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Introduction Introduction 

Chapterr  1 

INTRODUCTIO N N 

1.1.. Historical considerations 

Humann kind has suffered from "exertion-induced chest pain" and high blood 
pressuree for centuries and, not surprisingly, the ancient Chinese physicians already 
practicedd pharmacological intervention in these conditions. They used extracts from 
thee roots of the plants Salvia miltiorrhiz.a and Stephania tetrandra, providing 
tanshinonee II A and tetrandrine as active compounds. When administered to patients, 
bothh compounds lower blood pressure, relieve anginal symptoms and exert negative 
inotropicc activity on the heart. Tetrandrine is also capable of terminating acute 
episodess of paroxysmal supra-ventricular tachycardia. Further research classified 
thesee two compounds as calcium antagonists (CA) [1,2]. Although these two CA 
probablyy were the first to be used in history, Godfraind and Kaba (1969) were the 
firstt to describe an inhibitory action of cinnarizine and chlorpromazine on 
contractionss induced by calcium and adrenaline in depolarized arterial smooth 
musclee [3]. Prenylamine and iproveratril (later verapamil) were the first compounds 
too be denoted as calcium antagonists. Albrecht Fleckenstein and colleagues 
describedd in 1971 how they, merely by chance, found that calcium reversed the 
effectss of prenylamine and iproveratril in the myocardium [4]. Subsequently, 
nifedipinee and diltiazem were recognized as clinically useful compounds. Only in 
thee 1980's the development of calcium antagonists (CA) was taken up seriously and 
inn a short time many new CA were synthesized. At present, the arsenal of available 
CAA for clinical use comprises some 40 compounds and the list is still growing. 

1.2.. Calcium, calcium channels and vascular  smooth muscle 

Whenn vascular smooth muscle cells (VSMC) are in the resting state, the calcium 
concentrationn within the VSMC is much lower (<0.1 uM) than in the extracellular 
fluid.fluid. (1-2 mM). The resting membrane potential of VSMC is in the range of -45 to 
-700 mV. However, although there exist both a concentration and an electrical 
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gradientt favouring Ca~+-entry into the cell, the rate of entry is very low. Excitable 
calciumm channels are closed in the resting state and passive diffusion across the 
plasmalemmaa is negligible, because calcium ions are highly water-soluble [5]. 
Inn vivo, VSMC are not in the resting state, since they are subject to basal vasomotor 
tone.. Vasomotor tone is the sum of the responses to a variety of both vasoconstrictor 
andd vasodilator signals: 1. Neurotransmitters from sympathetic perivascular nerves 
(e.g.. noradrenaline, ATP, neuropeptide Y); 2. Endothelial factors (e.g. endothelin-I, 
nitricc oxide, prostaglandins); 3. Vasoactive substances in the blood stream (e.g. 
noradrenaline,, adrenaline, vasopressin, angiotensin-Il. bradykinin. endothelin, 
vasoactivee intestinal peptide, atrial natriuretic factor); 4. Physicochemical factors of 
thee blood (oxygen and carbon dioxide tension, pH, temperature) and 5. Physical 
factorss (intraluminal pressure and stretch) [5]. 

Inn this partially activated state the VSMC can contract rapidly when a sudden rise in 
cytosolicc calcium occurs. A calcium influx, which is sufficiently large to provoke 
contractionn takes place through voltage-dependent calcium channels (VDCC) and 
probablyy also through receptor-operated calcium channels. Since investigations 
describedd in the present thesis are primarily concerned with the interaction between 
CAA and VDCC, we will emphasize the VDCC. 

Att least six types of VDCC are known, but only three of them are thought to play a 
rolee in the vasculature: L-, T- and N-type calcium channels. The characteristics of 
thesee channels are listed in Table 1. 
Thee composition of the VDCC is globally the same for all types of these calcium 
channelss and is depicted in Fig. 1. The VDCC consists of a complex of several 
subunits:: the 0C|-subunit and several auxiliary subunits. The a,-subunit, structurally 
resemblingg potassium and sodium channels, consists of six a-helical membrane-
spanningg segments and a single pore-lining region in each of the four motifs. In each 
motif,, the fourth segment is believed to act as the voltage sensor, whereas a, 
throughoutt the evolution, consistently preserved region between segments five and 
sixx (P-region) is regarded to line the ion permeation pathway. The arsubunit also 
containss the binding sites for all known pharmacological modulators of the channel. 
Severall  subtypes of this subunit are known and each is representative of a different 
typee of calcium channel [6]. 

Thee a2-5-subunit, a largely, but not completely, glycosylated protein, enhances 
calcium-fluxx when co-expressed with the a r subunit. Another important part for the 
functionn of the channel is the P-subunit. The [3-subunit can increase the level of 
channell  expression and modulate the rate of channel closure. Several different genes 
encodingg for this intracellular subunit have been identified. 
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Thee y-subunit has been found only in channels of skeletal muscle, but its function so 
farr remains unknown [6]. In Table 1, the various types of arsubunits for each type 
off  calcium channel are listed. 

Tablee 1. Overview of the composition and characteristics of the three main types of voltage-

dependentt calcium channels and their respective blockers. Abbreviations: mV = millivolts; pS = 

picoSiemens;; PKA = protein kinase A. 

oci-subunit t 
Activation n 

range e 
Blockers s 

Conduction n 
regulation n 

L-type e 

ct|S,, otiC a]D 
-20mVV to pos. 

Nifedipine, , 
Verapamil, , 
Diltiazem m 

255 pS 
Sloww inactivation, 
PKA-modulated d 

N-type e 

ci|B B 
-20mVV to pos. 

Mibefradil,, Ni2+, 
flunarizine e 

200 pS 
Moderatee rate of 

inactivation n 

T-type e 

a,G,, ajH 
-700 to -30mV 

(o-conotoxin n 
GVIA A 

5-88 pS 
Fastt inactivation 

L-typee calcium channels (LCC) belong to the group of high-voltage activated 
calciumm channels. They have been demonstrated to occur in skeletal muscle, smooth 
musclee cells and in cardiac and neuroendocrine tissue. Activation of the LCC leads 
too massive calcium influx with subsequent muscular contraction, reflecting the 
excitation-contractionn coupling process. In the VSMC two ways of opening the 
channell  are known: electromechanical and pharmacomechanical coupling. 
Electromechanicall  coupling involves membrane depolarization, leading to an 
increasee in the membrane potential. When depolarization is sufficiently strong, the 
thresholdd of -40 mV is passed and the VDCC wil l open, resulting in a massive 
influxx of calcium and subsequently a contractile response [6]. 
Pharmacomechanicall  coupling involves either one of three processes: phospholipase 
CC (PLC)-coupled receptor activation, receptor activation not coupled to PLC and 
voltage-independentt activation of VDCC. The majority of excitatory agonists (such 
ass noradrenaline, angiotensin II and endothelin) bind to PLC-coupled receptors. The 
activatedd PLC catalyzes the formation of inositol triphosphate (IP3) from the 
phospholipidd PIP2. IP3 diffuses from the membrane to the cytosol where it induces 
calciumm release from the sarcoplasmic reticulum (SR). The elevated levels of 
calciumm and IP3 activate a protein kinase C (PKC) which moves from the cytosol to 
thee cell membrane where it is further activated by diacylglycerol (DAG). 
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B B 

Fig.1.. Overview of some key structural properties of voltage-gated calcium channels. A: Oligomeric 

architecturee of typical calcium channel includes the pore-forming arsubumt. and a:-S- and p-

subumts.. B: Putative structure of arsubunit, including four homologous domains, each containing 

sixx membrane-spanning helices and a pore-forming segment (P-region). The P-regions are thought 

too act as staves of a barrel when the pore is viewed from above. Carboxylated side chains of 

conservedd glutamate residues, one in each of the four P-regions are believed to form a site for 

calciumm selectivity (Ace. to Tsien RW et al. J Cardiovasc Pharmacol (1996); 27(Suppl.A):S4-S10. 

PKCC induces a slowly developing contraction involving phosphorylation of the 
VDCCC with subsequent opening of the L-channel. Other mechanisms by which this 
PKCC enhances contraction are: 1. Increasing the affinity of the myofilaments to 
calciumm by phosphorylating myosin light chain kinase (MLCK) and or the myosin 
lightt chain (MLC20) itself; and 2. Increasing intracellular pH to a value of 8, which is 
optimall  for the interaction between IP3 and the SR. The increase of cytosolic calcium 
releasedd from the SR as such can depolarize the cell membrane and thus trigger the 
openingg of the VDCC [6], 
Thee a2A-adrenoreceptor is not coupled to PLC. Activation of this receptor, located in 
arterioless and veins, leads to a rise in cytosolic calcium probably via non-selective 
cationn channels. This increase in cytosolic calcium probably induces a process 
knownn as calcium-induced calcium release from the SR; together they increase the 
calciumm concentration sufficiently to cause membrane depolarization. 
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Bayy K 8644 is a calcium channel agonist which is able to activate VDCC directly by 
interactingg with the transmembrane segment IVS6 of the a,-subunit [7]. 

1.3.. Contraction 

Afterr the opening of the L-type calcium channel, the suddenly abundant cytosolic 
calciumm forms a complex with calmodulin (four Ca2+-ions on 1 calmodulin 
molecule).. This complex binds to an inactive MLCK to form an active 
holoenzymaticc complex that catalyzes the transfer of a phosphate group from ATP-
Mgg to a specific serine residue of the regulatory MLC20- This phosphorylation 
permitss activation of the myosin-ATPase by actin, leading to enhanced ATP 
hydrolysiss and, thus, to an increase in the crossbridge cycling rate and, consequently, 
too the development of isometric tension [5]. Fig.2. depicts an overview of the 
calciumm fluxes in an activated vascular smooth muscle cell (VSMC). 
Thee LCC are the main target for almost all known CA. 

Thee N-type calcium channel (NCC) is another member of the group of high-voltage 
activatedd calcium channels. This channel is found in (N)euronal tissue, hence its 
nomenclature.. It is an important channel for the vasculature, since it regulates the 
releasee of neurotransmitter-containing vesicles from the perivascular sympathetic 
nervess [8]. 

Thee only known low-voltage activated calcium channel is the T-type calcium 
channell  (TCC). Its function is still much debated. Evidence accumulates concerning 
itss involvement in carotid restenosis and cardiac arrhythmias, but hard evidence is 
lackingg because the structure of the channel was not known [9-11]. 
Onlyy very recently the a,-subunit of a TCC located in the brain was cloned by Perez-
Reyess et al. [12]. Expression of this a,G-subunit was highest in the brain (amygdala, 
thalamuss and subthalamic nuclei) and less so in the heart. Prolonged exposure 
revealedd expression in lungs, kidney and placenta. Another problem in the research 
concerningg the TCC is the lack of specific antagonists. Several moderately selective 
antagonistss are known, like mibefradil, but its effectiveness in simultaneously 
blockingg the LCC as well at therapeutic concentrations limits its use as a tool for a 
sophisticatedd analysis of the T-type calcium channel. 
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Fig.2.. Cellular events triggered by VSMC activation. For clarity, the diagram does not include 

proteinn kinase C (PKC) activation by diacylglycerol (DAG) and Ca + homeostatic mechanisms, 

whichh also operate at rest and which may be activated by any of several protein kinases and/or 

calmodulin.. The sarcoplasmic reticulum (SR) is illustrated with separated ryanodine- and IP3-

accessedd compartments, with a partial connection activated by GTP. Receptor operated channels 

(ROCC)) and mechanosensitive calcium channels (not illustrated) may be nonselective cationic 

calciumm channels (activated by intracellular calcium). Ca~*  influx through these channels may 

inducee membrane depolarization, activated voltage-operated calcium channels (VOCC), and 

participatee in refilling (not shown). Abbreviations: G = G-protein; SMOCC = second messenger 

operatedd channel; DOCC = depletion-operated calcium channel; CIF = calcium influx factor 

(Reprintedd from Orallo F. Pharmacol Ther (1996); 69(3): 153-171. 

1.4.. Classification of calcium antagonists 

Sincee many agents have been classified as calcium antagonists and there is a broad 

spectrumm of structural diversity among these agents, a classification remains 
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problematic.. Several classifications have been proposed, on the basis of chemical 
structure,, receptor-binding specificity or tissue selectivity. In 1996 Triggle 
describedd the most frequently used mode of classification, based on the chemical 
structures.. This classification involves the type of VDCC, the specific site of 
interactionn and the modulation of this interaction. The most important groups of CA 
usedd in the treatment of cardiovascular disease are the 1,4-dihydropyridines (1,4-
DHP),, phenylalkylamines (PAA) and benzothiazepines (BTZ) [13]. 
Thee 1,4-DHP-group is the most widely represented and investigated group of CA. 
Thesee agents specifically interact with the 1,4-DHP-site on the LCC. Since the 
introductionn of the first 1,4-DHP, nifedipine, numerous new compounds have been 
synthesized,, and most of them display a more favourable profile than nifedipine. 
Wheree nifedipine causes a significant negative inotropic effect and reflex 
tachycardia,, the newer 1,4-DHP seem to be devoid of such unwanted side-effects 
[14-16].. Because of their higher lipophilicity and/or ionizable side chain and/or 
increasedd bulkiness of the side chain, their onset of action is much slower and the 
durationn of action is much longer [17]. This improved kinetic profile makes once-
dailyy dosing possible, thus improving patient compliance. Since for nifedipine it has 
beenn shown that the rate of infusion largely determines whether reflex tachycardia 
occurredd or not [18], a special system known as Gastrointestinal Therapeutic System 
(GITS)) was developed [19]. This is a slow-release system giving nifedipine a kinetic 
profilee resembling that of the newer, more lipophilic CA. For other CA (like 
verapamill  and diltiazem) systems like GITS also have been devised [20-22], 
Althoughh nifedipine already shows a certain degree of vascular selectivity, newer 
1,4-DHPP are even more vasoselective, thereby minimizing the negative inotropic 
effects.. This development is very important, since patients with hypertension are 
treatedd for lif e and many of these patients have a compromised cardiac function or 
wil ll  have so in the future. Examples of the newer 1,4-DHP are amlodipine, 
barnidipine,, cilnidipine, felodipine, lacidipine, manidipine and lercanidipine. The 
majorr indications for prescription of a 1,4-DHP are essential hypertension and 
anginaa pectoris [23]. 

Thee PAA are another type of CA with verapamil as their first and main 
representative.. PAA specifically interact with the PAA-site on the LCC and display a 
clinicall  profile different from that of the 1,4-DHP. Next to a moderate vasodilator 
effectt and a slight negative inotropic action, PAA decrease heart rate by directly 
interferingg with atrioventricular node conduction, whereas a depressant effect on the 
sinuss node also occurs. This negative chronotropic effect has proven beneficial in the 
treatmentt of supraventricular tachyarrhythmias, in particular atrial fibrillation [24]. 
Soo far, the very few newly developed CA of this class (e.g. gallopamil, devapamil, (-
)-D888)) do not seem to offer any additional advantage over verapamil. 
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Thee third class of CA, the benzodiazepines, is clinically represented by diltiazem. 
Ass for verapamil, the development of new analogues is slow and therefore only a 
feww new compounds are under investigation (clentiazern, DTZ323 and TA3090). As 
forr the previous two classes of CA, BTZ possess a distinct binding site on the LCC. 
Thee indication for the prescription of diltiazem is predominantly stable angina 
pectoriss [25]. 

Inn 1986 a novel phenylalkylamine-derived CA was introduced by Roche 
Pharmaceuticals,, Ro 40-5967. The compound possesses a verapamil-like chemical 
structure.. It interacts in a dually competitive manner at the phenylalkylamine and 
indolizinesulfonee sites of the LCC [26]. However, in numerous electrophysiologic 
studiess in Xenopus oocytes and isolated VSMC the compound's affinity for the TCC 
appearedd to be much higher than for the LCC [27,28]. Now known as mibefradii, it 
iss the first CA which has a higher affinity for the T-type calcium channels than for 
thee LCC. 

1.5.. Haemodynamic actions 

7.5./.. Antihypertensive activity 

Vasodilationn is a major property of all CA, underlying most of their therapeutic 
actions.. Vasodilation occurs predominantly at the level of the resistance vessels 
(precapillaryy arterioles), thus causing a reduction in elevated peripheral resistance, as 
inn essential and other forms of hypertension [29]. In therapeutic doses, the CA exert 
noo primary dilator effect on the venous system, thu:s explaining the absence of 
orthostaticc hypotension during treatment with these agents [29-31], in spite of their 
potentt antihypertensive activity. 

Thee fall in blood pressure and vascular resistance trigger a sinoaortic baroreflex-
mediatedd rise in sympathetic activity, as reflected by the transient tachycardia 
associatedd with nifedipine and other dihydropyridine CA [29,31]. The direct 
depressantt cardiac actions of verapamil and diltiazem, in addition to their 
interferencee with the baroreflex mechanism, prevent a rise in heart rate and cardiac 
output.. As a result of a long-term adaptation process, heart rate and cardiac output 
returnn to values close to (DHP) or slightly below (verapamil, diltiazem) control 
levelss [29,31]. 

Vasodilationn occurs especially in the skeletal muscle and coronary vascular beds 
[29,31].. The gastrointestinal, cerebral and renal vascular beds are also dilated, 
whereass the skin is only slightly affected, although facial tlushes may occur as an 
adversee reaction to dihydropyridine CA. 
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Vasodilationn in the coronary system, in particular the relaxation of coronarv spasm, 
iss a major component of the anti-ischemic activity of CA in coronary heart disease. 
AA mild natriuretic effect, probably at the renal distal tubular level may explain why 
thee CA, although potent vasodilators, do not cause fluid retention. Peripheral (ankle) 
edema,, a well-known side effect of the dihydropyridine CA, does not reflect 
systemicc fluid retention, but rather a direct effect on the microcirculation, and 
possiblyy also on the lymphatic circulation [30]. 

Withh long-term use, CA may induce a regression of myocardial and vascular 
hypertrophyy [32]. 

Severall  attempts have been made to establish a causative relationship between 
calciumm metabolism/fluxes and the pathogenesis of hypertension, but no such 
relationshipp has so far been demonstrated convincingly. 

1.5.2.1.5.2. Anti-anginal activity 

Thee imbalance between myocardial oxygen supply and demand, which underlies 
myocardiall  ischaemia and its sequelae such as angina pectoris, may be improved by 
CAA by a reduction in peripheral vascular resistance and, in consequence, a reduction 
inn cardiac afterload and left ventricular wall tension; together with coronary 
vasodilationn these mechanisms wil l reduce myocardial oxygen consumption [33,34]. 
AA reduction in heart rate, as induced by verapamil or diltiazem. further contributes to 
thee anti-anginal activity of these two compounds, by reducing the oxygen 
consumptionn of the myocardium. In addition the relief of coronary spasm and a 
reductionn in coronary resistance will improve the supply of oxygen to the 
myocardium.. The DHP, as previously mentioned, either cause reflex tachycardia 
(nifedipinee in the non-retarded formulation) or leave the heart rate unchanged. 
Att the cellular level, most CA are thought to preserve ATP-levels in the ischaemic 
heart,, as demonstrated in animal and biochemical experiments. However, there is no 
evidencee that this cellular anti-ischaemic mechanism is of clinical importance in the 
treatmentt of angina [35]. 

1.5.3.1.5.3. Secondary prevention after acute coronary syndromes 

Verapamill  is the only CA for which a clear protective effect has been shown in 
patientss who have suffered an acute coronary syndrome. Increased survival and a 
lowerr re-infarction rate were found in the 2nd Danish Verapamil Infarction Trial 
(DAVI TT II) study among patients treated for 12-18 months after a myocardial 
infarctionn (verapamil vs placebo) [36,37]. In a smaller study with diltiazem. the 
Diltiazemm Multicenter Postinfarction Research Trial, a favourable trend was seen 
followingg a myocardial infarction in patients without pulmonary congestion after 
long-termm treatment with diltiazem (compard with placebo) [38]. 



10 0 Introduction Introduction 

Nifedipinee has no protective effect in patients who have survived an acute coronary 
syndrome.. In patients who had experienced unstable angina the incidence of 
subsequentt myocardial infarction was higher in those treated with nifedipine, 
comparedd with placebo. This negative effect of nifedipine was suppressed by 
simultaneouss treatment with a pVblocker (Holland Interunivcrsity Nifedipine Trial; 
HINT)) [39], 
Thee reason for the cardioprotective effect of verapamil in the DAVI T II study has 
nott been determined. It seems likely, however, that the reduction in heart rate may 
havee been an important beneficial factor. Conversely, the reflex tachycardia 
provokedd by nifedipine may explain the unfavourable effects to this CA in the HINT 
studyy [39]. The favourable effect of adding a (3-blocker in this study was associated 
withh the suppression of the nifedipine-induced reflex tachycardia. 
Takenn together the suppression of tachycardia by verapamil is likely to have been an 
importantt component of the protective action of this CA in the DAVIT-I I trial. 

1.5.4.1.5.4. Ami-arrhythmic activity 
Verapamill  and sometimes diltiazem may be used as antiarrythmics in the treatment 
off  supraventricular tachy-arrhythmias. The anti-arrhythmic activity is based upon an 
impairmentt of the electrical activity in the cardiac nodal tissues, causing impaired A-
VV conduction and a reduction in heart rate. In contrast, the dihydopyridine CA 
displayy no useful anti-arrhythmic activity. 
Inn clinical practice verapamil may be used both intravenously and via the oral route. 

1.6.. Calcium antagonists and left ventricular  hypertrophy 

Leftt ventricular hypertrophy (LVH) is considered as an important, virtually 
independentt risk factor in hypertensives, already recognised in the Framingham 
Studyy [40]. It is therefore an important issue whether treatment with antihypertensive 
drugss will cause regression of LVH. 
Numerouss animal experiments have indicated that CA may cause regression of the 
LVHH associated with hypertension. In clinical studies this issue has been followed up 
andd most of these investigation have shown that various types of CA indeed cause 
regressionn of LVH on long-term treatment [32.41.42]. Attempts have been made to 
comparee the efficacy of different types of antihypertensives in this respect [43-46). 
Thee impression is obtained that ACE-inhibitors and CA are the most efficacious 
antihypertensivee drugs with respect to the regression of LVH in hypertensives, and 
probablyy more effective than (3-blockers or diuretics [46]. The studies so far 
performedd do not allow a quantitative and definite conclusion with respect to the 
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differentt efficacies of various types of drugs, also because of methodological 
difficultiess in the quantitative determination of LVH in patients [46]. Trials designed 
inn such a manner that quantitative comparisons between various drugs can be made 
aree on the way. 
Takenn together there are sound reasons to assume that long-term antihypertensive 
treatmentt (at least for several months) with CA will cause significant and relevant 
reductionn of LVH. For review on this issue see [32,46,47]. 
Inn studies with isolated vascular smooth muscle cells in isolated vessel preparations 
CAA have been shown to impair vascular smooth muscle proliferation [48]. This 
potentiallyy beneficial effect may also occur in the treatment of hypertensive patients. 
Becausee of methodological difficulties such an effect has so far not been 
convincinglyy demonstrated in human hypertensives treated with CA. 

1.7.. Calcium antagonists and atherosclerosis 

Inn vitro and animal studies have strongly suggested that CA may impair lipid 
accumulationn in the aorta. CA have been demonstrated to impair a variety of 
processess which underly atherosclerotic plaque formation, such as cholesterol 
deposition,, cellular proliferation and migration, increased cellular matrix, calcium 
overloadd and platelet aggregation [48]. The anti-atherogenic activity of CA is not 
mediatedd by a reduction in plasma lipid levels, which are not influenced by CA in 
therapeuticallyy active doses. The impression is obtained that lipophilic CA such as 
lacidipinee and lercanidipine are the more active anti-atherogenic agents, at least in 
animall  and biochemical experiments. So far it has been very difficult to demonstrate 
ann anti-atherogenic effect of CA in human patients. 

Nifedipinee was shown to impair the formation of new lesions in the coronary arterial 
systemm in patients with ischaemic heart disease [49]. Large, established lesions, 
however,, were not affected by nifedipine treatment, and nifedipine did not protect 
againstt acute coronary syndromes in these patients [49]. 

Comparablee findings were obtained for nicardipine in the Montreal Heart Study [50]. 
Inn the MIDAS-Trial isradipine and hydrochlorothiazide were compared in mild to 
moderatee hypertensives. Atherosclerotic plaque formation was monitored by means 
off  an echo-doppler procedure. Unfortunately, the data concerning an anti-
atherogenicc action of isradipine were inconclusive because of methodological 
difficultiess [51]. 

Inn the ELSA-study (European Lacidipine Study on Atherosclerosis about 2300 
patientss were randomised to lacidipine or atenolol [52]. Both the antihypertensive 
effectt and a possible influence on plaque formation in the carotid region are 
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monitored.. The study is ongoing. In the similarly designed VHAS-study verapamil 
andd captopril are compared [53]. 
Inn conclusion, the potential anti-atherogenic activity of CA is a most important issue, 
butt it remains to be demonstrated whether it indeed occurs in hypertensive patients 
whenn treated with these drugs. 

1.8.. Calcium antagonists and perioperative hypertension 

Perioperativee hypertension, predominantly caused by sympathetic stimulation, 
occurss frequently during thoracic surgery. Usually, this acute form of hypertension is 
suppressedd by using short acting, intravenously administered antihypertensive drugs. 
Nitroglycerin,, sodium nitroprusside, clonidine, urapidil, ketanserin. and also a few 
short-actingg (3-bIockers or CA may be used for this purpose [54]. 
Amongg the various types of CA, only DHP, which are predominantly vasodilator 
agentss with littl e or no cardiodepressant activity, have been studied in detail in 
surgicall  patients in an effort to counteract or prevent peri-operative hypertension. 
Amongg the numerous DHP available at present, most of the studies have been 
limitedd to nifedipine and nicardipine. A few smaller studies have been performed 
withh isradipine (a newer DHP) and with diltiazem. As a whole, nifedipine and 
nicardipinee are considered useful, short acting DHP-CA in the treatment of 
perioperativee hypertension [54-56]. 

1.9.. Long term safety 

Thee safety of long-term treatment with CA has recently been challenged by three 
studies,, two case-control studies in hypertensives [57.58], and a meta-analysis of 16 
studiess on nifedipine aiming at secondary prevention subsequent to acute coronary 
syndromess [59]. From these studies it was concluded that long-term treatment with 
CAA may be associated with a higher risk of cardiovascular morbidity and mortality. 
Itt has also been submitted that long-term use of CA may elevate the risk of cancer in 
elderlyy populations [60]. From smaller studies it has been concluded that CA would 
enhancee the risk of bleeding in the digestive tract [61], or during surgical 
interventionss [62]. 

Inn the case-control studies in hypertension, CA appeared to cause a modest increase 
inn the risk of myocardial infarction while the meta-analysis appeared to show that 
nifedipinee was associated with increased mortality in patients with symptomatic 
coronaryy heart disease. However, all three studies have severe methodological flaws. 
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andd their interpretation has been strongly criticized [63-65], with respect to the 
followingg issues: erroneous calculations, conclusions drawn too "heavy" on the basis 
off  too meagre statistics, and confounding by indication. Furthermore, it should be 
realisedd that the relevance of case control studies is limited, especially if the 
differencess between cases and controls is as modest (increase of risk by not more 
thann 60%) as in the aforementioned cardiovascular studies. As a rule the relevance of 
casee control studies is considered as valid if the difference between cases and 
controlss is at 300%, as encountered for instance in the large retrospective studies on 
thee association between smoking cigarettes and lung cancer in the 1960s. 
Theree is considerable uncertainty about the negative conclusions drawn from the 
cardiovascularr studies, as reflected by the recent United States Food and Drug 
Administrationn (FDA) decision not to change the general policy towards the use of 
CAA as antihypertensive agents. Conversely, more and more data are now beginning 
too emerge which severely challenge the validity and relevance of the aforementioned 
studiess on CA. 

Inn a case control study by Aursnes [66], designed similarly as those already 
mentioned,, CA did not increase the risk of cardiovascular morbidity or mortality, 
andd it even proved to be protective. In a cohort study by Braun [67] in 15502 patients 
withh coronary heart disease the risk ratio of death was not influenced by CA, neither 
inn the positive nor in the negative sense. 

Inn a case control study by Alderman et al. [68] hypertensive patients with a history 
off  at least one major cardiovascular event were compared with correctly matched 
controls.. The rapidly acting, non-retarded nifedipine increased the risk of death (RR 
== 3.88) when compared with a [3-blocker. However, the more recently introduced 
slow-- and long-acting CA significantly reduced the risk of death (RR = 0.76) when 
comparedd with a [3-blocker. Both in the STONE- and the SYST-EUR-studies [69,70] 
totall  mortality was unchanged by CA-treatment. whereas protection against cerebro-
andd cardiovascular events was obvious. In neither of the two studies an increased 
riskk of cancer or gastrointestinal bleeding was observed. In a recent communication 
byy Lever [71] it was reported that in the well-known WOSCOP trial [72] the 
survival,, cardiovascular morbidity/mortality and incidence of cancer proved 
uninfluencedd by the long-term use of CA. The recently published HOT-study did not 
showw any evidence for noxious effects of felodipine on mortality, MI or cancer [73]. 
Thee recently published STOP-2 study demonstrated that CA are as effective as 
variouss other antihypertensive drugs (diuretics. [3-blockers, ACE-inhibitors) with 
respectt to the lowering of blood pressure and the protection against cerebro- and 
cardiovascularr events. Furthermore this large study did not show any evidence for an 
increasedd risk of mortality, MI or cancer [74]. 
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Inn conclusion, the challenge of the long-term safety of CA is controversial and not 
convincing.. In contrast, more and more solid data are emerging which demonstrate 
thee long-term safety and the beneficial effects oï CA. 
Considerablee doubt has been cast upon the safety of rapidly and short acting 1.4-
DHPP such as non-retarded nifedipine. It seems wise to replace this agent by the 
slow-- and long-acting CA discussed in the forthcoming on the new CA. The validity 
andd safety of these newer CA are subject to critical tests in the ongoing trials. 

1.10.. New calcium antagonists 

J.JO.J.JO. I. General trends 

Severall  new CA have been introduced as potential therapeutic agents in 
cardiovascularr medicine. The majority of these compounds are DHP. although an 
interestingg verapamil derivative (mibefradil) has been developed as well. 
Thee disadvantages of nifedipine (negative inotropic activity, short duration of action 
andd reflex tachycardia) stimulated the development of DHP-CA with less negative 
inotropicc activity and a more favourable pharmacokinetic profile. A certain degree of 
vasoselectivityy claimed for these newer compounds implies that they may have less 
orr possibly no depressant action on cardiac contractile force, while the therapeutic 
efficacyy is at least the same as or even better than that of nifedipine. Indeed, several 
off  the newer DHP-CA as well as the verapamil-like CA mibefradil appear to have a 
certainn degree of vascular selectivity, which implies that in therapeutic doses they 
inducee littl e or no cardiodepressant activity, unlike nifedipine, verapamil or 
diltiazem. . 
Ann even more sophisticated approach has been followed in current attempts to 
developp CA with selectivity for a particular vascular bed. Furthermore. 
pharmacokineticc improvements of newer CA have indeed been achieved for several 
DHP,, but also for verapamil, diltiazem and mibefradil. These pharmacokinetic 
improvementss are based upon two different principles: 
1.. the development of slow release (retarded) preparations of CA which are as such 

rapidlyy and short acting; 
2.. the development of CA with a slow and long duration of action of their own. 

J.J. J0.2. Slow release preparations 

Thee non-retarded nifedipine capsules were replaced by a slow-release preparation 
whichh has to be administered twice daily in order to obtain an acceptable control of 
bloodd pressure in hypertensives, which is associated with less intensive reflex 
tachycardiaa when compared with the non-retarded preparation. More recently a more 
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sophisticatedd retarded preparation of nifedipine has heen introduced as the 
nifedipine-gastrointestinall  therapeutic system (GITS) [75,76]. This preparation is 
basedd upon the principle of an ALZET-minipump, which after oral ingestion is 
compressedd via an osmotic mechanism and hence slowly squeezes out the solution 
off  nifedipine with zero-order kinetics into the intestinal lumen. Consequently, a 
constant,, slow release of the active drug (nifedipine) is achieved, thus leading to a 
slowlyy developing, long lasting effect, high bioavailability, stable blood levels, as 
welll  as a favourable trough to peak ratio [75,76]. 

Felodipine,, isradipine and nicardipine are also available as slow-release preparations, 
ass well as the so-called coat-core formulation of nisoldipine [77], 
Similarlyy both verapamil and diltiazem are now available as slow-release 
preparations.. All of these preparations allow a once daily administration with 
acceptablee or good trough to peak ratios, slow onset of action, and the virtual 
absencee of reflex tachycardia or neuro-endocrine activation. 

1.10.3.1.10.3. Slow and long-acting CA 
AA second possibility to obtain CA with an improved kinetic profile is based upon the 
usee of molecules which as such slowly develop their effects and maintain their action 
sufficientlyy long to allow a once daily administration for the treatment of 
hypertensionn or angina. 

Amlodipine,, a DHP, was one of the first examples of such slow and long acting CA. 
Fromm a chemical point of view, amlodipine is unusual with regard to its side chain, 
whichh is ionized at pH = 7.4. This makes the molecule amphipathic: it penetrates 
welll  into biological membranes and stays there because of interaction between the 
ionizedd side chain and the hydrophilic part of the lipid bilayer [15]. Furthermore the 
moleculee is rather stable and hepatic degradation occurs but slowly [77). 

1.10.4.1.10.4. Lipophilic CA 
Severall  newer DHP-CA may be characterized as lipophilic molecules. The lipid 
solubilityy of such compounds implies that they readily dissolve in lipid-rich depots, 
includingg those within the cell membrane. From these depots they are slowly 
releasedd to subsequently reach their subsequent receptor, that is the L-type calcium 
channel.. This process, as described by a three-compartment model, is depicted in 
Fig.3.. This phenomenon explains their slow onset of action and, therefore, the virtual 
absencee of reflex tachycardia and sympathetic activation. The persistence of such 
lipophilicc CA within the cell membrane, has been explored in detail for lacidipine 
andd lercanidipine [78-81]. The antihypertensive action of a single dose of lacidipine 
persistss for 24 h and the circadian rhythm of blood pressure is maintained, although 
att a lower level. Interestingly, heart rate remains unchanged, in spite of the 
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vasodilator/antihypertensivee action of lacidipine. indicating that no reflex 
tachycardiaa is triggered. Similar findings have been obtained with lercanidipine, also 
aa lipophilic CA [80,81]. 

1.11.. Vascular  selectivity 

Amlodipine,, barnidipine, felodipine, isradipine, lacidipine, manidipine, nicardipine, 
andd nisoldipine are examples of DHP-CA with a certain degree of vascular 
selectivity.. The stronger effect of these agents on the vascular system than on the 
heartt has been attributed to differences in a,-subunit or differential expression of the 
otherr types of subunits which together form the L-type calcium channels in the 
variouss tissues and organs. 

Fig.3.. Three compartment model of a lipophilic CA (lacidipine) explaining slow onset and long 

durationn of lipophilic CA. (Reprinted from Micheli et al. J Cardiovasc Pharmacol (1991); 

17(Suppl.4):: S1-S8. 

Nisoldipinee has been claimed, among the DHP-CA to display the highest degree of 
vascularr selectivity, but this claim is only based upon in vitro experiments with 
isolatedd human and animal blood vessels [82]. 

AA few CA have been claimed to display moderate selectivity for a particular, 
specializedd vascular bed. The evidence for such claims is in most cases rather 
meagre.. A certain degree of selectivity for a particular vascular bed is probably best 
substantiatedd for the renovascular selectivity of manidipine. which indeed shows 
mostt potent dilator effects on renal vessels in intact animals and in vitro, whereas 
improvedd renal function in conditions of renal insufficiency have been demonstrated 
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inn animal models [83]. Clinical data which do not contradict the claim of renal 
selectivityy are beginning to emerge [84]. 

1.12.. Mibefradi l 

Mibefradill  has been derived chemically from verapamil, although its molecule 
containss a few rather unusual substituents. Mibefradil appears to bind to the same 
(H)-desmefhoxy-verapamill  binding sites as verapamil in cardiac membrane 
homogenates.. The haemodynamic profile of mibefradil may be briefly characterized 
ass follows [28,85]: 

Mibefradill  is a vasodilator agent, predominantly at arteriolar sites (resistance 
vessels)) with significant negative chronotropic and negative dromotropic activity, 
whereass contractile force is not reduced by this agent, as shown in isolated organs, 
animall  models, but also in patients [86,87]. The vasodilator activity of mibefradil is 
fullyy explained by its blocking effect on L-type calcium channels [87]. Mibefradil 
hass a stronger effect on T-type than on L-type calcium channels, and it may well be 
thatt its negative chronotropic and dromotropic activities are brought about, at least in 
part,, by T-type calcium channel blockade in the sinus node and in the A-V 
conductionn system [28,85]. Interestingly, it was recently demonstrated in isolated 
humann atrial tissue preparations that mibefradil in therapeutically relevant 
preparationss also blocks N-type calcium channels. Consequently, noradrenaline 
releasee from cardiac sympathetic nerves is suppressed by mibefradil via N-type 
calciumm channel blockade [88]. Similar findings have been obtained in isolated rat 
vesselss [89], Another interesting action of mibefradil was published recently by 
Mocanuu et al. (1999) and by Schulz et al. (1999). In isolated rat hearts and in 
anesthetizedd pigs, mibefradil appeared to limit infarct size through a glibenclamide-
sensitivee mechanism, suggesting that mibefradil opens the ATP-dependent 
potassiumm channels [90,91]. 

Itss clinical profile seemed promising, as it is an effective antihypertensive, displays 
noo negative inotropic activity, protects against ventricular fibrillation in animal 
studiess and also induces slight negative chronotropic activity. Moreover, it displays 
ann inhibitory effect on hypertrophy of the heart and restenosis. However, despite this 
promisingg clinical profile, in June 1998 the Roche Company had to withdraw 
mibefradill  from the market worldwide, because of its many interactions with other 
therapeuticss used in cardiovascular medicine. The site of this interaction appeared to 
bee the cytochrome P450 enzyme CYP3A4. Mibefradil interfered with the 
metabolismm of these drugs, leading to increased plasma levels and thus to unwanted 
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sidee effects. The most noteworthy of the interactions between mibefradil and other 
drugss is that with the statin simvastatin [92]. 
Recentlyy the MACH-1 study (Mortality assessment in Congestive Heart Failure has 
beenn published [93]. In this multicenter, randomized, double-blind study mibefradil 
wass compared with placebo in 2590 patients with congestive heart failure (NYHA 
classs II to IV) on top of their usual medication. Mortality and morbidity were 
assessedd from 1996 to 1999. The interaction between mibefradil and anti-arrhytmic 
drugs,, in particular amiodarone, and with the biotransformation of a number of other 
drugss might have caused the observed non-significant trend toward increased 
mortality,, compared to placebo, in the first three months of the study. After this 
initiall  period this trend was not maintained: mibefradil did not show any advantage 
overr placebo in this particular group of patients. 

Inn spite of the aforementioned problems mibefradil must be considered as an 
interestingg example of a CA which simultaneously blocks L-, T-, and N-type 
calciumm channels. Accordingly, its value as a pharmacological tool is greatly 
appreciated. . 
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AI MM  OF THE PRESENT INVESTIGATIO N 

Activationn of the sympathetic nervous system is known to be associated with the 
treatmentt with calcium antagonists, in particular those of the dihydropyridine type. 
Thiss sympathetic activation might be deleterious in patients with hypertension or 
anginaa pectoris, the major indications for the use of these drugs. It was a major aim 
off  the present investigation to explore the differential interactions of various CA 
withh certain components of the sympathetic nervous system. Because a rapid onset 
off  vasodilator action by the CA activates the sympathetic nervous system via the 
baroreflexx mechanism, the differential time courses of the vasodilator effects of 
variouss calcium antagonists were quantified in various rat models. Furthermore we 
investigatedd the inhibitory effect of mibefradil and verapamil on the N-type calcium 
channell  (involved in the release of noradrenaline from the sympathetic nerve 
endings)) as compared to the inhibitory effects of these effects on the L-type calcium 
channel. . 

Accordingly,, the differential time courses of the vasodilator actions of calcium 
antagonistss were quantified in rat and human isolated arteries, and also in situ in the 
forearmm vascular bed of human volunteers, using venous occlusion 
plethysmography.. A correlation with a physicochemical property of calcium 
antagonists,, lipophilicity (denoted by the logarithm of the membrane-partition 
coefficient),, was analyzed. 

Electricall  stimulation of both rat isolated tail arteries and the pithed rat preparation 
weree used to evoke sympathetic noradrenaline release with subsequent contraction 
andd increases in blood pressure and heart rate, respectively. The inhibitory effects of 
mibefradill  and verapamil on these responses were quantified and differentiated from 
thee inhibitory effects on the L-type calcium channel. 
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Chapterr 2 

COMPARATIVEE EFFECTS OF MIBEFRADIL AND OTHER CALCIUM 
ANTAGONISTSS ON RESISTANCE ARTERIES OF DIFFERENT END ORGANS 

FundamentalFundamental & Clinical Pharmacology 1999; 13: 19H-203 
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1.. Introductio n 

Inn vascular smooth muscle cells fVSMC) at least two types of calcium channels have 
beenn found to occur: the L-type calcium channels (LCC) and the T-type calcium 
channelss (TCC) [!] . The LCC can be characterized by their relatively long lasting time 
off  opening (300-600ms), activation range from -40 mV to positive voltage and large 
conductancee {25 pS). On the other hand TCC display a much shorter time of opening 
(20-60ms),, a low activation range (from -70 mV to -30 mV) and they show rapid 
inactivationn and low conductance (8 pS) [19]. The LCC have been studied extensively 
andd their structure, function and specific binding sites are well known. The LCC are 
knownn to be the target of the calcium antagonistic drugs so far developed [24]. 
Forr a long time TCC could only be characterized functionally by means of patch-clamp 
studiess [2], Only very recently the first TCC has been cloned from neuronal tissue of the 
ratt [20]. TCC have been found in a variety of excitable cells including VSMC. cardiac 
myocytess and sino-atrial node cells [7]. Its function, however, still remains subject to 
debate. . 

Mibefradill  is a newly introduced calcium antagonist (CA) with a verapamil-like 
chemicall  structure [5]. It has been proven effective in the treatment of hypertension and 
anginaa pectoris, and it also possesses anti-arrhythmic activity. Although mibefradil is a 
vasodilatorr which also causes bradycardia, it appears to be virtually devoid of negative 
inotropicc activity in the clinically used dosage [3,22]. 
Mishraa and Hermsmeyer (1994) reported for mibefradil an approximately 56-fold 
strongerr inhibition of T-lype vs. L-typc Ca:+-channels (TCC vs. LCC) in an 
electrophysiologicc study with vascular smooth muscle cells (VSMC) [ 14]. However, the 
functionall  role of TCC blockade in the various cardiovascular effects of mibefradil 
remainss unclear. Högestatt and Andersson (1983) proposed a new type of calcium 
channell  which could be responsible for the phasic response of the potassium-induced 
contractionn in rat isolated small arteries [11] . The functional profile of this calcium 
channell  closely resembles the TCC as has been described by Nihus et al. [18]. 
Thee aim of the present investigation was to obtain information on the question whether 
thee the vasodilator effect of mibefradil is associated with blockade of TCC, apart from 
thee drug's effect on LCC. Therefore we studied the influence of mibefradil on both the 
tonicc and phasic components of potassium-induced contractions in different vascular 
bedss of the male Wistar rat, and compared it with selective LCC-blockers. Accordinglv. 
contractionss induced by potassium depolarization were evoked in rat isolated mesenteric, 
renal,, coronary and basilar arteries. The relaxant effects of various calcium antagonists 
(includingg mibefradil) on this vasoconstrictor response were then quantified and 
compared. . 
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Sincee hypertension may influence the distribution of the different types of calcium 
channels,, we included the mesenteric vessels of SHR and their respective normotensive 
controll  WKY in the present study. 

2.. Material s and methods 

Malee Wistar rats weighing 3OO-350g (Iffa Credo, Les Oncins, France) were anesthetized 
usingg a combination of ketamine (40mg i.p.) and xylazine (4mg i.p.) and subsequently 
theyy were given heparin (2500 IE i.p.). The animals were ventilated with room air via an 
intra-tracheall  cannula. Part of the intestine with the adjacent mesenterium, the right 
kidney,, the heart and the brain were excised and placed immediately in ice-cold 
Tyrode'ss solution of the following composition (mM): NaCl 136, KC1 2.5, MgCl2 0.5. 
CaCl22 1.8, NaH2P04 0.42, NaHC03 11.9, glucose 5.5. The fatty tissues surrounding the 
mesentericc artery were removed. The right kidney was cut in half and an arcuate artery 
wass dissected free from the surrounding tissue over a length of about 2mm. After an 
incisionn in the right cardiac ventricle the coronary septal artery was dissected over a 
lengthh of 2mm and separated from the surrounding myocardial tissue. The basilar artery 
wass separated from the brain stem. Before dissection a 40pm diameter stainless steel 
wiree was inserted into the arterial lumen of each vessel to be studied. Subsequently, the 
vesselss were dissected and transferred to the chamber of a myograph according to 
Mulvanyy and Halpern [16]. The vessel was attached to a micrometer screw and, after 
insertionn of a second wire, to an isometric force transducer (Kistler Morse, DSG 6, 
Redmond,, WA, USA). The preparations were equilibrated for 15 min. in Tyrode's 
solutionn at 37°C and the medium was oxygenated with carbogen (95% 02 + 5% C02), at 
aa pH of 7.4. Subsequently the vessels were subjected to a normalization procedure 
accordingg to Mulvany and Halpern (1976). The individual diameter was adjusted to a 
valuee that equals 90% of the circumference that a vessel would have at a transmural 
pressuree of 100 mmHg (13.3kPa) [17]. Mechanical responses were expressed as active 
tension,, AT, that is the developed active force divided by twice the vessel length. The 
responsivenesss and the viability of the vessels were tested as follows: at the beginning of 
eachh experiment, the preparations were contracted three times with high-potassium 
Tyrode'ss solution (NaCl was replaced by KC1 on an equimolar basis) and once with 3 
pMM 5-hydroxytryptamine (5-HT) at intervals of 15 min. After these procedures the 
vesselss were incubated with the CA to be studied for 30 min. and then subjected (in the 
presencee of the CA) to a potassium-induced contraction. Accordingly we were able to 
measuree the inhibition of the biphasic contraction by the CA studied. CA-concentration-
responsee curves (CRC) were constructed for the phasic and tonic responses, 
respectively. . 
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WKYY and SHR (weighing 300-350g) were anesthetized and ventilated according to the 
protocoll  described above. After insertion of a cannula (PE-50, Clay Adams) into the 
rightt carotid artery heparin (250 IU) was administered to keep the cannula open. Carotid 
bloodd pressure and heart rate were measured intra-arterially by a Statham P23 Db 
pressuree transducer and recorded via a Maclab data acquisition system (ADI, Australia). 
Thenn the rats were subjected to the same protocol as the Wistar rats, but only the small 
intestinee was removed in order to study the effect of nifedipine and mibefradil on small 
mesentericc arteries. 

2.1.2.1. Statistical evaluation 

Unlesss stated otherwise the values in the text are given as means  standard error of the 
meann (SEM). Statistical significance was established by one-way ANOVA, followed by 
Newman-Keuls'' test for multiple comparisons. The level of significance was set at 
p<0.05. . 

2.2.2.2. Calculations 

Usingg a computer program (GraphPad Prism, GraphPad, San Diego, USA) all curves 
weree fitted to log concentration-effect data for 4-10 individual experiments. The 
underlyingg equation is E=Emax-A

p-(Ap + I Q / ) 1 . In this equation E is the response 
obtainedd at a given concentration A, Emax is the maximally attainable response, IC50 the 
concentrationn for the half maximal effect, and the exponent p describes the slope of the 
relationshipp (Hill-coefficient). Curves were fitted to averaged concentration-effect data. 

2.3.2.3. Drugs used 

Thee following drugs were used: ketamine (Nimatek®,Eurovet, Bladel, The Netherlands); 
xylazinee (Rompun®, Bayer bv. Leverkusen, Germany); heparine sodium (Heparine Leo, 
Leoo Pharmaceutical products bv. Weesp, The Netherlands); 5-hydroxytryptamine, 
nifedipinee HC1, verapamil HC1, and diltiazem (Sigma Chemical Co., St. Louis. MO. 
USA)andd mibefradil (Hoffman-LaRoche, Basel, Switzerland). 

5-Hydroxytryptamine,, verapamil, diltiazem and mibefradil were dissolved and further 
dilutedd in distilled water; nifedipine was first dissolved in 67% dimethyl sulfoxide 
(DMSO)) and then further diluted with distilled water. Experiments with nifedipine were 
performedd under the exclusion of light. 
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3.. Results 

3.1.3.1. Wistar rats 

Bothh the diameter and the active force induced by potassium depolarization of the 
vesselss were determined and compared (table 1). The normalized internal diameters of 
thee four types of vessels were virtually the same, but significant differences were 
observedd with respect to the development of the active force, induced by potassium 
depolarization.. For the active force the following rank order was found: 
basilar>mesenteric>renal,, coronary. 
Potassium-inducedd depolarization resulted in a rapidly developing and transient first 
phasee (phasic response) followed by a stable second phase (tonic response). The 
profiless of the obtained responses were typical for each of the types of vessels studied 
(figuree 1). All four CA reduced potassium-induced responses in all types of vessels 
investigated.. The phasic responses were less potently inhibited than the tonic responses 
ass shown in figure 2, where an example of the CRCs obtained for one of the CA 
(nifedipine)) is depicted. At 0.3uM of each CA the tonic phase was completely inhibited 
byy all CA. However, at this concentration the phasic response could not be fully 
inhibitedd as shown in figure 3. Nifedipine is clearly the most efficient inhibitor of the 
phasicc response with 66-77% reduction. The effect of mibefradil was less effective (12-
50%% reduction), but comparable to that of verapamil (20-38%) and diltiazem (10-28%). 
Nifedipinee also proved to be the most potent inhibitor of the tonic response, compared to 
thee other CA tested. This is reflected by the order of potency: nifedipine > mibefradil > 
verapamill  > diltiazem. A comparison can be made between the IC50-values of the CA in 
thee different vascular beds. Nifedipine and verapamil appeared to display a significant 
preferencee for the mesenteric and renal vascular beds; mibefradil proved somewhat more 
potentt for the mesenteric vascular bed whereas diltiazem is most active in renal and 
coronaryy vessels (table 2). 

Tablee I. Basal characteristics of the different types of isolated vessel preparations from Wistar rats. 

mesenteric c 
renal l 

coronary y 
basilar r 

N N 

28 8 
24 4 
24 4 
28 8 

diameterr (|um) 

283.44 7 
299.88 9 
287.77 8 
303.33 4 

forcee (mN/mm) 

2.22 1 

f f 
f f 

3.00 1 

Meanss  SEM for n preparations. The active force was induced by means of potassium depolarization. * 

significantlyy different from the responses in both mesenteric and basilar preparations (p<0.05j. 
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PP T 

coronaryy mesenteric basilar renal 

Figur ee 1. Characteristic responses for each type of vessel caused by potassium-induced depolarization. 

Notee the rapid first phase (phasic response, P) and the longer lasting second phase (tonic response. T). 

Tablee II . Relaxant effects of various CA on the tonic response of potassium-induced contractions in 

isolatedd vessel preparations. The ICso-values calculated from the CRC's are given in nM  SEM for n 

preparations. . 

nifedipine e 
mibefradil l 
verapamil l 
diltiazem m 

mesenteric c 
(n=7) ) 

1.11 * 
19.66 + 6.0' 

54.55 " 
322.00 1 

Renal l 
(n=6) ) 

i.22 r 
77.66 5 

? ? 

263.88  49.21 

coronary y 
(n=6) ) 

4.00  0.4 
63.00 2 

135.77 1 
202.00  39.6'1 

basilar r 
(n=7) ) 

5.44 8 
60.66  6.8 

178.99 1 
470.55  65.6 

**  significantly different from coronary and basilar preparations (p<0.001): t significantly different from 

renall  preparations (p<0.05); + significantly different from coronary and basilar preparations (p<0.01): % 

significantlyy different from basilar preparations (p<0.05) 
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Tablee III . Hemodynamic parameters and vessel characteristics of the mesenteric vessels of WKY and 

SHR. . 

parameter r WKY Y 
Bodyy weight (g) 

Vessell  diameter (um) 
Activee Force (mN/mm) 

MA PP (mmHg) 
HRR (bpm) 

3055  3 
2699  10 
3.00 2 
988 5 

2811  14 

*meanss are significantly different from WKY (p<0.05) 

100 0 

75--

c c 
o o 
''SS 50 
X X 
SS SS 

25 5 

-100 -9 -8 -7 

log[nifedipine] ] 

— i i 

-6 6 

SHR R 

3033  5 
2177  13* 
2.77 + 0.2 
1677 * 
2899  14 

Figur ee 2. Typical concentration-response curve for the relaxant effect of a calcium antagonist 

(nifedipine)) on the potassium-induced contraction in isolated mesenteric vessels; note the differential 

effectt of the CA on the phasic and tonic responses, respectively (squares: phasic response; triangles: 

tonicc response). 

3.2.3.2. SHR and WKY 

Thee hemodynamic parameters and vessel characteristics of the WKY and SHR are 
presentedd in table 3. Beside the difference in MAP, a significant difference in the 
normalizedd internal diameters of the vessels between WKY. SHR and Wistar rats was 
found.. The active force was comparable between the three groups of rats. The effects of 
nifedipinee and mibefradil on the tonic (IC50-values) and phasic responses are presented 
inn table 4. For both nifedipine and mibefradil. IC50-values in WKY and SHR were 
significantlyy higher than in Wistar rats (p<0.001) and the difference between WKY and 
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SHRR was significantly different (p<0.05). Like in Wistar rats the phasic response of the 
KCl-inducedd depolarization could not be inhibited completely. 
Tablee IV . Inhibitory effects of nifedipine and mibefradil in SHR and WKY on the tonic (IC^o-values) 

andd phasic responses (IPR), respectively (n=6 for each experiment). 

WKY Y 

nifedipine e 
SHR R WKY Y 

mibefradil l 
SHR R 

IC500 (nM) 
IPRR (%) 

4.11 6 
677 6 

5.55 6 
522 * 

344 4 

300 4 

4 4 

211 * 

meanss significantly different from WKY (p<0.05) 

100 0 

nifedipinee mibefradil verapamil diltiazem 

Figuree 3. Influence of various CA on the phasic response of potassium-induced contractions in 

mesentericc (open), renal (shaded), coronary (hatched) and basilar (filled) isolated vessel preparations. 

Alll  CA were administered in a concentration of 0.3uM. Depicted is the relative inhibition of the 

potassium-inducedd contraction after application of the CA (n = at least 6 for each experiment). 

4.. Discussion 

Smalll  arteries (range 100-500um) are known to be important in the regulation of 
peripherall  vascular resistance [6]. In the present investigation the vessels studied had 
normalizedd internal diameters slightly under 300um (which is about twice the vessel 
diameterr in resting state) thus classifying them as small arteries [15]. As such they are 
suitablee and relevant to study the vasodilator action of CA in resistance vessels. From a 



37 7 CalciumCalcium antagonists and resistance arteries 

technicall  point of view the preparations used proved reliable and the effects were 
reproducible. . 
Inn 1983 Högestatt and Andersson investigated the biphasic contraction caused by 
potassium-inducedd depolarization in rat small cerebral arteries. They concluded that the 
tonicc response was clearly LCC mediated, whereas for the phasic response a different 
typee of calcium channel could be responsible; the profile of their proposed calcium 
channell  closely resembles what is now known as the TCC . The differentiation between 
LCC-- and TCC-mediated effects would offer the possibility to identify and possibly 
quantifyy a TCC-blocking component in the profile of action of the CA investigated. 
Thee difference between the activation ranges of the LCC and the TCC is indeed 
substantial:: -40 mV to positive vs. -70 mV to -30 mV. This indicates that the TCC can 
onlyy be involved in the phasic response. In our experiments nifedipine was by far the 
mostt potent inhibitor of the phasic response. Mibefradil proved as effective as verapamil 
andd diltiazem (rather selective blockers of the LCC) in blocking the phasic response. 
Sincee mibefradil is not exclusively a TCC-antagonist, we cannot absolutely exclude 
TCCC in the phasic response. It should be realized therefore, that mibefradil displays 
substantiall  LCC-blocking activity besides its effect on TCC. However, the fact that 
nifedipinee (a selective LCC-antagonist) is by far the most potent inhibitor of the phasic 
responsee strongly suggests that the vasodilator effects of the CA (including mibefradil) 
weree mediated by LCC rather than by TCC. Since hypertension leads to several major 
changess in the vasculature [9,10,12,13], the distribution of the different types of calcium 
channelss in this situation might be different. Since most vascular changes in 
hypertensionn occur in mesenteric vessels, which are also determinant with respect to 
pressuree and peripheral resistance, we chose this vessel as model in our experimental 
setup.. However, in our experiments with WKY and SHR we could not demonstrate a 
preferencee of mibefradil for the phasic component of the KCl-induced contraction. From 
thesee results we conclude that the TCC does not play a role in the excitation-contraction 
couplingg in vascular smooth muscle under the conditions of the present investigation. 
Thee tonic phase has been shown to depend predominantly on calcium influx via LCC. 
Accordingly,, IC50-values of the four CA, with respect to their influence on the tonic 
phase,, yield information concerning the vasodilator potency of these agents mediated by 
LCCC blockade. 
Nifedipinee was the most potent vasodilator with respect to the tonic response compared 
too the other CA tested. Again, the vasodilator capacity of mibefradil was comparable 
withh those of verapamil and diltiazem, as observed in the Wistar rats. Accordingly, 
mibefradill  appears to possess sufficient LCC blocking activity to be a maximally 
effectivee vasodilator in the various vascular beds. 
Thee differences in IC50-values for both nifedipine and mibefradil between WKY and 
SHRR might suggest that hypertension leads to a decrease in sensitivity of the LCC to 
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thesee CA. However, it should be realized that normalizing the vessel preparations of 
WKYY and SHR to the same intraluminal pressure may yield an experimental error, since 
thee vessels of the SHR in vivo are exposed to a higher pressure than the vessels of 
WKY.. There is also a consistent difference between the ICS0-values of SHR and WKY 
versuss Wistar rats: responses are significantly stronger in Wistar rats. Since our 
experimentall  conditions were kept exactly the same throughout the study, the observed 
differencess might be attributable to genetic differences between the three types of rats. 
Thee introduction of the TCC/LCC-blocker mibefradil into the therapy of hypertension 
andd angina pectoris has stimulated the research on TCC in the cardiovascular system. 
Thee TCC has been identified in several kinds of tissues, including VSMC [23]. 
However,, the role of TCC and their blockade in VSMC is not clear [8]. In the 
cardiovascularr system the TCC are likely to be involved in at least two processes. They 
havee been demonstrated to occur in the conductive system in the heart they may play a 
rolee in ventricular arrythmias [3]. secondly they have been implicated in neointima 
formationn following vascular injury [211. If these presumptions hold true mibefradil 
wouldd combine a moderate vasodilator activity with protective effects against both 
cardiacc arrythmias and neointima formation, whereas it is virtually devoid of negative 
inotropicc activity. The clinical value of this profile would be potentially attractive, 
althoughh appropriate studies to demonstrate the advantage oï mibefradil over other CA 
remainn to be performed. 

Theree are reports that mibefradil might be somewhat selective for coronary arteries, but 
inn the present study we did not observe this selectivity . Only diltia/.em showed a certain 
preferencee for the coronary vessels, which is in agreement with literature data [4]. 
Inn conclusion, the vasodilator action of mibefradil as investigated in this studv can be 
fullyy explained by its inhibitory effect on LCC in normotensive rats. This statement can 
bee extended to both normotensive and hypertensive rats with regard to mesenteric 
resistancee arteries. No involvement of TCC in the phasic component of the potassium-
inducedd contraction could be detected. 
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1.. Introductio n 

Calciumm antagonists (CA) are frequently used in the treatment of hypertension, angina 
pectoriss and supraventricular tachy-arrhythmias {verapamil only) [lj . The prototype of 
thee DHP-CA. the non-retarded nifedipine preparation is known to possess several 
shortcomings.. Apart from its negative inotropic activity nifedipine has an unfavourable 
kineticc profile. Its onset of vasodilator/antihypertensive action is rapid, thus leading to 
sympatheticc activation and reflex tachycardia. Because of its short duration of action it 
hass to be administered 3-4 times daily [2, 3]. 
Kleinbloesemm et al. (1987) demonstrated in healthy volunteers that a high infusion rate 
off  nifedipine leads to a sustained reflex tachycardia without a significant decrease in 
bloodd pressure, while at a slow infusion rate the drug did not provoke tachycardia, 
whereass a significant and stable decrease in blood pressure occurred [4]. These findings 
implyy that reflex tachycardia is rather triggered by the rate of the vasodilator effect than 
byy its magnitude. 
Attemptss have been made to develop dihydropyridine-CA with a better kinetic profile 
andd less negative inotropic activity than nifedipine. In particular in the series of 
dihydropyridine-CAA (DHP-CA) several new compounds have been introduced and 
studiedd clinically. 

Amlodipine,, lacidipine, barnidipine and lercanidipine are examples of newer DHP-CA 
whichh are effective antihypertensives without causing substantial reflex tachycardia. 
Theirr duration of action is sufficiently prolonged to allow once daily administration in 
thee treatment of hypertension. Most of these newer DHP-CA (lacidipine, barnidipine. 
lercanidipine)) are vasoselective, which implies that they do not depress cardiac 
contractilee force when applied in the usual therapeutic doses [5-8]. Another new CA 
withh a relatively slow onset and long duration of action is mibefradil, chemically related 
too verapamil [9]. As suggested above, the onset of action of CA, including the newer 
compounds,, appears to be a very important parameter which largely determines the 
occurrencee and seventy of sympathetic activation and reflex tachycardia. For this reason 
wee thought it of interest to quantitatively compare the onset of action of a large series of 
differentt CA. In table 1 the occurrence of reflex tachycardia in the clinical situation is 
presentedd for each of the CA tested [3, 7. 8, 10]. 
Thee experiments were performed in isolated vessel preparations in order to exclude the 
influencee of absorption, distribution and other kinetic phenomena which play a role in 
vivo.. The experiments therefore yielded information concerning both the onset and 
durationn of action, as determined by the factors at the cellular level. 
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Tablee 1. Occurrence of reflextachycardia in the clinical situation following oral administration. 

Calciumm antagonist Reflex tachycardia 

Nifedipinee Yes 
Verapamill  No 
Mibefradill  No 
Lacidipinee No 
Amlodipinee No 

S,S-barnidipinee No 
Barnidipinee HC1 Not tested 

(R)-lercanidipine,, (S)-lercanidipine Clinical as racemic mixture: no 

2.. Methods 

2.1.2.1. Isolated small mesenteric arteries 

Malee Wistar rats weighing 300-350g (Iffa Credo, Les Oncins, France) were anesthetized 
usingg a combination of ketamine (120mg/kg i.p.) and xylazine (12mg/kg i.p). Part of the 
intestinee with the adjacent mesenterium was excised and placed immediately in ice-cold 
Tyrode'ss solution of the following composition (mM); NaCl 136, KC1 2.5, MgCl2 0.5, 
CaCl22 1.8, NaH2P04 0.42, NaHC03 11.9, glucose 5.5. The adipose tissue surrounding 
thee mesenteric arteries was removed. Before dissection a 40um diameter stainless steel 
wiree was inserted into the lumen of each vessel to be studied. Subsequently, the vessels 
weree dissected and transferred to the chamber of an isometric wire myograph according 
too Mulvany and Halpern (1977) [11]. The preparation was attached to a micrometer 
screww and, after insertion of a second wire, to an isometric force transducer (Kistler 
Morse.. DSG 6, Redmond, WA, USA). The preparations were equilibrated for 15 min. in 
Tyrode'ss solution at 37°C and the medium was oxygenated with carbogen (95% 02 + 
5%5% C02), at a pH of 7.4. Subsequently the vessels were subjected to a normalization 
proceduree according to Mulvany and Halpern (1976) [12]. The individual circumference 
wass adjusted to 90% of the value the particular vessel would have had at a transmural 
pressuree of 100 mmHg (13.3kPa) . Mechanical responses were expressed as active 
tension,, AT. that is the developed active force divided by twice the vessel length. 

2.2.2.2. Experimental protocol 

Thee protocol used is a modification of the protocol as proposed by Videbaek et al. 
(1995)) [13]. Figure 1 is an original registration and shows the different phases in the 
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protocol.. The protocol started with a priming procedure consisting of two contractions 
inducedd by a high-potassium Tyrode's solution {120 mM NaCl was replaced by KC1 on 
ann equimolar basis) at intervals of 15 min. A third KCl-induced contraction was allowed 
too be maintained. After 40 min. of sustained contraction (time point II) one dose of the 
CAA to be studied was added to the organ bath and evaluated for 120 min. In this time 
interval,, the first 20 minutes were divided into four segments of 5 min.: measurements 
weree made at 40, 45, 50, 55 and 60 min. During the remaining 100 min. the relaxing 
effectt of the CA tested was measured at intervals of 20 minutes. Subsequently the 
mediumm was replaced by normal, CA-free Tyrode's solution (time point III) . After 20 
min.. a series of four KCl-induced contractions of 5 min. duration and with intervals of 
200 min., were applied to evaluate the duration of action of the CA tested after removal 
off  the CA from the organ bath (recovery). We validated our protocol by control 
experimentss using the same protocol without CA. When relaxation was achieved at 
equilibriumm the corresponding decrease in force was expressed as a percentage of the 
basall  value (time point II = 100%) and taken as the Eeq. This was done for all 
concentrations.. These values were analyzed to obtain concentration-response curves 
(CRC)) for all CA studied.The time required to achieve the maximal relaxation (Eeq) was 
quantified.. IC50-values were calculated using the constructed CRC's. The time to Eeq-
valuess were used to estimate the time to Ecq of the calculated IQo-concentrations. 
Recoveryy was determined as follows: time point I (figure 1) was set at 100%. this 
becausee the recovery should return to baseline conditions without taking into account 
thee possible effects of the maintained KCl-induced contraction. Maximal recovery was 
reachedd at the fourth KCl-induced contraction at time point IV. Recovery was then 
calculatedd as a ratio of time point IV and time point I. At the time points I and IV the 
mediumm in the organ bath is CA-free. 
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Figuree 1.Original recording (barnidipine HC1, InM) showing the different phases in the protocol. 

Preferencee point for measurement of recovery; 11= adding of one concentration of the CA to be tested; 

111== end of the sustained contraction, wash-out; IV= measurement point for recovery. Experiments in rat 

smalll  isolated mesenteric artery preparations. 

2.3.2.3. Statistical evaluation 
Unlesss stated otherwise the values in the text are given as means  standard error of the 
meann (SEM). Statistical significance was evaluated by one-way ANOVA, followed by 
Newman-Keuls'' test for multiple comparisons, or Student's t-test when appropriate. 
Thee level of significance was set at p<0.05. 

2.4.2.4. Calculations 
Usingg a computer program (GraphPad Prism. GraphPad. San Diego. USA) all curves 
weree fitted to log concentration-effect data for 4-10 individual experiments. The 
underlyingg equation is E=Eeq-A

p-(Ap + IC5o
p)"'. In this equation E is the response 

obtainedd at a given concentration A, Ecq is the maximally attainable response, IC50 the 
concentrationn for the half maximal effect, and the exponent p describes the slope of the 
relationshipp (Hill-coefficient). Curves were fitted to averaged concentration-effect data. 

2.5.2.5. Drugs used 

Thee following drugs were used: ketamine (Nimatek®,Eurovet, Bladel, The Netherlands); 
xylazinee (Rompun*, Bayer bv, Leverkusen, Germany); nifedipine HC1 and verapamil 
HC11 (Sigma Chemical Co., St. Louis. MO. USA), mibefradil (Hoffman-LaRoche. Basel, 
Switzerland),, diastereomer barnidipine HC1 (S,S: R,R: R,S: S,R in a 33:33:17:17 ratio) 
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andd its single enantiomer S,S-barnidipine (Yamanouchi Europe. Leiderdorp. The 
Netherlands),, (S)- and (R)-Iercanidipine (Recordati. Milano. Italy). lacidipine 
(Boehringerr Ingelheim. Alkmaar. The Netherlands) and amlodipine (Pfizer, USA). 
Verapamill  and mibefradil were dissolved and further diluted in distilled water: 
nifedipine,, barnidipine HC1, S,S-barnidipine, (S)- and (R)-lercanidipine, lacidipine and 
amlodipinee were first dissolved in 67% dimethyl sulfoxide (DMSO) and the solutions 
weree then further diluted with distilled water. Experiments with all dihydropyridines 
weree performed under the exclusion of light. 

3.. Results 

3.1.3.1. Isolated small mesenteric arteries; basal parameters 

Thee mean normalized diameter of the vessels amounted to 256  3um and the mean 
activee force developed was 2.3  0.1 mN/mm. This classifies the vessels used as 
resistancee arteries. In control experiments (n=10) a stable response could be obtained 
withh a sustained KCl-induced contraction for at least three hours duration: recovery 
fromm this sustained contraction was 99.2  2.9% and thus complete. 

3.2.3.2. Potency of CA as vasorelaxant drugs 

Twoo examples (amlodipine and mibefradil) of a CRC are presented in figure 2. As 
expected,, mibefradil and verapamil appeared to be the least potent vasorelaxant agent 
studied,, whereas S,S-barnidipine proved the most potent vasorelaxant agent tested 
(figuree 3); in the order of potency: S,S-barnidipine > (S)-lercanidipine > barnidipine 
HC1> > 

Amlodipinee > nifedipine = lacidipine > (R)-lercanidipine > verapamil = mibefradil. 
Interestingly,, the diastereomer barnidipine HCI was 20 times less active than the single 
enantiomeree S.S-barnidipine; this difference was highly significant (p<0.005. unpaired 
t-test). . 
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Figuree 2. Examples of Concentration-Response Curves (CRC) for amlodipine and mibefradil; note the 

differencee in potency. 

3.3.3.3. Time course of the relaxant effect; time to Eeq (IC^Q-concentration) 
Lacidipinee displays the slowest onset of relaxant action compared to the other CA 
tested.. Both enantiomers of lercanidipine. S,S-barnidipine and barnidipine HC1 
demonstratee a time to Eeq between 45 and 65 min. and statistically they do not differ 
fromm each other. As to be expected, nifedipine and verapamil display a rapid onset of 
action.. Mibefradil seems to display a slower onset of action than nifedipine and 
verapamil,, but this difference did not reach statistical significance (figure 4). 
Accordingly,, the onset of action (based on Eeq-values) adheres to the following 
sequence:: lacidipine = amlodipine > (S)- and (R)-lercanidipine. S.S-barnidipinc. 
barnidipinee HC1 > mibefradil, verapamil, nifedipine. 
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Figur ee 3.Scattergram of IC50-values  SEM for all CA tested expressed as log[M] . For statistical data 

seee table I. Abbreviations: SB = S,S-barnidipine, SL = (S)-lercanidipine. BA = racemate of barmdipine; 

AMM = amlodipine; NI = nifedipine; LA = lacidipine; RL = (R)-lercanidipine; MI = mibefradil. 

3.4.3.4. Time course of the relaxant effect; recovers 

AfterAfter wash-out, recovery from nifedipine amounts to 102% and must be considered as 
complete.. Recovery from verapamil and S.S-barnidtpine is relatively high, reaching 
valuess of 84% and 83%, respectively, whereas recovery from (S)-lercanidipine is very 
low:: 24% (figure 5). With respect to the recovery the following rank order holds for the 
CAA studied: nifedipine > verapamil, S,S-barnidipine, amlodipine > barnidipineHCl 
,lacidipinee > mibefradil, (R)-lercanidipine > (S)-lercanidipine. An overview of the data 
regardingg the IC50-values, time to Eeq (IC50-concentrations) and recovery are given in 
tablee 2 for all CA tested. 
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Figur ee 5. Bar chart showing the mean recovery  SEM for all CA tested in descending order. Values 

aree calculated as ratio of the the value at 5 min. of the fourth KCl-induced contraction (time point IV. 

figuree 1) and time point I (figure 1). For statistical data see table 1. For abbreviations see legend Figure 

3. . 
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Tablee 2. Overview table of all data  SEM collected in this study. For each CA tested n=6. Means with 

thee same letter are not significantly different 

Calciumm antagonist 

Nifedipine e 
Verapamil l 
Mibefradii i 
Lacidipine e 

Amlodipine e 
S,S-barnidipine e 
Barnidipinee HC1 
(R)-lercanidipine e 
(S)-lercanidipine e 

(nM) ) 

6.66 1 
30.77  8.6 
38.66 8 
6.44 * 
2.00 3 

0.011 2 
0.22  0.03 
17.11 1 

0.099 2 

A A 

B,C C 
B B 
A A 
D D 
E E 
F F 
C C 
G G 

Timee to Em.M 

(min.) ) 

8.88  1.3 
5.88 8 
22.55 6 

>120 0 

106.77 2 
45.88  7.4 
45.88  14.6 
56.77  8.0 
63.33 5 

A A 
A A 

A.B B 

C C 
C C 

B,D D 
B,D D 
D D 
D D 

Recovery y 

102.22  1.1 
84.33 6 
57.22 1 
66.77  3.5 
78.99 7 
82.88 6 
70.99  6.0 
47.55 1 
23.55 2 

A A 
B B 

CD D 
D.E E 
B,F F 
B B 

E,F F 
C C 
G G 

**  IC^o-valueof lacidipine is an estimate. 

4.. Discussion 

Thee method used in this study allows a quantitative comparison between CA with 
respectt to their vasodilator action at the cellular level. Excluding influences which occur 
inn vivo, like absorption and distribution (e.g. into membranes, lipid structures, proteins 
andd blood cells), in this model the vasodilator effects resulting from the direct 
interactionn of the CA with the L-type calcium channel can be studied and compared 
quantitatively. . 
Inn this study three parameters concerning the vasodilator effect of the CA have been 
studied:: potency (given as IC50-values), time of onset of action and duration of action 
measuredd as recovery of the contractile response of the vessels after wash-out. The 
followingg order for the potency of the CA studied was found: S.S-barnidipine > (S)-
lercanidipinee > barnidipine HC1 > amlodipine > nifedipine = lacidipine > 
(R)-lercanidipinee > verapamil = mibefradil. The time of onset of action adhered to the 
followingg sequence: lacidipine = amlodipine > (S)- and (R)-lercanidipine, S.S-
barnidipine,, barnidipine HC1 > mibefradil, verapamil, nifedipine. The rank order for the 
recoveryy is as follows: nifedipine > verapamil, S.S-barnidipine. amlodipine 
>> barnidipine HC1,lacidipine > mibefradil, (R)-lercanidipine > (S)-lercanidipinc. 
Ann interesting finding in this study is the fact that S.S-barnidipine alone is twenty times 
moree poteit than the diastereomer barnidipine HC1: this might indicate that one or more 
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off  the other enantiomers actually have an inhibiting effect on the effects of the S,S-
enantiomer.. Further studies of the other enantiomers (alone and in all possible 
combinations)) should clarify this issue. 
Thee newer DHP are a rather heterogeneous group of compounds, which differ in side 
chainn composition and their pKA, lipophilicity and binding affinity for the receptor [2]. 
Thiss heterogeneity might well be related to the variety in time courses of the compounds 
investigated. . 
Lacidipine,, the CA with the slowest onset of action, appeared to have a time course 
exceedingg the boundaries of our protocol, thus confirming the findings of Pfaffendorf et 
al.(1993)) who observed that the vasodilator effect of lacidipine in rat isolated coronary 
arteriess requires at least 5 hours to reach its equilibrium [14]. Accordingly, the 
concentrationss of lacidipine as used in the present study are too high to calculate an 
accuratee IC50-value comparable to literature. Most dihydropyridines (DHP) and 
especiallyy the newer compounds, are very lipophilic. This results, for instance with 
lacidipine,, in a three compartment kinetic action and a high membrane partition 
coefficient;; the consequences of this property are a slow onset of action and a long 
durationn of action. Differences in membrane partition coefficient and lipophilicity could 
bee hypothesized to account for the differences observed between the DHP f 15]. 
Amlodipine,, one of the newer DHP, however, is less lipophilic and possesses a tertiary 
aminoo side-chain with a pKA of 8.6; at pH=7.4 this side-chain is protonized (and thus 
positivelyy charged) and may thus interact electrostatically with the negatively charged 
regionn of the phospholipid head group of the membrane. This interaction may slow the 
diffusionn of the molecule through the membrane to its receptor site, in addition to 
keepingg the molecule at its receptor site once it is bound. Accordingly, this structural 
characteristicc of amlodipine may account for its slow onset and offset of action and 
associationn and dissociation kinetics [5]. 

Mibefradill  has a stronger affinity for T-type calcium channels (TCC) than for L-type 
calciumm channels (LCC), although its effects on LCC is sufficient to account for its 
vasodilatorr properties [16]. However, its onset of action in vitro appears to be rather 
rapidd when compared with its effects observed in patients: a decrease in plasma 
noradrenaline,, negative chronotropic activity and no occurrence of reflex tachycardia 
duringg the dosing interval. Recently, Göthert et al. (1997) demonstrated that mibefradil 
alsoo blocks N-type calcium channels. In therapeutic concentrations these channels are 
knownn to be involved when noradrenaline-release is triggered as a result of sympathetic 
nervouss system activation [17]. This phenomenon may account for the ability of 
mibefradill  to decrease the plasma noradrenaline level and sympathetic activity. In 



52 2 TimeTime course of action of calcium antagonists 

additionn TCC are thought to be involved in the conductive system of the heart and their 
blockadee by mibefradii may contribute to the drug's negative chronotropic and 
dromotropicc activities [18], 

Unexpectedd was the finding that the recovery of S,S-barnidipine is more than 80%. in 
spitee of its highly lipophilic character. A high dissociation ratio, either due to 
stereochemicall  or electrochemical properties might be responsible for this effect. 
Thee low recovery of both enantiomers of lercanidipine {but especially of (S)-
lercanidipine)) suggests a long duration of action in vivo. Indeed. Ambrosioni et al. 
(1997)) showed that a single dose (20mg) of lercanidipine in patients with mild to 
moderatee essential hypertension provided a decrease in blood pressure which persists 
forr 24 hours [10]. 

Thee differences in responses obtained for the recovery can not be explained entirely by 
differencess in lipophilicity or membrane partition -coefficients. Lacidipine and 
lercanidipinee are known to have similar membrane partition coefficients, but the 
differencee in recovery of both CA is higly significant [6J. This suggests that the 
vasodilatorr activity of CA is the sum of different properties rather than just the 
interactionn between CA and the L-type calcium channel. 
Apartt from the absence of reflex tachycardia, the newer CA display other advantages 
overr the old CA such as non retarded nifedipine. The long duration of action of these 
compounds,, as shown in this study as well as in numerous clinical studies, allows a 
once-dailyy dosing schedule, thus improving the patients" compliance. Moreover, the 
combinationn of a slow onset of action and long duration of action will result in a more 
stablee decrease in blood pressure and a trough to peak ratio greater than 0.5. as required 
inn the guidelines issued by the United States Food and Drugs Administration [19]. 
Inn summary, vasoselective CA (DHP) which display a slow onset of action in vitro do 
nott cause reflex tachycardia in hypertensive patients. But, as the examples of mibefradil 
andd verapamil show, other mechanisms may also be involved in the prevention of this 
unwantedd side-effect. 
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1.. Introductio n 

Calciumm antagonists (CA) are frequently used in the treatment of hypertension, 
anginaa pectoris and supraventricular tachy-arrhythmias (verapamil only) (van 
Zwietenn and Pfaffendorf, 1993) [1]. The prototype of the 1,4-dihydropyridine (DHP) 
CA,, the non-retarded nifedipine preparation is known to display several 
shortcomings.. Apart from its slightly negative inotropic activity nifedipine has an 
unfavourablee kinetic profile. Its onset of vasodilator/antihypertensive action is rapid, 
thuss leading to sympathetic activation and reflex tachycardia. Because of its short 
durationn of action it has to be administered 3-4 times daily (Meredith and Reid, 
1993;; Michalewicz and Messerli. 1997) [2,3], unless it is administered as a slow 
releasee preparation. 

Kleinbloesemm et al. (1987) demonstrated in healthy volunteers that a high infusion 
ratee of nifedipine leads to a sustained reflex tachycardia without a significant 
decreasee in blood pressure. In contrast, at a slow infusion rate the drug did not 
provokee tachycardia, whereas a significant and stable decrease in blood pressure 
occurred.. These findings imply that reflex tachycardia is triggered by the rate of the 
vasodilatorr effect [4]. 
Thee rate of this vasodilator effect is controlled by the rate of administration on the 
onee hand, as shown by Kleinbloesem et al. for the slow-release preparations of 
nifedipinee available at present. On the other hand the rate of onset is probably 
governedd by physicochemical characteristics of the active compound, such as the 
membrane-partitionn coefficient. This parameter, expressed as logP. denotes the 
proportionn of substance solved in a lipophilic membrane relative to the amount in 
aqueouss milieu and thus reflects lipophilicity. Lipophilicity of CA as an important 
kineticc property with regard to the rate of vasodilator effect has been considered for 
somee time, and it is reflected by the high logP-values of newly developed 1.4-
dihydropyridinee (DHP) CA, such as lacidipine and lercanidipine. Reflex tachycardia 
iss not seen after administration of these compounds. Interestingly, in patients taking 
CAA in oral formulations, Tmax (time necessary to reach peak plasma concentrations) 
iss comparable for both lipophilic compounds (such as lacidipine and lercanidipine) 
andd for nifedipine. This is in contrast with their duration of action in patients: 
lipophilicc CA need only once-daily dosing to reach trough to peak ratio's greater than 
0.5.. Accordingly, lipophilicity of a CA might well be the major parameter governing 
timee of action of a CA. In an in vitro study using rat small mesenteric arteries we 
foundd that there probably exists a relationship between lipophilicity and the time 
coursee of action [5]. This finding prompted us to extend our observations to studies 
withh human vessels in vitro. 
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Felodipinee and lercanidipine are examples of newer DHP-CA which are effective 
antihypertensivess without causing substantial reflex tachycardia. Their duration of 
actionn is sufficiently prolonged to allow once daily administration in the treatment of 
hypertension.. Felodipine and lercanidipine are vasoselective. which implies that they 
doo not depress cardiac contractile force when applied in the usual therapeutic 
vasodilatorr doses (Lund-Johansen, 1990; Herbette et al., 1997) f6,7]. As suggested 
above,, the onset of action of CA appears to be a very important parameter which 
largelyy determines the occurrence and severity of sympathetic activation and reflex 
tachycardia.. For this reason we thought it of interest to quantitatively compare the 
onsett of vasodilator action of three DHP-CA, nifedipine, felodipine and S-
lercanidipine.. (S)-Lercanidipine is the most active of the two enantiomers present in 
thee racemate of this drug when used clinically by means of tablets. We also explored 
aa possible relationship with between the lipophilicity of the various compounds 
expressedd by their logP-values), and the time courses of their vasodilator actions. 
Thee experiments were performed in isolated human vessel preparations in order to 
excludee the influence of absorption, distribution and other kinetic phenomena which 
playy a role in vivo. The experiments therefore yielded information about the onset of 
action,, as determined by the factors at the cellular level. 

2.. Methods 

2,1.2,1. Vessel preparations 

Vesselss were obtained from subcutaneous fat derived from cosmetic surgery 
(mammaa reduction and abdominoplasty) in healthy women (age range 18-45 yrs) 
who,, to our knowledge, did not take any medication apart from oral contraceptives. 
Arteriess and veins were distinguished by means of their morphometric differences in 
thee larger vessels. Side branches of the larger arteries were dissected. Before 
dissectionn a 40p.m diameter stainless steel wire was inserted into the lumen of each 
vessell  to be studied. The vessels were excised and placed immediately in ice-cold 
Universityy of Wisconsin solution (UW) with the following composition: Na (mM): 
Na++ 29, K+ 125, Mg2+ 5, S04

2" 5, adenosine 5, lactone bionic acid 100, raffinose 30. 
allopurinoll  1, glutathion 3, hydroxyethyl starch 50g/L, dexamethasone 16 mg/L. 
insulinn 40 U/L and penicillin G 200,000 U/L. The vessels were stored in UW for a 
periodd of 12-48h at 4°C. The preparations were transferred to the chamber of an 
isometricc wire myograph according to Mulvany and Halpern (1977) [8] containing 
Tyrode'ss solution of the following composition (mM): NaCl 136, KC1 2.5. MgCU 
0.5,, CaCl2 1.8, NaH2P04 0.42, NaHCO, 11.9, glucose 5.5. The preparation was 
attachedd to a micrometer screw and, after insertion of a second wire, to an isometric 
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forcee transducer (Kistler Morse. DSG 6. Redmond. WA. USA). The preparations 
weree equilibrated for 15 min. in Tyrode's solution at 37rC and the medium was 
oxygenatedd with carbogen (95% 02 + 5% C02), at a pH of 7.4. Subsequently the 
vesselss were subjected to a normalization procedure according to Mulvany and 
Halpernn (1976) [9]. The individual circumference was adjusted to 90% of the value 
thee particular vessel would have had at a transmural pressure of 100 mmHg 
(13.3kPa)) . Mechanical responses were expressed as active tension, AT, that is the 
developedd active force divided by twice the vessel length. 

2.2.2.2. Experimental protocol 

Thee protocol used is a modification of the protocol as proposed by Videbaek et al. 
(1995)) [10]. The original recording depicted in Pig. 1 shows the different phases o\ 
thee protocol. The protocol started with a priming procedure consisting of two 
contractionss induced by a high-potassium Tyrode's solution (120 mM NaCl was 
replacedd by KG on an equimolar basis) at intervals of 20 min. Subsequently a 
contractionn induced by phenylephrine (3 jiM ) followed by relaxation caused by 
methacholinee (3 |iM) was observed in order to test the a-receptor-mediated 
responsess and the relaxation by endothelium-mediated mechanisms, respectively. 
Vesselss displaying less than 809r relaxation to methacholine were discarded. A KC1-
inducedd contraction was then provoked, followed by a fourth KCl-induced 
contractionn which was allowed to persist. After 40 min. of sustained contraction one 
dosee of the CA to be studied was added to the organ bath and evaluated for 120 min. 
Wee validated our protocol by control experiments using the same protocol without 
CA.. ICso-values were calculated using the maximal responses obtained for each 
concentrationn of the CA tested. Time to EL.C|90 was calculated using the time-values 
consistentt with 90% of the maximal response of each concentration of the CA 
tested. . 

2.3.2.3. Statistical evaluation 

Unlesss stated otherwise the values in the text are given as means  standard error of 
thee mean (SEM). Statistical significance was evaluated by one-way ANOVA. 
followedd by Newman-Keuls' test for multiple comparisons, or Student's t-test when 
appropriate.. The level of significance was set at p<0.05. 

2.4.2.4. Data analysis 
Usingg a computer program (GraphPad Prism. GraphPad, San Diego. USA) all curves 
weree fitted to log concentration-effect data for individual experiments (n=7). The 
underlyingg equation is E=EmaxA

r(A p + ICsor)  In this equation E is the response 
obtainedd at a given concentration A. Emax is the maximally attainable response. IC\() 
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thee concentration for the half maximal effect, and the exponent p describes the slope 
off  the relationship (Hill-coefficient). A possible correlation between logP and mean 
timee to equilibrium effect (Eeq) was analyzed using linear regression analysis 
includingg calculations of the 95% confidence interval. 

E E 
£ £ 

£ £ 

tt  t t t 
KCII KCI Phe KCI 160 0 

(min.) ) 

Fig.1.. Experiments with isolated human subcutaneous blood vessels. Original recording of an 

experiment,, showing the various phases in the protocol. Contractions to high potassium (KCI, 120 

mM)) and phenylephrine (Phe, 3uM) and relaxations to metacholine (MCh.) and calcium antagonists 

(CA).. As an example the vasodilator effect of felodipine 0.1 uM is shown. 

2.5.2.5. Drugs used 

Thee following drugs were used: nifedipine HC1, phenylephrine and metacholine 
(Sigmaa Chemical Co., St. Louis. MO. USA), felodipine (Astra Hassle AB. Mölndal, 
Sweden)) and (S)-lercanidipine (Recordati. Milano. Italy). Phenylephrine and 
metacholinee were dissolved and further diluted with distilled water; nifedipine, 
felodipinee and (S)-lercanidipine were first dissolved in 67% dimethyl sulfoxide 
(DMSO)) and the solutions were then further diluted with distilled water. All 
experimentss were performed under the exclusion of light. 

3.. Results 

3.1.3.1. Isolated human small subcutaneous arteries; preparation 
Thee dissected vessels did not appropriately react to KCI. directly after preparation. 
Storagee in UW was necessary for at least 12 hours to ensure appropriate vessel 
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reactivityy to stimuli, such as high potassium and phenylephrine. All vessels were 
studiedd within 48 hours of dissection. 

3.2.3.2. Isolated human small subcutaneous arteries; basal parameters 

Thee mean normalized diameter of the vessels amounted to 591  52um and the mean 
activee force developed was 2.7  0.5 mN/mm. Accordingly, the vessels used might 
bee considered as resistance arteries. In control experiments (n=6) a stable response 
couldd be obtained with a sustained KCl-induced contraction for at least three hours 
duration. . 

3.3.3.3. Potency of CA as vasorelaxant drugs 
Thee CRC's of the three CA tested are presented in figure 2. Apparently, in isolated 
humann resistance arteries, nifedipine, felodipine and (S)-lercanidipine showed the 
samee potency which is reflected by their respective logIC50-values: -8.46  0.09, 
-8.333  0.25 and -8.72 + 0.16 for nifedipine, felodipine and (S)-lercanidipine. 
respectivelyy (n.s.). 

o o 
o o 
-a -a o o o o 
3 3 
•o o 
c c  nifedipine 

AA felodipine 
 lercanidipine 

-10 0 

LogM[calciumm antagonist] 

Fig.2.. Concentration-response curves (CRC) with respect to the vasodilator effect of all three CA 

investigated.. In human isolated subcutaneous small arteries the CRC's appear to be similar for all 

threee CA tested. 
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Fig.. 3. Individual logIC50-values for all CA tested. Mean IogIC50-values were -8.46  0.09, -8.33

0.255 and -8.72 6 for nifedipine (NIF). felodipine (FEL) and (S)-lercanidipine (LER). 

respectively.. There is no significant difference between the calculated values. 

3.4.3.4. Time course of the relaxant effect; time to Eeq90 

Tablee 1. shows the values for time to Eeq90 for all concentrations of the CA tested. 
Nifedipinee displays a similar time to Eeq90-value for all concentrations studied. 
Felodipinee and (S)-lercanidipine both show statistically significant differences 
betweenn the values of the two lower concentrations (10" and 1(T9) and the higher 
concentrationss (1CJ8 and 1CT7). Overall, (S)-lercanidipine displayed the slowest onset 
off  relaxant action when compared to the other CA tested. As to be expected, 
nifedipinee displayed a rapid onset of action. The onset of action of felodipine is 
intermediatee between those of nifedipine and (S)-lercanidipine. Accordingly, the 
onsett of action (based on Eeq9u-values) adheres to the following sequence: (S)-
lercanidipinee >felodipine>nifedipine. 

Tablee 1. Mean values for all concentrations of CA tested for the Time to Eei| (min.  SEM). 

logg M 
concentration n 

-10 0 
-9 9 
-8 8 
-7 7 

Timee to Eeq 

(min.) ) 
(nifedipine) ) 

10  1 
10++ 1 
111 + 1 

2 2 

Timee to Eeq 

(min.) ) 
(felodipine) ) 

777 2 
677 7 
377 + 7* 
377 + 9* 

Timee to Ecq(min.) 
((S)--

lercanidipine) ) 

1166  4 
1088 6 

811  10* 
6* * 

**  means significantly different compared to log M concentration -10 and -9 of felodipine and (S)-

lercanidipine.. respectively (P<0.05). 
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3.5.3.5. Analysis of a possible correlation between logP-values and onset of action 
(time(time to Eeq90) 

Fig.. 4 shows the linear regression analysis as performed to analyze the correlation 
betweenn logP and mean time to Eeq90. Goodness of fit expressed by r was 0.99, and 
thee slope of the regression line was statistically significant from zero (P<0.05). 
indicatingg that the correlation between the two parameters is highly significant. 
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Fig.. 4. Linear regression analysis of the correlation between the logP and mean time to equilibrium 

effectt (Eeq). The correlation proved to be linear and significant. Dotted lines are the calculated 95% 

confidencee limits. 

4.. Discussion 

Thee method used in the present study allows a quantitative comparison between CA 
withh respect to their vasodilator actions at the cellular level. In this model the 
vasodilatorr effects resulting from the direct interaction of the CA with the L-type 
calciumm channel can be studied and compared quantitatively, since various factors 
whichh are present in vivo (e.g. absorption and distribution, metabolism, elimination, 
proteinss and blood cells), are ruled out in vitro. 
Humann subcutaneous arteries have previously been used succesfully to study 
cardiovascularr drug effects [11-13]. In the present study two parameters concerning 
thee vasodilator effect of the CA have been established: potency (given as logIC50-
values)) and time course of action. The three 1,4-dihydropyridine CA studied 
appearedd equipotent with regard to their vasodilator effect: logIC50 -values were -
8.466  0.09, -8.33  0.25 and -8.72 6 for nifedipine, felodipine and (S)-
lercanidipine,, respectively (n.s.). However, he time of onset of action was 
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significantlyy different and adhered to the following sequence: (S)-
lercanidipine>felodipine>nifedipine. . 
Thee DHP-group is rather heterogeneous, the CA within this category largely differ 
withh respect to side chain composition, pKA-values, lipophilicity and binding affinity 
forr the receptor (Meredith and Reid, 1993)fl4]. This heterogeneity might well be 
relatedd to the variety in time courses of the compounds investigated. Fclodipine and 
(S)-lercanidipinee belong to the newer agents of the DHP-category. 
Mostt dihydropyridines (DHP) and in particular the newer compounds, are clearly 
lipophilic.. This property results, for instance for (S)-lercanidipine, in a three 
compartmentt kinetic profile and a high membrane partition coefficient. Herbette et 
al.. (1993) showed that lacidipine (which has a membrane partiton coefficient of 
103,0000 at a cholesterol:phospholipid ratio of 0.3:1) slowly partitions in and out of 
cellularr membranes [15]. A lipophilic compound readily dissolves in cellular 
membraness upon entering the body and hereby depots are formed which wil l release 
thee compound slowly over time. A slow onset and a long duration of action are the 
mostt likely consequences of the characteristics and mechanisms described above. 
Differencess in membrane partition coefficient and consequently, lipophilicity, could 
thuss be hypothesized to account for the differences in time to Eeq observed between 
thee DHP studied. Lipophilicity is quantified by the logarithm of the membrane-
partitionn coefficient (logP) [16]. This value can be estimated using several 
commerciallyy available computer programs, using the calculation methods 
developedd by Rekker and Mannhold [17]. The logP-values calculated for the three 
CAA investigated, amounted to 2.50, 4.46, and 6.88 for nifedipine, fclodipine and 
(S)-lercanidipine,, respectively. A higher logP-value indicates a higher degree of 
lipophilicity.. In the present study, linear regression analysis proved that a slower 
onsett of action as indicated by a higher time to Ect] correlated with a higher 
lipophilicityy of the compound tested. Accordingly, for the three compounds tested 
thee physicochemical property lipophilicity appears to be a major factor in 
determininingg their onset of action. 

Thee fact that various DHP-CA, when administered as oral preparations (except the 
retardedd formulations) reach their peak plasma concentrations in a comparable time 
(Tmax),, supports the hypothesis that the time course of action of a CA is determined 
withinn the effect compartment itself, i.e. the plasma membrane. 
Extrapolatedd to the in vivo situation, a high lipophilicity of CA results in a slow 
onsett of action, implying that reflextachycardia, as commonly seen after the 
administrationn of non-retarded nifedipine, does not occur. Moreover, the 
combinationn of a slow onset of action and long duration of action will result in a 
moree stable decrease in blood pressure and a trough to peak ratio higher than 0.5, as 
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requiredd in the guidelines issued by the United States Food and Drugs 
Administrationn (Rose and McMahon, 1990) [18]. 
Indeed,, Ambrosioni et al. (1997) showed that a single dose (20mg) of lercanidipine 
inn patients with mild to moderate essential hypertension provided a decrease in blood 
pressuree which persists for 24 hours without accompanying reflextachycardia [19]. 
Inn a study by Goldsmith (1995), investigating the effect of felodipine and amlodipine 
onn sympathetic activity and baroreflex function in normal humans, felodipine did not 
alterr sympathetic activity or sensitize the baroreflex function after oral 
administrationn of the drug [20]. However, in another study felodipine produced a 
mildd increase in heart rate upon oral administration in patients with essential 
hypertensionn (Muir et al.. 1985) [21]. 

Inn summary, 1.4-DHP-CA with a high degree of lipophilicity display a slow onset of 
actionn in vitro. The correlation between the logP-values and time to Eeq9() is highly 
significant,, suggesting a direct relationship between the two parameters. We 
concludee that the logP-value of 1,4-dihydropyridine calcium antagonists is a 
predictivee parameter for the time of onset in vitro. CA of which do not require 
extended-releasee preparations to prolong time of onset and duration of action 
generallyy have a logP-value of approximately 6.0 (Iacidipine, manidipine). 
Consequently,, when applied to the in vivo situation, logP-values higher than 6.0 are 
requiredd to increase the time of onset of vasodilator action of calcium antagonists to 
suchh a level that reflex tachycardia does not occur. 
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Chapterr 5 

INHIBITORYY EFFECT OF MIBEFRADIL ON CONTRACTIONS INDUCED 
BYY SYMPATHETIC NEUROTRANSMITTER RELEASE IN THE RAT TAI L 

ARTERY Y 
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1.. Introductio n 

Mibefradill  is a calcium antagonist which is capable of blocking at least three types of 
calciumm channels in the micromolar concentration range: the L-, T- and N-type calcium 
channelss [1]. Because of this property mibefradil continues to be of scientific interest, 
despitee the withdrawal of the drug in 1998 from the market because of several 
interactionss with drugs also metabolized throught the cytochrome P450 enzymatic 
system.. The antihypertensive and anti-ischaemic activities of mibefradil are probably 
basedd predominantly upon its capability to block L-type calcium channels [2]. The role 
andd relevance of the T-type calcium channel and its blockade by mibefradil continues to 
bee subject of debate. 

Thee N-type calcium channel is involved in the release of neurotransmitters from 
sympatheticc nerves [3], and for this reason the blockade of this channel with calcium 
antagonistss may be expected to suppress prejunctional noradrenaline release. 
Accordingly,, Göthert and Molderings showed in 1997 that mibefradil could inhibit co-
conotoxinn GVIA-sensitive sympathetic noradrenaline-release in human right atrial 
appendages.. Furthermore, the negative chronotropic activity of mibefradil was 
attributedd by these authors at least partially to the inhibition of noradrenaline-release in 
thee right atrium [4]. These findings in cardiac atrial tissue prompted us to study a 
comparablee issue in vascular smooth muscle preparations. 
Inn blood vessels, the density of sympathetic innervation varies according to the type, 
locationn and function of the vessel. The physiological role of sympathetic innervation of 
bloodd vessels is twofold: first it participates in the regulation of basal vascular tone and 
furthermoree it provides a rapid response system to varying hemodynamic needs. Several 
neurotransmitters,, such as noradrenaline, ATP and neuropeptide Y are known to 
contributee to the constrictor responses elicited by perivascular sympathetic nerve 
stimulationn [5-9]. In the rat, one of the most densely sympathetically innervated blood 
vesselss is the tail artery. Electrical field stimulation (EFS) is known to provoke a 
dischargee of the neurotransmitters stored in the vesicles of the sympathetic nerve 
terminalss [10,11]. It therefore seemed of interest to use this technique in order to study 
thee influence of calcium antagonists on the neurogenic constrictor responses. 
Accordingly,, we compared the effects of mibefradil and verapamil ( an L-type calcium 
channell  blocker with no known affinity for the N-type calcium channel) on responses of 
thee rat tail artery to endogenous neurotransmitter release provoked by EFS. Moreover 
wee compared the actions of both calcium antagonists on responses to the exogenously 
appliedd neurotransmitters noradrenaline and ATP. 
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2.. Methods 

Malee Wistar rats weighing 267  8g (Broekman, The Netherlands) were stunned by a 
bloww on the head and then decapitated. The tail was cut off at the base and 3cm of the 
taill  artery was exposed 3cm down from the base. Four arterial segments with a length of 
2mmm each were prepared and a stainless steel wire with 40um diameter was inserted 
intoo each vessel; the segments were then transferred to the organ bath of an isometric 
wiree myograph. The organ bath contained Tyrode's solution of the following 
compositionn (inM): NaCl 136, KCI 2.5. MgCl: 0.5, CaCl: 1.8, NaH2P04 0.42, NaHCO, 
11.9,, glucose 5.5. Ascorbic acid (100mg/L) was added to prevent oxidation of 
noradrenaline.. Propranolol (luM), LG-N-Nitro Arginine (L-NNA) (luM) and 
indomethacinn (luM) were added in order to exclude the [3-adrenergic effects of 
noradrenalinee and the effects of endothelium-derived NO and prostaglandins. The 
preparationss were attached to a micrometer screw and, after insertion of a second wire, 
too an isometric force transducer (Kistler Morse, DSG 6, Redmond, WA, USA). The 
preparationss were equilibrated for 15 min in Tyrode's solution at 37°C and the medium 
wass equilibrated with a mixture of 95% 02 and 5% C02, at a pH of 7.4. Subsequently 
thee vessels were subjected to a normalization procedure according to Mulvany and 
Halpernn (1976) [12]. The individual circumference was adjusted to 90% of the value the 
particularr vessel would have had at a transmural pressure of lOOmmHg (I3.3kPa) . 
Mechanicall  responses were expressed as developed active force (AF). 
Electricall  Field Stimulation (EFS) was applied using thin platinum wire-electrodes 
positionedd on either end of the vessel. Contractions were generated using a current of 
alternatingg 85/-85 mA with a pulse width of 0.2ms for 30sec per frequency step. The 
frequencyy steps used in EFS were 0.25, 0.5, 1, 2 and 4Hz, respectively. Henceforth, the 
termm EFS implies that the full range of frequency steps was applied in a cumulative 
way. . 

2.1.. Experimental protocol, EFS 

Afterr the 15min equilibration period a priming procedure consisting of twice applied 
EFSS with an interval of 15mm initiated the protocol. Subsequently a baseline EFS was 
carriedd out which served as reference to the values obtained in the presence of the 
calciumm antagonists. After the baseline EFS the medium was changed with Tyrode's 
solutionn containing one particular concentration of the calcium antagonists to be tested. 
Afterr an incubation period of 15min three times EFS with intervals of 15min were 
performedd in order to evaluate the effect of the calcium antagonists. The third EFS-
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inducedd contractions were used for further analysis. Control experiments with 
tetrodotoxinn (luM), guanethidine (3|uM) suramin (500(JM) and prazosin (3pM) were 
performedd in order to check whether the contractions were neuronally mediated and 
possiblyy caused by a co-transmission of noradrenaline and ATP. 

2.2.2.2. Experimental protocol, noradrenaline and ATP 

Thee priming procedure consisted of the twofold, subsequent application of a 
concentrationn of either noradrenaline (luM) or ATP (0.3mM), respectively, with 
intervalss of 15min each. Subsequently, a concentration-response curve (CRC) was 
constructedd for noradrenaline (concentration range 0.03-3jiM) or a contraction was 
inducedd with 0.3mM of ATP (5min) which served as a reference value. After incubation 
forr 15min with one particular concentration of the calcium antagonist to be tested, three 
consecutivee CRC's for noradrenaline or three times a contraction caused by 0.3mM of 
ATPP (5min) were generated in the presence of the calcium antagonist. The third CRC or 
contractionn was used as the basis for further analysis. 

2.3.2.3. Statistical evaluation 

Unlesss stated otherwise the values in the text are given as means + standard error of the 
meann (SEM). Statistical significance was evaluated by one-way ANOVA. followed by 
Newman-Keuls'' test for multiple comparisons, or Student's t-test when appropriate. 
Thee level of significance was set at p<0.05. Using a computer program (GraphPad 
Prism,, GraphPad, San Diego, USA) all curves were fitted to log concentration-effect 
dataa for 4-6 individual experiments. The underlying equation is E=Emax-A

p-(Ap + IC?()
P)" 

.. In this equation E is the response obtained at a given concentration A. EITm is the 
maximallyy attainable response, ICs0 the concentration for the half maximal effect, and 
thee exponent p describes the slope of the relationship (Hill-coefficient). For each 
individuall  experiment a CRC was fitted and mean Emax and IC5o  SEM were calculated, 
alongg with the corresponding p-values. 

2.4.2.4. Drugs used 

Thee following drugs were used: propranolol HC1 (Imperial Chemical Industries Ltd., 
Macclesfield.. Cheshire. UK). L-NNA HC1. tetrodotoxin. verapamil HC1 (Sigma 
Chemicall  Co.. St. Louis. MO. USA), indomethacin (Merck Sharp and Dohme. Haarlem. 
Thee Netherlands), noradrenaline bitartrate (Hoechst. Amsterdam, The Netherlands), 
ATPP (Boehringer, Mannheim. Germany), guanethidine. prazosin HC1 (Pfizer. Brussels. 
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Belgium),, suramin hexasodium (Research Biochemicals International, Natick. MA, 
USA).. Mibefradil was kindly donated by Hoffman-LaRoche, Basel, Switzerland. 

3.. Results 

3.1.. Basal parameters 

Thee normalized diameter of the vessels averaged 620  9 pm. EFS induced contractions 
withh a maximal force of 15  1 mN (n=6) at a stimulation frequency of 4 Hz. In control 
experimentss stable responses could be obtained for at least six consecutive EFS-induced 
contractionss (n=6) or at least six consecutive CRC of either noradrenaline or six 
contractionss with 0.3 mM of ATP (n=6), respectively. 

Tablee 1. Electrical field stimulation-induced contractions in isolated preparations of the rat tail artery; 

forcee generation and the inhibitory effects of prazosin and suramin. Data are presented as percentages

SEM.. (n=6) 

EFSS freq. (Hz) 

0.25 5 
0.50 0 
1.00 0 

2.00 0 
4.00 0 

Forcee (mN) 

55 + 0.5 
77 7 
100 + 0.8 
144 + 0.8 
15+0.9 9 

prazosinn 3|iM 
(%(% inhibition) 

977 3 
977 3 
944 6 
855  1.0 
677 2 

suraminn 0.5mM 
(%% inhibition) 

0 0 

1.33 8 
5.55 3 
133  0.9 
311 0 

3.2.3.2. Electrical Field Stimulation and Calcium Antagonists 

Inn control experiments, tetrodotoxin (l(iM ) and guanethidine (3|iM) abolished the 
contractionss evoked by EFS. Prazosin (3 u,M) prevented responses to the lower 
frequenciess completely, whereas the EFS-induced contractions to 2 and 4 Hz were 
inhibitedd by 85  1% and 67  3%, respectively. The remaining component could be 
inhibitedd by 500 jiM suramin, a P2-receptor antagonist. Table I summarizes the results 
obtainedd in these control experiments. 
Mibefradill  was able to block the EFS-induced contractions by nearly 100% at a 
concentrationn of 10 \\M at all stimulation frequencies used. In contrast, verapamil could 
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nott completely block EFS-induced contractions at any of the frequencies used. Fig. 1 

demonstratess the difference between mibefradil and verapamil (both at a concentration 

off  10 |jM) with respect to the inhibition of the EFS-induced contractions. Fig. 2 depicts 

thee inhibitory effect of both calcium antagonists on contractions induced at a 

stimulationn frequency of 1 Hz. In Table 2 the results of the experiments with mibefradil 

andd verapamil are listed. 

15.0n n 
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"ü""  10.0-o o 
 7.5-

a a 
> > 
< < 

5.0H H 

25 5 

00 0 

EFSS baseline 

verapamill 10 p.M 

mibefradii 10 uM 

00 1 2 3 4 

frequencyy (Hz) 

Figuree 1. Contractions induced by electrical field stimulation (EFS) in isolated rat tail artery 

preparations.. Inhibitory effects of mibefradil and verapamil (lOpM) on EFS-induced contractions are 

shown.. Data are given as means (tnN)  SEM (n=5-6). 

100 0 
mibefradil l 
verapamil l 

logg M [Ca -antagonist] 

Figuree 2. Concentration-dependent inhibition of contractions induced by electrical field stimulation 

(EFS)) at a frequency of 1Hz is shown for both mibefradil and verapamil. Data are given as means (f/r)

SEMM (n=5-6). Note that mibefradil achieves nearly 100% inhibition, whereas verapamil does not 

(p<0.05). . 
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3.3.3.3. Exogenous Noradrenaline and Calcium Antagonists 

Thee concentration range of noradrenaline used (0.03-3fiM) generated a reliable CRC. 
Thee maximum force generated by noradrenaline was 14  lmN (n=6) at a concentration 
off  3|iM. Neither of the two calcium antagonists was able to inhibit the noradrenaline-
inducedd contractions completely; the maximum inhibition of the response to l(iM 
noradrenalinee with the maximum concentration used of either calcium antagonist was 
700  6% and 75  5% for mibefradil and verapamil, respectively. The logIC50-values of 
mibefradill  and verapamil for inhibiting the effects of l|uM noradrenaline were -6.7  0.1 
andd -6.5 , respectively. These differences were not statistically different (p>0.05), 
ass depicted in Fig. 3. Table 3 contains the results of the experiments with noradrenaline 
andd both calcium antagonists at a concentration of 10u.M. 

Tablee 2. The inhibitory action of lOuM of mibefradil and verapamil on contractions induced by 

electricall  field stimulation in isolated rat tail artery preparations is given as percentages + SEM. 

Furthermoree the logIC50-values  SEM of both calcium antagonists (applied at concentration ranges of 

0.33 to 10 UM) are given for each stimulation frequency (n=5-6). EFS = electrical field stimulation, MIB 

== mibefradil, VER = verapamil. 

EFSS freq. 
(Hz) ) 

0.25 5 
0.50 0 
1.00 0 
2.00 0 
4.00 0 

MIBB 10u,M 
(%% inhibition) 

933 + 3* 

966 * 
97++ i* 

988 * 
988 * 

VERR 10|iM 
(%% inhibition) 

822 4 
799 5 
733 4 

644  0.4 
555 2 

MIBB logIC.,o 

-5.44 * 

-5.610.1* * 
* * 

-5.66 * 
-5.7+0.1* * 

VERR logic., 

-6.8+0.9 9 
-6.99 + 0.8 
-6.66 + 0.2 
-6.5+0.1 1 
-6.7+0.4 4 

**  means p<0.05 vs. VER 

3.4.3.4. ATP and Calcium Antagonists 
Thee maximum force of contraction generated by 0.3mM ATP in control experiments 
wass 8  0.5 mN (n=6). Both calcium antagonists at their maximum concentration 
(10|iM)) were capable of blocking more than 90% of the contraction generated by 0.3 
mMM ATP: mibefradil by 92  1% and verapamil by 97  \9c. (n.s.) The logics-values 
weree -6.5  0.1 and -7.0  0.1 for mibefradil and verapamil, respectively (p<0.05). 
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ii i mibefradil 

I ^ • v e r a p a m i l l 

-6.55 -6.0 -5.5 -5.0 

logg M [Ca2+-antagonist] 

Figuree 3. Inhibition of contractions induced by exogenously applied noradrenaline (iuM) is shown for 

thee full concentration range used for both mibefradil and verapamil. Data are given as means (%)

SEMM (n=6). Note that neither of the two CA achieves maximal inhibition. 

Tablee 3. The inhibitory effect of 10|iM mibefradil and verapamil on contractions generated by 

exogenouslyy applied noradrenaline in rat isolated tail artery preparations is given as percentages  SEM 

andd the force developed in respons to the various noradrenaline concentrations is given in mN  SEM. 

Furthermore,, the log ICso-values (  SEM) of both calcium antagonists (applied at concentration ranges 

off  0.3 to 10 |iM) are given for the noradrenaline concentrations of 0.3, I and 3 uM (n=6 in all series of 

experiments).. NA = noradrenaline, MIB = mibefradil. VER = verapamil, n.a. = not available (due to low 

yieldd of force). NAA cone. 

(logM) ) 

-7.5 5 

-7.0 0 

-6.5 5 

-6.0 0 

-5.5 5 

Force e 

(mN) ) 

0.11 2 

1 1 

4.910.5 5 

10.88 10.6 

14.11 10.7 

MIBB 10|iM 

(%% inhibition) 

40124 4 

511 19 

677 16 

7 0 16 6 

5 9 15 5 

VERR 10|iM 

(%% inhibition) 

40124 4 

6 011 17 

833 16 

755 15 

6 0 13 3 

MIB B 

logIC5(l l 

n.a. . 

n.a. . 

-6.55 10.2 

-6.77 10.1 

-6.11 10.1 

VER R 

logIC?() ) 

n.a. . 

n.a. . 

-6.44 1 0.1 

-6.5+0.1 1 

-6.11 10.1 

4.. Discussion 

EFSS as a method to mimiek sympathetic nerve activation has been used for over 30 

yearss [13]; despite this long time no standard procedure has been established. 

Differencess include voltage- instead of ampere-fixed setups, wide ranges in the 

ii uu 

75--

ff 50-

25--
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frequenciess used and even the setup of the electrodes: on either side or on either end of 
thee vessel. The method we have used has been validated by the group of DeMey [14]. 
Inn general, EFS leads to membrane depolarization of the sympathetic nerve terminals, 
therebyy opening the N-type calcium channels. The rise in intracellular calcium triggers 
thee release of neurotransmitters stored in large dense-cored vesicles (LDV) and small 
dense-coredd vesicles <SDV) [5]. Bao et al. (1990) showed that EFS applied to the rat tail 
arteryy leads to the release of noradrenaline and ATP, resulting in the stimulation of a r 

andd P2x-receptors with subsequent smooth muscle contraction [15]. 
Ass shown in our control experiments, the contractions elicited by EFS were neuronally 
mediatedd and fully caused by release of noradrenaline and ATP, and these results are in 
accordancee with literature data [15-17]. In our experiments with prazosin it was 
demonstratedd that contractions provoked by EFS with frequencies up to 1 Hz were 
mediatedd by noradrenaline by at least 947r. Since it was the aim of our study to find out 
whetherr the calcium antagonists could impair neurogenic noradrenaline-release, we 
focussedd our attention on the contractions elicited by stimulation at 1 Hz. 
Thee most striking result of this study is the finding that mibefradil is able to block the 
EFS-inducedd contraction completely, as opposed to verapamil. Clearly mibefradil has 
additionall  properties allowing a complete inhibition of neuronally elicited contractions. 
Consideringg the evidence obtained in an electrophysiological study by Bezprozvanny 
andd Tsien (1995) [1], it is very likely that at the concentrations used, mibefradil is able 
too block the N-type calcium channel, thereby preventing the release of noradrenaline 
andd ATP. 

P2x-purinoceptorss are cation channels capable of transporting calcium into the cytosol. 
Furthermoree activation increases cation conductances. leading to excitatory junction 
potentialss and finally to depolarization of the plasma membrane, resulting in the 
openingg of L-type calcium channels [5]. In our study both calcium antagonists were able 
too inhibit contractions to exogenously applied ATP by more than 907c: apparently, 
vascularr smooth muscle contraction mediated by activation of the P2X-purinoceptor 
leads,, indirectly, to depolarization resulting in the opening of L-type calcium channels. 
Accordingly,, L-type calcium channel activation accounts for the major part of the 
contractilee response to ATP in our experiments. 

Stimulationn of a}-adrenoceptors can induce a rise in cytosolic calcium via at least three 
differentt pathways: 1. by activating IP3 via phospholipase C. resulting in the release of 
calciumm ions from intracellular stores; 2. by directly activating L-type calcium channels 
viaa a stimulatory G-protein followed by the influx of extracellular calcium into the 
cytosoll  [18]. The fact that mibefradil and verapamil cannot completely inhibit 
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contractionss to exogenous applied noradrenaline strengthens the notion that the 
additionall  inhibitory effect of mibefradil on EFS-induced contractions might be 
attributedd to prejunctional effects. The inhibition of EFS-induced contractions by 
verapamill  becomes progressively less at higher stimulation frequencies. Probably this is 
causedd by a shift in coupling of the arreceptor to other G-proteins at increasing 
noradrenalinee concentrations, thereby increasing PLC-activation relative to G-protein 
coupledd L-type calcium channel activation. To summarize, in this study mibefradil and 
verapamill  display comparable effects except on EFS-induced contractions, where 
mibefradill  proved capable of complete inhibition as opposed to verapamil. 
Bezprozvannyy and Tsien (1995) showed in an electrophysiological study that mibefradil 
displayss affinities for the ot|A- (P/Q-type calcium channel), aiB- (N-type calcium 
channel),, ot]C- (L-type calcium channel) and ri|E- (R-type calcium channel) subunits. 
Thee affinity for the 0C|B-subunit was the highest [1]. A high affinity of a calcium 
antagonistt for the main subunit of a calcium channel does not automatically imply that 
thiss calcium antagonist is also capable of functionally blocking this channel, as the 
authorss point out, since the additional subunits might alter affinities for calcium 
antagonists.. However, there is accumulating evidence that the classical concept of the 
modee of action of the therapeutically used calcium antagonists, which are known to act 
predominantlyy as L-type calcium channel blockers, is not applicable anymore. 
Mibefradill  has been shown capable of blocking T-, L- and N-type calcium channels at 
micromolarr concentrations in functional and electrophysiological studies [4,19,20]. The 
additionall  capability of blocking the N-type calcium channel could explain part of its 
clinicall  profile: no reflex tachycardia in spite of its vasodilator action, and a distinct 
negativee chronotropic activity (see Petrie et al., 1995) [21]. 

Verapamill  is known to have a low affinity for the T-type calcium channel in addition to 
itss high affinity for the L-type calcium channel. Verapamil is not known to have affinity 
forr the N-type calcium channel. Amlodipine, an atypical 1,4-dihydropyridine (1,4-DHP) 
becausee it is ionized at physiological pH, was found to have an equal affinity for both 
thee L-type and the N-type calcium channels in an electrophysiological study by 
Furukawaa et al. (1997) [22]. Isradipine, another 1,4-DHP was reported to inhibit 
contractionss generated by endothelin-1 in isolated vascular smooth muscle cells from 
thee rabbit aorta via a nifedipine-insensitive steady-state, voltage dependent R-type 
calciumm channel (Bkaily et al., 1995) [23], 

Obviously,, some of the calcium antagonists display a wider spectrum of activities than 
previouslyy anticipated. With respect to the additional blockade of the N-type calcium 
channel,, this mechanism might be considered as a beneficial property. The sympathetic 
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nervouss system is known to be activated in several pathological conditions, such as 
hypertensionn and heart failure. Reducing the level of activation of the sympathetic 
nervouss system along with lowering of the blood pressure is advantageous in the 
treatmentt of patients with these disorders. 
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1.. Introductio n 

Mibefradil.. a non-dihydropyridine calcium antagonist displays an unique 
hemodynamicc profile when used in therapeutic dosages. It reduces blood pressure and 
heartt rate without inducing a negative inotropy. This clinically advantageous 
characteristicss were claimed to be due to T-type calcium channel blockade. Indeed. 
MIBB has a high affinity to this particular type of calcium channel [1] which might 
explainn the observed phenomena. However, MIB blocks at least three types of 
calciumm channels in the micromolar range: the T-, L- and the N-type calcium 
channels,, respectively [2]. This combined calcium channel blockade makes MIB an 
interestingg pharmacological tool, despite the withdrawal of the drug in 1998 from the 
markett because of several interactions with other drugs. Several of its clinically 
relevantt effects, e.g. the antihypertensive and anti-ischaemic activities, can be readily 
explainedd by L-type calcium channel blockade [3]. Whether or not the T-type channel 
blockadee contributes to the observed hemodynamic profile of this drug continues to 
bee subject to debate. Beside its inhibitory activity on T- and L-type calcium channels, 
thee interaction with the N-type channels might be considered to contribute to the 
overalll  clinical effect of this drug. The N-type calcium channel is crucially involved 
inn the release of neurotransmitters from the varicosities of sympathetic nerves [4]. An 
inhibitionn of these channels might therefore exert a sympatholytic effect. In fact, it 
wass shown [5] that MIB inhibits ü>conotoxin GVIA-sensitive sympathetic 
noradrenaline-releasee in human right atrial appendages, which is indicative for a 
sympatholyticc effect induced by N-type calcium channel blockade. It is the aim of the 
presentt study to investigate whether MIB can exert this particular effect under in vivo 
conditionss and at dosages that might be considered to be in the therapeutic range. The 
pithedd rat preparation was used to study the effect of MIB on the functional 
consequencess of an electrical stimulation of the sympathetic cardioaccelerator nerves. 
Too isolate the effect of MIB on the neurotransmitter release, its effect on externally 
appliedd noradrenaline was investigated. Furthermore, electrical stimulation of the 
preganglionicc cardioaccelerator nerves as well as the noradrenaline dose-response 
curvess were performed with the classic L-type calcium channel blocker verapamil 
(VER),, an L-type calcium channel blocker with no known affinity for the N-type 
calciumm channel. 

file:///-typc
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2.. Methods 

Duringg anesthesia (hexobarbitone, 150 mg/kg, i.p.) male normotensive Wistar rats of 
250-300gg (Broekman, The Netherlands) received a tracheal cannula and one group of 
animalss were pithed and immediately thereafter subjected to artificial respiration with 
roomm air (60 strokes/mm, 10 ml/kg) using a positive pressure pump. The body 
temperaturee of 37°C was maintained by means of a thermostatically controlled heating 
table.. The right jugular vein was catheterized and heparin (1 000 IU/kg) was injected 
viaa this route. A cannula was placed in the ipsilateral common carotid artery and 
arteriall  blood pressure was measured via a pressure transducer connected to a MacLab 
dataa acquisition system (ADInstruments, Castle Hill , Australia). The heart rate was 
derivedd on-line from the blood pressure recording. The animals were pretreatcd with 
d-tubocurarinee (1 mg/kg, i.v.) and atropine (1 mg/kg s.c.) and bilateral vagotomy was 
performedd in the cervical region. The pithing rod was coated with enamel, except for 
aa segment of 1 cm length, 7cm distally from the tip for a maximal stimulation of the 
cardiacc sympathetic nerves (C7-T1). After an equilibration period of 5 min. the 
animalss received saline (1 ml/kg) (controls), MIB or VER either 3 or 10 p;mol/kg 
intra-arterially.. After an incubation period of 15 min, in the pithed animals the 
preganglionicc cardioaccelerator nerves were electrically stimulated between the 
pithingg rod and the dorsally-located indifferent electrode using monophasic 
rectangularr pulses of 2 ms duration and supramaximal voltage (50V). Trains of pulses 
off  25s duration were applied and the increase in cardiac frequency (beats/min) was 
measured.. Between the periods of stimulation, sufficient time was allowed to 
ascertainn complete return of the cardiac frequency to pre-stimulation values. The 
secondd group received cumulatively noradrenaline 0.1-1000 nmol/kg in a total 
volumee of 0.5ml/kg intravenously. For both stimuli, electrical stimulation and 
noradrenaline,, one control group was compared against the four treatment groups with 
33 and 10 (imol/kg of both calcium antagonists. 

2.1.2.1. Statistical evaluation 
Al ll  values in the text are given as means  standard error of the mean (SEM). 
Statisticall  significance was evaluated by one-way ANOVA, followed by Newman-
Keuls'' test for multiple comparisons. The level of significance was set at p<0.05. 

2.2.2.2. Data analysis 
Usingg a computer program (GraphPad Prism, GraphPad. San Diego. USA) all curves 
off  noradrenaline in the absence and the presence of the low concentration of the 
calciumm antagonists were fitted to log concentration-effect data for 4-6 individual 
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experiments.. The underlying equation is E=Emax-A
p-(Ap + IC^)"1. In this equation E 

iss the response obtained at a given concentration or stimulation frequency A, Emax is 
thee maximally attainable response, IC50 the concentration for the half maximal effect, 
andd the exponent p describes the slope of the relationship (Hill-coefficient). The 
averagedd half-maximal concentrations and the maximal responses to noradrenaline 
weree compared by a one-way ANOVA test followed by Newman-Keuls' test for 
multiplee comparisons. 

2.3.2.3. Drugs used 

Atropinee sulfate, d-tubocurarine, verapamil (Sigma Chemical Co., St, Louis, MO, 
USA),, indomethacin (Merck Sharp and Dohme, Haarlem, The Netherlands), 
noradrenalinee bitartrate (Hoechst, Amsterdam, The Netherlands), guanethidine, 
(Pfizer,, Brussels, Belgium), heparine (Leo Pharmaceuticals, Weesp, The Netherlands, 
hexobarbitonee (OPG, Utrecht, The Netherlands). Mibefradil was kindly donated by 
Hoffman-LaRoche,, Basel, Switzerland. 

3.. Results 

3.1.3.1. Basal parameters 

Thee mean blood pressure and the heart rate 15 minutes after the pithing procedure 
weree 39.6  4.2 mmHg (n=12) and 318  7 (n=12) bpm, respectively. Both calcium 
antagonistss reduced the heart rate significantly and dose-dependently to 263.5  7.6 
(MI BB 3 jimol/kg, n=13), 229.2  7.8 (MIB 10 fimol/kg, n=12), 278.5  5.5 (VER 3 
(imol/kg,, n=13) and 218.0  10.6 (VER 10 ^.mol/kg, n=l l) . No difference could be 
observedd between VER and MIB when applied at the same dosages. 

3.2.3.2. Electrical stimulation 

Thee maximum increase in heart rate (bpm) in response to electrical nerve stimulation 
wass 7 (control, n=6) which was reached at 1 Hz. 
Guanethidinee (5 mg/kg, i.v.) completely blocked the chronotropic response to 
electricall  nerve stimulation (Fig. 1). 
Att doses of 3 and 10 M_mol/kg both calcium antagonists shifted the frequency 
responsee curve to the right. The maximally obtainable increase in heart rate was 71 8 
(MIBB 3(imol/kg, n=6), 6 (MIB 10fimol/kg, n=5). 8 (VER 3u.mol/kg. n=4) and 

77 (VER 10(imol/kg, n=5). At a dose of 3 jimol/kg only MIB was able to depress 
thee maximal chronotropic response to electrical stimulation. At the higher 
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concentrationn both calcium antagonists reduced the maximum to an identical extent 

(Fig.. 1). 
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Fig.1.. Frequency-dependent increase of heart rate as response of a pithed rat preparation to electrical 

stimulationn of the spinal cord (C7-Thl) in the absence and presence of mibefradil, verapamil and 

5mg/kgg guanethidine. (a) Results with 3 (imol/kg mibefradil or verapamil; (b) results with 10 

umol/kgg mibefradil or verapamil. Data given as mean  SEM, n=4-6. fP<0.05, ffP<0.0\ verapamil 

versuss control; *P<0.05, **P<0.01 mibefradil versus control; $P< 0.05 mibefradil versus verapamil. 

Inn graph (b) all values in the presence of mibefradil and verapamil show a P<0.01 versus control. 

3.3.3.3. Noradrenaline 

Thee maximum increase in heart rate (bpm) in response to noradrenaline was 4 

bpmm with a pEC50 of 8.5  0.031 (control. n=6). At doses of 3 and 10 p_mol/kg of 

bothh calcium antagonists there was no significant shift of the noradrenaline dose-
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responsee curve to the right. The pEC50 and the maximally obtainable increase in heart 

ratee were 7.62  0.04 and 0 (MIB 3 umol/kg, n=6), 9 (MIB 10 umol/kg, 

n=5).. 7.49  0.05 and 5 (VER 3umol/kg, n=5) and 7 (VER 10 umol/kg. n=6). 

Underr control conditions and in the presence of 3 umol/kg MIB and VER the 

maximall  effect of noradrenaline was reached at 0.1 umol/kg whereas in the presence 

off  10 umol MIB and VER it was reached at a dose of 1 umol/kg. 
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Fig.. 2. Concentration-dependent increase of heart rate as response of a pithed rat preparation to 

intravenouslyy applied noradrenaline in the absence and presence of mibefradil and verapamil, (a) 

Resultss with 3 umol/kg mibefradil or verapamil; (b) results with 10 umol/kg mibefradil or verapamil. 

Dataa given as mean  SEM, n=4-6. *P<0.05 verapamil versus control; **  /ML005 mibefradil and 

verapamill  versus control; $P<0.05 $SP<0.0l mibefradil versus verapamil. 

MI BB at a dose of 3 umol/kg was significantly more effective in reducing the 

chronotropicc response to electrical stimulation when compared to externally applied 
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noradrenaline.. For verapamil the opposite holds true. These differences were not 
observedd with doses of 10 u.moL/kg MIB and VER (Fig. 2). 

4.. Discussion 

Electricall  stimulation of the cardioaccelerator nerves in the pithed rat preparation at 
C7-Thll  induces a stable and reproducible chronotropic response [6] which has been 
provenn to be sensitive to guanethidine. a blocker of noradrenaline release from 
sympatheticc varicosities. Since all central regulatory mechanisms are eliminated in 
thiss particular preparation, this model can be assumed to be suitable for the 
investigationn of drug actions at the level of the peripheral sympathetic nerve 
transmissionn [6]. 

Thee release of neurotransmitters from sympathetic varicosities is calcium dependent 
[7].. On depolarization calcium enters the cell via voltage-dependent calcium channels. 
Althoughh L- and T-type calcium channels have been found in the membrane of 
prejunctionall  sympathetic nerves, the N-type plays the major role in the supply of 
triggerr calcium for the noradrenaline release [8]. This has been shown by Pruneau and 
Anguss [9] who used o-conotoxin GVIA, a 27-amino acid peptide venom from the 
fish-huntingg snail Conus geographus, to block the chronotropic responses to elective 
electricall  spinal cord stimulation in the pithed rat preparation . 

Mibefradill  is a new non-dihydropyridine calcium antagonist which has a high affinity 
towardss T-type calcium channels [1]. However, it also interacts with L-type calcium 
channelss and, as has been demonstrated recently, N-type calcium channels in 
therapeuticallyy relevant concentrations [2]. 

Göthertt and Molderings [5] have shown that mibefradil is able to inhibit the u>-
conotoxinn GVIA-sensitive noradrenaline release from human right atrial appendages. 
Itt was the aim of the present study to demonstrate a contribution of the N-type 
calciumm channel blocking properties of mibefradil to the overall pharmacological 
profilee of this drug. 

Att the low concentration of 3 (imol/kg of both calcium antagonists induced a 
comparablee rightward shift of the noradrenaline dose-response curve with no 
depressionn of the maximum which might indicate that there are no differences in the 
potencyy or efficacy of both drugs in inhibiting the neurotransmitter mediated effects at 
thee postjunctional level. 

Att the higher concentration of 10 u.mol/kg both calcium antagonists produced an 
identicall  rightward shift and a marked depression of the maximal response to 
noradrenaline.. Since there was no difference between mibefradil and verapamil in the 
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experimentss with externally applied noradrenaline, both at 3 and 10 u.mol/kg, it can be 
assumedd that the postjunctional effects of noradrenaline are influenced in a 
qualitativelyy and quantitatively identical manner by both calcium antagonists. This 
clearlyy points to the L-type being the predominant calcium channel in the mediation 
off  the response to adrenoceptor stimulation at the postjunctional level. 
Thee same behavior, a rightward shift without a depression of the maximal response, 
wass seen with verapamil 3 u.mol/kg in the electrically stimulated pithed rat which 
mightt indicate that verapamil, i.e. pure L-type calcium channel blockade, interacts 
merelyy on the postjunctional level and is therefore identical with the results obtained 
withh externally applied noradrenaline. 
Mibefradill  at a dose of 3 |imol/kg, however, induced a significant depression of the 
maximall  response to electrical spinal cord stimulation which indeed might point to a 
reductionn of the pre junctional neurotransmitter release. 
Att the higher dose of 10 fimol/kg the effects of mibefradil and verapamil on the 
electrically-inducedd chronotropic response were undistinguishable and similar to the 
effectss seen in the experiments with externally applied noradrenaline. This might 
indicatee that at this concentration the L-type calcium channel blockade, which is a 
commonn feature of both drugs, is getting prominent and thereby overruling the effect 
onn the neurotransmitter release. This notion is supported by the finding that at this 
concentrationn both calcium antagonists are equipotent in inhibiting the noradrenaline 
ass well as the electrically provoked response. 
N-typee calcium channel blockade by calcium antagonists is not a new concept. An 
affinityy for this particular type of calcium channel has been demonstrated for the 1.4-
dihydropyridinee amlodipine in a concentration range that can be assumed to be 
clinicallyy relevant [10]. Indeed, amlodipine has been shown to influence 
noradrenalinee release in essential hypertensive patients [11]. 

Additionall  N-type calcium channel blockade and thereby a reduction of the 
sympatheticc activity, might explain at least some of the differences observed in the 
hemodynamicc profile of various L-type calcium channel blockers. Since there is a 
strongg L-type calcium channel independent component in the response of the 
cardiovascularr system to adrenergic stimulation [12], a combined N- and L-type 
calciumm channel blockade might be a still mainly unexplored therapeutical option. 
Itt is concluded that mibefradil, beside its direct effect on cardiac T- and L-type 
calciumm channels reduces the N-type calcium channel-dependent release of 
noradrenalinee from sympathetic nerve endings. In the model used this effect is only 
observablee at relatively low concentrations, most probably due to the direct 
cardiodepressantt action of mibefradil provoked by cardiac L-type channel blockade. 
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1.. Introductio n 

1,4-Dihydropyridinee calcium antagonists (DHP-CA) are currently used as 
therapeuticc agents for hypertension and angina pectoris [1]. The time course of the 
vasodilatorr action of CA is an important kinetic property of these therapeutic agents. 
AA too rapid onset of action causes a swift drop in blood pressure leading to the 
activationn of the sympathetic nervous system via the baroreflex system, and hence to 
aa compensatory increase in heart rate [2]. This effect is undesirable in patients with 
conditionss which require CA as therapeutic agents. In 1987 Kleinbloesem et al. 
observedd that a high infusion rate of nifedipine in healthy volunteers leads to 
sustainedd reflex tachycardia without a significant decrease in blood pressure. At a 
sloww infusion rate, however, the drug did not provoke tachycardia, whereas a 
significantt and stable decrease in blood pressure occurred [3]. These findings imply 
thatt reflex tachycardia is rather triggered by the rate of the vasodilator effect than by 
itss magnitude. The rate of this vasodilator effect is controlled by the rate of 
administrationn on the one hand, as shown by Kleinbloesem et al. [3], and also by the 
applicationn of slow-release preparations now available for nifedipine and other CA 
[4,5].. On the other hand the time course of the vasodilator effect is also influenced 
byy physicochemical characteristics of the compound, such as for instance the 
membrane-partitionn coefficient. This parameter denotes the proportion of substance 
solvedd in a lipophilic membrane relative to the proportion in aqueous milieu and it is 
thereforee considered as an accurate measure of lipophilicity [6], Lipophilicity of CA 
ass an important physicochemical property with regard to the rate of vasodilator effect 
hass been considered, hence the recent development of several new lipophilic DHP-
CA. . 

Inn an in vitro study using rat small mesenteric arteries we found that there probably 
existss a relationship between the lipophilicity and the time course of action of 
variouss CA [7]. For this reason we thought it of interest to analyse such a possible 
relationshipp in vivo in a human vascular bed. 

Accordingly,, it was the aim of the present study to compare the time courses of two 
DHP-CAA with different degrees of lipophilicity, as calculated by means of the 
logarithmm of the membrane partition coefficient (logP) [8]. Furthermore, we 
establishedd whether measurements returned to baseline-values within the rigid time 
boundariess of the experiment. The experiments were performed in a human model as 
closee to the in vitro situation as possible, that is venous occlusion human forearm 
plethysmography.. A major advantage of this model is that an isolated vascular bed 
cann be studied in vivo without the interference of extensive distribution and 
metabolicc phenomena which would occur after systemic administration of the drugs 
too be studied. 
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2.. Methods 

Subjects s 

Fourteenn male healthy non-smoking volunteers {age s ) participated in the 
presentt study. A short medical history, physical examination and routine laboratory 
testss were performed. If no abnormalities were found, subjects were included into 
thee study. Subjects were instructed to refrain from liquorice, drinking alcohol or 
caffeine-containingg beverages at least 12 hours prior to the experiment. Informed 
consentt was obtained and the study protocol was approved by the Medical Ethics 
Committeee of the Academic Medical Center at Amsterdam. 

2.2.2.2. Experimental Conditions 

Eachh experiment was performed in the morning, with the subject in the supine 
position,, in a quiet room at a temperature of 22-23°C. Forearm and hand volumes 
weree measured by means of water displacement. A one-leaded electrocardiogram 
(ECG)) was recorded continuously. After local anesthesia with lidocaine 1%, the 
brachiall  artery was 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 brachial 
arteryy using a B.Braun Secura FT Perfusor (B.Braun, Germany). Both arms were 
instrumentedd with mercury-in-silastic strain gauges, which were connected to a 
Hokansonn EC-2 plethysmograph (Hokanson Inc., Isaquah, WA, USA) for the 
measurementt of forearm blood flow (FBF). Heart rate (HR) from ECG. intra-arterial 
(i.a.)) blood pressure, and left and right FBF were recorded on a polygraph 
(Wekagraphh Wk-450-R, Depex bv. De Bilt , The Netherlands). Data were recorded 
onn a personal computer using an analog-to-digital converter (Model DT 2801. Data 
Translationn Inc., Marlborough, MA, USA). Both upper arms were instrumented with 
pressuree cuffs, connected to a Hokanson E-10 rapid cuff inflator. For the 
measurementt of FBF, R-wave triggered cuff inflation (at 40 mmHg) for venous 
occlusionn plethysmography was controlled by the personal computer. FBF was 
measuredd 4 times per minute and the mean arterial blood pressure (MAP) was 
derivedd from the concomitantly recorded arterial blood pressure. During each 
infusionn experiment the hands were continuously excluded from the circulation by 
inflatingg small wrist cuffs to at least 40 mmHg above systolic blood pressure. 
Thee infusion experiments were started at least 60 min. after cannulation of the 
brachiall  artery. Between the various infusion experiments the wrist cuffs were 
deflatedd and sufficient time (at least 30 min.) was allotted to let the subjects recover 
fromm hand ischemia and to allow FBF to return to baseline levels. 
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Fig.. 1. Experimental protocol of venous occlusion plethysmography and the administration of drugs. 

Topp bar represents ischemia-hyperemia protocol, the other bars show the i.a. infusion protocol of 

bothh vehicle and increasing doses of the two calcium antagonists. N=nifedipine, F=felodipine 

2.3.2.3. Study protocol 

Thee protocol of the study is summarised in Fig. 1. The ischemia-hyperemia protocol 
wass carried out to obtain a measure for the maximal vasodilation to be expected at 
thee highest dose of CA. Values thus obtained were not used for further calculation 
butt as an indication of maximal possible vasodilation in each subject. 
Thee infusion protocol started with the infusion of the substance used to dilute the 
CA;; for nifedipine this was saline (NaCl 0.9%) and for felodipine a solution 
containingg 8% ethanol and 22% polyethyleneglycol-400 (PEG-400). Nifedipine was 
infusedd in the dosages 0.01, 0.025, 0.1 and 0.25 pg/kg/min. respectively. Felodipine 
wass administered in the dosages 0.005, 0.015, 0.05 and 0.15 jig/kg/min. Infusions 
weree continuous over a period of 20 min. at a standard infusion rate of 0.3ml/min. 
Beforee starting any of the infusions, baseline FBF was measured. 

2.4.2.4. Drugs 

Nifedipinee (Adalat pro infusione) was purchased from Bayer bv. Mijdrecht, The 
Netherlands.. Felodipine pro infusione was kindly donated by Astra (Astra Hassle 
AB,, Mölndal, Sweden). The recipe for the solvent of felodipine (a solution 
containingg 8% ethanol and 22% polyethyleneglycol-400) was provided to the 
hospitall  pharmacy, which prepared the solution. 

2.5.2.5. Data analysis 

Sincee the main topic of investigation was the time course, all measurements were 
includedd into the analysis. As a relevant parameter indicating time courses KD-values 
weree calculated. For this purpose all values were normalized to percentages and then 
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analyzedd with non-linear regression and a one-site hyperbola based upon the 
followingg equation: 
YY = BM A X *X / (K D + X), 
wheree BMA X is the maximal normalized increase in FBF (by definition 1007c) and 
KDD is the dissociation constant indicating the time at which half of the maximal 
vasodilationn has occurred. 
Thee percentage change in FBF was calculated relative to the values measured at 
baseline.. The plasma concentration (Cpiasma) in mM of CA was calculated using the 
equationn [9]: 

Cpiasmaa = IR * BW * 100/(1 -Ht )*  FBF* V * MW, 
wheree IR is the infusion rate, BW is the body weight, Ht is the hematocrit, V is the 
forearmm volume and MW is the molecular weight of the CA studied [9J. The average 
calculatedd plasma concentrations and the percentage change in FBF were used to 
constructt concentration-response curves by means of a curve fitting computer 
programm (GraphPAD Software, San Diego, CA, USA) based on the relationship: 
EE = Em a x*Dp/(D p + IQüP), 

wheree E is the effect (% change in FBF), which is achieved at the calculated drug 
concentrationn D (log[mol/L]), Emax is the maximally achievable effect, IC50 is the 
drugg concentration at which 50% of the maximal inhibitory effect is achieved 
(log[mol/L]),, and the exponent P represents the slope of the relationship (Hil l 
coefficient). . 

Analysess of variance on the measured values or, where appropriate, t-tests were used 
too examine effects of the CA on hemodynamics and the time courses of both CA. 
Resultss are presented as means  SEM. A f-value of less than 0.05 was considered 
too indicate statistically significant differences. 

3.. Results 

3.1.3.1. Hemodynamic parameters 

Thee baseline parameters of the two groups of subjects are given in Table 1. After the 
lastt infusion of either of the CA, HR was significantly increased in all subjects. MAP 
remainedd unchanged throughout the protocol. FBF did not change in the 
contralaterall  arm, suggesting, that no systemic effect of the CA infused had occurred 
duringg the experiments (Table 2). Fig. 2 shows a typical computer recording of the 
changee of actual FBF over time. The degree of vasodilation induced by CA clearly 
showedd strong fluctuations over time. 
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Tablee 1. Hemodynamic parameters at baseline and at the end of the experiment. Values are given as 

meanss  SHM. n=7 for each CA. * means P<0.05. MA P - mean arterial pressure (mmHg). HR -

heartt rate (beats/min.). 

HRR baseline HR end MAP baseline MAP end 

nifedipinee 65  3 78  3*  85  2 88  3 
felodipinee 60  2 72  2*  82  5 83 + 3 

3.23.2 Potency of the CA 

Fig.. 3 shows the concentration-response curves for the effects of both CA on FBF. In 
Fig.. 4 the logics-values are depicted for each individual experiment. The average 
logics-valuess were -7.46  0.17 and -8.47  0.14 for nifedipine and felodipine, 
respectivelyy (P<0.001). indicating the higher potency of felodipine over nifedipine. 
Inn the felodipine group, three of the seven subjects were very sensitive to the 
compound,, as reflected by a stable, ongoing increase in the baseline of FBF after 
infusionn of the second highest concentration (0.05|ag/kg/min), lasting more than 60 
min.. Because of the risk of systemic effects in these three subjects the highest 
concentrationn of felodipine could not be tested. 

Tablee 2, Averaged FBF-values in ml/100ml/min. in the contralateral control arm. No statistical 

significantt differences were found, indicating no systemic effects of the infused CA. Vehicle means 

measurementss during infusion of vehicle in the infusion arm. 

[nifedipine]] M [felodipine] FBF  SEM 

vehiclee 2.0 1 vehicle 3.0 3 

0.011 ng/kg/min. 2.2 1 0.005 ng/kg/min. 2.6 3 
0.0255 jig/kg/min. 2.3 2 0.015 ng/kg/min. 3.1 3 
0.100 |ag/kg/min 2.7  0.4 0.05 |ig/kg/min 3.5  0.6 
0.255 |ig/kg/min 3.0 4 0.15 u,g/kg/min 3.6  0.9 

Tablee 3. Averaged KD-values for the time courses of the effects caused by all concentrations of the 

infusedd CA. * means significantly different from felodipine 0.15 ug/kg/min (P<0.()5). 

[nifedipine]]  KD  SEM [felodipine] KD  SEM 

0.011 |ig/kg/min. 5.3 + 0.7 0.005 (ig/kg/min. 6.2 ' 
0.0255 ug/kg/min. 5.5 6 0.015 (ig/kg/min. 3.9 3 

0.100 |ig/kg/min 3.4  0.6 0.05 ug/kg/min 5.1  1.0 
0.255 |ig/kg/min 3.1 6 0.15 [ig/kg/min 5 
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Fig.. 2. Typical computer recording of the actual change in FBF (ml/IOOml/min.) over time. The 

recordingg shows the results in a subject infused with the vehicle of felodipine and 0.05 |ig/kg/min. 

off  felodipine. Note the fluctuating pattern of the increase in FBF upon infusion with felodipine. 
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Fig.. 3. Concentration-response curves for the vasodilator effect of felodipine and nifedipine on basal 

forearmm blood flow (FBF) in the human forearm. 

3.33.3 Time courses of the vasodilator effects of the CA 

Inn table 3. the averaged KD-values of all the concentrations used are given. The Re-
valuee of the lowest concentration of felodipine (0.005 (ag/kg/min) was significantly 
higherr than the KD-value of the highest concentration (0.15 u.g/kg/min) (P<0.05). 
Thiss finding reflects the rapid vasodilator effect of felodipine in the highest 
concentrationn studied. However, no statistically significant differences were found 
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betweenn the KD-values of the effects induced by the various concentrations, or 
betweenn the time courses of the two CA per se (mean KD-values 4.3  0.6 and 4.6
0.66 for nifedipine and felodipine, respectively). 

-6.5-1 1 

EE -7 - : 
ÖÖ .2 -7.5-

OO
 <? -8.0-

§ >«« -8.5- A;. 

-9.0--

-9.5--

NIFF FEL 

Fig.. 4. Logics-values of all individual experiments (n=7 for each group) as calculated for the 

vasodilatorr effect of nifedipine (NIF) and felodipine (FEL). Mean IC50-values -7.46 7 and -8.47 

 0.14 for nifedipine and felodipine, respectively (P<0.01). 

4.. Discussion 

Inn the present study we quantified the time courses of the vasodilator effects of 
nifedipinee and felodipine in the human forearm vascular bed. expressed as changes 
inn the forearm blood flow. Furthermore, the vasodilator potency of either compound 
inn this specific setting was quantified. 
Thee potencies of both CA differed significantly in this study: -7.46 7 and -8.47 

 0.14 were the logIC50-values for nifedipine and felodipine, respectively, indicating 
thee higher potency of felodipine. The KD-values for the highest and lowest 
concentrationn of felodipine differed statistically significant from each other, 
indicatingg a more rapid vasodilator effect of felodipine in the highest concentration 
studied.. The KD-values for both 1,4-DHP were 4.3  0.6 and 4.6  0.6 for nifedipine 
andd felodipine, respectively. These values did not differ significantly, indicating that 
bothh CA caused vasodilator effects with the same time courses at all concentrations 
studied. . 

Perez-Vizcainoo et al. (1993) found that felodipine was more potent in inhibiting 
contractionss of single isolated rat aortic smooth muscle cells than nifedipine (pIC25, 
logg M -8.7 and -8.5 for felodipine and nifedipine, respectively) [10]. Similarly, 
Hagiwaraa and coworkers (1993) reported maximal inhibition of high K+-induced 
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contractionss with 10 nM felodipine and 100 nM nifedipine in rat aorta [11]. In 
hypertensivee patients, felodipine 5 mg once-daily and nifedipine GITS 30 mg once-
dailyy resulted in a comparable reduction of blood pressure [12]. Accordingly, our 
findingg that felodipine is more potent than nifedipine in the human forearm 
correspondss with findings in a variety of other models. In contrast, a study in 
isolatedd small human arteries in our laboratory revealed that felodipine is equipotent 
comparedd with nifedipine [17]. 

HRR proved significantly higher at the end of the experiment when compared with 
thatt at baseline, for both CA studied. A direct systemic effects of the DHP resulting 
inn a tachycardic response cannot be fully excluded. However, since there was no rise 
inn baseline forearm blood flow in the contralateral arms of any subject investigated, 
systemicc effects of the CA are rather unlikely. Especially the repeated inflation of the 
wristt cuffs during experiments is an unpleasant experience, and it should be 
consideredd that this rise in HR reflects discomfort of the subjects resulting in a mild 
sympatheticc activation. 

Off  interest were the clearly fluctuating vasodilator effects as shown in Fig. 2. The 
twoo most likely explanations for this phenomenon are effects of breathing on the 
pulsee pressure in the arterial circulation and spontaneous diameter oscillations of the 
forearmm bloodvessels itself. Van Bavel et al. (1991) described vasomotion in 
pressurizedd rat isolated mesenteric small arteries and the influence of pressure 
alterationss on this phenomenon [13]. Hayoz et al. (1993) reported spontaneous 
diameterr oscillations in the human radial artery using a high-precision A-mode echo-
trackingg device. They found that sympathovagal mechanisms are not likely to play a 
rolee in this phenomenon and that fluctuations in basal tone affect the distensibility of 
thee blood vessels [14]. 

Inn our group there exists a vast body of experience with human forearm venous 
occlusionn plethysmography in various areas of pharmacology, including a-
adrenergicc agonists, serotonin, angiotensin II and ATI-antagonists, calcium 
antagonistss and cholinergic agonists/antagonists [15-18]. Human forearm venous 
occlusionn plethysmography might be considered as an in vivo experiment which 
closelyy resembles the in vitro research in isolated (perfused) vessels or isolated 
perfusedd vascular beds. This experimental setup allows to study the virtually 
isolatedd vascular bed of the human forearm, whereas metabolism is limited to that 
normallyy occurring in the vasculature. Despite these similarities with the in vitro 
situation,, the major differences are the presence of blood instead of a physiological 
bufferedd solution, and the influences of a beating heart: heart rate and blood 
pressure. . 

Studiess in vitro, in both rat and human isolated blood vessels, have demonstrated that 
differencess in the time courses between CA (among others nifedipine and felodipine) 
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appearr to be closely related to differences in lipophilicity [7J9]. Moreover, we 
performedd a cross analysis of the time course of nifedipine in three separate projects 
inn our department, including time course studies in rat small mesenteric arteries, 
humann small subcutaneous arteries and the present study. We found that in the case 
off  nifedipine, there was no difference in time course of the effects between the 
differentt models, thus indicating that time course is determined by the properties of 
thee drug itself rather than by the experimental method used. 

Lipophilicityy is quantified by the logarithm of the membrane-partition coefficient 
(logP)) [6]. This value can be estimated using several commercially available 
computerr programs, using the calculation methods developed by Rekker and 
Mannholdd [8]. For nifedipine the calculated logP-value amounts to 2.50 and for 
felodipinee to 4.46, respectively. Consequently, felodipine is approximately 100-fold 
moree lipophilic than nifedipine. Although this difference is more than sufficient to 
causee significant differences in time courses in the in vitro situation, apparently it is 
differentt from the human in vivo situation as tested in the human forearm [19]. 
Experimentall  differences between the present study and the quoted in vitro studies 
alsoo include the method of precontraction which was a high potassium solution in the 
casee of isolated vessel experiments. Furthermore, the isolated vessels were 
investigatedd in an isometric wire myograph rather than in a setup of perfused isolated 
arteries.. One or more of such factors may be accountable for the lack of difference in 
timee courses between the two CA investigated as seen in the present study. 
Inn the felodipine group, in three of the subjects the highest concentration could not 
bee administered because of a failure of the FBF to return to baseline. This did not 
happenn in the nifedipine group and this might indicate an effect caused by a higher 
lipophilicityy of felodipine than of nifedipine, thus provoking a longer duration of 
action. . 

Experimentss with a CA with a high degree of lipophilicity of approximately 6.0 
(suchh as lacidipine or lercanidipine) would have been preferable in the light of this 
investigation.. However, we already found in studies in vitro that such compounds 
havee an excessively long onset and duration of vasodilator activity, which would 
havee been prohibitive in experiments with human volunteers, Furthermore the 
lipophilicityy of such CA would require special solvents which could not have been 
usedd in human experiments. 
Inn conclusion, in the present study, felodipine appears to be a more potent 
vasodilatorr compound than nifedipine. Only the lowest concentration studied of 
felodipinee induced a vasodilator effect with a significantly higher KD-value than the 
highestt concentration used of felodipine. Apparently, a 100-fold difference in 
lipophilicityy is not enough to generate a substantial difference in time course 
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betweenn nifedipine and felodipine, as observed in human venous occlusion 
plethysmography. . 
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GENERALL  DISCUSSION AND CONCLUSIONS 

Inn the present thesis several of the newer CA were tested with respect to their indirect 
andd direct interactions with the sympathetic nervous system. The parameters 
investigatedd were the time course of action (onset and duration of action), vascular 
selectivityy and calcium channel selectivity (L-, T- and N-type calcium channels, 
respectively). . 

Thee onset of the vasodilator action of CA was investigated in isolated rat and human 
smalll  arteries as well as in healthy human subjects. In rat isolated small mesenteric 
arteriess amlodipine and lacidipine displayed the slowest onset of action of the nine CA 
investigated.. In general, a trend could be observed that with increasing lipophilicity 
(expressedd as logP-values) the onset of action proved to be slower. A dissonant in this 
contextt was amlodipine, which has a logP-value comparable with nifedipine, but 
showedd a very slow onset of action. An explanation for this phenomenon might be the 
protonizedd tertiary side-chain at a pH of 7.4, resulting in an electrostatically interaction 
withh the negatively charged phospholipid head groups of the cell membrane molecule. 
Thiss characteristic might slow the diffusion of amlodipine through the membrane in 
additionn to keeping it at the effector site. The persistance of the effects was studied by 
meanss of the recovery of the potassium-induced contractile response in these vessels 
afterr removing the drugs from the medium, but there was no apparent relationship 
betweenn the physicochemical profile of the CA investigated and the results obtained in 
thesee experiments. 

Inn a study on the vasodilator effect of nifedipine, felodipine and (S)-lercanidipine on 
potassium-inducedd contractions in human isolated arteries a clear correlation between 
increasingg lipophilicity and slow onset of action became apparent. It might be 
noteworthyy to mention that these three CA after oral ingestion by hypertensive patients 
reachh peak plasma concentrations within a comparable timespan (i.e. 1-2 hours). Taken 
togetherr with the results from the study in rat mesenteric arteries, we concluded that the 
onsett of vasodilator action of CA is likely to take place at the site of action via 
physicochemicall  interactions between the CA and the plasma membrane. 
Contraryy to our expectations, there was no difference in onset of vasodilator action 
betweenn nifedipine and felodipine on basal vascular tone in male healthy human 
volunteers.. Apparently, the 100-fold difference in lipophilicity between these CA was 
nott sufficient to bring about a difference in onset of action in the in vivo situation. 
Differencess in contractile conditions compared to the in vitro studies, presence of a 
wholee functional system with continuous regulation by endocrine, nerve and blood 
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factors,, effects of heart rate, blood pressure and pharmacokinetic and pharmacodynamic 
interactionss with the infused CA may all play a role in the explanation of this finding 
andd warrants further investigation. 

Itt becomes more and more clear that CA are not the exclusively L-type calcium channel 
blockingg agents they were assumed to be. Mibefradil is such an example of a CA with 
capabilitiess to block more subtypes of calcium channels than just the L-channels. In a 
studyy using rat small isolated arteries from both normotensive and hypertensive rats, it 
appearedd that mibefradil inhibited both the phasic and tonic responses of potassium-
inducedd contractions in the same way as nifedipine, verapamil and diltiazem. We 
thereforee concluded that T-type calcium channels do not play a role in potassium-
inducedd contractions, at least in the type of vessels we have investigated. The 
vasodilatorr effect of mibefradil can be explained completely by L-type calcium channel 
blockade. . 
Twoo studies were dedicated to the blockade by mibefradil of N-type calcium channels, a 
calciumm channel involved in the release of neurotransmitters from the sympathetic nerve 
endings.. In the first study, mibefradil was able to block the electrical field stimulation-
inducedd contractions in the rat tail artery. The blockade was complete at the highest 
dosee of mibefradil, in the lower frequency range of electrical field stimulation. 
Inn the pithed rat, where all central regulatory reflexes are absent, mibefradil was able to 
attenuatee the rise in heart rate resulting from sympathetic stimulation only in the lower 
dose.. At the higher dose of mibefradil and verapamil the two CA were equal in their 
capacityy to attenuate the stimulation-induced heart rate. The blockade of L-type calcium 
channelss is likely to be responsible for the latter phenomenon. These two studies show 
thatt a CA can display a sympathoinhibitory effect along with a vasodilator effect if both 
L-- and N-type calcium channels are blocked. 
Inn conclusion, CA exert at least two different effects on the sympathetic nervous 
system:: 1. An indirect reflectory stimulating effect, which can be prevented by making 
thee CA very lipophilic or providing the CA in a slow-release formulation and 2. Direct 
blockadee of the N-type calcium channel, involved in the release of neurotransmitter at 
thee sympathetic nerve endings. 
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SUMMAR Y Y 

Chapterr  1 

Thee introduction is dealing in detail with the interactions between calcium ions, 
calciumm channels, calcium antagonists and the subsequent effects on vascular smooth 
muscle.. An increase in the cytoplasmic calcium concentration in the vascular smooth 
musclee cell (VSMC), either by release of calcium ions from intracellular stores or by 
thee massive influx of extracellular calcium ions through calcium channels into the 
cytoplasm,, leads to a contractile response. Calcium antagonists (CA) are able to 
blockk the voltage-dependent calcium channels, which mediate the influx of 
extracellularr calcium ions. Several types of these channels are known to exist, and 
threee of these are relevant in cardiovascular medicine: the L-, T- and N-type calcium 
channels.. The most important therapeutic indications for the use of CA are 
hypertensionn and angina pectoris. CA appear to be beneficial in these conditions and 
despitee some contradictory reports they are safe when used on long term. Research 
iss ongoing in the areas of left ventricular hypertrophy and atherosclerosis to 
determinee whether CA may be used as therapeutics in these conditions. Many new 
CAA have been developed during the last two decades. The most relevant 
improvementss of the newer CA compared to the older agents are increased vascular 
selectivity,, slower onset of action and prolonged duration of action. For the older CA 
therapeuticc delivery systems have been devised, thus allowing slow release of these 
compoundss and consequently a similar kinetic profile as demonstrated for the newer 
CA. . 

Chapterr  2 

Thee biphasic contractile responses of rat isolated mesenteric, renal, coronary and 
basilarr small arteries to potassium-induced depolarization were investigated. The 
tonicc phase is assumed to be exclusively the result of L-type calcium channel (LCC) 
activation,, whereas in the generation of the phasic phase T-type calcium channels 
(TCC)) may be involved. In order to evaluate whether TCC blockade has any 
influencee on depolarization-induced contractions the effects of the LCC antagonists 
nifedipine,, diltiazem and verapamil were compared with those of the combined L-
andd TCC antagonist mibefradil. Small arteries (size 393.6  4.8 urn. n=104) were 
dissectedd from the respective organs of male Wistar rats (300-350g) and studied in 
ann isometric wire myograph. The effects of increasing concentrations of the calcium 
antagonistss on repetitive potassium-induced contractions were quantified by means 
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off  cumulative concentration-response curves. A comparison was made with 
mesentericc vessels of SHR and WK.Y for nifedipine and mibefradil. Nifedipine was 
thee most potent compound in blocking both the phasic phase (reduction 66-77%) 
andd the tonic phase (IC50 = 1.1-5.4 nM). The effect of mibefradil on the phasic 
responsee was comparable to that of verapamil and diltiazem. With respect to the 
tonicc response mibefradil was comparable to verapamil (]C50 = 19.6-178.9 nM). 
Thesee findings indicate that the TCC blockade does not contribute to the vasodilator 
effectt of mibefradil under the conditions investigated. 

Chapterr  3 

Itt is rather the rate of the vasodilator effect than its magnitude which determines the 
triggeringg of reflex tachycardia associated with dihydropyridine calcium antagonists 
(DHP-CA).. We therefore compared the rate of the vasodilator effects of a series of 
CAA (both DHP and non-DHP) in rat isolated mesenteric artery preparations (size 
256  3um , length 2mm) from male Wistar rats (weighing 300-350g.) in an 
isometricc wire myograph. The mean force of the KCl-induced contraction amounted 
too 2.3  O.lmN/mm. Potency (given as IC50-values). differential time course of 
actionn and recovery of the contractile response of the vessels after wash-out were 
established.. These three parameters adhere to the following sequences: (potency) 
S,S-barnidipinee > (S)-lercanidipine > barnidipine HC1 > amlodipine > nifedipine, 
lacidipinee > (R)-lercanidipine > verapamil, mibefradil; (differential time course) 
lacidipine,, amlodipine > (S)- and (R)-lercanidipine. S.S-barnidipine. barnidipine HC1 
>> mibefradil, verapamil, nifedipine; (recovery) nifedipine > verapamil. S,S-
barnidipine,, amlodipine > barnidipine. lacidipine > mibefradil, (R)-lercanidipine > 
(S)-lercanidipine. . 
Inn conclusion, S,S-barnidipine proved to be the most potent vasodilator agent; 
interestingly,, barnidipine was 20 times less potent when applied as a racemic 
mixture.. A slow onset of action in DHP is a very important mechanism in preventing 
reflexx tachycardia. For non-DHP (verapamil, mibefradil) reflex tachycardia probably 
iss prevented by a direct effect on the conductive tissue in the myocardium 

Chapterr  4 

AA slow onset of action for a calcium antagonist (CA) implies a lower degree of 
sympatheticc activation triggered by rapid vasodilation and activation of the 
baroreceptorr reflex. In a previous study we investigated the differential time courses 
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off  various CA in small isolated rat mesenteric arteries. We concluded that the 
differencess observed were most probably related to variations in lipophilicity 
betweenn the CA studied. Lipophilicity of a chemical entity is quantified by the 
logarithmm of the membrane-partition coefficient (logP). We investigated a possible 
relationshipp between the time courses of action of various CA and their lipophilicity, 
characterisedd as logP-values. Human small subcutaneous arteries (internal diameter 
5911 1 m, n=7 for each concentration) were obtained from cosmetic surgery 
(mammaa reduction and abdominoplasty). The vessels were investigated in an 
isometricc wire myograph. The vasodilator effect of the CA was quantified by means 
off  logIC50-values, and the onset of the vasodilator effect for each concentration 
studiedd was expressed as time to Ecq9(rvalues (time to reach 90% of the maximal 
effect.. LogIC50-values were -8.46  0.09, -8.33  0.25 and -8.72 6 for 
nifedipine,, felodipine and (S)-lercanidipine, respectively (n.s.). On average, 
nifedipinee reached time to Eet)W in 11  1 min. For felodipine and (S)-lercanidipine 
thee corresponding values were 60  11 min and 99  9 min, respectively. The 
differencess between these values were statistically significant (p<0.01). In spite of 
thesee differences in the in vitro human vascular model, the three CA are equipotent 
withh regard to their vasodilator effects. The calculated logP-values of the three CA 
studiedd were 2.50, 4.46 and 6.88 for nifedipine, felodipine and (S)-lercanidipine, 
respectively.. Linear regression analysis of the correlation between logP-values of the 
CAA tested and their respective values found for time to Eeq9ü was highly significant. 
Apparently,, a higher logP-value is correlated with a slower onset of action. 

Chapterr  5 

Thiss study tested whether mibefradil exerts a stronger inhibitory effect than 
verapamill  on sympathetic neurotransmitter release provoked by electrical field 
stimulation.. Tail arteries (diameter 620  9|im) were obtained from male Wistar rats. 
Ringg segments of 2mm length were mounted in an isometric wire myograph. After 
ann appropriate period of equilibration and a priming procedure the vessels were 
eitherr subjected to electrical field stimulation (EFS; frequency 0.25-4Hz for 30sec) 
orr a concentration-response curve was generated with either noradrenaline 
(concentrationn range 0.03-3|iM) or ATP (concentration 0.3 mM) which served as 
baselinee parameters. EFS-induced contractions were stable and reproducible and 
couldd be blocked by tetrodotoxin (l(lM) , guanethidine (3uM) and the combination of 
suraminn (0.5mM) and prazosin (3uM). EFS-induced contractions (1 Hz) were almost 
completelyy inhibited by 10u.M mibefradil (97%) but only partly by 10|iM verapamil 
(73%).. Log IC50-values were -5.6 for mibefradil and -6.6 for verapamil. 
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respectively.. Calcium antagonists were equipotent in inhibiting noradrenaline 
(maximumm inhibition by mibefradil and verapamil by 109c and 159c, respectively; 
logg IC?0: -6.5 and -6.7, respectively) and ATP-mediated contractions (maximum 
inhibitionn by mibefradil and verapamil by 929c and 97%. respectively; log IC50: -6.5 
andd -7.0, respectively). Consequently mibefradil displays an additional effect on 
contractionss provoked by EFS-induced sympathetic noradrenaline release which 
cannott be explained by L-type calcium channel blockade. Probably this effect of 
mibefradill  is mediated by the blockade of prejunctional N-type calcium channels, 
therebyy inhibiting sympathetic noradrenaline release. Since activation of the 
sympatheticc nervous system in hypertension is both common and undesirable, a 
calciumm antagonist displaying both L- and N-type calcium channel blocking 
activities,, would have major advantages over calcium antagonists lacking N-typc 
calciumm channel blocking activities. 

Chapterr  6 

Thee T-type prevalent calcium channel blocker mibefradil (MIB) was shown to exert 
N-typee calcium channel blocking properties. Since this particular type of calcium 
channell  is known to be crucially involved in the neuronal release of noradrenaline 
thee possibility of MIB being a sympatholytic drug has been investigated. The 
sympathoinhibitoryy action of 3 and 10 umol/kg MIB on the tachycardic effect of 
electricall  stimulation of the preganglionic cardioaccelerator nerves in the pithed rat 
wass investigated. Furthermore, the effect of MIB on the dose-response curve of 
externallyy applied noradrenaline was studied. To compare the results with a classical 
L-typee calcium channel blocker, the experiments were repeated with 3 and 10 
umol/kgg verapamil (VER). The maximal increase in heart rate in response to 
electricall  nerve stimulation was 7 bpm (control. n=6), 6 bpm (MIB 3 
umol/kg,, n=8), 6 bpm (MIB 10 umol/kg, n=5), 5 bpm (VER 3 umol/kg, n=6) 
andd 7 bpm (VER 10 umol/kg, n=5). Guanethidine 5 mg/kg i.v blocked the 
tachycardicc response to electrical stimulation at 1,5 and 10 Hz completely. The 
maximall  increase in heart rate in response to noradrenaline was 4 bpm (control, 
n=6),, 6 (MIB 3 umol/kg, n=6), 9 bpm (MIB 10 umol/kg. n=5). 5 bpm 
(VERR 3 umol/kg, n=5) and 7 bpm (VER 10 umol/kg, n=6). Under control 
conditionss and in the presence of 3 umol/kg MIB and VER the maximal effect of 
noradrenalinee was reached at 0.1 umol/kg whereas in the presence of 10 umol/kg 
MI BB and VER it was reached at a dose of 1 umol/kg. MIB at a dose of 3 umol/kg 
wass significantly more effective in reducing the chronotropic response to electrical 
stimulationn when compared to externally applied noradrenaline. For VER the 
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oppositee holds true. These differences were not observed with doses of 10 pmol/kg 
MIBB and VER. It is concluded that MIB, beside its direct effect on cardiac T- and L-
typee calcium channels reduces the release of noradrenaline from sympathetic nerve 
endings,, most probably by inhibition of presynaptic N-type calcium channels. In the 
modell  used this effect is only observable at relatively low concentrations, most 
probablyy due to the direct cardiodepressant action of MIB provoked by L-type 
channell  blockade. 

Chapterr  7 

Inn a previous study we investigated the differential time courses of the vasodilator 
effectt of various calcium antagonists (CA) in small isolated rat mesenteric arteries. 
Wee concluded that the differences observed were most probably due to differences 
inn lipophilicity between the CA studied. A measure for lipophilicity is the logarithm 
off  the membrane-partition coefficient (logP). The logP-values of nifedipine and 
felodipinee are 2.50 and 4.46, respectively. It was the aim of the present study to 
comparee the time courses of nifedipine and felodipine effects by means of forearm 
venouss occlusion plethysmography in healthy subjects. Healthy male non-smoking 
volunteerss (age 31  7 yrs, n-14) were studied in the supine position with both 
forearmss stabilized slightly above the level of the heart. Informed consent was 
obtainedd prior to each experiment from all subjects. The brachial artery was 
cannulated;; the cannula remained in position throughout the study protocol for direct 
measurementt of blood pressure (MAP 88  3 mmHg) and for the infusion of CA. 
ECGG tracings were made continuously and forearm blood flow (FBF) was measured 
att 15-second intervals by R-wave triggered venous occlusion plethysmography. The 
studyy commenced with the vehicle of either CA (NaCl 0.9% or a PEG400-solution 
forr nifedipine and felodipine, respectively). In four subsequent runs increasing 
concentrationss of CA were studied for 20 min each, at an infusion rate of 0.3 ml/min. 
Duringg experiments both hands were excluded from the circulation using small wrist 
cuffs,, inflated to at least 40 mmHg over systolic blood pressure. LogIC50-values 
weree -7.46  0.17 and -8.47  0.14 for nifedipine and felodipine, respectively 
(p<0.01).. Averaged KD-values were 4.3  0.6 and 4.6  0.6 for nifedipine and 
felodipine,, respectively (n.s.). In this model felodipine appears to be a more potent 
vasodilatorr than nifedipine. The 100-fold difference in lipophilicity between the two 
CAA tested is apparently not sufficient to cause any difference in KD- values in the 
plethysmographyy experimental setup. 
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SAMENVATTIN G G 

Hoofdstukk 1 

Inn deze inleiding worden de interacties tussen calciumionen, calciumkanalen, 
calciumantagonistenn en de effecten hiervan op vasculair glad spierweefsel in detail 
behandeld.. Een verhoging van de calciumconcentratie in het cytoplasma van een 
vasculairee gladde spiercel, veroorzaakt door afgifte van calciumionen uit intracellulaire 
opslagplaatsenn of door massale instroom van cxtracellulair calcium door de 
calciumkanalenn in het cytoplasma, leidt tot een contractiele respons. De voltage-
afhankelijkee calciumkanalen, waardoor extracellulair calcium de cel instroomt, kunnen 
geblokkeerdd worden door calciumantagonisten (CA). Er zijn verscheidene typen van 
dezee kanalen bekend en drie hiervan zijn van belang voor de cardiovasculaire 
geneeskunde:: de L-, T- en N-type calciumkanalen. De belangrijkste therapeutische 
indicatiess voor het gebruik van CA zijn hypertensie en angina pectoris. CA hebben een 
gunstigg effect bij deze indicaties en ondanks enkele omstreden berichten waarin het 
tegendeell  wordt beweerd, zijn CA veilig in het gebuik op de lange termijn. Onderzoek 
iss gaande naar linker ventrikelhypertrofie en atherosclerose, om te bepalen of CA in 
therapeutischee zin gebruikt kunnen worden voor deze problemen. In de laatste twintig 
jaarr zijn er veel nieuwe CA ontwikkeld. De belangrijkste verbeteringen van de 
nieuweree CA ten opzichte van de oudere middelen zijn verhoogde vasoselectiviteit, een 
langzamerr optredend en een langer aanhoudend vaatverwijdend effect. Voor de oudere 
CAA zijn afgiftesystemen ontwikkeld om een langzame afgifte van het middel te 
bewerkstelligen,, hetgeen leidt tot een kinetisch profiel vergelijkbaar met dat van de 
nieuweree CA. 

Hoofdstukk 2 

Dee bifasische contractiele respons, opgewekt door hoge kaliumconcentraties, werden 
onderzochtt in geïsoleerde weerstandsvaten van de rat uit de mesenteriale, renale, 
coronairee en basilaire vaatbedden. Aangenomen wordt dat de tonische fase uitsluitend 
hethet resultaat is van het openenen van L-type calciumkanalen (LCC), terwijl in de 
fasischee fase T-type calciumkanalen (TCC) mogelijkerwijs een rol spelen. De effecten 
vann nifedipine, verapamil en diltiazem (LCC-antagonisten) werden vergeleken met die 
vann mibefradil (een gecombineerde LCC- en TCC-antagonist) op contracties. 
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geïnduceerdd door hoge kaliumconcentraties ter evaluatie van een mogelijke 
betrokkenheidd van de TCC in deze contracties. Weerstandsarteriën (diameter 393.6
4.88 pm, n=104) werden geïsoleerd uit de diverse organen van Wistarratten (300-350g) 
enn bestudeerd in een isometrische draadmyograaf. De effecten van stijgende 
concentratiess van de calciumantagonisten op steeds door "hoog kalium" geïnduceerde 
contractiess werden gekwantificeerd door middel van concentratie-respons curves. 
Mesenterialee vaten van SHR en WKY werden vergeleken wat betreft hun respons op 
nifedipinee en mibefradil. Nifedipine bleek het meest potent als blokker van zowel de 
fasischee (reductie 66-779?-) als de tonische component (IC50 = 1.1-5.4 nM) van de 
vasodilatatie.. Het effect van mibefradil op de fasische component was vergelijkbaar met 
datt van verapamil en diltiazem. Mibefradil was vergelijkbaar met verapamil wat betreft 
hett effect op de tonische fase (IC5Ü = 19.6-178.9 nM). Deze resultaten wijzen erop dat 
onderr deze experimentele omstandigheden de blokkade van TCC niet bijdraagt tot het 
vaatvervvijdendee effect van mibefradil. 

Hoofdstukk 3 

Reflextachycardie,, opgewekt door dihydropyridine-calcium antagonisten (DHP-CA), 
wordtt vooral veroorzaakt door de snelheid en niet zozeer door de grootte van het 
vaatverwijdendd effect van deze middelen. Daarom hebben wij een reeks CA (zowel 
DHPP als niet-DHP) vergeleken in een isometrische draadmyograaf wat betreft de 
snelheidd van hun vaatverwijdend effect in geïsoleerde mesenteriale arterién (diameter 
256  3vim . lengte 2mm) van Wistar ratten (gewicht 300-350g). De gemiddeld kracht 
vann de door "hoog kalium" geïnduceerde contracties bedroeg 2.3  O.lmN/mm. 
Intensiteit,, uitgedrukt in ICMrwaarden, tijdsverloop van de vaatverwijdende werking en 
herstell  van de contractiele respons na uitwassen van de CA werden bepaald. Voor deze 
driee parameters werden de volgende volgordes gevonden: (intensiteit) S.S-barnidipine > 
(S)-lercanidipinee > barnidipine HC1 > amlodipine > nifedipine, lacidipine > (R)-
lercanidipinee > verapamil, mibefradil; (tijdsverloop) lacidipine. amlodipine > (S)- and 
(R)-lercanidipine.. S,S-barnidipine. barnidipine HC1 > mibefradil, verapamil, nifedipine: 
(herstel)) nifedipine > verapamil. S.S-barnidipine, amlodipine > barnidipine, lacidipine > 
mibefradil.. (R)-lercanidipine > (S)-lercanidipine. S,S-Barnidipine bleek aldus de meest 
potentee vaatverwijdcr te zijn; interessant is de waarneming dat het racemaat van 
barnidipinee 20 keer minder werkzaam bleek te zijn dan S.S-barnidipine. 
Reflextachycardiee veroorzaakt door DHP kan vermeden worden als het vaatverwijdend 
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effectt langzaam optreedt. Bij niet-DHP-CA, zoals bijvoorbeeld verapamil, wordt 
reflextachycardiee waarschijnlijk tegengewerkt door een direct remmend effect op het 
geleidingsweefsell  in het myocard. 

Hoofdstukk 4 

Indienn het effect van een calciumantagonist (CA) langzaam optreedt, leidt dit tot minder 
activatiee van de baroreflex en dus van het sympathische zenuwstelsel. In een vorig 
onderzoekk hebben wij van verschillende CA het tijdsverloop van het vaatverwijdend 
effectt gemeten in kleine geïsoleerde mesenteriale arteriën van de rat. Hieruit hebben we 
geconcludeerdd dat verschillen in vetoplosbaarheid van de onderzochte CA 
waarschijnlijkk aan de gevonden verschillen in tijdsverloop ten grondslag liggen. 
Vetoplosbaarheidd van chemische stoffen wordt uitgedrukt d.m.v. de logarithme van de 
membraan-verdelingss coëfficiënt (logP). Wij hebben de mogelijke samenhang tussen 
hett tijdsverloop van de werking van CA en hun respectievelijke logP-waarde 
onderzocht.. Kleine arteriën uit onderhuids vetweefsel van gezonde mensen (diameter 
5911 1 m, n=7 for iedere concentratie) werden verkregen vanuit de cosmetische 
chirurgiee (mammareductie en abdominoplastiek). De vaten werden onderzocht in een 
isometrischee draadmyograaf. Het vaatverwijdend effect van de CA werd 
gekwantificeerdd door middel van logIC50-waarden en het tijdsverloop van de 
vaatverwijdendee werking werd voor iedere concentratie uitgedrukt als "time to Eeq90"-
waarden,, d.w.z. de tijd die nodig is om 90% van het maximale effect te bereiken. Als 
logICso-waardenn werden -8.46  0.09, -8.33  0.25 and -8.72 6 gevonden voor 
respectievelijkk nifedipine, felodipine en (S)-lercanidipine (n.s). Gemiddeld genomen 
bereiktee nifedipine een "time to Eet)9o" in 11  1 min. Felodipine en (S)-lercanidipine 
bereiktenn waarden van respectievelijk 60  Umin and 99  9 min. De verschillen 
tussenn deze waarden waren statistisch significant (p<0.01). Ondanks deze verschillen 
zijnn de onderzochte CA equipotent wat betreft hun vaatverwijdende effect. De 
berekendee logP-waarden voor respectievelijk nifedipine, felodipine en (S)-lercanidipine 
warenn 2.50, 4.46 en 6.88. Met behulp van lineaire regressieberekeningen werd een 
statistischh significante correlatie tussen logP enerzijds en het tijdseffect anderzijds 
gevonden.. Een hoge logP-waarde gaat gepaard met een langzaam optredend 
vaatverwijdendd effect. 
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Hoofdstukk 5 

Inn dit onderzoek is nagegaan of de afgifte van sympathische neurotransmitters als 
gevolgg van electrisch-veld stimulatie (EFS) door mibefradil sterker geremd werd dan 
doorr verapamil. Uit Wistarratten werden staartarterién geprepareerd (diameter 620
9|j.m).. Hiervan werden ringsegmenten met een lengte van 2mm opgehangen in een 
isometrischee draadmyograaf. Na een gepaste periode om de vaten een 
evenwichtstoestandd te laten bereiken en een trainingsprotocol werden de vaten 
gestimuleerdd óf door EFS (frequentie 0.25-4Hz gedurende 30s) óf door een 
concentratie-responscurvee met noradrenaline (concentraties van 0.03-3|iM) óf door een 
contractiee met ATP (0.3 mM). De respons op deze drie stimuli werd gebruikt als 
basislijn.. Door EFS-geïnduceerde contracties bleken stabiel en reproduceerbaar en 
warenn te blokkeren met tetrodotoxine (l|iM) , guanethidine (3[iM) en met de combinatie 
vann suramine (0.5mM) en prazosine (3jaM). Door EFS geïnduceerde contracties (1 Hz) 
kondenn vrijwel volledig geblokkeerd worden met 10p:M mibefradil (97%), maar slechts 
gedeeltelijkk met 10(iM verapamil (73%). De logIC50-waarden voor respectievelijk 
mibefradill  en verapamil waren -5.6 en -6.6. Contracties geïnduceerd door exogeen 
noradrenalinee en ATP werden door respectievelijk mibefradil en verapamil in gelijke 
matee geblokkeerd: noradrenaline: maximale inhibitie 70% en 75%; log IC50: -6.5 and -
6.7;; ATP: maximale inhibitie 92% en 97%; log IC50: -6.5 and -7.0. Hieruit volgt dat 
mibefradill  een additioneel effect laat zien op EFS-geïnduceerde noradrenalineafgifte en 
ditt kan niet verklaard worden door blokkade van het L-type calciumkanaal. 
Waarschijnlijkk wordt dit effect veroorzaakt door blokkade van het N-type 
calciumkanaal,, waardoor de afgifte van noradrenaline uit de zenuwuiteinden voorkomen 
wordt.. Activatie van het sympathische systeem komt veel voor bij patiënten met 
hypertensiee of hartfalen en dit is een ongewenst proces. Een calciumantagonist die 
zowell  het N- als het L-type calcium kanaal blokkeert, zou daarom voordelen kunnen 
hebbenn boven de gangbare calciumantagonisten die voornamelijk L-type 
calciumkanalenn blokkeren. 

Hoofdstukk 6 

Hett is gebleken dat mibefradil (MIB), een calciumantagonist met een hogere affiniteit 
voorr het T- dan het L-type calciumkanaal. ook N-type calcium kanalen kan blokkeren. 
Vann dit type calciumkanaal is bekend dat het betrokken is bij de afgifte van 
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noradrenalinee uit de zenuwuiteinden en daarom is de mogelijkheid onderzocht dat MIB 
eenn middel met sympatholytische eigenschappen zou kunnen zijn. In de "gepende" rat 
werdd het remmend effect van 3 en 10 umol/kg MI B op de tachycardie, veroorzaakt door 
electrischee stimulatie van de preganglionaire nervi accelerantes, onderzocht. Bovendien 
werdd het effect van MI B op de dosis-respons curve op toegediend noradrenaline 
gemeten.. De diverse effecten van mibefradil werden vergeleken met die van verapamil, 
eenn L-type calciumkanaalblokker. Als gevolg van electrische stimulatie nam de 
hartfrequentiee toe met maximaal 7 bpm (controle, n=6), 6 bpm (MIB 3 umol/kg, 
n=8),, 6 bpm (MI B 10 umol/kg, n=5), 5 bpm (VER 3 umol/kg, n=6) en 7 
bpmm (VER 10 (imol/kg, n=5). Guanethidine 5mg/kg i.v. blokkeerde de stijging in 
hartfrequentiee volgend op electrische stimulatie (1.5 en 10 Hz) volledig. Als gevolg van 
toedieningg van noradrenaline nam de hartfrequentie toe met 4 bpm (controle, n=6), 

66 (MIB 3 umol/kg, n=6). 9 bpm (MIB 10 umol/kg, n=5), 5 bpm (VER 3 
umol/kg,, n=5) en 7 bpm (VER 10 umol/kg, n=6). Onder controle-omstandigheden 
enn in de aanwezigheid van 3 (imol/kg MIB en VER werd het maximale effect van 
noradrenalinee bereikt bij 0.1 umol/kg, terwijl in aanwezigheid van 10 umol/kg MIB en 
VERR dit pas werd bereikt met een dosis van 1 umol/kg. MIB (3 umol/kg) was 
significantt effectiever wat betreft de vermindering van het door electrische stimulatie 
veroorzaaktee positief chronotrope effect, vergeleken met dat veroorzaakt door exogeen 
toegediendd noradrenaline. Voor VER gold het omgekeerde: VER had een sterker 
onderdrukkendd effect op de contracties veroorzaakt door exogeen noradrenaline. Deze 
verschillenn werden niet gevonden bij de dosering 10 umol/kg van MIB en VER. Hieruit 
concluderenn wij dat MIB, naast directe effecten op T-en L-type calcium kanalen in het 
myocard,, de afgifte van noradrenaline uit sympathische zenuwuiteinden vermindert, 
waarschijnlijkk door remming van presynaptische N-type calciumkanalen. In het 
gebruiktee model is het effect alleen zichtbaar bij relatief lage concentraties van MIB. 
waarschijnlijkk omdat bij hogere concentraties de directe effecten op de L-type calcium 
kanalenn van het myocard prevaleren. 

Hoofdstukk 7 

Inn een voorafgaand onderzoek, in geïsoleerde mesenteriale arteriën van de rat werd het 
tijdsverloopp van de vaatverwijdende werking van verschillende calciumantagonisten 
(CA)) bestudeerd. Hieruit werd geconcludeerd dat de verschillen in tijdsverloop 
waarschijnlijkk een gevolg zijn van verschillen in vetoplosbaarheid tussen de 
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verschillendee CA. Een maat voor vetoplosbaarheid is de logarithme van de membraan-
verdelingss coefficient (logP). LogP-waarden van respectievelijk nifedipine en felodipine 
zijnn 2.50 en 4.46. Het doel van deze studie was om het tijdsverloop van de 
vaatverwijdendee werking van nifedipine en felodipine te bestuderen door middel van 
veneuzee occlusie-onderarmsplethysmografie in gezonde proefpersonen. Gezonde 
mannelijke,, niet-rokende vrijwilliger s (leeftijd 31  7 yrs, n=14) werden onderzocht in 
liggendee positie met beide onderarmen gestabiliseerd op een niveau juist boven het hart. 
Vóórr ieder experiment werd een "informed consent" verkregen van de te onderzoeken 
proefpersoon.. De arteria brachialis werd gecannuleerd en de canule bleef in positie 
gedurendee het hele experiment voor de meting van de bloeddruk (MAP 88  3 mmHg) 
enn voor de infusie van de CA. De proefpersonen werden bewaakt via een continu ECG; 
forearmm blood flow (FBF) werd gemeten met intervallen van 15 seconden door middel 
vann R-top-gestuurde veneuze occlusieplethysmografie. Het protocol begon met de 
infusiee van één van de oplosmiddelen van de CA (NaCl 0.99c en een PEG-400 
oplossingg voor respectievelijk nifedipine en felodipine). Vervolgens werd in vier 
achtereenvolgendee "runs" gedurende 20 min oplopende concentraties van één van beide 
CAA geïnfundeerd met een infusiesnelheid van 0.3 ml/min. Gedurende de experimenten 
werdd de handcirculatie afgesloten door een kleine polsmanchet, opgeblazen tot 
tenminstee 40 mmHg boven systolische bloeddruk. Voor respectievelijk nifedipine en 
felodipinee werden logIC50-waarden gevonden van -7.46  0.17 en -8.47  0.14, 
P<0.01).. Gemiddelde KD-waarden voor respectievelijk nifedipine en felodipine waren 
4.33  0.6 and 4.6  0.6 (n.s.). In dit model bleek felodipine een krachtiger vaatverwijder 
tee zijn dan nifedipine. Het 100-voudige verschil in vetoplosbaarheid tussen de twee 
onderzochtt CA is blijkbaar niet voldoende om een verschil in KD-waarden te 
bewerkstelligen. . 
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Nawoord d 

Eenn promotie doe je nooit alleen en dat moge blijken uit de hieronder volgende 
opsommingg van mensen, die in meerdere of mindere mate bijgedragen hebben 
aann het totstandkomen van dit proefschrift. 

Mij nn hooggewaardeerde promotor, Prof. Dr. P.A. van Zwieten, ben ik 
bijzonderr dankbaar voor het feit dat hij er altijd was om mijn vragen en 
verhalenn aan te horen, manuscripten met lichtsnelheid te corrigeren en mij de 
presentatiekunstt te proberen bij te brengen. Dr. Martin Pfaffendorf, mijn co-
promotorr dank ik voor de praktische begeleiding en de hulp bij het 
interpreterenn van de resultaten van de verschillende experimenten. 
Prof.. Dr L. Arisz, Prof. Dr C. Ince, Prof. Dr M. Göthert, Prof. Dr E.T.A. 
Knape,, en Prof. Dr CA. Visser ben ik zeer erkentelijk voor de beoordeling van 
hett manuscript en hun deelname aan de promotiecommissie. 

Dr.. M.B. Vroom, beste Margreet, jij , samen met Harry van Wezel, hebben me 
inn een keer geïnteresseerd voor zowel de wetenschap als de anesthesiologie. Ik 
hebb veel van julli e geleerd en heb geen spijt gehad deze weg gekozen te 
hebben! ! 
Dee vrienden (collega's) van het lab hebben de structuur en de sfeer gecreëerd 
omm mijn promotie tot een goed einde te brengen. Myra Rinia-Feenstra, lieve 
Myra,, we zijn samen door heel wat moeilijke momenten gekomen en ik ben je 
dann ook erg dankbaar voor je vriendschap, je interesse en je humor. Daarnaast 
benn ik je erg dankbaar voor het reviewen van het boekje voor het naar de 
drukkerr ging. Jippe Balt, beste Jippe, ook ji j hebt mijn boekje gereviewed voor 
hett naar de drukker ging en daar ben ik je erg dankbaar voor. Daarnaast hebben 
wee samen de sport weer op het lab geïntroduceerd! (Als je nog een keer naar 
Milanoo wil fietsen, ga ik misschien wel mee....). Alex Nap, Carsten Sand en 
Jörnn Streefkerk, kerels, julli e zijn cruciaal geweest in de teamvorming van het 
laatstee jaar en dat was fantastisch, dank hiervoor! Marie-Jeanne Mathy, wat 
moett een aio zonder jou beginnen? Dank voor je veelzijdige hulp bij de 
dierexperimentenn en je nooit aflatende interesse. Mijn ex-collega Jan Baan ben 
ikk dankbaar voor zijn hulp bij het opzetten van de plethysmografie in het AMC. 
Daarnaastt wil ik mijn ex-collega's Harry Batink, Lilian Beenen, Frank 
Heijenbrok,, Qun Li, Stephan Peters en Juliette Zwaveling danken voor hun 
gezelligheidd en hun inzet en hulp bij het oplossen van de verschillende 
vraagstukkenn die rezen in de loop van de experimenten. 

Velee mensen van verschillende afdelingen en ziekenhuizen zijn betrokken 
geweestt bij de totstandkoming van dit proefschrift. Arjan van Dijk en Tom 
Witteman,, afdeling technische dienst, LUMC; Marcel Teunissen, 
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experimentelee dermatologie. AMC; Cynthia Lehé en Dr. P.K. Das. afdeling 
pathologie,, AMC; Dr. G.A. van Montfrans. Dr. R.P. Koopmans. Dr. J.J. van 
Lieshout,, afdeling interne geneeskunde, AMC; de medewerkers van de 
medischee instrumentele dienst en de glasinstrumentmakerij, AMC; Dr. 
Christiano.. afdeling plastische chirurgie, Spaarne Ziekenhuis Haarlem en Dr. 
Tann en Dr. van Tetering, afdeling plastische chirurgie Kennemer Gasthuis 
locatiee Elizabeth. Haarlem. Dr. Kwee Lan Kam. Yamanouchi Nederland; Dr. 
J.G.R.. de Mey, afdeling Farmacologie, AZM. Dank voor uw steun en hulp! Ik 
benn ongetwijfeld nog namen vergeten, waarvoor alvast mijn welgemeende 
excuses. . 

Mij nn werk als ambulancechauffeur bij de GGD Haarlem heeft mij de kans 
gegevenn met enige regelmaat even in een andere wereld te stappen, hetgeen als 
tegenwichtt tegen de spanning en stress van het aio-schap onmisbaar is 
gebleken.. Mijn collega's van de ambulancedienst, de CPA/AC, de brandweer 
enn de bemensing van de verschillende eerste hulpen in Haarlem dank ik voor 
hunn wijsheid, gezelligheid en humor. Ik hoop er nog enige jaren van te kunnen 
genieten! ! 

Mij nn ouders, mijn broer, Ries. Siep en Tom, julli e hebben mij het zo 
belangrijkee thuisfront geboden, en meer. Zonder julli e steun en warmte had ik 
niett zo stevig in de wereld gestaan. 
Jeroen,, grote vriend, je bent er altijd voor me geweest en dat is de essentie van 
echtee vriendschap; ook nu weer sta je me terzijde, als paranimf. Eveline, samen 
mett Jeroen vormen julli e voor mij een basis in Amsterdam waar ik altijd 
terechtt kan en waar gedrieën ook in culinair opzicht bijzonder van genoten 
wordt! ! 
Vincent,, goede vriend en paranimf, ik ben blij dat de vrienschap niet lijdt onder 
eenn grotere geografische afstand. Jij en Annemane en (?) hebben een speciaal 
plekjee in mijn hart. 
Mij nn vrienden en kennissen, julli e dank ik voor zoveel verschillende dingen dat 
hethet niet mogelijk is alles op te noemen. Jullie zijn belangrijk voor me en dat wil 
ikk hier graag benadrukken. 
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CHEMICALL STRUCTURES OF THE CALCIUM ANTAGONISTS 
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Stellingen n 

!.. N-type calciumkanaalblokkade door calciumantagonisten zou een toegevoegde 
waardee kunnen hebben in de cardiovasculaire farmacotherapie (ditproefschrift). 

2.. Een hoge mate van Hpofiliteit van calciumantagonisten voorkomt de activatie 
vann het sympathische zenuwstelsel, (ditproefschrift) 

3.. Calciumantagonisten in therapeutische concentraties blokkeren niet alleen L-, 
maarr ook andere typen calciumkanalen. (dit proefschrift) 

4.4. Het zou een goede zaak zijn als bij klinische trials ter evaluatie van 
geneesmiddelenn steeds een farmacoloog zitting heeft in het "steering 
committee". . 

5.. Informatie over de beïnvloeding van het cytochroom P450 subenzym CYP3A4 
iss een belangrijke factor in de ontwikkeling van nieuwe geneesmiddelen. 

6.. Bij de behandeling van chronisch hartfalen zou de verhoogde activiteit van het 
sympathischee zenuwstelsel meer aandacht moeten krijgen als doelwit van 
farmaca. . 

Pepperr GS, Lee RW, Arch Int Med (1999); 159(3): 225-234 

Ferrarii  R et al. Eur Heart J J (\99S)\ 19 (Suppl. F): F45-F51 

7.. Bij post-infarct patiënten met een hoog risico van "sudden death" zijn klasse I 
enn III anti-arrhytmica gecontraïndiceerd. Buxton et al. NEJM (1999); 341:1882-1890 

8.. Onderwijs in reanimatie via internet en video bereikt een groot publiek en is 
effectief.. Eisenburger P, SafarP. Resuscitation (1999); 41(1): 3-18 

99 Ambulancediensten verzamelen een weelde aan gegevens die tot op heden 
nauwelijkss door wetenschappelijk onderzoekers ontdekt is. 

10.. De CliniClows bieden een vorm van therapie zonder bijwerkingen. 
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