Anotherr explanation for the observed differences in vasodilating properties 
betweenn cAMP and cGMP dependent vasodilators may be the pre-experimental 
activationn of these second messenger systems. In a comparable to our 
experimentall in vitro set-up, measurements of cGMP formation demonstrate a 
loww basal level, under the continuous influence of spontaneous NO release 25. 
Additionallyy there is extensive evidence that vasoconstrictors can amplify the 
NO-releasee from the vascular endothelium 26;2?. 

Thiss implicates that there is a certain amount of NO present before the 
administrationn of the vasodilators, which is possibly dependent on the type and 
concentrationn of the vasoconstrictor and the resulting degree of 
vasoconstriction.. Consequently, soluble guanylate cyclase and its subsequent 
signall transduction cascade is at least partially activated. Under these 
conditions,, an additional activation of this system by NO-donors like SNP or 
endothelium-dependentt NO-releasing agents like MCh might be less effective 
comparedd to the cAMP-dependent vasodilator forskolin. Consequently the more 
apparentt loss of efficacy and/or potency of cGMP-mediated vasodilators could 
bee due to an agonist-induced NO-release as the basis for the loss in potency 
and/orr efficacy of these vasodilators. 

Too evaluate to which extent this effect may have influenced the results, 
additionall experiments with SNP after precontraction with either potassium or 
PhEE were performed in the presence of the NO-synthesis inhibitor L-NAME 
(figuree 2a and 4a). As expected NO-synthesis inhibition increased the 
contractilee efficacy of both, potassium and PhE (figure 1). This indicates at 



VasodilatorVasodilator drugs and pre-contraction in vitro 103 3 

leastt a spontaneous NO-release, probable amplified by the PhE- and potassium 
inducedd vasoconstrictor effect. However, the reduction of the potency of SNP 
byy about one order of magnitude, when the concentration of the 
precontractingg stimuli was increased, was unmodified by L-NAME, suggesting 
thatt endogenous NO had any influence on the potency shift. 

Too further test whether there is an adrenoceptor-specific mechanism involved, 
thee partial ai-agonist St 587 was used. The signal-transduction cascade of this 
atypicall compound does not contain second-messenger systems and can be 
selectivelyy and quantitatively blocked by L-type calcium channel blockers such 
ass nifedipine. The vasodilator potency and efficacy of nifedipine was 
independentt of the St 587 concentration used. This supports the view that 
especiallyy second messenger-mediated vasodilating effects are susceptible to 
thee degree of precontraction and the type of stimulus by which it is induced. 

Precontractionn by increasing concentrations of the thromboxane A2 agonist 
resultedd most clearly in a decrease in potency and efficacy of the cGMP-
mediatedd vasodilators, whereas gradual depolarisation by increasing 
concentrationss of potassium ions resulted in the greatest decrease of potency 
off the cAMP-mediated vasodilator FSK. Although numerous mechanisms 
underlyingg vasodilation and contraction have been discovered in the recent 
years,, reliable predictions to which degree a vasoconstrictor used for 
precontractionn will influence the properties of vasodilators could not be made, 
yet. . 

Fromm the presented data it is concluded that the degree of pre-contraction and 
thee type of stimulus by which it is induced markedly influence the 
pharmacologicall characteristics of second-messenger-dependent vasodilators. 
Cyclicc GMP-mediated vasodilator responses are more sensitive in this respect 
thann mechanisms involving cyclic AMP. Studies, comparing the pharmacological 
characteristicss of different vasodilators should therefore be performed only 
underr identical conditions, using the same stimulus, preferably at a 
submaximall effective concentration. 
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1.. Introductio n 

Thee neurohypopyseal peptide hormone AVP is known to regulate the water 
reabsorptionn in the renal collecting duct via the V2 receptor 1 and to potently 
constrictt numerous vascular beds through the Vi receptor 2. Furthermore AVP 
appearss to mediate vasodilation in some vascular beds through the V2 receptor 
3"5.. AVP also exerts haemostatic activity, via enhanced platelet aggregation 6 

andd an increased release of coagulation factors 7. Moreover AVP regulates the 
releasee of adrenocorticotropic hormone (ACTH), through activation of the V3-
pituitaryy receptor (or Vib) 8. 

Elevatedd plasma AVP levels are a common finding in congestive heart failure 
9;100 and this could play a role in the pathophysiology of this syndrome. Several 
studiess have evaluated a possible role of AVP in essential hypertension. These 
analysess did not yield conclusive results, but it is plausible that AVP may play 
aa pathophysiological role in subgroups of hypertensive subjects n"13. Until now 
thee role of AVP is not straightforward, one explanation is the heterogeneity of 
responsess in different vascular beds. These range from a strong 
vasoconstriction,, to vasodilation and even to a biphasic vascular response in 
thee human forearm 14~16. 

Duee to its function in body homeostasis the renal vascular bed is important in 
thee development of congestive heart failure and hypertension. Previous 
studiess demonstrated that the vasoconstrictive action of AVP is attenuated by 
manyy factors in the renal vasculature. In vivo there is evidence for an 
interactionn between AVP and the sympathetic nervous system 17. A second 
majorr aspect is the possible vasodilator role of the V2 receptor, thus 
attenuatingg the vasoconstrictive action of the Vi receptor 18~20. A third 
importantt factor is the interaction between the vascular smooth muscle cells 
andd the endothelium 21;22. Although all these mechanisms are known to be 
involvedd in the interaction between AVP induced vascular smooth muscle cell 
contractionss and the endothelium, their relative contributions are not clear. 
Thiss point is even more essential because our first experiments evaluate this 
thirdd point, showed the involvement of an unknown endothelium dependent 
factorr that increases the AVP-induced contractile response. 
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Thee objective of the present study is to identify the nature and its contribution 
off AVP to the regulation of the rabbit renal artery resistance by functional 
pharmacologicall means. Furthermore the relative contributions of the NO, 
cyclooxygenasee and lipoxygenase pathways were assessed. The subtypes of 
thee AVP receptors involved were identified by the use of selective agonists and 
antagonists,, respectively. Additional experiments were performed to 
determinee the interaction with the intermediate and large conductance Ca2+ 

activatedd K+ channels and the endothelin system with AVP. 

2.. Method s 

RenalRenal artery ring preparations 

Thiss study was approved by the Animal Ethics Committee of Amsterdam in 
accordancee with the guidelines of the ethical care of experimental animals of 
thee European Community. New Zealand White rabbits weighing 2000-2500g 
weree sacrificed by exsanguination after intravenous injection of fentanyl/ 
fluanisonn 2.5 mg/kg, pentobarbital 30 mg/kg (i.m.) and Heparin (875 IE/kg). 
Thee left renal artery was carefully excised and placed in a physiological salt 
solutionn (PSS) of the following composition (mM): NaCI (118.5); KCI (4.7); 
KH2P044 (1.2); CaCI2 (2.5); MgS04 (1.2); glucose (5,5); Na4EDTA (0.026); 
NaHC033 (25) at room temperature, which was continuously gassed with 
carbogenn (95% 02 and 5% C02). The vessels were cleaned of superficial fat 
andd connective tissue. Care was taken not to stretch the vessels or to damage 
thee endothelium. The renal artery rings were cut into segments of 
approximatelyy 3 mm long each, and mounted between two triangular stainless 
steell hooks and put into organ baths containing 5 ml PSS at . The 
mixturee was continuously gassed with carbogen. Ring preparations were 
studiedd with and without endothelium. The endothelium was removed by 
carefullyy rubbing the luminal surface with a steel rod. Isometric tension was 
measuredd by means of isometric force transducers (A.D. instruments, Castle 
Hill,, Australia), connected to a MacLab/8 computer system. The vessel rings 
weree equilibrated in PSS for 30 min at a resting tension of 2.0 g, which was 
maintainedd throughout the experiment. 

ExperimentalExperimental protocol 

Afterr the equilibration period the renal artery rings were exposed for 5 min to 
aa depolarising PSS (containing 60 mM K+), thus causing a contraction of the 
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vascularr smooth muscle. In this solution 55.3 mM NaCI has been isotonically 
replacedd by KCI, resulting in a total KCI concentration of 60 mM. With 20 min 
equilibrationn intervals this was followed by 5 min periods of additional 
exposuree to PSS KCI 60 mM. This procedure was followed by vasoconstriction, 
inducedd by phenylephrine (PhE) 0.3 uM, after which the endothelial-function 
wass tested by means of methacholine (MCh; 0.3, 1 and 3 uM, respectively). 
Preparationss with an Emax less than 80 % were considered too much damaged 
forr the experiment and discarded. In preparations were the endothelium was 
removedd the Emax was less than 20 % or the vessels were discarded. 
Subsequently,, after 30 minutes PSS KCI 60 mM was applied again. Thirty 
minutess after the last potassium-induced contraction, a cumulative 
concentration-contractilee response curve for vasopressin or desmopressin was 
constructedd in each ring. The concentrations were successively increased, at 
thee moment the increase of contractile force stabilised or after 30 seconds in 
casee of no functional effect of the concentration under investigation. The 
influencee of endothelium dependent factors and vasopressin-receptor 
selectivityy was evaluated in separate set of experiments, with a comparable 
experimentall protocol until the third potassium-induced contraction. Directly 
afterr this contraction our vessel strips were incubated for 30-minute period 
withh one of the following, substances: L-NNA, charybdotoxin, indomethacin, 
SRR 49059, or SR 121463 B. Thereafter, in the presence of this substance, a 
concentrationn response curve to vasopressin was constructed. 

DrugsDrugs and chemicals used 

L-phenylephrinee hydrochloride, L-NNA (N-Nitro-I-Arginine) and, acetyl-p 
methacholinee were obtained from Sigma (St. louis, USA). (Arg8)-AVP, 
Desmopressinn and Charybdotoxin were obtained from Bachem (Bubendorf, 
Switzerland).. Meclofenamic acid was obtained from ICN (Aurora, USA). 
Bosentann was a gift from Actelion Pharmaceuticals (Allschwil, Switzerland). All 
thesee drugs were dissolved in distilled water. Both SR-49059 and SR-121463 
BB were gifts of Sanofi (Toulouse, France). SR-49059 and SR-121463 B were 
dissolvedd in 100% DMSO to a concentration of 1 mM, and the solution was 
subsequentlyy diluted with distilled water to the final concentration needed. 
Indomethacinn was purchased from Merck Sharp and Dohme (Haarlem, 
Netherlands)) and it was dissolved in a solution of NaOH 1 M Na2C03 0.1 M to a 
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concentrationn of 10 mM, and subsequently further diluted with distilled water 
too the final concentration needed. 
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Figur ee 1. Contractile responses of rabbit isolated renal artery preparations to AVP. 
Controll (n=14), L-NNA 10 pM (n = 24), endothelium denuded (n = 10). Values are 
expressedd as means  SEM. * p < 0.05 compared to the control. 

EvaluationEvaluation of data 

Thee data are expressed as means  S.E.M. The concentration-response curves 
forr the compounds investigated were analyzed by means of a computer 
programmee (Graph Pad, Institute for Scientific Informatics, San Diego, CA, 
U.S.A.).. The pD2-value [-log of the effective concentration (molar) that 
producess 50% of the maximal effect (EC50)], as well as the maximal effect 
(Emax)) were thus obtained from the non-linear regression curve fit analysis for 
thee individual experiments. The statistical significance of the differences was 
evaluatedd using a one-way analysis of variance followed by a Bonferroni post-
test.. Values of P<0.05 were considered significant. 

3 .. Resu l t s 

Ass shown in figure 1, AVP induced, in vessels with intact endothelium, a 
maximall contraction of 1 mN, with a pD2 of . Inhibition of the 
endotheliall NO synthesis by N-Nitro-L-Arginine (L-NNA) 10 uM resulted in an 
Emaxx increase to 8 mN (p<0.05) and a comparable pD2 of . 
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Removall of the endothel ium did not result in the same increase in Emax, but 

showedd a comparable response (Emax 3 mN) to the vessels with intact 

endothel ium.. The potency remained the same (pD2 : . 
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Figur ee 2. The influence of endothelium removal or the presence of L-NNA 10 pM on 
thee contractile response to phenylephrine 0.3 uM. Control: clear (n=9), L-NNA 10 uM: 
blackk ( n = l l ) , without endothelium: hedged (n = 8). Values are expressed as means
SEM.. * p < 0.05 compared to the control, $ p < 0.05 compared to the preparations 
incubatedd with L-NNA. 
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Figur ee 3. The influence of endothelial removal or the presence of L-NNA 10 pM on the 
contractilee response to [K+] 60 mM. Control: clear (n = 8), L-NNA 10 pM: black (n=8), 
withoutt endothelium: hedged (n=8). Values are expressed as means  SEM. 

Inn contrast to AVP the ai-adrenoceptor agonist PhE induced a response, which 

wass increased both in vessels pre-incubated with L-NNA and in preparations 
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withh a denuded endothel ium. Contraction with PhE 0.3 uM (figure 2) resulted, 

withh endothel ium-intact vessels, in a force of 4 mN. In the presence of 

L-NNAA the force of contraction increased to 9 mN (p<0.05) and even 

moree in preparations without endothelium 5 mN, p<0.05) . Again in 

contrastt to AVP, endothelium denudation or preincubation with L-NNA resulted 

inn an identical contractile response to a physiological salt solution with a high 

concentrationn of potassium-ions (60 mM) (figure 3). 
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Figur ee 4. Contractile responses of rabbit isolated renal artery preparations, in the 
presencee of L-NNA 10 uM, to vasopressin. Control (n = 14), SR-49059 0.03 nM (n = l l ) , 
SR-490599 0.3 nM (n = 13), SR-49059 3 nM (n = 13), and SR-49059 30 nM (n=13). 
Valuess are expressed as means  SEM. 

Thee specific Vi antagonist SR-49059, in the concentrations 30 pM -30 nM, did 

nott influence the resting tension of the artery ring preparations. The Vi 

antagonistt resulted in a concentration dependent antagonism, of the AVP 

concentrationn response curve in the presence of L-NNA 10 uM (figure 4) . 

Comparedd to the control curve, in the presence of the Vi antagonist, in the 

concentrationn of 30 nM, the pD2 decreased from 1 to , 

respectively. . 

Thee presence of the V2-antagonist SR-121463 B, in the concentrations of 1 

pM-- 10 nM, did not influence the concentration response curve of vasopressin. 

Alsoo desmopressin, the V2-agonist in the concentrations of 1 nM -1 uM, did not 
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resultt in any contracti le effect. The possible vasodilator role of desmopressin 

wass evaluated in the same concentration range, after a precontraction with 

PhEE 0.3 uM, but again wi thout any effect. These experiments were performed 

inn the presence and absence of L-NNA and in the presence of intact 

endothel ium,, data not shown. 
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Figur ee 5. Contractile responses of rabbit isolated renal artery preparations to 
vasopressinn in the presence of Charybdotoxin 0.1 uM. Control (n=9), L-NNA 10 uM 
(n=9),, without endothelium: (n=9). Values are expressed as means  SEM. 

Charybdotoxinn 0.1 uM, an inhibitor of the intermediate and large Ca2+-

activatedd K+ channels and the delayed rectifier K+ channels, increased the Emax 

off the AVP concentration response curves in the three types of experiments 

(f iguree 5). In endothel ium intact vessels the Emax increased from 5 mN 

too 4 mN (p<0 .05) , in the presence of L-NNA from 7 mN to 

88 mN (p<0.05) and in vessels without endothelium from 3 mM 

too 8 mM (p<0 .05) , respectively. The pD2 was not influenced by 

charybdotoxin. . 
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Figur ee 6. Contractile responses of rabbit isolated renal artery preparations to 
vasopressinn in the presence of indomethacin 100 pM. Control (n = 5), L-NNA 10 pM 
(nn = 5), without endothelium (n=4). Values are expressed as means  SEM. * p < 0.05 
comparedd to the control. 
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Figur ee 7. Contractile responses of rabbit isolated renal artery preparations to 
vasopressinn in the presence of meclofenamic acid 20 pM. Control: (n = 6), L-NNA: 10 
pMM (n = 6), without endothelium: (n = 6). Values are expressed as means  SEM. * p < 
0.055 compared to the control. 
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**  Control 
AA L-NNA 10 pM 

 Endothelium 
denuded d 

Figur ee 8. Contractile responses of rabbit isolated renal artery preparations to 
vasopressinn in the presence of Bosentan 100 pM. Control: (n=4), L-NNA: 10 pM 
(n=4),, without endothelium: (n=4). Values are expressed as means  SEM. * p < 
0.055 compared to the control. 

Indomethacinn 100 uM (figure 6) , a cyclooxygenase I and I I inhibitor and 

Meclofenamicc acid 20 uM (figure 7) , a dual 5-lipoxygenase and 

cyclooxygenasee I and I I inhibitor were used to evaluate the role of 

prostaglandinss and leukotrienes in the AVP induced contraction. Indomethacin 

orr Meclofenamic acid did not modify the concentration response curves of AVP, 

inn preparations with or without intact endothel ium, or in preparations in the 

presencee of L-NNA. The possibility of an interaction between AVP and 

endothel in-11 was evaluated by means of the mixed Endothelin A and 

Endothelinn B receptor (ETA and ETB) antagonist Bosentan 100 uM (figure 8). 

Alsoo in these experiments only a selective increase of contractile force after 

incubationn with L-NNA was demonstrated, but not in vessels with denuded 

endothel ium. . 
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4.. Discussio n 

Wee investigated the role of AVP and its interaction with the endothelium and 
thee vascular tissue of the rabbit renal artery. AVP is known to stimulate the 
releasee of NO in the renal circulation 18;23. Endothelial removal resulted in a 
decreasee of AVP-induced contractile force compared to the vessels incubated 
withh L-NNA. The fact that the maximal contractile response to KCI was not 
influencedd by the mechanical removal of the endothelium indicates, that the 
physiologicall properties of the vascular smooth muscle cells were not affected. 
Thiss leads to the conclusion that AVP-induced vasoconstriction is partly 
endothelium-dependent.. The co-release of NO presumably masks this 
endothelium-dependentt increase in contractile force. PhE could not evoke this 
effect;; on the contrary, the contractile response was increased in 
endothelium-denudedd preparations. 

Thee interaction between AVP and the endothelium in the renal artery of 
differentt species has been studied by several authors 14-24-25. Garcia-Villalon et 
al.. demonstrated in the rabbit renal artery an AVP-induced rise in contractile 
force,, which dose-dependently increased in the presence of the NO synthase 
inhibitorr NG-nitro-L-arginine methyl ester (L-NAME) 1-100 uM 14. These 
findingss are in accordance with our results observed in the presence of L-NNA 
100100 uM. However, the results by Garcia-Villalon et al. in vascular segments 
withoutt endothelium showed an increase in contractile force. Important to 
notee is that the combination of L-NAME and endothelium removal resulted in a 
furtherr elevation of contractile force when compared to the endothelium 
denudedd vessel segments. A possible explanation, as suggested by the 
authors,, is that the endothelium in their experiments had not been removed 
completely.. Katusic et al. have conducted experiments evaluating the effects 
off AVP on endothelium denuded and endothelium intact vessel segments of 
thee rat renal artery. They confirmed our results, with respect to comparable 
contractilee force in intact or endothelium denuded segments 24. Medina et al. 
showedd in human renal arteries a comparable contractile force in the presence 
orr absence of intact endothelium or in the presence of L-NAME 25. This 
suggestss that our results are possibly not translatable to human renal arteries, 
butt it is important to realise that the data by Medina et al. could have been 
influencedd by unknown peri-operative factors. 
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Ourr experiments with the Vi antagonist SR-49059 confirm the conclusion 
derivedd earlier that AVP-induced vasoconstriction is mediated by Vi receptors 
i4;i7;25__ A s h a s ^een discussed in the previous paragraph, vasopressin-
mediatedd vasoconstriction is caused by direct and indirect (endothelium-
dependent)) smooth muscle cell activation. The contractile force mediated 
directlyy and indirectly by vasopressin, was dose dependently antagonised by 
thee Vi antagonist SR-49059 and could not be demonstrated by the V2 agonist 
desmopressin,, or inhibited by the V2 antagonist SR-121463 B. 

Thee AVP receptor subtype that causes NO release remains controversial. Some 
authorss suggest that the Vi receptor mediates the AVP induced NO release 
26;27,, in contrast to others, who submitted the V2 receptor-induced release of 
NOO 16;28. The V2 antagonist SR-121463 B or the V2 agonist desmopressin did 
nott influence our data. This leads to the conclusion that in our experimental 
set-upp the NO release in the renal artery of the rabbit is mediated by the 
activationn of the Vi receptor. 

Thee role of a possible interaction of endothelium-derived hyperpolarizing factor 
(EDHF)) and AVP has not been evaluated in the renal artery, but also in this 
tissuee an interaction can be imagined 29. Incubation of the vessels with 
charybdotoxinn does result, in the presence or absence of intact endothelium or 
L-NNA,, in a comparable increase in contractile force induced by the AVP-
concentrationn response curve. Ca2+ activated K+ channels are known to be 
directlyy involved in processes that regulate the smooth muscle cell tone, as 
hass been demonstrated in the rat cerebral artery 30 and mesenteric artery 22. 
Thee hypothesis suggested by these authors is that the agonist-induced 
increasee of intra-cellular Ca2+ is sufficient to activate the intermediate and 
largee conductance Ca2+ activated K+ channels. The similarity of the results 
obtainedd in vessels with intact endothelium with those without endothelium 
suggestss that the role of EDHF in an interaction with AVP induced contractions 
iss trivial. 

Somee authors reported 31;32 that relaxant prostaglandins are functionally 
visiblee in the human saphenous vein and the human renal artery. In these 
experiments,, after precontraction with norepinephrine and in the presence of a 
Vii antagonist, AVP resulted in vasodilation, which could be partly inhibited by 
indomethacin.. In our study incubation of the vessels with indomethacin or 
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meclofenamicc acid, did result in a similar outcome compared to the control 
experiment.. The different experimental set-up and tissue used in our 
experimentss can explain the dissimilarity in effects between these 31;32 and our 
results.. These experiments in the presence with indomethacin or 
meclofenamicc acid showed that the functional effects of lipoxygenase or 
cyclooxygenasee pathway are limited in the rabbit renal artery and cannot 
explainn the nature of the endothelium-dependent contractile factor. 

Besidess the role of these established interactions, another endothelium 
dependentt factor can be involved. It has been described that the Endothelin-1 
synthesiss and release can be stimulated by AVP 33"35, but the precise role in 
thee renal circulation under control conditions has not been established. Our 
resultss show no inhibitory effect on the AVP induced contraction with the ETA 

andd ETB antagonist bosentan. This excludes a direct functional role for an AVP-
inducedd endothelin release. 

Inn conclusion, our study confirms that AVP is a vasoconstrictor in the isolated 
renall artery. The vasoconstriction by AVP is mediated by Vi receptors and it is 
influencedd by both an endothelial dependent vasoconstriction and a L-
Arginine-NOO pathway mediated vasodilation. This contractile effect is 
independentt of lipoxygenase and cyclooxygenase pathways or endothelins. 
Furthermore,, the AVP induced contraction appears to be inhibited by an 
activationn of Ca2+ activated K+ channels. 
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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. 
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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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Figur ee 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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Genera ll  discussio n and conclusion s 

Thee neuro hormone vasopressin (AVP), which appears to display a relevant 
rolee in certain cardiovascular and renal diseases, is known to interact with a 
feww important modulators of the cardiovascular system. In the present study 
wee therefore investigated three of such modulators which may interact with 
thee vascular function of the neurohormone AVP. The first modulator evaluated 
wass the peripheral sympathetic nervous system (SNS). The interaction with 
AVPP was investigated in the isolated mesenteric artery; furthermore we 
determinedd whether the potentiating role of AVP on the SNS could be 
demonstratedd in the intact circulation of the pithed rat and in the forearm 
circulationn of humans. We investigated the receptor selectivity, and the pre-
andd post-synaptic sites of action. This type of investigation has been greatly 
facilitatedd by the introduction of non-peptidergic vasopressin receptor 
antagonists,, which are relatively selective for the V!- or V2-receptor, 
respectively.. Before we focused on the second modulator we performed a 
methodologicall study for isometric recordings of vessels in a standard organ 
bathh set-up. In this study we investigated the interaction of precontracting 
levelss and measured vasodilation, induced by well-known vasodilating 
compounds.. The second modulator of our interest was the endothelium. To 
studyy the role of endothelium dependent factors we used the renal artery of 
thee rabbit to assess the interaction with AVP. Lastly we investigated the 
extracellularr signal-regulated kinase (MAPKerk) subfamily of the mitogen-
activatedd protein kinase pathway, with respect to its possible interaction with 
AVP-inducedd vasoconstriction, using the isolated rat aorta. 

Thee characteristics of the V-receptors involved in the effects of the various 
agonists// antagonists were studied in the isolated mesenteric artery of the rat. 
Wee applied electrical field stimulation to activate sympathetic nerve endings. A 
sub-pressorr concentration AVP facilitated the contractile response of the vessel 
segmentss induced by sympathetic nerve activation. The Vi-antagonist SR-
490599 displayed AVP-inhibitory activity on both the direct vasoconstrictor 
effectss and on the potentiating effects on the stimulated SNS. The selective 
V2-agonistt desmopressin showed no direct vasoconstrictor or vasodilator 
effects,, nor any effect on the sequelae of sympathetic nervous activity. SR-
1214633 B, a selective V2-antagonist, proved less active. The post-synaptic 
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effectss were evaluated by studying the vasoconstrictor action of noradrenaline. 
AVPP proved to facilitate the selective post-synaptic stimulation by 
noradrenaline.. Taken together these results indicate that AVP facilitates the 
sympatheticc nerve activity via the Vi-receptor, at least partly via the post-
synapticc receptors. It cannot be decided to which extent pre-synaptic V!-
receptorss may be involved. 

Subsequentlyy we investigated whether the potentiation of the sympathetic 
neurotransmissionn by AVP, already shown in vitro, could be demonstrated in 
thee in vivo model of the pithed rat. Initially we failed to demonstrate the 
facilitationn of the peripheral sympathetic nervous activities by AVP. Since in 
thiss model the facilitation was already at an optimal level due to the high 
circulatingg levels of Angiotensin I I . However, after blockade of the ATi-
receptorss with irbesartan, it became possible to investigate the potentiating 
effectt of a sub-pressor dosage of AVP on the effects of the peripheral SNS. 
Thiss facilitating effect was Vi-receptor mediated, as proven by means of the 
selectivee Viand V2-antagonists SR-49059 and SR-121463 B, respectively, and 
thee V2-agonist desmopressin. In this experimental model with a relatively 
intactt circulation, a sub-pressor dose of AVP proved unable to influence the 
pressorr effect of noradrenaline. From these findings we conclude that a sub-
pressorr dosage of AVP can facilitate the peripheral sympathetic nervous effect, 
byy pre-synaptically located Vi-receptors, whereas AVP does not attenuate 
postsynapticc effects. 

AA third study was conducted to evaluate the interaction of AVP and the 
peripherall SNS in humans. We used the model of forearm venous occlusion 
plethysmographyy in combination with general SNS activation induced by the 
applicationn of lower body negative pressure (LBNP). Forearm blood flow 
decreasedd after initiation of the LBNP, and this effect could be potentiated by 
thee presence of a continuous infusion with a sub-pressor dosage of AVP. The 
vasoconstrictorr effect of noradrenaline mediated by postsynaptic ai-
adrenoceptorss proved uninfluenced by a continuous infusion of sub-pressor 
dosagee of AVP. Consequently we conclude that AVP facilitates in the human 
forearmm the actions of peripheral sympathetic nervous activity, via pre-
synapticc V-receptors. 
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Inn vascular pharmacology the organ bath set-up for isometric recordings is a 
well-knoww method for the evaluation of vasodilator properties of new 
compounds.. Before the vascular characteristics of a certain vasodilator can be 
evaluated,, it is necessary to pre-contract the vessel segment. Therefore we 
aimedd to determine to what extent the vasodilator properties are dependent of 
thee mechanism of precontraction and the level of precontraction. These results 
illustratee the importance when comparing different vasodilators, the levels of 
precontractionn should be comparable and preferably at a sub-maximal level. 

Wee investigated in the isolated rabbit renal artery the interaction between AVP 
andd the endothelium, an important modulator of vascular tone. AVP-mediated 
vasoconstrictionn was increased in the presence of the NO-synthase inhibitor L-
NNA,, whereas endothelium removal did not influence AVP-mediated 
vasoconstriction,, when compared with endothelium intact segments. These 
resultss are in contrast with the data derived from phenylephrine-induced 
vasoconstriction,, which showed an increase of contractile force in 
endothelium-denudedd vascular segments. By means of SR 49059 and SR 
1214633 was demonstrated that the AVP-mediated vasoconstriction was Vi-
receptorr dependent. These data suggest a Vi-receptor mediated release of an 
endothelium-dependentt contractile factor, which proved uninfluenced by 
indomethacinn (a cyclooxygenase inhibitor), meclofenamic acid (a 
cyclooxygenasee and lipoxygenase inhibitor), or bosentan (an endothelin 
antagonist). . 

Activationn of several G-protein-coupled receptors can result in a mitogen-
activatedd protein kinaseerkl/2 (MAPKerkl/2)-dependent vasoconstriction. Although 
inn cultured cells the AVP-induced MAPKerkl/2-activation has been demonstrated 
too be involved in mitogenic and hypertrophic effects, a direct link with 
vasoconstrictionn has not been established so far. For this reason we 
investigatedd the effects of PD 98059 and U 0126, two MAPKerkl/2 kinase 
inhibitors,, on the AVP-induced vasoconstriction and also on MAPKerkl/2 

phosphorylation.. Western blot analyses revealed that AVP stimulated the 

MAPKerki/22 phosphorylation in differentiated rat aortae segments, and PD 
980599 or U 0126 dose dependency prevented this effect. In the same 
concentrationn range these MAPKerkl/2 kinase inhibitors inhibited AVP-induced 
vasoconstriction.. These data indicate that the MAPKerkl/2 pathway is involved in 
AVP-mediatedd vasoconstriction. 
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Thee following general conclusions can be drawn from the studies presented in 
thiss thesis. 

1)) AVP is able to facilitate the peripheral sympathetic neurotransmission 
viaa the stimulation of Vi-receptor subtypes. Pre- and postsynaptic sites 
seemm to be involved in this effect. 

2)) AVP is able to release endothelial factors which are either vasodilators, 
likee NO, or vasoconstrictors. The latter are at least partly responsible for 
thee overall vasoconstrictive effect of AVP. Although several candidates 
havee been eliminated, the nature of the constricting endothelial factor 
remainss unknown. 

3)) The MAPKerkl/2 pathway has been identified to be part of the signal 
transductionn which mediates the mechanical responses of vascular 
tissuee to AVP. 
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Summar y y 

Chapte rr  1 

Thee introduction chapter is dealing with a survey of the cardiovascular 
functionss of vasopressin (AVP). The neurohormone AVP is a nonapeptide 
releasedd predominantly from the pituitary gland. The important cardiovascular 
modulatingg roles of AVP are largely mediated by the V r and the V2-receptor. 
Thee most prominent functions of the Vi-receptor are vasoconstriction and 
possiblyy also the induction hypertrophy of vascular and cardiac tissues. V2-
receptorr activation results in an increased water reabsorption in the kidney. In 
severall vascular beds it causes vasodilation. The V2-receptor agonist 
desmopressinn has a well-known clinical role of in the treatment of central 
diabetess insipidus. At present vasopressin itself is under investigation as an 
alternativee for adrenalin as a pressor agent in the treatment of cardiovascular 
shock.. The recent development of non-peptidergic selective AVP-antagonists 
enabless a thorough investigation of the functions of the AVP-system. 
Furthermoree several clinical applications of the AVP-antagonists are currently 
beingg evaluated. In the cardiovascular field the treatment of essential 
hypertensionn in the negroid and elderly subpopulations seems the most 
promisingg option. With respect to the treatment of congestive heart failure the 
increasedd aquaresis without disturbances of the electrolyte balance, mediated 
byy V2-receptor blockade, is the major subject of investigation. 

Chapte rr  2 

Inn the isolated rat mesenteric artery we designed a study to analyse the 
possiblee involvement of the V r and V2-receptor in AVP-induced facilitation of 
thee sympathetic nervous system. The direct vasoconstrictor effect of AVP was 
antagonizedd by the Vi-antagonist SR-49059 and not by the V2-antagonist SR-
121463.. The V2-agonist desmopressin did not show any direct vasoconstrictor 
effect;; neither did it produce vasodilatation after precontraction induced by 
Noradrenalinee (NA) 10 uM. Electrical field stimulation (EFS) was applied on the 
arteryy to mimic the effects of the sympathetic nervous system. The EFS-
inducedd rise in vascular tone could be increased by a sub-pressor 
concentrationn of AVP. This facilitation could be antagonized by SR-49059, but 
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lesss by SR-121463. Again desmopressin did not influence the increase in 
vascularr tone during EFS. The post-synaptic effect of AVP on the sympathetic 
nervouss system was investigated by exposing the vessels to exogenous NA. 
Vasoconstrictionn induced by exogenous NA could be facilitated by a sub-
pressorr concentration of AVP and this selective postsynaptic effect could be 
antagonizedd by Vi-receptor blockade. These findings suggest a Vi-receptor 
dependentt AVP-induced facilitation of the sympathetic nervous system. This 
facilitationn is and at least partly post-synaptically mediated. Selective 
evaluationn of pre-synaptic effects cannot be evaluated in this model, therefore 
itt cannot be decided to which extent pre-synaptic Vi-receptors may be 
involved. . 

Chapte rr  3 

Severall studies have shown that AVP potentiates the sympathetic nervous 
transmissionn in isolated vessels. The present study investigates such a 
potentiationn in the pithed rat model. Spinal cord stimulation was applied to 
selectivelyy stimulate the sympathetic activity on the vascular tone. The 
electricall stimulation was performed in the presence or absence of a sub-
pressorr dose of AVP (1 pmol/kg/min). In the pithed rat model endogenously 
generatedd angiotensin I I facilitates neurally mediated increments in vascular 
resistance.. Without the administration of the ATi-antagonist irbesartan, the 
facilitatingg effect of AVP was not visible. However, after the administration of 
thee ATi-antagonist irbesartan the facilitating effect of AVP became apparent. 
Thee stimulation-induced rise in diastolic blood pressure was enhanced in the 
presencee of the subpressor dose of AVP. The Vi antagonist SR-49059 
completelyy inhibited this AVP-induced facilitation, whereas both the V2 

antagonistt SR-121463 and the V2-agonist desmopressin did not. In addition, 
thee effect of AVP on post-synaptic a-adrenoceptor mediated responses was 
studiedd using exogenously administered NA. The dose response curve of NA 
wass not influenced by AVP. Therefore we concluded that the stimulating effect 
off AVP on sympathetic neurotransmission is completely dependent on the 
stimulationn of presynaptically located Vi receptors. The facilitating effect of 
angiotensinn II on the sympathetic nervous system in the pithed rat model 
maskss the facilitating effect of AVP in this preparation. 
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Chapte rr  4 

Ourr previous studies have shown that AVP can enhance sympathetic nervous 
transmissionn by means of Vi-receptor activation. It was the objective of the 
thirdd study on this subject to investigate whether in humans a facilitatory role 
off AVP on sympathetic nerve activity can be demonstrated at the peripheral 
level.. Eight healthy subjects (32  2.3 years) participated in this study. 
Forearmm blood flow (FABF) was measured using the venous occlusion 
plethysmographyy model. Each session was performed in the presence of a 
continuouss infusion of AVP in sub-pressor dosage of 0.008 ng/kg/min or NaCI 
0.9%.. In this study all drugs were infused into the brachial artery. The first 
protocoll consisted of two pressure-response curves produced by progressive 
lowerr body negative pressure (LBNP) (-10, -20 and -30 mmHg), to investigate 
thee combined pre- and post-synaptic action of the sympathetic nervous 
system.. After infusion of AVP (0.008 ng/kg/min), the FABF remained 
unaffected.. LBNP caused a pressure dependent decrease in FABF, which AVP 
significantlyy enhanced. This procedure was followed by a second protocol in 
whichh once more the possible post-synaptic effects of AVP were evaluated by 
meanss of intra-arterially infused NA. NA caused a dose-dependent 
vasoconstriction,, unaffected by AVP. Taken together we conclude that in 
healthyy volunteers AVP can facilitate vasoconstriction mediated by the 
peripherall sympathetic nervous system at the pre-synaptic level. 

Chapte rr  5 

Inn a standard organ bath set-up for isometric recording we tested whether the 
relaxingg properties of vasodilator drugs in vitro may depend on the 
characteristicss of the contractile state of the vessel investigated. The rat 
isolatedd thoracic aortae were exposed to different types of pre-contraction. 
Thee following vasoconstrictor agents were used: phenylephrine (PhE, a 
selectivee ai-adrenoceptor agonist), St-587 (a partial ai-adrenoceptor 
stimulant),, U-46619 (U-46 a thromboxane A2 agonist), and potassium ions 
(causingg receptor independent depolarisation of the membrane), respectively. 
Afterr pre-contraction various differential vasodilator drugs were investigated: 
methacholinee (MCh, endothelium-dependent), sodium nitroprusside (SNP, NO-
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donor),, forskolin (FSK, adenylyl cyclase stimulant) and nifedipine, (a selective 
L-typee calcium-antagonist). The experiments of this study clearly demonstrate 
thatt the characteristics of the applied pre-contraction strongly, but 
differentiallyy influence both the potency and efficacy of various vasodilator 
drugss in vitro. Accordingly, in vitro characterisation of vasodilator drugs should 
bee performed under a carefully standardized protocol of pre-contraction. 

Chapte rr  6 

Concerningg the interaction of vasopressin with the endothelium, we identified 
andd quantified the stimulatory and inhibitory activities of endothelial factors on 
AVPP induced contractions. In a standard organ bath set-up for isometric force 
recording,, rabbit isolated renal artery rings were exposed to cumulative 
concentrationss of AVP. Experiments were performed in the presence or 
absencee of functional endothelium, or in the presence of N-Nitro-L-Arginine 10 
uMM (L-NNA, NO-synthase inhibitor). AVP induced a maximal contractile 
responsee comparable in vessels with and without endothelium. The pre-
incubationn with L-NNA resulted in an enhanced response to AVP. The 
augmentationn of the AVP induced contractile response by NOS inhibition, 
whichh was not seen in preparations after the removal of the endothelium, 
suggestss an endothelium dependent factor which is co-released with NO. The 
unknownn nature of this endothelium dependent contractile factor was not 
influencedd by indomethacin 100 uM (cyclooxygenase inhibitor), meclofenamic 
acidd 20 uM (cyclooxygenase and lipoxygenase inhibitor) or bosentan 100 uM 
(endothelinn antagonist). Charybdotoxin 0.1 uM (inhibitor of Ca2+ -activated K+ 

channels)) specifically increased the contractile force in preparations with and 
withoutt endothelium, or in the presence of L-NNA. SR-49059 (vasopressin 1 
receptorr (Vx) antagonist) antagonised the effects of AVP, whereas SR-121463 
(V22 antagonist) was ineffective. In contrast to the results obtained with AVP, 
desmopressinn (V2 agonist) showed no effect. In conclusion, the completely Vi 
dependentt AVP-induced contraction is partly inhibited by the stimulated 
releasee of NO. This was only demonstrable in endothelium intact vessels in the 
presencee of L-NNA and not after removal of the endothelium. This strongly 
suggestss the involvement of an unknown endothelium Vi receptor dependent 
contractilee factor that is not influenced by inhibition of the prostaglandin, 
lipoxygenasee or endothelin pathways, or by blockade of the V2 receptor. 
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Chapte rr  7 

Inn the rat aorta we investigated the possible involvement of the mitogen-
activatedd protein kinase (MAPK) family of extracellular signal-regulated kinase 
(ERK)) 1 and 2 (MAPKerkl/2) in the AVP-mediated vasoconstriction. Rat isolated 
thoracicc aortae were mounted in an organ bath set-up for isometric tension 
recording,, and were exposed to cumulative concentrations of AVP (1 nM-300 
nM).. Thereafter the MAPKerkl/2 phosphorylation in the rat aorta was quantified 
usingg Western-blot analysis. AVP (1 nM-300 nM) induced an increase of 
contractilee force. This increase could be inhibited dose-dependently by both 
thee selective MAPKerkl/2 kinase (MKKmekl/2) inhibitors under investigation, PD 
980599 (10 and 100 uM) and U 0126 (10 and 100 uM). Western blot analysis 
revealedd an increase of the MAPKerkl/2 phosphorylation induced by AVP. Again 
thiss phosphorylation process could be dose dependently inhibited by both PD 
980599 (100 uM) and U 0126 (10 and 100 uM). Therefore we conclude that the 
contractilee force induced by AVP may be partly regulated by the MAPKerkl/2 

pathway. . 
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Hoofdstu kk 1 

Hett inleidende hoofdstuk geeft een overzicht van de cardiovasculaire effecten 
vann vasopressine (AVP). AVP is een nonapeptide dat vooral in de hypofyse 
wordtt geproduceerd. De cardiovasculaire effecten van AVP worden 
gereguleerdd via de Vi- en de V2-receptor. De belangrijkste functies van de Vi-
receptorr zijn vasoconstrictie en mogelijk ook de inductie van hart- en 
vaathypertrofie.. Activatie van de V2-receptor resulteert in een verhoogde 
waterterugresorptiee in de nier. Verder kan V2-receptor activatie in sommige 
vaatbeddenn tot vasodilatatie leiden. De selectieve V2-receptor agonist 
desmopressinee is bekend om zijn klinische rol in de behandeling van centrale 
diabetess insipidus. De mogelijke toepassing van de vasoconstrictieve 
eigenschappenn van vasopressine als een alternatief voor adrenaline in de 
behandelingg van cardiovasculaire shock wordt heden ten dagen onderzocht. 
Dee recente ontwikkeling van non-peptiderge selectieve vasopressine-
antagonistenn maakt een verdere evaluatie van het vasopressinesysteem in de 
menss mogelijk. Verder worden verscheidene klinische toepassingen van deze 
antagonistenn geëvalueerd. Voor cardiovasculaire indicaties lijkt met name de 
behandelingg van essentiële hypertensie bij oudere en negroïde subpopulaties 
veelbelovend.. Voor de behandeling van hartfalen richt het onderzoek zich 
voorall op de door V2-receptor blokkade gemedieerde verhoogde aquaresis, die 
zonderr verstoringen van de elektrolytenbalans verloopt. 

Hoofdstu kk 2 

Inn geïsoleerde mesenteriale artertën van de rat hebben we de mogelijke 
betrokkenheidd van de Vi- en V2-receptor bij de interactie tussen het 
sympathischee zenuwstelsel en AVP onderzocht. De directe vasoconstrictieve 
effectenn van AVP konden worden geblokkeerd met de Vi-receptor antagonist 
SR-490599 en niet met de V2-receptor antagonist SR-121463. De V2-
receptoragonistt desmopressine had geen vasoconstrictief effect, terwijl na 
precontractiee met noradrenaline (NA) 10 uM desmopressine niet tot een 
vasodilatoirr effect leidde . Elektrische-veld stimulatie (EVS) van de arterie 
simuleertt de effecten van het sympathische zenuwstelsel. De door EVS-
geïnduceerdee toename van de vaattonus kon worden versterkt door een 
concentratiee van AVP die zelf geen invloed had op de vaattonus. Deze 
versterkingg kon slechts worden geblokkeerd door SR-49059 en minder door 
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SR-121463.. Opnieuw resulteerde de aanwezigheid van desmopressine in geen 
effectt tijdens de toename van de vaattonus door EVS. De postsynaptische 
effectenn van AVP op het sympathische zenuwstelsel werden geëvalueerd door 
middell van concentratie-response-curven van exogeen NA. Vasoconstrictie 
geïnduceerdd door exogeen NA kon worden versterkt door een subpressorische 
concentratiee AVP. Opnieuw kon dit effect worden onderdrukt door Vi-
receptorblokkade.. Deze resultaten suggereren, dat AVP het sympathische 
zenuwstelsell via de Vi-receptor faciliteert. Verder concluderen wij dat de AVP-
gemedieerdee facilitatie van het sympathische zenuwstelsel, op zijn minst 
gedeeltelijk,, post-synaptisch plaatsvindt. Selectieve evaluatie van de 
presympathischee facilitatie is in dit model niet uitvoerbaar; het is daarom 
onmogelijkk in dit model te bepalen in hoeverre pre-synaptische Vi-receptoren 
bijj dit effect betrokken zijn. 

Hoofdstu kk 3 

Verschillendee onderzoeken in geïsoleerde vaten hebben laten zien dat AVP de 
werkingg van het sympathische zenuwstelsel kan versterken. Het doel van deze 
studiee was dit effect aan te tonen in de intacte circulatie van de "gepende" rat. 
Spinalee elektrische stimulatie werd toegepast om selectief het sympathische 
zenuwstelsell te activeren, dat de vasculaire toon reguleert. Elektrische 
stimulatiee werd toegepast in aan- of afwezigheid van een subpressorische 
doseringg AVP (1 pmol/kg/min). Endogeen geproduceerd angiotensine I I 
faciliteerdee de neuraal gemedieerde toename van de vaatweerstand. Zonder 
dee aanwezigheid van de ATi-antagonist irbesartan, was de faciliterende 
werkingg van AVP niet objectiveerbaar. Na toediening van irbesartan werd de 
doorr stimulatie geïnduceerde toename in diastolische bloeddruk versterkt door 
dee subpressorische dosering AVP. De Vi-antagonist SR-49059 voorkwam dit 
doorr AVP gemedieerde effect, terwijl de V2-antagonist SR-121463 en de V2-
agonistt desmopressine dit effect niet beïnvloedden. Verder werd de invloed 
vann AVP op de selectieve postsynaptische a-adrenoceptor geëvalueerd door 
middell van exogeen NA. De dosis-werkings-curve van NA werd niet beïnvloed 
doorr de subpressorische dosering van AVP. Daarom concluderen wij, dat het 
stimulerendee effect van AVP op het sympathische zenuwstelsel volledig 
afhankelijkk is van pre-synaptisch gelokaliseerde Vi-receptoren. Het 
faciliterendee effect van angiotensine I I op het sympathische zenuwstelsel in 
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hett model van de "gepende" rat maskeert het faciliterende effect van AVP in 
dezee proefopzet. 

Hoofdstu kk 4 

Onzee eerdere experimenten hebben aangetoond dat AVP de werking van het 
sympathischee zenuwstelsel kan versterken door middel van Vi-receptor-
activatie.. In deze derde studie werd onderzocht of dit versterkende effect van 
AVPP op het perifere sympathische zenuwstelsel kan worden aangetoond in de 
mens.. Acht gezonde vrijwilligers (32  2.3 jaar) namen aan deze studie deel. 
Dee onderarmbloedstroom (OABS) werd gemeten met behulp van het veneuze-
occlusie-plethysmografiee model. Elke sessie werd uitgevoerd in aan- of 
afwezigheidd van een continue infusie van AVP in een subpressorische dosering 
vann 0.008 ng/kg/min, dan wel INaCI 0.9%. In deze studie werden alle 
geneesmiddelenn in de arteria brachialis geïnfundeerd. In het eerste protocol 
werdd het effect van drie opeenvolgende niveau's van Mower body negative 
pressure'' (LBNP) (-10, -20 en -30 mmHg) op de bloedstroom onderzocht. In 
ditt protocol werden tegelijkertijd de pre- en postsynaptische effecten van AVP 
onderzocht.. De infusie van AVP (0.008 ng/kg/min) beïnvloedde de bloeddruk 
niet.. LBNP veroorzaakte een onderdruk-afhankelijke afname van OABS, dit 
effectt werd door de aanwezigheid van het continue infuus van AVP versterkt. 
Naa afloop van dit protocol werden de mogelijke postsynaptische effecten van 
AVPP geëvalueerd, door middel van intra-arteriële infusie van NA. NA 
veroorzaaktee een dosisafhankelijke afname van de OABS, welke niet werd 
beïnvloedd door AVP. Hieruit volgt dat AVP de sympathische zenuwstelsel 
gemedieerdee vasoconstrictie opeen pre-synaptisch niveau kan versterken. 

Hoofdstu kk 5 

Inn een standaard proefopzet voor isometrische experimenten in een 
orgaanbadd hebben we onderzocht in hoeverre de vaatverwijdende 
eigenschappenn van verschillende stoffen in onderzoek in vitro afhangen van de 
contractielee status van de gebruikte arterie. De geïsoleerde aorta van de rat 
werdd blootgesteld aan verschillende vormen van precontractie. De volgende 
vaatvernauwendee stoffen werden gebruikt: phenylephrine (PhE, een selectieve 
ai-adrenoceptorr agonist), St-587 (een partiële Ch-adrenoceptor agonist), U-
466199 (U-46, een tromboxaan A2-agonist), en kaliumionen (verantwoordelijk 
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voorr een receptoronafhankelijke depolarisatie van de celmembraan). In 
aansluitingg op de precontractie werden verschillende vaatverwijdende farmaca 
onderzocht:: methacholine (MCh, endotheel-afhankelijk), sodium nitroprusside 
(SNP,, een NO-donor), forskolin (FSK, een activator van adenylylcyclase) en 
nifedipinee (een selectieve L-type calcium antagonist). De resultaten van dit 
onderzoekk tonen aan dat de eigenschappen van de vaatverwijders sterk, maar 
opp een verschillende wijze de potentie en de efficacy van verschillende 
vaatverwijderss in vitro beïnvloeden. Hieruit volgend bevelen wij aan 
vaatverwijdendee eigenschappen in experimenten in vitro onder een zorgvuldig 
gestandaardiseerdd protocol van toegediende precontractie te evalueren. 

Hoofdstu kk 6 

Dee verschillende stimulerende en remmende, endotheel-afhankelijke factoren 
vann de door AVP gemedieerde vasoconstrictie zijn in deze studie onderzocht. 
Inn een standaard proefopzet voor isometrische experimenten in een 
orgaanbadd hebben we door middel van cumulatieve concentraties AVP de 
contractielee eigenschappen van de arteria renalis van het konijn onderzocht. 
Dee experimenten werden verricht in aan- of afwezigheid van functioneel 
endotheel,, of in de aanwezigheid van N-Nitro-L-Arginine 10 uM (L-NNA, NO-
synthasee remmer). AVP veroorzaakte een contractiele respons die gelijk was 
inn aan- of afwezigheid van endotheel. De incubatie met L-NNA resulteerde in 
eenn versterkte respons van AVP. De versterking van de contractiele respons 
doorr de NO-synthase remmer, die niet werd waargenomen in vaten zonder 
endotheel,, suggereert dat er een endotheel-afhankelijke factor samen met NO 
vrijkomt.. Deze onbekende factor werd niet beïnvloed door indomethacine 100 
uMM (cycloöxygenase remmer), meclofenaminezuur 20 uM (cycloöxygenase en 
lipoxygenasee remmer) of bosentan 100 uM (endotheline-antagonist). 
Charybdotoxinee 0.1 uM (remmer van Ca2+-geactiveerde K+ kanalen) 
versterktee de door AVP geïnduceerde contractiekracht in preparaten met of 
zonderr endotheel en na incubatie met L-NNA. Incubatie met SR-49059 (Vi-
antagonist)) resulteerde in een dosisafhankelijke blokkade van de door AVP 
geïnduceerdee contractiekracht, terwijl de V2-antagonist SR-121463 geen enkel 
effectt had. Verder had de V2-agonist desmopressine in tegenstelling tot AVP 
zelff geen enkel effect op de contractiekracht van de nierarterie van het konijn. 
Concluderendd kunnen we stellen, dat de door AVP geïnduceerde contractie 
partieell wordt tegengewerkt door een geactiveerde afgifte van NO. Dit werd 



152 2 Samenvatting Samenvatting 

alleenn gedemonstreerd in endotheel-intacte vaten in de aanwezigheid van L-
NNAA en na verwijdering van het endotheel. Dit fenomeen suggereert een rol 
voorr een Wreceptor en endotheel afhankelijke, onbekende contractiele factor, 
diee niet beïnvloed wordt door prostaglandine, lipoxygenase en endotheline 
systemen,, of door de Wreceptor. 

Hoofdstu kk 7 

Wee hebben in de geïsoleerde aorta van de rat de mogelijke betrokkenheid van 
dee mitogen-activated protein kinase (MAPK) familie van extracellular signal-
regulatedd kinase (erk) 1 en 2 (MAPKerkl/2 ) bij de AVP gemedieerde 
vasoconstrictiee onderzocht. In een standaard proefopzet voor isometrische 
krachtmetingenn in een orgaanbad werden aorta strips blootgesteld aan 
cumulatievee concentraties AVP (1 nM-300 nM). Aansluitend werd de MAPKerkl/2 

fosforyleringg gekwantificeerd door middel van Western blot-analyse. AVP (1 
nM-3000 nM) veroorzaakte een toename van de contractiekracht, welke dosis-
afhankelijkk kon worden geremd door de volgende twee selectieve MAPKerkl/2: 
PDD 98059 (10 uM en 100 uM) en U 0126 (10 uM en 100 uM). Western blot 
analysee toonde aan dat de toename van MAPKerkl/2 fosforylering geïnduceerd 
doorr AVP dosis afhankelijk kon worden geremd door PD 98059 (100 uM) en U 
01266 (10 uM en 100 uM). Concluderend stellen wij dat de contractiekracht 
geïnduceerdd door AVP gedeeltelijk door MAPKerkl/2 wordt gereguleerd. 
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STELLINGE N N 

1.. Vasopressine faciliteert de door het sympathische zenuwstelsel 
gereguleerdee vaatvernauwing. {ditproefschrift) 

2.. Om deze facilitatie van vasopressine in het model van de gepende 
ratt zichtbaar te maken, is het nodig om het renine-angiotensine 
systeemm te blokkeren, {dit proefschrift) 

3.. De vaatvernauwing veroorzaakt door vasopressine kan zowel 
versterktt als afgezwakt worden door het endotheel. (dit 
proefschrift) proefschrift) 

4.. Eén van de mechanismen verantwoordelijk voor de contractie van 
dee gladde spiercel veroorzaakt door vasopressine, is het MAPKerkl/2 

signaal-transductiesysteem.. {dit proefschrift) 

5.. In vergelijking met klinisch onderzoek kan van moleculair 
onderzoekk gezegd worden: 'wat we winnen qua precisie en 
betrouwbaarheidd van de resultaten, verliezen we mogelijk in 
relevantee biologie.' (naar Dumont Am J Physiol Cell Physiol 2002; 
283:283: C2-28) 

6.. De stagnatie in de ontwikkeling van V2-antagonisten in fase 1- en 
2-studiess geeft aan dat financiële drijfveren in de ontwikkeling van 
geneesmiddelenn remmend kunnen werken. 

7.. Voor ziektebeelden waarbij een groot aantal genen betrokken is, 
zoalss essentiële hypertensie, zal gentherapie geen realistische optie 
zijnn voor de nabije toekomst. 

8.. Doordat bedrijfsartsen een verwijsfunctie krijgen naar de medisch 
specialist,, ontstaat er automatisch een belangenconflict bij de 
bedrijfsartss tussen de belangen van de patiënt en die van de 
werkgever. . 

9.. Prestatiemeting om zorginstellingen met elkaar te vergelijken leidt 
tott het meten van schijnwerkelijkheid. 

10.. Alles van waarde is weerloos. (Lucebert 1924-1994) 

11.. De reis van Rotterdam naar Amsterdam lijkt vaak korter dan 
andersom. . 
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