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Chapterr 3 

DIFFERENTIALL TIM E COURSE OF THE VASODILATOR ACTION OF 
VARIOUSS CALCIUM ANTAGONISTS 

FundamentalFundamental & Clinical Pharmacology 1998; 12:607-612 
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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 4. Bar chart of time to E„, for IC50-concentrations  SEM for all CA tested in ascending order. 

Notee that lacidipine does not have an error bar. due to the fact that Eeq was not reached within I 20 min. 

Forr statistical data see table I. For abbreviations see legend Figure 3. 
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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 
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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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