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ABSTRACT 

Recently, [3H]nitrendipine ([3H]NTD), a substituted 1,4-

dihydropyridine calcium channel antagonist, has been used to label ~ 

vitro dihydropyridine calcium channel receptor sites in cardiac and 

smooth muscle, in the brain, and in other peripheral tissues. 

We have demonstrated the ~ vivo labeling of [3H]NTD to brain 

and peripheral tissues. This specific binding is decreased in a dose 

dependent manner by pretreatment with increasing doses of nifedipine. 

Thin layer chromatography demonstrates that the bound tritium species 

is predominantly the unmetabolized, parent [3H]NTD for the cerebral 

cortex and the left ventricle, whereas in the liver, the main species 

are metabolites of NTD. The regional distribution of [3H]NTD 

specific binding parallels that of ~ vitro studies. Notable 

exceptions include the aorta, skeletal muscle, and the ileum. The 

complex hemodynamic effects of NTD may explain differences noted in 

these ~ vivo studies as compared to in vitro studies. 

A highly sensitive assay for dihydropyridine receptors in 

cerebral cortical and cardiac homogenates using [3H](+)PN 200-110 

([3H]PN), is described. [3H]PN shows 10-12 fold higher affinity 

for its binding site than [3H]NTD at physiologic temperatures, and 

exhibits lower nonspecific binding. D-cis diltiazem and verapamil 

interact with [3H]PN in an allosteric manner. D-cis diltiazem and 

x 



verapamil decrease and increase, respectively, the Kd of the 

[3H]PN-receptor complex without significantly altering the Bmax in 

both cerebral cortex and heart. The [3H]PN assay is a distinct 

improvement over the [~]NTD assay, and should be a valuable tool in 

the further study of the dihydropyridine receptor binding site. 

A radioreceptor assay was developed to measure the free 

(unbound) and total NTD levels in serum. Standard curves are 

reproducible and linear from 4 X 10-11 to 4 X 10-9 M NTD. The 

xi 

limits of sensitivity of the assay are 0.1-0.2 picomoles/ml. Using 

equilibrium dialysis, NTD was found to be 93-98 per cent protein bound 

in human serum. There was no concentration dependency for protein 

binding from 1 to 100 ng/ml. A pharmacokinetic study in hypertensive 

patients revealed a peak total NTD serum level at 90-100 minutes. 

Preliminary studies suggest a possible dose-dependent accumulation of 

NTD during chronic drug therapy. 

The ~ vitro binding of [3H]NTD was studied in 

deoxycorticosterone-NaCl hypertensive rats and matched control rats. 

The hypertensive rats showed a significant decrease in brainstem 

[3H]NTD receptor density as compared to controls after 6 weeks of 

treatment. There were no receptor alterations in other selected brain 

regions and the heart. In light of the role of the brainstem in the 

development of various forms of experimental hypertension, this study 

provides evidence of selective alterations in the [3H]NTD sites which 

may be involved in the development of hypertension. Also, this study 

provides evidence that dihydropyridine binding sites may be under 

dynamic regulation. 



CHAPTER 1 

INTRODUCTION 

Calcium plays a fundamental role in cellular physiology. 

Besides its function in bone metabolism, calcium ions are involved in 

a variety of enzymatic reactions, hemostasis, stimulation-secretion 

coupling, electrical activation of excitable cells, neurotransmitter 

release, and excitation-contraction coupling in cardiac and smooth 

muscle (Braunwald, 1982). In the resting state, intracellular 

concentrations of free (ionized) calcium (Ca++) are 10-7 M or 
++ -3 less, whereas the extracellular Ca concentration is about 10 M 

(Godfraind, 1981). Thus, there exists a large electrochemical 

gradient maintained by a virtually impermeable plasma membrane. 

Following electrical or chemical stimulation of the cell, Ca++ 

enters the cell through calcium or slow channels. It is by this 

mechanism that rapid increases in the intracellular concentration of 
++ 

Ca initiates various intracellular events (Reuter, 1983). The 

development of drugs called the calcium channel antagonists, which 

interfere with Ca+~ influx, has provided us with significant probes 

to study calcium channels, in analogy to the role of tetrodotoxin in 

the study of sodium channels (Fleckenstein, 1977). Furthermore, the 

introduction of the calcium channel antagonists in clinical medicine 

1 



has resulted in significant advances in the treatment of various 

diseases, such as angina pectoris, hypertension, and certain 

arrhythmias (Henry, 1980; Antman et al., 1980; Ellrodt and Singh. 

1983; Nayler and Horowitz, 1983; Stone et al., 1980). 

Regulation of Cytoplasmic Calcium 

In the resting state, there is a 10,000 fold concentration 

gradient for free calcium from· the extracellular space to the 

intracellular space. This concentration difference is separated by a 

virtually calcium impermeable plasma membrane. When the cell is 

electrically stimulated or depolarized, or chemically (agonist) 
++ 

stimulated, there is a brief influx of Ca down its chemical 

gradient into the cytoplasm. Although there are buffering systems in 

the cell, continued calclum influx would eventually lead to calcium 

overload, and cell death (Schanne et al., 1979; Katz and Reuter, 
++ 

1979) To maintain and to modulate cytosolic Ca concentrations 
++ ++ 

within a defined range, a Ca ATPase extrudes Ca from the cell 

(Triggle, 1981). This enzyme system has been characterized in 

erythrocytes, mammalian heart, smooth muscle, and in squid axon 

(Dipolo, Caputo and Bezanilla, 1983; Cavero and Spedding, 1983). 
+ ++ 

Furthermore, there is a Na /Ca exchanger in the plasma membrane 

2 

which operates on an electrogenic basis and/or through ATP utilization 

(Barry and Smith, 1982; Movsesian, 1982). 

Although the cytosolic Ca++ is about 10-7 M, the total 

cytosolic calcium concentration is 70-100 mM (Cavero and Spedding, 



1983). Much of this calcium is bound to intracellular proteins, or 

is stored in the sarcoplasmic reticulum or mitochondria. In 

3 

addition ,there are binding sites on the inner surface of the plasma 

membrane. Not only is calcium stored in these structures, but calcium 

may also be released after appropriate stimuli, to raise cytosolic 
++ 

Ca levels (Cavero and Spedding, 1983). For example, 
++ 

beta-adrenergic receptor stimulation leads to an influx of Ca via 

calcium channels (Lindemann, Bailey and Watanabe, 1982; Shamoo and 

Ambudkar,1984). This influx of Ca++, in an unknown manner, results 

in release of sarcoplasmic reticular Ca++(Movsesian, 1982). This 

ability of the sarcoplasmic reticulum to accumulate and to release 
++ 

Ca plays an important role in controlling contractility in cardiac 

and skeletal muscle, but has less of a role in smooth muscle (Cavero 

and Spedding, 1983; Bolton, 1979). 

C
++ ++ 

Mitochondria can also take up a ,but the Km for Ca 

uptake is higher than for the sarcoplasmic reticulum (Becker, Fiskum, 

Lehninger, 1980). Although the mitochondria is capable of 

sequestering large quantities of calcium, in those tissues where the 

sarcoplasmic reticulum is well-developed, the latter organelle is 

predominantly responsible for Ca++ uptake. In contrast, in the 

cerebral cortex, mitochondria may be the main storage site for calcium 

in controlling cytosolic levels of Ca++ (Nicholls and Scott, 1980). 



The Role of Ca++ in Excitation-Contraction Coupling 

Approximately 100 years ago, Sidney Ringer noted that Ca++ 

free saline media resulted in cardiac arrest in isolated frog hearts. 

It is clear that extracellular Ca++ is required in 

excitation-contraction in cardiac and smooth muscle. In contrast, 

contraction in skeletal muscle is dependent on intracellular sources 
++ 

of calcium; the removal of extracellular Ca has little effect on 

contractility (Fleckenstein, 1977). 

During cardiac cellular excitation, the intracellular Ca++ 

increases markedly, where it binds to a subunit of a regulatory 

protein, troponin. This leads to a force generating, ATP requiring 

process as a result of interaction of the contractile proteins, actin 

and myosin. A reduction of the cytosol;c Ca++ through mechanisms 

discussed in the previous section results in the dissociation of 

Ca++ from troponin, resulting in the breakdown of the linkage 

between actin and myosin crossbridges, and muscular relaxation (Adams 

and Schwartz, 1980). 

4 

In vascular smooth muscle, a similar interaction occurs between 

actin and myosin. However, the initial rise in cytosolic Ca++ 

results in binding of Ca++ to calmodulin, an approximately 15,000 

dalton cytosolic soluble protein. After Ca++ binding, calmodulin 

undergoes a conformational change which binds to and activates the 

enzyme, myosin kinase. Myosin kinase then phosphorylates a light 

chain of myosin, which results in the interaction of myosin and actin, 

and smooth muscle contraction (Hartshorne, 1980; Adelstein and 

Eisenberg, 1980). 
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The Calcium Channel 

There are four basic routes through which Ca++ may enter 

cells: 1) in exchange for Na+ by an electrogenic mechanism; 2) entry 

through specific protein structures or pores, the calcium channels; 3) 

+ 
passive diffusion; 4) in exchange for K • 

The first mechanism may be operative when digitalis glycosides 

are administered in the treatment of heart failure. Inhibition of 

Na+/K+ ATPase by digitalis results in an increased intracellular 
+ + ++ 

Na concentration, and stimulation of Na /Ca exchange (Akera 

and Brody, 1978). 
++ 

The elevated Ca then results in an increased 

contractility. However, this mechanism is probably relatively 
++ 

unimportant in the beat to beat regulation of cytosolic Ca in the 

myocardium (Langer, 1983). Electrophysiological studies (see below) 

suggest that the kinetics of Ca++ influx are consistent with a model 

of membrane channels which open with depolarization, then inactivate 

and close in a sequential time frame. This is analogous to the 

electrophysiology of the Na+ channel (Llinas, 1982). As discussed 
++ 

earlier, the plasma membrane is very impermeable to Ca in the 
++ 

resting state. Along with the time course of Ca influx, the 
++ 

evidence for sUbstantial simple diffusion of Ca is meager. 

Although Ca++/K+ exchange appears to operate in amphibian hearts, 

there is little evidence that this occurs to a significant extent in 

mammalian hearts (Nayler and Grinwald, 1981). Thus, the influx of 

calcium is predominantly via the calcium channels; the contribution of 

Na+/Ca++ exchange is variable, and depends on the particular 

tissue (Cavero and Spedding, 1983). 



++ 
Because of the large concentration gradient, Ca enters the 

cell passively, i.e. does not require energy. A model which is 

consistent with this process is a membrane pore or ion channel. 

Requirements for this channel include a "selectivity filter" (Katz, 

1983). That is, ionic size and charge are important criteria for 

whether the particular ion is able to pass the channel. When 

excitation or stimulation occurs, activation "gates" open and calcium 

6 

enters rapidly (Reuter, 1983). A time dependent inactivation gate 

then closes the channel. It is postulated that in the resting state, 

the activation gate is closed and the inactivation gate is open. 

Following depolarization, the activation gate opens due to gating 

currents which result in conformational changes in the channel protein 

structure. The inactivation gate closes in a slower manner, stopping 

further influx of calcium. When the resting membrane potential 

returns to baseline, the inactivation gate opens and the activation 

gate closes {Reuter, 1983}. 

Under resting conditions, the transmembrane potential is 

approximately -90 mV in cardiac cells. This potential represents 

predominantly the high intracellular K+ concentration and the low 

extracellular K+ concentration. During phase 0 of the action 

potential, when the cells are depolarized, there is a rapid influx of 

Na+ through sodium channels. When the cell has been depolarized to 

-40 mV, the calcium channel opens and the sodium channel inactivates. 

The rates of activation and inactivation of the Ca++ current are 
. + 

several orders of magnitude less than the Na current. Hence, the 

N/ channel is often called the "fast" channel, and the Ca++ 



channel is often called the "slow" channel (Antman et al., 1980). 

This Ca++ influx is predominantly responsible for the plateau phase 

of the action potential. Potassium efflux, which may be partly 

dependent on increased cytosol ic Ca ++ concentrations, returns the 

transmembrane potential back to resting levels (Antman et ale ,1980). 

Calcium Channel Antagonists 

7 

A number of inorganic ions such as manganese, cobalt, 

lanthanum, and cadmium function as calcium channel antagonists in 

blocking various calcium mediated processes. The mechanism of action 

involves the ability of these cations to substitute for calcium in 

various membrane sites (Langer, 1983). However, because of the ionic 

radius or charge, these cations cannot enter cells through the calcium 

channels (Langer, 1983). 

A variety of drugs inhibit the actions of calcium, but via 

mechanisms not associated with the calcium channel. For exampl e, 

phenothiazines bind and inhibit the action of calmodulin (Weiss, 

Prozialeck and Wallace, 1982). Nitroglycerin and nitroprusside 

inhibit intracellular calcium distribution (Keith et al., 1983). 

In the last decade, increasing attention has been paid to a 

class of drugs whose actions are predominantly interference with 

Ca++ influx via the calcium channels. It was the pioneering work of 

Fleckenstein who first noted that verapamil and prenylamine mimic the 
++ effects of Ca wi thdrawal in cardi ac muscl e (Fl eckenstein, 1977). 

These compounds were cardiodepressants and coronary vasodil ators. 



· h ++. Increaslng t e extracellular Ca concentratl0n reversed the 

cardiodepressant effects. It was proposed that the main action of 
++ 

these drugs was to block the entry of Ca via calcium channels 

(Fleckenstein. 1977; Fleckenstein. 1983). 

Although there are numerous classes of calcium channel 

antagonists. the discussion of calciuim channel antagonists will be 

mainly limited to three classes of the drugs (Figure 1): the 

substituted 1.4-dihydropyridines (e.g. nifedipine. nitrendipine. 

nicardipine. nimodipine); the substituted phenylalkylamines (e.g. 

verapamil. D600 or methoxyverapamil); and the substituted 

benzothiazepines (e.g. diltiazem). These drugs have been well 

characterized as far as their pharmacology is concerned. and are 

currently available in the United States for treatment of various 

cardiovascular diseases. 

In vitro pharmacology 

Nifedipine is a potent vasodilator of K+. norepinephrine. 

serotonin stimulated isolated arteries (Cauvin. Loutzenhiser and Van 

Breemen. 1983). In contrast to nitroglycerin. smooth muscle 

relaxation induced by nifedipine is sustained. Fifty percent 

inhibitory concentrations (ICSO ) are from 10-9 to 10-7 f4. 

depending on the type of blood vessel and method of stimulation 

(Cauvin et al .• 1983). 

Verapamil is less potent as a vasodilator. with ICSO values 

in the 10-7 to 10-S M range (Henry. 1980). Diltiazem appears to 

8 
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have similar potencies to verapamil (Henry, 1980). In general, the 

calcium channel antagonists are more potent against K+ stimulated 

vascular versus agonist stimulated smooth muscle contractions (Cauvin 

et al, 1983). This has been one line of evidence which suggests that 

there may be voltage dependent (depolarization) calcium channels and 

receptor operated (agonist) calcium channels (Janis and Triggle, 1983). 

Nifedipine, verapamil and 0600, and diltiazem inhibit 

contractions of atrial and ventricular muscle in a dose dependent 

manner, with IC SO values from 10-7 to 10-5 r~ (Henry, 1980; 
. ++ 

Millard et al., 1983). As stated prevlously, Ca added to the 

perfusate results in a reversal of the negative inotropic effects of 

the calcium channel antagonists. However, it is not clear that the 

interactions of Ca++ and the calcium channel antagonists are 

directly competitive (Millard et al., 1983; Hachisu and Pappano, 

1983). From these in vitro physiologic experiments, it appears that 

nifedipine has a relatively greater potency on smooth muscle 

relaxation (vasodilation) versus cardiodepressant effects. On the 

other hand, verapamil and diltiazem are relatively equal in their 

inhibitory effects on smooth muscle and cardiac muscle contraction 

(Antman et al., 1980). Heart rate is also depressed in a 

dose-dependent manner in the micromolar range by these three classes 

of drugs (Millard et al., 1983). 

There is a reasonable correlation of inhibition of 4SCa ++ 

uptake into vascular and ileal smooth muscle by calcium channel 

antagonists, and inhibition of contractile responses to K+ 
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stimulation (Cauvin et al., 1983: Godfraind, 1983: Rosenberger, Ticku 

and Triggle, 1979). Interestingly, the calcium channel antagonists do 

not block resting Ca++ influx, in contrast to inorganic calcium 

antagonists such as lanthanum (Van Breemen, Hwang and Meisheri, 1981; 

Godfraind and Dieu, 1981). In addition, lanthanum blocks ionophore 

induced Ca++ influx while organic calcium channel antagonists have 

no effect (Rosenberger and Triggle, 1979: Cauvin et al., 1983). Barry 

and Smith (1982) have studied 45Ca++ uptake into cultured chick 

embryo heart myocytes, and have noted that verapamil only blocked a 

portion of the fast K+ stimulated 45Ca++ uptake. However, in 

light of the evidence which suggests that Ca++ influx via the 

calcium channels is rapidly effluxed on a beat-to-beat basis (Langer, 

1983), the interpretation of 45 Ca++ uptake into heart cells is 

complex. 

Electrophysiology 

Calcium channel antagonists have been demonstrated to inhibit 

cardiac muscle contraction, while sparing depolarization and the 

action potential. However, the plateau phase of the action potential 

is diminished in the presence of calcium channel antagonists (Singh et 

al., 1982). 

In voltage clamp experiments using myocardial tissues, 

nifedipine depresses the calcium current in a dose dependent manner, 

without effects on the sodium current. Also. the kinetic parameters 

(activation, inactivation) of the calcium current are not altered 
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(Hachisu and Pappano, 1983). This action of nifedipine on the calcium 

channels is reminiscent of the effects of tetrodotoxin on sodium 

channels (Catterall, 1984). Verapamil inhibits the calcium current in 

a stereospecific, dose dependent manner. The (-) isomer depresses the 

plateau phase of the action potential, whereas the (+) isomer has less 

effect. Unlike nifedipine, verapamil exhibits frequency dependency 

(Hachisu and Pappano, 1983). That is, with increasing frequency of 

stimulation, the inhibitory effects of verapamil increase. The (+) 

isomer has greater effects on inhibition of the sodium current, but at 

high concentrations (10-4 M) both isomers have substantial 

inhibitory effects on the sodium channel (Ehara and Kaufmann, 1978; 

Raschack, 1976). 

Recently, Lee and Tsien (1983) have demonstrated in guinea-pig 

cardiac myocytes using patch clamp techniques, that nitrendipine, 
++ 

verapamil and 0600, and diltiazem prevent inward and outward Ca 

flux. Increasing the external Ca++ concentration partially reverses 

the effects of the calcium channel antagonists; the mechanism appears 

to be an increase in the number of unblocked channels (Lee and Tsien, 

1983). Verapamil exhibited frequency dependency, and nitrendipine 

showed minimal effects from increased stimulation frequency. 

Diltiazem was intermediate in its response (Lee and Tsien, 1983). The 
++ 

IC50 of nitrendipine in blocking peak Ca current was 154 nM, 

which is in good agreement with voltage clamp studies and physiologic 

experiments (Lee and Tsien, 1983). 
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Phannacodynamics 

The effects of calcium channel antagonists on the . 

cardiovascular system of conscious animals and humans are similar 

(Singh et al •• 1982). However. these effects result from the complex 

summation of direct. pharmacological effects of these drugs on cardiac 

contractility. heart rate. preload. and afterload. and indirect. 

reflex autonomic responses (Ellrodt and Singh. 1983). 

Ni fedi pi ne has potent negative inotropic. chronotropi c. and 

dromotropic effects in similar concentration ranges to verapamil ~ 

vitro (Henry. 1980). In contrast. in the intact organism. nifedipine 

lowers systemic vascular resistance with a modest decrease in the 

arterial pressure. but the heart rate and cardiac output may remain 

the same or even increase in the presence of nifedipine (Henry. 

1980). This is related to the compensatory sympathetic discharge due 

to the potent vasodilatory effects of nifedipine (Ellrodt and Singh. 

1983). Conversely. verapamil may evoke decreases in heart rate and 

cardiac output. since verapamil has less vasodilatory effects at 

concentrations which affect the heart (Antman et al .• 1980). 

Unlike most cardiac cells. the sinoatrial (SA) and the 

atrial-ventricular (AV) nodes are dependent. not on the sodium 

current. but on the calcium current for depolarization (Antman et al .• 

1980). Therefore. the SA node and the AV node are extremely sensitive 

to the effects of the calcium channel antagonists. Verapamil. and to 

a lesser extent. diltiazem are effective in slowing conduction through 

the AV node by blocking the calcium current. Because of the reflex 
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sympathetic responses. nifedipine in the commonly used concentrations. 

does not affect conduction (Henry. 1980). 

Clinical Pharmacology 

From the previous discussion. it is clear that the calcium 

channel antagonists have effects on blood vessels and cardiac 

conduction. It is understandable. therefore. that these drugs may 

have useful indications in the treatment of hypertension. angina 

pectoris. and certain dysrhythmias. 

Verapamil has been shown to be very effective in the management 

of supraventricular tachyarrythmias by slowing conduction through the 

AV node. resulting in a decreased ventricular response or by 

terminating re-entry phenomena which are responsible for initiating 

and sustaining the arrhythmias (Mitchell. Schroeder and Mason. 1982; 

Talano and Tommaso. 1982). Diltiazem has also been found to be 

useful. although the clinical experience is much less as compared to 

verapamil (Rozanski. Zaman and Castellanos. 1982; Betrin et al.. 

1983). As expected from the electrophysiologic effects in animals and 

humans. nifedipine is ineffectual (Mitchell et al .• 1982). 

A major advance in the treatment of angina pectoris has been 

the introduction of the calcium channel antagonists. Ishemic chest 

pain of the classical angina pectoris type is often effort induced; 

the myocardial oxygen demand exceeds the myocardial oxygen supply due 

to fixed. critical narrowing of the coronary arteries which supply the 

heart (Hillis and Braunwald. 1978). In the last decade. new emphasis 
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has been placed on vasospastic angina, which is due to vasospasm of 

coronary arteries to various known and unknown stimuli (Hillis and 

Braunwald, 1978). This vasoconstriction is usually located in 

diseased (atherosclerotic) vessels, but has been reporteiin patients 

with "clean" arteries. Calcium channel antagonists are very effective 

at reversing the vasospasm because of their ability to inhibit smooth 

muscle contraction (Flaim and Zelis, 1981). 

Classical angina is also effectively treated by calcium channel 

antagonists. The mechanism of action is probably due to the 

vasodil ation induced in the arteri al and venous systems, such that a 

reduction of the cardiac preload and afterload occurs, resulting in 

decreased cardiac work and oxygen demand (Frishman and Charlap, 1983; 

Bal a-Subramani an et al., 1982). 

Systemic hypertension has been effectively treated by the 

administration of calcium channel antagonists, particularly nifedipine 

and nitrendipine (Talbert and Bussey, 1983). Because of their effects 

on cardiac and smooth muscle, cal~ium channel antagonists have also 

been investigated in the treatment of other disorders including 

Raynaud' s Phenomena, pulmonary hypertension, asthma, cerebral 

vasospasm after subarachnoid hemorrhage, dysmenorrhea, and 

hypertrophic cardiomyopathy (Talbert and Bussey, 1983; Braunwald, 

1982). 
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Are all calcium channels alike? 

A concept which has evolved recently proposes at least two 

major types of calcium channels in vascular smooth muscle (Cauvin et 

al •• 1983) and il eal smooth muscl e (Rosenberger et ale • 1979): 

potential or voltage operated channels (POC). and receptor operated 

channels (ROC) which are activated by hormones or drugs. The evidence 

for this hypothesis is most clear in vascular smooth muscle (Cauvin et 

al .• 1983) and is based on three major findings: 1) although tonic 

norepinephrine induced contraction is dependent on extracellular 

Ca++. this contraction may occur in the absence of depolarization 

(Droogmans. Raeymaekers. Casteels. 1977: Casteels et al.. 1977): 2) 

45Ca ++ influx stimulated by K+ depolarization and norepinephrine 

is additive (Meisheri. Hwang and Van Breemen. 1981): 3) calcium 
+ channel antagonists have selective effects on K and norepinephrine 

induced contractions. In general. the calcium channel antagonists are 

more potent inhibitors of voltage operated channels as compared to 

receptor operated channels. although this is partly dependent on 

animal species and the particular type of vessel (Cauvin et al .• 1983: 

Janis and Triggle. 1983). 

Mechanism of action 

A common observation in pharmacology is that drugs at lower 

concentrations have a specific site and mechanism of action. whereas 

with increasing concentrations multiple sites and mechanisms of action 

may occur. including nonspecific membrane effects. This premise must 



be kept in mind when reviewing the pharmacological literature 

regarding the mechanism of action of calcium channel antagonists. 

In 1963. A. Fleckenstein (1983) investigated two drugs that 
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were coronary vasodilators and cardiodepressants. verapamil and 

prenylamine. He demonstrated in in vitro experiments that these drugs 

mimicked the effects of Ca++ withdrawal from the media bath. 

Moreover. the action potential was little affected at concentrations 

which largely abolished contractile force in guinea pig heart muscle 

(Fleckenstein. 1983). Using voltage clamp techniques in heart muscle. 

it was noted that verapamil and 0600 selectively inhibited the 

transmembrane Ca++ current. without affecting the fast or sodium 

channel (Fleckenstein. 1977). Thus. because of the calcium 

antagonistic properties of these drugs and the inhibition of calcium 

currents at relevant concentrations. Fleckenstein (1977) proposed that 

these drugs acted to block inward calcium current through specific 

channels. However. other investigators suggested caution as the 

effects of calcium antagonism are complex and may occur via a number 

of mechanisms. which mayor may not involve calcium channels (Allen. 

1982). 

One approach is to investigate the actions of the calcium 

channel antagonists on 45Ca++ uptake. 0600 inhibited K+ 

stimulated smooth muscle contraction at similar concentrations to that 

necessary to inhibit 45Ca++ uptake (Cauvin et al •• 1983). 

However. as pointed out by Nayler and Horowitz (1983). 45 Ca ++ 

uptake is an insensitive measure because of the small amounts of 



++ . ++ . 
Ca lnvolved. Moreover, Ca may enter cells through calclum 

+ + 
channels, diffusion, and in exchange for Na or K (Nayler and 

Horowitz, 1983; Barry and Smith, 1980). 

Another technique is to study the effects of calcium channel 

antagonists in the presence and absence of an intact plasma membrane. 

Saida and Van Breemen (1983) have shown that contractions of intact 

rabbit mesenteric artery smooth muscle can be inhibited by 10-6 M 

diltiazem, or nisoldipine (a dihydropyridine calcium channel 

antagonist) at submicromolar concentrations. In contrast, in 
++ 

saponin-skinned smooth muscle which are "leaky" to Ca ,diltiazem 

inhibited contractions at concentrations greater than 10-4 M, while 

nisoldipine was ineffectual in these skinned preparations (Saida and 

Van Breemen, 1983). Thus, membrane perturbation establishes that at 

least some of the effects of the calcium channel antagonists are a 
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result of interactions at the plasma membrane. Conversely, these 

results point away from interactions with intracellular organelles 

such as the sarcoplasmic reticulum. However, most of the calcium 

channel antagonists are lipophilic and may be concentrated 

intracellularly as passive uptake of these drugs has been demonstrated 

(Pang and Sperelakis, 1983a; Pang and Sperelakis, 1983b). 

Calcium channel antagonists also inhibit calmodulin mediated 

intracellular processes, albeit at greater concentrations than is 

necessary to inhibit Ca++ influx or muscle contraction(Johnson and 

Fugman, 1983) •. The lack of stereospecificity for this calmodulin 

interaction, and the ubiquity of calmodulin versus the selectivity of 
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the calcium channel antagonists argues against a specific effect of 

these drugs on calmodulin (Minocherhomgee and Ronfogalis. 1984; 

Lugnier et al .• 1984). There are also reports of calcium channel 

antagonists interacting with cAMP phosphodiesterases directly (Epstein 

et al.. 1982; Uonnan. Ansell and Phillipps. 1983). mitochondrial and 
++ 

sarcoplasmic reticulum transport of Ca (Herbette. Messineo and 

Katz. 1982; Colvin et al .• 1982). but these reports are unconvincing 

because of the high concentrations of drug required. 

Previously. it has been reported that the calcium channel 

antagonists may deplete extracellular reserves of Ca++ on the cell 

membrane. Since it has been proposed that this is the precursor 

Ca++ which traverses the activated calcium channels (Langer. 1983). 

it was hypothesized that this depletion could be a mechanism of action 

for these drugs (Naylor and Szeto. 1982). However. Lee and Tsien 

(1983) using patch clamp techniques in isolated adult rat heart 

myocytes showed that inward and outward calcium current are blocked 

equally by verapamil. 0600. diltiazem. or nitrendipine. This tends to 
. ++ 

dlscount the theory of Ca displacement from the external plasma 

membrane. Lee and Tsien (1983) also found that the time course of 

activation of the calcium current is unaltered by the calcium channel 

antagonists. 
. . ++ 

Ralslng extracellular Ca reverses the effects of the 

drugs on the calcium current. but it is not totally clear that this 

effect is competitive (Lee and Tsien. 1983). 
++ 

The site of Ca antagonism appears to be different from that 

of the inorganic calcium antagonists such as lanthanum. 
. ++ 

Slnce Ba 
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is known to bind less strongly than Ca in the metal coordination 

site on the plasma membrane. it would be expected that compounds which 

act at this site would be effective in inhibiting the Ba++ current 

to a greater extent than the Ca++ current. This indeed is what 

happens with the calcium antagonism produced by Cd.++ In contrast. 

0600. diltiazem. and nitrendipine are ~ potent against the calcium 

current. suggesting that the antagonism by the organic calcium channel 

antagonists is at a different site from the inorganic calcium channel 

antagonists (Lee and Tsien. 1983). This study also confirmed the 

frequency or use dependency seen for verapamil and 0600. and the lack 

of frequency dependency for nitrendipine. Oiltiazem was intermediate 

in this effect (Lee and Tsien. 1983). Lastly. the concentration 

dependent inhibition of the calcium current in these myocytes is in 

the range of 10-7 M for nitrendipine. which is consistent with other 

physiologic data (Henry. 1980). From the data presented. it appears 

that the main action of the calcium channel antagonists is at the 

cell membrane calcium channels. 

Radioligand binding using calcium channel antagonists 

The introduction of high specific activity (80-90 Ci/mmol) 

[3H]nitrendipine ([3H]NTO) and other dihydropyridine calcium 

channel antagonists has led to progress in characterization of calcium 

channels in various tissues. such as smooth muscle. cardiac muscle. 

and brain. A priori it might be predicted that calcium channel 

antagonists exert their effects by binding to specific receptors for 
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the following reasons: 1) the marked potency of dihydropyridine 

calcium channel antagonists to inhibit contractile responses 

(nanomolar range); 2) the chemical diversity of the calcium channel 

antagonists; 3) the stereoselectivity of drug action; 4) the 

pharmacological and physiological differences of the calcium channel 

antagonists (e.g. presence or absence of frequency dependency): 5) the 

obvious analogy to the sodium channel where different receptor binding 

sites have been identified. 

Smooth muscle. The dihydropyridine class of calcium channel 

antagonists are potent inhibitors of vascular and ileal smooth muscle 

contraction. The identification of stereospecific, reversible, high 

affinity [3H]NTD and [3H]nimodipine binding in these tissues was 

reported by several research groups in 1981-82 (Bellemann et al., 

1981; Ehlert et al., 1982b; Bolger et al., 1982). The correlation of 

the receptor binding data to physiologic experiments for ileal smooth 

muscle has been excellent, and presents the best evidence that 

[3H]dihydropyridine binding sites are associated with voltage 

dependent calcium channels. 

The dissociation constant (Kd) for [3H]NTD was reported to 

be 0.16 nt·' in guinea-pig ileal smooth muscle (Bolger et al., 1983), 

and 0.26 nr~ in rat ileal smooth muscle (Ehlert et al., 1982b). In a 

study with [3H]nimodipine and guinea-p"jg ileal smooth muscle, a Kd 

of 0.12 nM was obtained (Janis et al., 1982), which is in reasonable 

agreement with the [3H]NTD data. The maximum binding density 



(Bmax) ranged from 0.025 to 1.1 pmol/mg protein. Besides the 

species differences, the preparation of the tissue homogenates were 

markedl y di fferent, from crude homogenates to purifi ed membranes 

isolated by differential centrifugation. This may account for at 

least some of the discrepancy in the Bmax values. 

The [3H]NTD binding to guinea-pig ileal smooth muscle has 

been well characterized in a classic study by Bolger et al.(1983). 

Many of the criteria used to confirm the phannacological relevance of 

the binding site were fulfilled (Burt, 1978). Specific [3H]NTD 
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binding was saturable, and was lost upon boiling or exposure to 

proteolytic enzymes. Analysis of saturation isotherms revealed a 

linear Scatchard plot and Hill slope of 1.06, consistent with a single 

population of noninteracting receptor binding sites (Bolger et al •• 

1983). Kinetic studies revealed a monophasic association and 

dissociation. and the kinetic Kd was in good agreement with that 

obtained by the saturation studies. Substituted dihydropyridines 

interacted with [3H]NTD binding in a competitive manner with IC50 
values in the nanomolar range (Bolger et al •• 1983). 

The structurally dissimilar calcium channel antagonists. 

verapamil and (d-cis) diltiazem. interacted with the [3H]NTD binding 

site in the ileal smooth muscle in a complex manner. Bolger et ale 

(1983) noted that verapamil incompletely inhibited [3H]NTD binding. 

with a plateau of the competition curve at high concentrations (1-10 

~M). Conversely. diltiazem enhanced [3H]NTD binding. Detailed 

saturation studies showed that verapamil increased the Kd value of 



[3H]NTD without altering the Bmax value. Diltiazem, on the other 

hand, increased the Bmax value without a significant change in the 

Kd value. The EC50 values for verapamil and diltiazem were in the 

range of 10-100 nM (Bo1 ger et a1. ,1983). 
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Furthermore, Bo1 ger et a1. (1983) sho\'led that the rank order of 

potencies were dihydropyridines > verapami1 > diltiazem, which is 

consistent with physiologic data. There was almost a 1:1 correlation 

of inhibition of [3H]NTD binding by the dihydropyridine calcium 

channel antagonists and the inhibition of K+ stimulated tonic 

contractions of the ileal smooth muscle. Lesser, but significant 

correlations were seen with the inhibition of the phasic response of 

contraction, and also agonist stimulated contraction (Bolger et a1., 

1983). This would be expected, as discussed previously, as voltage 

operated channels are more sensitive to the effects of the calcium 

channnel antagonists than are the receptor operated channels (Cauvin 

et a1., 1983). 

Target size analysis of guinea pig ileal smooth muscle reveals 

a molecular weight of 278,000 for the dihydropyridine binding site 

(Venter et al. , 1983). 

Recently, the subcellular localization of [3H]NTD binding has 

been determined in rat myometrial and gastric fundal smooth muscle 

(Grover et al., 1984). The highest density of [3H]~lTD binding is in 

the plasma membrane fraction as determined by co-purification with 

plasma membrane enzyme markers (Grover et a1., 1984). which would be 

expected for drugs which interact with plasma membrane calcium 

channel s. 



Specific [3HJNTD binding has al so been found in various fonns 

of vascular smooth muscle. Using bovine aortic smooth muscle, 

l~illiams and Tremble (1982) found a Kd value of 2.1 n(·' and a Bmax 

value of 40-60 fmol/mg protein. DePover et al.(1982), using pig 

coronary arteries, noted a Kd value of 1.6 ni1 and Bmax value of 35 

fmol/mg protein. D-cis diltiazem, the more active isomer, enhanced 

[3HJNTD binding in these arteries. Half-maximal relaxation of K+ 

stimulated coronary artery rings by nitrendipine occurred at 1 nM, 

which is in excellent agreement with the Kd value (1.6 nM) obtained 

from radioligand binding (DePover et al., 1982). 

Triggle et al. (1982) has also found high affinity [3HJNTD 

binding sites in vascular smooth muscle, with Kd values of 0.31, 
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0.25, and 0.10 nr~ for canine thoracic aorta, canine mesenteric artery, 

and rat mesenteric artery, respectively. In all three vessel types, 

the Bmax values were low (18-25 fmol/mg protein). Inhibition 

(IC50 ) of K+ stimulated mechanical responses of these arteries by 

nitrendipine was 4.5-5.3 n~~ (canine mesenteric artery) and 2.5-6.6 nt~ 

(rat mesenteric artery), \'/hich is at least 10 fold higher than Kd 

values obtained from [3H]NTD binding (Triggle et al., 1982). 

Heart. High affinty specific [3H]NTD binding has been 

described for cardiac membranes of several animal species. 

Dissociation constants range from 0.1 to 0.3 nM (Bellemann et al., 

1981; Murphy and Snyder, 1982; Ehlert et al., 1982a; DePover et al., 

1982; Bolger et al., 1982). Similar results were obtained with the 

ligand, [3H]nimodipine, with a Kd value of 0.24 nM (Janis et al., 



1982). For the most part, the binding characteristics of 

[3H]nimodipine are indistinguishable from that of [3H]NTD (Janis 

et a 1., 1982). 

In contrast to the above studies, Williams and Tremble (1982) 

noted a Kd value of 6 nM for canine cardiac membranes. 

[3H]nifedipine binding sites have also been chara~terized in rabbit 

myocardial membranes, with a Kd of 1.8 nM (Holck et al., 1982). 

Bmax values vary (88-700 fmol/mg protein) from the various studies, 

which may be due to species differences and tissue preparation. 

In the studies cited above, only one group noted a nonlinear 

Scatchard plot of [3H]NTD binding (Belleman et al., 1981). Their 

analysis of the data suggested a high affinity (K d value of 0.1 nM, 

Bmax value of 300 fmol/mg protein) and low affinity (K d value of 

67 uM, Bmax value of 35 pmol/mg protein) binding sites. However, 

kinetic analysis by the same group revealed a monophasic association 

and dissociation, which is inconsistent with a two site hypothesis 

(Belleman et al., 1981). Confounding this was their observation that 

dilution resulted in a slower dissociation rate of the 

[3H]NTD-receptor complex when compared to adding excess cold 
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ni trendipi ne (20 u'~), suggesting ei ther negative cooperativity or slow 

reassociation (Belleman et al., 1981). This has not ,been confirmed by 

this group in later publications (Belleman et al., 1982; Belleman et 

al., 1983). Gould et ale (1982) has suggested that the receptor 

concentration was excessive in Bellemann' s initial study; when the 



receptor concentration exceeds the Kd• then the apparent Kd is 

actually a reflection of the receptor concentration (Chang et al •• 

1975). 

Ehlert et al. (1982b) noted that dihydropyridine calcium 

channel antagonists interact with the [3H]NTD binding site in 

cardiac membranes in a competitive manner. whereas verapamil or D600 

inhibited binding in an incomplete manner. Using increasing 

concentrations of [3H]NTD (0.08-1.28 nt1) • these i nvesti gators 

determined the IC50 value for verapamil for each concentration of 

[3H]NTD. Schild analysis of the data revealed a nonlinear plot. 
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inconsistent with simple competitive inhibition. Saturation isotherms 

of [3H]NTD in the absence and presence of verapamil suggested that 

verapamil lowers the affinity of the [3H]NTD-receptor complex. 

\'1ithout changing the Bmax value (Ehlert et al .• 1982b). 

In contrast to the good agreement of receptor binding data to 

physiologic experiments in smooth muscle. there is a 100-1000 fold 

decrease in potency of cardiac muscle relaxation produced by 

nitrendipine and other dihydropyridines as compared to Kd values 

obtained from [3H]NTD binding to cardiac homogenates (DePover et 

al •• 1982; Kass. 1983). Possibly this discrepancy is due to changes 

from the tissue homogenization process. However. DePover et al. 

(1983) noted that [3H]nimodipine bound to isolated rat heart 

myocytes wi th a Kd val ue of 1. 07 nM. In addi tion. r~arsh et ale 

(1983) has also found a discrepancy using embryonic chick ventricular 

cell culture. Saturation isotherms of these chick cells revealed a 



Kd value of 0.26 nM and a Bmax value of 51 fmol/mg protein. A 

second lower affinity binding site could not be excluded since 

nonspecific binding was unacceptably high at higher [3H]NTD 

concentrations (greater than 0.5 nM). Using a phase contrast 

microscopic-video motion detector system, r~arsh et al. (1983) noted a 

nitrendipine ICSO of 23.nM for inhibition of the contractions of 

these chick myocytes, which is 100 fold higher than the Kd value 

obtained. Competition curves of nitrendipine vers~s [3H]NTD in the 

myocytes were shallow, with a pseudo-Hill slope of 0.76. Computer 

analysis of the curve revealed two binding sites with Kd values of 

0.26 and 19 nM, the latter in reasonable agreement with the 

physiologic ICSO value of 23 n~' (Marsh et al., 1983). These 

investigators hypothesize that the low affinity site is responsible 

for the pharmacological action of the dihydropyridine calcium channel 

antagonists. Verapamil inhibited [3H]NTD binding in the myocytes in 
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a manner as described previously for cardiac membrane preparations. 

However, diltiazem did not enhance [3H]NTD binding in the myocytes 

(Marsh et al , 1983). Lee and Tsien (1983) studied calcium currents in 

isolated single myocytes, using patch clamp techniques, and noted a 

nitrendipine ICSO for inhibition of calcium currents of 154 nM, 

v/hich agrees \'1ith ICSO values from in vitro studies. Thus, there is 

a significant discrepancy between the Kd values from receptor 

binding studies and physiologic experiments. 

The subcellular localization of [3H]NTD binding in cardiac 

tissue is unclear. Sarmiento et al. (1983) noted a Kd of 0.14 nM in 



canine cardiac sarcolemma but no significant specific binding in 

sarcoplasmic reticululm or mitochondria. Williams and Jones (1983), 

however, noted the highest density of specific binding in a 

subfraction enriched in canine ryanodine-sensitive sarcoplasmic 

reticulum vesicles. 

Lastly, [3H]NTD binding is inhibited by inorganic calcium 

channel antagonists such as lanthanum and cobalt (Ehlert et al., 

1982). Interestingly, EDTA treated cardiac membranes results in a 

reduction of specific [3H]NTD binding, which is regained upon the 

dd "" f ++ ++ h" h b" f C ++ " a 1t10n 0 Ca or Sa ,w 1C can su st1tute or a 1n 

passing through the calcium channels (Miller and Freedman, 1984). 

Skeletal muscle. A homogeneous, high affinity set of [3H]NTD 

binding sites has been described in skeletal muscle membranes 

(Fairhurst et al., 1983; Fosset et al., 1983a; Fosset et al., 1983b). 

Other [3H]dihydropyridine calcium channel antagonists have also been 

used to label skeletal muscle (Ferry, Goll and Glossmann, 1983; Ferry 

and Glossman, 1982). The subcellular localization of these 

stereospecific binding sites has been reported to be in terminal 

cysternae of heavy sarcoplasmic reticulum, with a Kd value of 

0.2-0.3 ni~ and a Bmax value of 6.7 pmol/mg protein (Fairhurst et 

al., 1983). Fosset et ale (1983b) has localized these binding sites 

to the transverse tubu 1 a r membranes, wi th a K d value of 1. 8 n:~ and a 

Smax value of 50 pmol/mg protein. Ferry and Glossman (1982) also 

localized the binding sites to transverse tubular membranes, with a 

Kd value of 1.5 n14 and a Bmax value of 2.1 pmol/mg protein. 
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Interestingly. EDTA treatment of membranes results in increased 

[3HJNTD binding in skeletal muscle. which contrasts with the 

decrease in binding found in ileal smooth muscle and cardiac muscle. 

The Kd values for skeletal muscle are also an order of magnitude 

higher. The density of receptor binding sites is 100-1000 fold 

greater. Verapamil inhibits [3HJNTD binding in a noncompetitive 

manner as described for other tissues (Ferry and Glassman. 1982; 

Ferry. Gall and Glossmann. 1983a; Fosset et al •• 1983a; Glossmann. 

Ferry and Boschek. 1983; Ehlert et al •• 1982b). D-cis diltiazem 

enhances [3HJNTD binding (Ferry and Glassman. 1982). but others have 

found no enhancement for skeletal muscle (Fosset et al •• 1983a; Fosset 

et al •• 1983b). Recently. Glossmann and Ferry (1983) have succeeded 

in solubilization and partial purification of guinea-pig skeletal 

muscle [3HJnimodipine labeled dihydropyridine binding sites. 

Although calcium currents have been demonstrated in skeletal 

muscle (Stefani and Chiarandini. 1982). it is unclear presently as to 

the function of [3HJdihydropyridine drug binding sites in these 

tissues. Nevertheless. because of the abundance of 

[3HJdihYdropyridine binding sites. skeletal muscle is a convenient 

source to study biochemical characteristics of the calcium channel. 

Thus. target size analysis of the [3HJdihydropyridine binding sites 

in skeletal muscle has revealed a molecular weight of 136.000-210.000 

(Norman et al. • 1983; Gall. Ferry and Glassman. 1983). 

Neuronal tissue. There is abundant evidence for high affinity. 

specific [3HJdihydropyridine calcium channel binding sites in the 



brain. In fact. C3H]NTD bindin~ was first described in the brain 

and heart (Ehlert et al •• 1982a: Murphy and Snyder. 1982: Marangos et 

al. • 1982). 

In good agreement with smooth muscle and the heart. a single 

population of noncooperative high affinity (K d values of 0.1-0.3 nf~) 

binding sites has been reported. with Bmax values ranging from 
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78-120 fmol/mg protein (Ehlert et al.. 1982b; Gould. r~urphy and 

Snyder. 1982: Marangos et al •• 1982). Similar data were obtained with 

the ligand. [3H]nimodipine (Bellemann. Schade and Towart. 1983). 

Physiologic levels of Ca++ stimulate C3H]NTD binding. 
. d . ++ Barlum an strontlum also mimic the effects of Ca. Conversely. 

the inorganic calcium channel antagonists such as lanthanum and cobalt 

inhibit C3H]NTD binding in the brain (Gould. Murphy and Snyder. 

1982). The interaction of structurally different calcium channel 

antagonists is similar to that described for smooth muscle and cardiac 

muscle (see previous discussion) (Ehlert et al •• 1982b: r1urphy et al •• 

1983: Yamamura et al.. 1982: Glossmann. Ferry and Boschek. 1983). 

Autoradiographic studies using C
3H]NTD reveal that these 

binding sites are localized to areas of the brain enriched in synaptic 

connections rather than to cerebral microvessel s (i~urphy. Gaul d and 

Snyder. 1982). Quirion (1983) also performed C3H]NTD 

autoradiography and noted a heterogeneous distribution of binding 

sites. with the highest concentrations in the hippocampus. cortex. 

striatum. and cerebellum. and the least in the midbrain and brainstem. 



Determination of the molecular size of the [3H]NTD binding 

site by radiation inactivation has been reported by Norman et al., 

(1983) who found a molecular weight of approximately 210,000. Goll, 

Ferry and Glossman (1983) found a molecular weight of 185,000 in the 

guinea-pig brain. 
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Recently, Curtis and Catterall (1983) have reported the 

solubilization of the [3H]NTD binding site in rat brain, using 

digitonin. The solubilized receptor appears to be a glycoprotein, and 

retains the properties of allosteric interactions with verapamil and 

diltiazem (Curtis and Catterall, 1983). 

Thus, the studies in the brain suggest that these binding sites 

are similar to those characterized in smooth muscle and heart. 

However, there is a paucity of evidence which demonstrates that the 

various calcium channel antagonists block voltage operated calcium 

channels at reasonable concentrations. Certainly, at high 
+ concentrations, verapamil has Na channel blocking properties as 

well as nonspecific membrane effects (Henry, 1980). As a rule, the 

calcium channel antagonists function poorly in inhibiting cal~ium 

currents in various neuronal preparations (Miller and Freedman, 1984), 

despite the demonstration of calcium channels in nerves by 

electrophysiologic methods (Hagiwara and Byerly, 1981). Although 

Ca++ is required for neurotransmitter release (Starke, Spath and 

Wichmann, 1984: Miller and Freedman, 1984), the calcium channel 

antagonists are also insensitive in blocking release of 

neurotransmitters (Miller and Freedman, 1984). Nachsen and Blaustein 



(1979) have shown that calcium channel antagonists are ineffective at 

blocking 4SCa++ influx into rat brain synaptosomes even at 10-9M. 
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Recently, however, there is evidence in several neuronal clonal 
++ cell lines that voltage sensitive Ca fluxes are blocked by the 

dihydropyridine calcium channel antagonists in the nanomolar range. 

In addition, these same cell lines possess high affinity (K d values 

in the nanomolar range) [3H]NTO binding sites (Toll. 1982; Takahasi 

and Ogura. 1983). 

I 3H]Verapamil and [3H]Oiltiazem and other [3H]Ligands •. 

In a short report. Hulthen et al. (1982) demonstrated the binding of 

[3H]verapamil of low specific activity (8.4 Ci/mmol) to frog heart 

membranes. A Kd value of 4.3 nM and a Bmax value of SO fmol/mg 

protein was obtained. Nitrendipine (6 nM) appeared to inhibit 

[3H]verapamil binding with an ICSO value of 7 nM. Galizzi, Fosset 

and Lazdunski (1984). using [3H]verapamil (89 Ci/mmol) found a Kd 

value of 27 nM and a Bmax value of 50 pmol/mg protein in a purified 

preparation of rabbit skeletal muscle. 0600 and diltiazem appeared to 

be competitive inhibitors of [3H]verapamil binding. whereas 

dihydropyridine calcium channel antagonists were apparent 

noncompetitive inhibitors. Confounding this latter study (and perhaps 

the study of Hulthen et al •• 1982) was the presence of displaceable 

filter binding. Reynolds, Gould and Snyder (1983), using rat cerebral 

cortical and skeletal muscle membranes, noted higher specific 

[3H]verapamil (89 Ci/mmol) binding in EOTA treated membranes. The 

Kd values for [3H]verapamil in the cerebral cortex and skeletal 



muscle were 94 and 38 nM, respectively. Bmax values for the cortex 

and muscl e were 435 and 548 pmol/g wet \'1eight of tissue, 
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respectively. In contrast to the studies of Hulthen et al. (1982) and 

Galizzi et al. (1984), Reynolds et al. (1983) found that 

dihydropyridine calcium channel antagonists had no effect on 

[3HJverapamil binding. 

Glossmann et al. (1983) have demonstrated d-cis-[3HJdiltiazem 

binding in guinea pig skeletal muscle microsomes, with a Kd value of 

37 ni~ and a Bmax value of 2.9 pmol/mg protein at 30°C. At 2°C, the 

Kd value is similar, but the Bmax value is 11 pmol/mg protein. 

Interestingly, at 30°C, the dihydropyridines enhance 

d-cis-[3H]diltiazem binding, whereas they inhibit binding at 2°C 

(Glossmann et a 1. , 1983). 

There are few reports of interactions of the calcium channel 

antagonists and non-calcium channel antagonist radiolabeled ligands. 

Verapamil and 0600 have been shown to inhibit [3H]phencyclidine 

binding to rat brain with Ki values of 1.4-1.7 uM, whereas 

nifedipine and nitrendipine were virtually ineffective (Ki values> 

100 uM) (Quirion and Pert, 1982). The pharmacological significance of 

this interaction is unclear at this time, although Quirion and Pert 

speculate that the verapamil binding site may be near the 

[3H]phenCyclidine binding site. 

The phenylalkylamine derivatives, verapamil and 0600, also 

appear to inhibit alpha1 and alpha2 adrenergic receptor binding in 

central and peripheral tissues in the micromolar range (Motulsky et 



al •• 1983; Fairhurst. Whittaker and Ehlert. 1980; Atlas and Adler. 

1981). Conversely. nifedipine and diltiazem are ineffective at 

inhibiting binding to these receptors (Motulsky et al •• 1983). 

Motulsky et al. (1983) postulate that verapamil interacts directly 

with the alpha2 receptor binding site. and that this interaction may 

be. in part. responsible for the vasodilation produced by verapamil. 

This hypothesis is supported by physiological experiments which 

suggest that alpha2 adrenergic agonist mediated vascular responses 

are blocked by calcium channel antagonists to a greater extent than 

are alpha1 adrenergic mediated va&constriction (Van Zwieten. Van 

Meel and Timmermans. 1983). 

Statement of Goals 

From the previous discussion. it is evident that the initial 

characterization of [3H]dihydropyridine calcium channel antagonist 

binding sites in various tissues has been successful. However. ~ 

vitro binding studies only demonstrate direct drug-receptor binding 

site interactions only. The effects of absorption. distribution. 

metabolism and excretion of drug are clearly not addressed by these 

studies. Hence. the first goal was to study the in vivo labeling of 

[3H]nitrendipine binding. with particular regard to distribution and 

metabolism. and elimination. 
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The second goal was to study a new dihydropyridine radiolabeled 

ligand. [3H](+)PN 200-110. which was reported to exhibit high 

affinity specific binding and a correspondingly low nonspecific 



binding. The latter is of particular importance as many published 

studies with [3H]NTO are confounded by a high signal to noise ratio 

at physiologic temperatures. which decreases the ac~uracy of 

estimation of receptor binding parameters. 

The third goal was to study the pharmacokinetics of 

nitrendipine in humans. This required the development of a new assay 

for NTD as previous assays were either cumbersome. nonspecific or 

insensitive. Further. since nifedipine is highly protein bound. 

equilibrium dialysis studies were performed to characterize NTO. 

The last goal was to study whether disease states could result 

in changes in in vitro binding characteristics for [3H]NTO. The 

hypertensive rat model was chosen. as physiologic alterations and 

adrenergic receptor binding alterations in central and peripheral 

tissues have been previously demonstrated. 
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NIFEDIPINE 

VERAPAMIL 

Figure 1. The chemical structure of nifedipine. diltiazem and 
verapamil. 
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CHAPTER 2 

IDENTIFICATION OF DIHYDROPYRIDINE CALCIUM CHANNEL 
RECEPTORS IN INTACT ANIMALS 

The presence of stereospecific, saturable high affinity binding 

sites for the dihydropyridine calcium channel antagonist, 

[3H]nitrendipine (NTD), has recently been demonstrated ~ vitro in 

brain, heart, and other peripheral tissues in several animal species, 

as discussed in Chapter 1. 

Despite the importance of ~ vitro studies in characterizing 

the calcium channel, ~ vivo studies offer unique advantages such as 

cellular integrity, proper local environmental conditions (e.g. pH, 

ionic and buffer conditions, temperature), and pharmacologic 

concentrations of [3H]NTD. In addition, the complexities of 

pharmacokinetic parameters in absorption, distribution, metabolism, 

and excretion would contribute to the regional binding distribution 

and effects of the calcium _channel antagonists. For example, the 

dihydropyridines are extensively metabolized by the liver, and exhibit 

90-98 percent serum protein binding. Finally, these drugs are potent 

vasodilating agents and would be expected to affect regional blood 

flow, and pharmacokinetic parameters, such that the local 

concentrations of drug would differ in various tissues (McAllister, 

1982). 

36 



Previously • .i!!. vivo 1 abel ing studies have been reported for 

[3H]opiates (Pert and Snyder. 1975; Holl t et al .• 1975). 

[3H]benzodiazepines (Chang and Snyder. 1978). [3H]quinuclidinyl 

benzilate(QNB) (Yamamura. Kuhar and Snyder. 1974). [3H]ketanserin 

(Laduron. Janssen and Leysen. 1982). [3H]prazosin (Barnes and 

Karliner. 1982). and [3H] beta adrenergic antagonists (Barnes and 

Karliner. 1982; Bylund. Charness and Snyder. 1977; Homcy. Strauss and 

Kopiwoda. 1980). and [3H]spiperone (Laduron. Janssen and Leysen. 

1978). In this chapter the successful .i!!. vivo labeling of 

[3H]nitrendipine in central and peripheral tissues of the 

Sprague-Dawley rats is described. 

Methods 

.!!!. Vivo Binding Studies 
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Male Sprague-Dawley rats weighing 200-250 grams were used for 

each of the following experiments. The rats were sacrificed by 

decapitation at various times (7.5 to 60 minutes) after an intravenous 

injection of [3H]NTD. 80 ~Ci/kg (87.0 Ci/mmole) into the tail vein. 

Brain and peripheral tissues were quickly removed and dissected at 

4°C. and protected from light (dihydropyridines are light sensitive). 

After weighing. the tissues were homogenized (Brinkman Polytron. 

setting 50 percent of maximum) for 30 seconds in ice cold 50 mM 

Tris-HCl buffer (pH 7.4 at O°C) at a final concentration of 10 mg/ml 

(peripheral tissues) or 20 mg/ml (brain tissue). Immediately after 

homogenization. particulate bound radioactivity was determined by 
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vacuum filtration through glass fiber filters (Whatman GF/B) , followed 

by triplicate 5 ml rinses with ice cold Tris buffer. Total tissue 

radioactivity was determined by adding direct aliquots of the 

homogenate to scintillation vials for counting. A Triton 

X-IOO-toluene-Omnifluor mixture was added to particulate and total 

tissue vials and counted by liquid scintillation spectrophotometry 

with an efficiency of approximately 38 percent. Nonspecific binding 

was determined in some rats by injecting nifedipine 40 mg/kg 

intraperitoneally 30 minutes prior to injection of the [3HJNTD. 

Materials 

[3H]NTD was obtained from New England Nuclear (Boston, 

Mass.), and nifedipine was obtained from Pfizer Pharmaceutical Co. 

(New York, NY). All other chemicals were obtained from commercial 

sources. 

Data calculations 

The binding data were calculated in the following manner. 

Because of differences between animals' total radioactivity, direct 

comparisons of binding between rats were facilitated by calculating 

the percent particulate bound radioactivity for each tissue of each 

animal as particulate bound DPM / total DPM, in each tissue. The 

average particulate binding for a particular treatment group was 

determined by calculating the arithmetic mean of all of the individual 

percent particulate bound for the animals of the particular group. 



Since there were no significant differences between treatment 

groups for total radioactivity. these data were pooled for each time 

point in order to obtain a more accurate estimate of total tissue 

radioactivity. Absolute particulate bound radioactivity for each 

group was calculated by multiplying the mean percent particulate 

bound DPM. by the mean of total DPM for each group. Specific binding 

was determined as the difference between control and nifedipine 

pretreated animals. Statistical significance was determined using 

Student's t test. analysis of variance. and Dunnett's test. 

Results 

Nifedipine pretreatment resulted in a dose dependent decrease 

in specific [3H]NTD binding for the cerebral cortex (Figure 2) and 
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the heart (data not shown). Maximum inhibition was seen at 40 mg/kg 

for the cerebral cortex and heart. with an estimated 1DSO of 2-10 

mg/kg and 10 mg/kg. respectively. For the heart. a similar curve was 

obtained from 2mg/kg to 40 mg/kg. however. a tailing upward of the 

dose response curve was seen at 100 mg/kg. suggesting possible 

hemodynamic effects with decreased perfusion resulting in decreased 

distribution. metabolism or excretion of [3H]NTD. However. no major 

behavioral changes were seen in any of the animals even at 100 mg/kg 

of nifedipine. The pooling of the total radioactivity used in our 

method of calculation appears justified as there are no dose dependent 

changes in total tissue radioactivity for the cerebral cortex or the 

heart (Figure 3). 



The identity of the radioactivity species bound to membranes 

was determined by thin layer chromatography of the particulate 

fraction of the homogenate for cerebral cortex. left ventricle. and 

liver (Figure 4). In excess of 85 percent of the radioactivity 

recovered was present as [3H]NTD for the brain and heart. whereas 

greater than 75-80 percent were metabolites in the liver. Thus. the 

bound tritiated species in the heart and brain is the 

pharmacologically active parent compound. nitrendipine. 

The time course of [3H]NTD (and its breakdown products) was 

determined for various peripheral tissues and brain regions. Peak 

total radioactivity in the heart and brain were noted at 15 minutes 

after [3H]NTD injection (Figure 5.6). While peak particulate and 

specific binding also occurred at 15 minutes for the brain. it was 

observed at least as early as 7.5 minutes in the heart (figure 5.6). 
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Whereas the percentage of specific radioactivity was higher for 

brain regions versus the heart. the absolute radioactivity was less. 

The rapid decrease in total and particulate radioactivity for the 

heart and cerebral cortex was seen over the 60 minute time course and 

was almost undetectable at 60 minutes. Since only a tracer dose of 

[3H]NTD (approximately 90 ng) was injected. the lack of appreciable 

[3H]NTD binding at 60 minutes is consistent with the physiologic 

half time of 3-4 hours seen when therapeutic doses of NTD are used. 

The regional distribution of specifically bound [3H]NTD is 

seen in Table 1. As expected. the highly perfused organs such as the 

heart and lung. have substantially higher levels. In contrast. ileum. 



skeletal muscle (quadriceps), liver, and aorta have variable but 

generally low specific binding. 

The 1 iver at 30 minutes has a 5-6 fol d higher total 

radioactivity as compared to the heart and brain, yet specific 

[3H]NTD activity expressed as a percentage of total radioactivity is 

extremely low (Table 2). In view of the thin layer chromatography 

results, much of the radioactivity present is due to metabolites of 

NTD. 
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The regional distribution of [3H]NTD in the brain is shown in 

Table 3 at 15 and 30 minutes. There is general agreement in the rank 

order of specific binding as compared to previously published ~ vitro 

studies from Gould, Murphy and Snyder (1982). Using linear 

regression of the receptor density (Bmax) from the data of Gould et 

al. (1982) against the specific in vivo [3H]NTD binding in the brain 

regions, correlation coefficients of 0.88 and 0.83 (p < 0.05 for both) 

are obtained for the 15 and 30 minute timepoints, respectively. 

The in vitro association of [3H]NTD to heart and brain at 4°C ---
is slow with a calculated association rate contant of 3.09 x 107 

r~-1 min- 1 (Schoemaker et al., 1984). In the i!!. vivo experiments, 

tissues were immediately homogenized after addition of 4°C buffer and 

filtered in less than 60 seconds. Thus, it would seem unlikely that 

~ vitro association occurs to any significant extent during 

homogenization in our in vivo studies. To confirm this, untreated 

control and nifedipine pretreated rats were sacrificed and the 

cerebral cortex, heart, and liver were removed. [3H]NTD was added 
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to the homogenate in a concentration similar to that obtained for 

total tissue radioactivity in the ~ vivo studies. Particulate 

binding was determined as in the Methods. There were no significant 

differences between control and rats treated with nifedipine in any of 

the tissues. suggesting rapid association is not occurring during 

homogenization. 

Discussion 

The demonstration of ~ vivo labeling of the calcium channel 

antagonist. [3H]nitrendipine. to peripheral tissues and the brain 

has been demonstrated in this chapter. The labeling is inhibited in a 

dose dependent manner by a structural dihydropyridine analog. 

nifedipine. Thin layer chromatography demonstrates that the bound 

tritum species is predominantly the unmetabolized. parent [3H] 

nitrendipine for the left ventricle and cerebral cortex. whereas in 

the liver. the main species are metabolites of NTD. The regional 

distribution of [3H]NTD binding parallels that of ~ vitro studies. 

Notable exceptions include the aorta. skeletal muscle and the ileum. 

The problem of defining nonspecific binding in in vivo studies 

may be approached in various ways. Pert and Snyder (1975) using 

[3H]naloxone. defined nonspecific binding as binding in cerebellum 

since it is devoid of opiate receptors. Any bound radioactivity is 

assumed to be "nonspecific". In contrast. an intra-animal definition 

of nonspecific binding is not possible for [3H]NTD because of the 

ubiquitous nature of the calcium channel. For example. nonspecific 



binding in the left ventricle of the heart cannot be defined versus 

any other portions of the heart because of the substantial binding of 

[3H]NTD throughout the heart. Therefore, nonspecific binding was 

determined as the difference between untreated and nifedipine 

pre-treated animals. The dose response curve for [3H]NTD binding is 

maximal at 40 mg/kg for both the cerebral cortex and the left and 

right ventricles of the heart. Although we hypothesize that excess 

nifedipine saturates specific binding sites, it is possible that 

nifedipine may result in a redistribution of circulating [3H]NTD and 

thereby lower local levels of [3H]NTD. However, this is unlikely 

since specific [3H]NTD binding decreases in parallel in both the 

heart and the brain. Similarly, if excess nifedipine completes 

against [3H]NTD for hepatic metabolism, an increase in [3H]NTD 
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binding would be expected, rather than the observed decrease in 

binding. Hemodynamic parameters were not measured in the experimental 

animals, but no animals appeared to suffer grossly ill effects from 

the high doses of nifedipine. However, it is possible that regional 

blood flow changes, e.g. in the gut, could occur without gross changes 

in overall systemic arterial pressure, and thus, affect regional 

[3H]NTD distribution or hepatic metabolism. Initial attempts at 

using a structually different calcium channel autagonist, D600 

(methoxyverapamil) to displace [3H]NTD were unsuccessful, as 

non-dose dependent deaths occurred in the rats after i.p. injections 

of as little as 0.03 mg/kg. 
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Thin layer chromatography (TLC) confirmed that the [3H] 

particulate bound species in the heart and cerebral cortex is mostly 

the unmetabolized parent compound. [3H]NTD. as would be predicted. 

The liver has a very low percentage of specific binding yet high total 

binding. Thus. the [3H] bound compounds in the liver are 

predominantly metabolites. There is a striking correlation with 

highly perfused tissues and [3H]NTD binding since in vitro studies 

previously have documented high affinity binding sites in the heart. 

brain and lung (Gould. Murphy and Snyder. 1982). Intravenous 

injection of [3H]NTD would certainly assure distribution to these 

organs initially. In addition. appreciable amounts of [3H]NTD 

specific binding has been reported in vitro for skeletal muscle 

(Fairhurst et al •• 1983) and ileum (Ehlert et al .• 1982b; Bolger et 

al .• 1983). and aorta (Williams and Tremble. 1982). However. the 

tissue homogenates for these in vitro studies were purified by 

filtration. washing. and/or differential centrifugation. In contrast. 

little or no tissue purification is possible to decrease nonspecific 

binding in in vivo studies. Hence. non-smooth muscle components of 

the tissue. e.g. serosa. and mucosa. cannot be removed. This is 

particularly true for the highly perfused aorta which consists of 

smooth muscle. but also a large amount of elastic and connective 

tissue. The paradox of a highly perfused tissue with smooth muscle 

with low specific in vivo [3H]binding contrasts with in vitro 

studies. Caution must be used. however. since comparisons of regional 

distributions are difficult without data indicating the local 



concentrations of [3HJNTD as well as the tissue affinity for NTD 

(Kd) and receptor density (B max). The higher percentage of 

specific binding in the brain may in part be explained by the 

inability of [3HJNTD metabolites (since they are more polar) to 

penetrate the blood-brain barrier. 

Concern that in vivo labeling may result in in vitro 

dissociation or association is unfounded for the following reasons. 

In vitro studies show that the dissociation rate constant for rat 

brain synaptosomes at 4°C is 0.00303 min-1 (Schoemaker et al. , 
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1984). Since homogenization and filtration is over within 45 seconds 

approximately, significant dissociation probably does not occur. 

Furthermore, the in vitro association rate is very slow at 4°C. Thus, 

[3HJNTD in the extracellular fluid or in blood vessels should not 

associate with membrane receptors during homogenization. 

In summary, the successful in vivo 1 abel ing of [3HJNTD to 

peripheral and central nervous system tissues has been demonstrated. 

This specific binding is decreased in a dose dependent manner by 

increasing pretreatment doses of nifedipine. The complex hemodynamic 

and pharmacokinetic factors of in vivo adminstration of [3HJUTD may 

explain differences noted in our in vivo results and previously 

reported in vitro studies, particularly concerning the ileum, skeletal 

muscle, and aorta. Furthermore, this ~ vivo animal model is suitable 

for the study of environmental and pharmacological manipulations of 

the calcium channel. 
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Table 1 

SPECIFIC [3H]NTD REGIONAL PERIPHERAL TISSUE DISTRIBUTION 

TISSUE FEMTOMOLES/MG TISSUEa 

15 mi nutes 30 minutes 

Left ventricle. heart 0.237 :I: 0.027c 0.124:1: 0.02Sc 

Right ventricle. heart 0.200 :I: 0.053 0.183 :I: 0.014d 

Combined atria. heart 0.107 :I: 0.024b 0.104 :I: 0.004d 

Lung 0.138 :I: 0.046 o . 083 :I: O. 019 b 

Liver 0.017 :I: 0.009 0.054 :I: 0.008c 

Aorta. thoracic 0.107 :I: 0.103 0.020 ± 0.033 

Muscle. quadriceps 0.048 :I: 0.044 -0.021 :I: 0.036 

11 eum 0.023 t 0.068 o .008 to. 013 

aSpecifically bound [3H]NTD (mean t SEM) or its metabolites as 

determined in Methods. Each experiment was performed 3 to 5 times in 

triplicate. Total tissue was 10 mg/sample. Statistical analysis was 

performed using Student's t-test. 

bp<0.05 versus zero 

cp<0.02 versus zero 

dp<O.OOl versus zero 



Tabl e 2 

SPECIFIC [3H]NTD REGIONAL BRAIN DISTRIBUTION 

TISSUE FEMTOMOLES/t~G TISSUEa 

15 minutes 30 minutes 

Cerebell urn 0.127 :I: 0.019b 0.074 % 0.024b 

Medulla-pons 0.134 :I: 0.016c 0.048 :I: O. OlOd 

Hypothalamus 0.196 :I: 0.038 b o . 089 :I: O. 019 d 

Hippocampus 0.199 :I: 0.032 b 0.083 :I: 0.018d 

Corpus Striatum 0.214 :I: 0.045 b o . 100 :I: O. 025 c 

01 factory Bul b 0.183 :I: 0.021 c o. 079 :I: 0.030 

Cerebral cortex 0.185 :I: 0.022c 0.091 :I: 0.021 d 

a Specifically bound [3H]NTD (mean ± SEM) or its metabolites as 

determined in r~ethods. Each experiment was performed 3-7 times in 

triplicate with 20 mg/tissue sample. Statistical analysis was 

performed using Student's t-test. 

bp<0.05 versus zero. 

cp<0.02 versus zero 

dp<0.005 versus zero 
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Nifedipine dose response curve at 30 minutes. Specific 
[3H]NTD binding in the cerebral cortex is decreased in a 
dose dependent manner by pretreatment with nifedipine. with 
a plateau beginning at 40 mg/kg. The data are shown as 
mean t standard error. n:3-7. *p<O.Ol versus control 
using Dunnett's Test (Zar. 1974). 
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Effect of nifedipine pretreatment on total [3H]tJTD level s 
at 30 minutes in the left ventricle (A) or cerebral cortex 
(B). The data are sho\'m as mean :t standard error (n:3-7). 
No statistically significant differences are present 
(Analysis of Variance. p>O.OS). 
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Figure 4. Thin layer chromatography of particulate bound [3H]NTD 
and its metabolites at 30 minut~s. Shown are the 
radioactivity distribution (as a percent of total 
radioactivity) from the origin to the solvent front (SF) 
for the extracted radioactivity from the heart (A). 
cerebral cortex (8). and liver (C) total particulate 
filters. Similar patterns were seen in nifedipine 
pretreated (nonspecific) rats. A [3H]NTD reference 
standard which was run on a parallel lane of the same plate 
is indicated by a bracket above each graph. The standard 
was developed in iodine vapors. Membrane laden filters 
were dried and then extracted in chloroform. The extracts 
were applied to silica gel chromatograph plates (No. 6060. 
Eastman Kodak). The mobile phase was hexane: acetone 
(7:3). After drying. the plate was divided into strips and 
counted by liquid scintillation spectrophotometry. 
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are means of 3-5 experiments. Total represents all radio
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radioactivity which is trapped on the filters. Nonspecific 
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(40 mg/kg i.p.) pretreated rats. Specific represents the 
differences between untreated and pretreated rats. 



0.75 

cu 
;::, 
U) 
II) -C' 
E ...... 0.50 II) 
cu 
0 
E 
0 -E 
C> --0 
I-

0.25 z 
r--1 
:I: 

!?..J 

7.5 15 30 60 

MINUTES 

Figure 6. Time course of specific [3H]tHD binding for the cerebral 
cortex. The data points are represented as in Fig. 4 for 
3-7 experimen ts. 

52 



CHAPTER 3 

HIGH AFFINITY SPECIFIC [3H](+)PN 200-110 BINDING TO DIHYDROPYRIDINE 
CALCIUM CHANNEL RECEPTORS IN RAT CEREBRAL CORTEX AND HEART 

PN 200-1104-(2,1,3-benzoxadiazol-4-yl)-1,4-dihydro-2,6-dimethyl

pyridine 3, (isopropyl 5-dicarboxylic acid methyl 1-methylethyl 

ester), a new dihydropyridine calcium channel antagonist, has recently 

been shown to be a potent ~ vitro inhibitor of vascular smooth muscle 

contraction, particularly in cerebral arteries (Miller-Schweinitzer 

and Neumann, 1983). Glossmann and his colleagues have recently 

utilized racemic [3H]PN 200-110 of low specific activity, and 

labeled dihydropyridine binding sites in guinea pig skeletal muscle 

membranes (Goll, Ferry and Glossman, 1983; Ferry, Goll and Glossmann, 

1983). They showed that d-cis diltia~m enhanced [3H]PN 200-110 

binding by increasing the density (Bmax) of [3H]PN 200-110, 

without a change in the dissociation constant (Kd). However, the 

dissociation rate constant (K_1) was also decreased. In this 

chapter, the drug receptor binding characteristics in cerebral 

cortical and cardiac homogenates of the potent enantiomer, [3H](+)PN 

200-110 labeled to high specific activity are described. The 

interactions with other dihydropyridine calcium channel antagonists 

and agonists, as well as structurally different calcium channel 

antagonists, are also reported. 
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Methods 

Male Sprague-Dawley rats (250-350 g) were sacrificed by 

decapitation. and the brain and the heart were quickly removed. The 

heart was perfused with ice cold modified Krebs phosphate buffer (120 

flt\1 NaCl • 4.8 mt4 KCl • 2.1 m~' ~1gS04' 1.3 mM CaC1 2• 20.3 ml4 

Na2HP04 • 3.2 mr" HCl • 10 mM D-glucose. pH 7.4). The cerebral 

cortex was dissected from the rest of the brain on a petri dish over 

ice. Both ti?sues were then added to separate centrifugation tubes 

containing 19 volumes of Krebs phosphate buffer. and the tissues 

homogenized with a polytron (Brinkman) for 10 seconds (setting 40 

percent) x 3. The cardiac homogenates were then filtered through 4 

layers of cheese cloth. The cerebral cortical and cardiac homogenates 

were washed twice (48.000 x g for 10 minutes) and resuspended in Krebs 

phosphate buffer. 

Aliquots of fresh tissue homogenate (1-5 mg of tissue by wet 

weight) were then incubated in a total volume of 2 ml with either 

[3H](+)PN 200-110 (89 Ci/mmol) or [3H]NTD (79.5 Ci/mmol) in tubes 

containing Krebs phosphate buffer. with or without the presence of 

other drugs. Incubations were carried out in the dark with a sodium 

lamp for 60 minutes at 37°C. r~embrane bound radioactivity was trapped 

by glass fiber filters (Whatman GF/B). followed by triplicate 5 ml 

rinses with ice cold 0.9 percent saline. The filters were dried and 

the radioactivity in the filters was extracted overnight in 

scintillation fluid. Samples were counted by liquid scintillation 



was defined as that displaced by 1 ~M nifedipine. Protein 

determination was by the method of Lowry et al (1951) with bovine 

serum albumin as the standard. 

The experimental data were analyzed by iterative nonlinear 

least squares regression programs for the Apple II microcomputer (SHM 

Research Corp .• Tucson. Arizona). Statistical analysis was performed 

using Student's t test or Dunnett' s test with a p value of 0.05 

considered significant. 

[3H](+)PN 200-110 and [3H]NTD were obtained from New 
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England Nuclear (Boston. Mass.) Drugs were kindly provided by Pfizer 

Pharmaceutical (nifedipine), Knoll Pharmaceutical (verapamil), Marion 

laboratories (diltiazem), Bayer, West Germany (Bay K 8644), Ciba-Geigy 

(CGP 28,392), and Yamanouchi Pharmaceutical (nicardipine), and Sandoz 

(PN 200-110). All other chemicals were obtained from commercial 

sources. Unless indicated, racemic drugs were used throughout our 

assays. 

Results 

[3H](+)PN 200-110 (20 pM) binds rapidly at 37°C to cerebral 

cortical and cardiac homogenates. achieving steady state by 30 

minutes. The binding is reversible since dissociation of the 

drug-receptor complex by adding excess nifedipine (1 ~M) results in a 

dissociation rate constant (k_1) of 0.030 min-1 in the cerebral 

cortex (n=4) and 0.036 min-1 in the heart (n=4). There is virtually 

no specific binding of [3H](+)PN 200-110 to tissue homogenates 



cortex (n=4) and 0.036 min-1 in the heart (n=4). There is virtually 

no specific binding of [3H](+)PN 200-110 to tissue homogenates 

boiled for 10 minutes. Tissue linearity ([3H](+)PN 200-110, 50 pM) 

occurs up to 0.13 and 0.2 mg protein per assay in the cerebral cortex 

and the heart, respectively. 

Saturation studies performed at 37°C reveal a high affinity 

binding site for [3H](+)PN 200-110 in the cerebral cortex (Kd=35.1 

pM) and cardiac homogenates (Kd=63.9 ~~) (Table 3). In parallel 

studies with [3H](+)PN 200-110, the Kd of [3H]NTD is 372 pM 

using the cerebral cortical homogenates, and is 759 pM using cardiac 

homogenates (Table 3). The Bmax values for [3H](+)PN 200-110 

binding are 220 and 148 fmol/mg protein in the cerebral cortex and 

heart, respectively. The Bmax values of [3H]NTD in the cerebral 

cortex and heart were not significantly different under these 

conditions. Of particularly interest, was the lo\~ degree of 

nonspecific binding in comparison to total binding for [3H](+)PN 

200-110 (Figure 7). In cerebral cortical homogenates, specific 

binding of [3H](+)PN 200-110 is typically 99 percent of total 

binding at the Kd concentration, whereas it is 80 percent at the 

Kd concentration of [3H]NTD. In cardiac homogenates, the specific 

binding of [3H](+)PN 200-110 is approximately 90 percent at the Kd 

concentration, while it is less than 50 percent for [3H]NTD. The 

Hill slope of [3H](+)PN 200-110 binding in the cerebral cortex is 

1.10 and 1.16 in the heart. 
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A number of calcium channel antagonist drugs were tested for 

their ability to inhibit or enhance [3H](+)PN 200-110 binding in the 

cerebral cortical and the cardiac homogenates. (Table 4, 5 and Figure 

8). Four l,4-dihydropyridine calcium channel antagonists completely 

inhibited [3H](+)PN 200-110 binding in the brain and heart with the 

rank order of: PN 200-110 > (+)nicardipine > nifedipine > 

(-)nicardipine. The (+) enantiomer of PN 200-110 is 240 times more 

potent than the (-) enantiomer in cerebral cortical homogenates, and 

166 times more potent in cardiac homogenates (Figure 9). The 

stereoisomer of (+)nicardipine, (-)nicardipine, is approximately 10 

fold less potent in inhibiting [3H](+)PN 200-110 binding, supporting 

the potency differences observed in physiologic experiments (Takenaka 

et al •• 1982) (Figure 10). Two 1,4 dihydropyridine calcium channel 

agonists. CGP 28,392 and Bay K 8644 (Schramm, Thomas and Towart, 

1983a, 1983b), which have been shown to possess positive inotropic and 

vasoconstrictor effects, inhibited [3H](+)PN 200-110 in a 

competitive manner with a Hill slope of approximately 1.0, but 

possessed significantly lower potencies as compared to the 1,4 

dihydropyridine antagonists (Table 4, 5 and Figure 8). 

D-cis diltiazem and verapamil appear to exhibit positive and 

negative heterotropic cooperativity, respectively. on [3H](+)PN 

200-110 binding (Table 6, Figure 11). The enhancement of [3H](+)PN 

200-110 binding by d-cis diltiazem is stereospecific as 1-cis 

diltiazem does not enhance the binding in the concentrations ranging 

from 10-7 to 10-5 M. Higher concentrations of 1-cis diltiazem 



d-cis diltiazem (10 ~M) and verapamil (10 uM). D-ci$ diltiazem 

decreases the Kd of [3H](+)PN 200-110 binding without changing the 

Bmax in cerebral cortex and cardiac homogenates. Conversely, 

verapamil increases the Kd without significantly changing the Bmax 

(Table 3). 

Discussion 

The optically active enantiomer, [3H](+)PN 200-110, binds to 

cerebral,cortical and cardiac homogenates in a specific, reversible, 

and saturable manner with high affinity. In parallel studies with 

[3H](+)PN 200-110, the Kd for [3H]NTD binding is 10-12 times 

higher than for [3H](+)PN 200-110 binding. Other substituted 

dihydropyridine calcium channel antagonists and agonists completely 

inhibit [3H](+)PN 200-110 binding, whereas d-cis diltiazem enhances 

and verapamil incompletely inhibits [3H](+)PN 200-110 binding. As 

compared with the [3H]NTD binding assays, there is considerably less 

[3H](+)PN 200-110 nonspecific binding. This finding along with the 

higher affinity of the latter radioligand, makes [3H](+)PN 200-110 
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suitable as an improved ligand for probing the dihydropyridine calcium 

channel receptors, especially at physiologic temperatures. 

To date [3H](+)PN 200-110 binds with the highest affinity to 

cardiac and cerebral cortical homogenates of any known calcium channel 

antagonist at physfologic temperatures. Pharmacologically active 

d-cis diltiazem and (+)nicardipine interact stereospecifically with 

the [3H](+)PN 200-110 binding site in both cerebral cortical and 



antagonist at physiologic temperatures. Pharmacologically active 

d-cis diltiazem and (+)nicardipine interact stereospecifically with 

the [3H](+)PN 200-110 binding site in both cerebral cortical and 

cardiac tissues. Calcium channel antagonists of the 

1,4-dihydropyridine class inhibit [3H](+)PN 200-110 completely with 

the rank potency of PN 200-110 > (+)nicardipine > nifedipine > Bay K 

8644 > CGP 28,392. The Ki values of Bay K 8644 and CGP 28,392 

determined by the [3H](+)PN 200-110 binding assay are in reasonable 

agreement with the EC 50 (50 percent effective concentration) values 

in studies of isolated guinea pig hearts (Schramm et al., 1983a, 

1983b: Freedman and Miller, 1984; technical information, Ciba-Geigy). 

On the other hand, d-cis diltiazem exhibited complex 

interactions with [3H](+)PN 200-110 binding as has been previously 

described for [3H]NTD (see Chapter 1). Significantly, there has 
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been physiological evidence using cardiac muscle that this drug 

interaction may be physiologically relevant (DePover et al., 1983a). 

The present study shows that d-cis diltiazem enhances [3H](+)PN 

200-110 binding in both the cerebral cortical and the cardiac tissues;. 

in both of these tissues, the enhancement is due to a decrease in the 

Kd value without a significant change in the Bmax value. The 

enhancement of [3H](+)PN 200-110 by d-cis diltiazem is 

stereospecific as I-cis diltiazem does not enhance [3H](+)PN 200-110 

binding even at concentrations of 100 ~M. As d-cis diltiazem is the 

pharmacologically active calcium channel antagonist (DePover et al., 

1983a), the present finding lends further support to the 



pharmacological relevance of the [3H](+)PN 200-110 and [3H]NTD 

binding sites. 

Verapamil incompletely inhibits [3H](+)PN 200-110 binding as 

has been previously described for [3H]NTD (Ehlert et ale • 1982b). 

The partial inhibition by verapamil and the nonlinear Schild plot are 

inconsistent with competitive inhibition by verapamil of [3H]NTD 

binding (Ehlert et al •• 1982b). In the presence of 10 uH verapamil. 

the Kd for [3H](+)PN 200-110 is increased as compared to control. 

There are no significant change in the Bmax value. 
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One difficulty with [3H]nitrendipine, [3H]nimodipine, and 

[3H]nifedipine has been the high level of nonspecific binding found, 

particularly, at higher [3H]ligand concentrations at physiological 

temperatures. The low signal to noise ratio caused by high 

nonspecific binding decreases the accuracy of saturation isotherm 

determinations at the higher [3H]ligand concentrations. [3H](+)PN 

200-110 is distinctly advantageous as the level of nonspecific binding 

is much less even at the higher radioligand concentrations at 

physiological temperatures (Figure 7). 

The present study is consistent with the work by Goll et al 

(1983) who used racemic [3H]PN 200-110 of low specific activity (2.6 

Ci/mmol) to label guinea pig skeletal muscle membranes with a 10\,1 

degree of nonspecific binding. Since the (+) enantiomer is 300 times 

were potent than the (-) enantiomer, Goll et al (1983) estimated the 

free (+)PN 200-110 concentration by neglecting the contribution of 

(-)PN 200-110 binding. From this, they estimated a Kd value of 1 nM 



for the skeletal muscle binding sites. They also showed that d-cis 

diltiazem enhanced [3H]PN 200-110 binding by increasing the Bmax 
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value 25 percent without a change in the Kd value. Surprisingly. 

however. the dissociation rate was decreased 3-fold in the presence of 

d-cis diltiazem. 

In summary. a highly sensitive assay for dihydropyridine 

receptors in cerebral cortica~ and cardiac homogenates using 

[3H](+)PN 200-110 is described. [3H](+)PN 200-110 shows 10-12 

fold higher affinity for its binding sites than [3H]NTD at 

physiologic temperatures. and exhibits lower nonspecific binding. 

D-cis diltiazem and verapamil interact with the [3H](+)PN 200-110 

binding site in an allosteric manner. D-cis diltiazem and verapamil. 

decrease and increase respectively.the Kd value of the [3H]_PN 

200-110 receptor-tissue complex without significantly changing the 

Bmax value in both cardiac and cerebral cortical homogenates. 

[3H](+)PN 200-110 is a useful probe to study calcium channel drug 

receptor binding under physiologic conditions and is a distinct 

improvement over [3H]NTD. 
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TABLE 3 

Comparison of [3H](+}PN 200-100 and [3H]NTD Binding Parameters in 
Rat Cerebral Cortical and Cardiac Homogenates in the Absence or 

Presence of D-cis Diltiazem or Verapamil 1 

[3H](+}PN 200-110 [3H]NTD 

Kd Bmax Kd Bmax 

Cerebral Cortex 

Control 35.1:1:1.12 220:1:14.0 372:1:21.43 255:1:10.9 

+ D-cis-Diltiazem 20.4:1:0.892 234:1:14.0 

+ Verapamil 121.2:1:7.702 232:1:35.8 

Heart 

Control 63.9:1:2.58 148:1:13.2 759:1:65.43 176:1:15.9 

+ D-cis-Diltiazem 43.4:1:1.852 181:1:15.0 

+ Verapamil 160:1:5.152 158:1:16.6 

110 ~M d-cis diltiazem or 10 ~M verapamil. The data are shown as the 
mean :I: S8~ of 4-5 experiments performed in duplicate or triplicate at 
37°C as described in the Methods. Kd values were calculated as the 
geometric means. The Kd values are in picomolar and the Bmax 
values are in fmoles/mg protein. Protein. prot. 

2D-cis-diltiazem or verapamil versus control (p<0.05) 

3[3H]nitrendipine versus [3H](+}PN 200-110 (p<O.Ol) 



TABLE 4 

Inhibition of [3H](+)PN 200-110 Binding by 
Calcium Channel Antagonists and Agonists in 

Rat Cerebral Cortical Homogenates1 

Drug 

(+)PN 200-110 

PN 200-110 

(+)Nicardipine 

Nifedipine 

(-)Nicardipine 

Bay K 8644 

(-)PN 200-110 

CGP 28.392 

Cerebral 

Ki 
( rt-1 ) 

0.0624:1:0.00177 

0.135:1:0.00834 

0.374:1:0.160 

1. 75:1:0.0490 

2.89:1:0.130 

12.8:1:0.466 

14.9:1:0.436 

204:l-7.76 

Cortex 

Hi 11 slope 

1.10:1:0.0647 

1.11:1:0.0501 

1.41:1:0.0569 

0.945:1:0.0257 

1.21:1:0.0291 

0.995:1:0.0181 

1. 28:1:0.0610 

1.00:1:0.0512 

1The Ki values are shown as the geometric mean of 3-5 experi- ments 
performeg in duplicate. The binding studies were performed at 37°C 
with a [ H](+) PN 200-110 concentrations of 0.02 rt-1 for the cerebral 
cortex. The ki values were calculated from the IC50 values by the 
method of Cheng and Prusoff (1973). 
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TABLE 5 

Inhibition of [3H](+)PN 200-110 Binding by 
Calcium Channel Antagonists and Agonists in 

Rat Cardiac Homogenates I 

Drug 

(+ )PN 200-110 

PN 200-110 

(+)Nicardipine 

Nifedipine 

(-)Nicardipine 

Bay K 8644 

(- )PN 200-110 

CGP 28.392 

Ki 
( fi.1 ) 

0.118:1:0.0122 

0.186:1:0.0141 

0.457:1:0.040 

3.05:1:0.159 

4.30:1:0.533 

17.6:1:1.49 

19.6:1:0.398 

312:1:15.3 

Heart 

Hill slope 

1.10:1:0.0857 

1.11:1:0.0731 

1. 23:1:0.130 

1. 03:1:0.0649 

1.06:1:0.143 

0.919:1:0.0536 

1. 30:1:0.0562 

1. 01:1:0.0408 

1The Ki values are shown as the geometric mean of 3-5 experiments 
performed in duplicate. The binding studies were performed at 37°C 
with a [3H](+) PN 200-110 concentrations of 0.04 nM for the heart. 
The ki values were calculated from the IC50 values by the method of 
Cheng and Prusoff (1973). 
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Table 6 

Interaction of Diltiazem and Verapamil 
with [3H](+)PN 200-110 Binding in 

Rat Cerebral Cortical and Cardiac Homogenates1 

Drug Cerebral Cortex 

EC502 of Control 
( rfv1 ) 

D-cis diltiazem 360:1:20 130:1:6 

L-cis diltiazem NE 

Verapamil 108:1:4 46:1:4 

Heart 

EC502 of Control 
( rfv1 ) 

D-cis diltiazem 1165:1:141 145:4 

L-cis diltiazem NE 

Verapamil 214:4 53:6 

1 The values are shown as the means:l:SEM for 3 experiments 
performed in duplicate at 37° with [3H](+)PN 200-110 
concentrations of 0.02 and 0.04 rfv1 for the cerebral cortex and 
heart. respectively. 

2 D-cis diltiazem enhances (ECSO) [3H](+)PN 200-110 binding. 
while verapamil inhibits (IC50) binding. L-cis diltiazem shows no 
effect (NE) up to concentrations of 10 ~M. The EC50 is defined as 
the effective concentration which results in a 50 percent 
enhancement of [3H](+)PN 200-110 binding. The 1C50 is defined 
as the concentration of inhibitor which results in half of the 
maximum inhibition of [3H](+)200-110 specific binding. 
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Figure 7. Representative ~3H](+)PN 200-110 saturation isotherms 
performed at 37 C for 60 minutes using cerebral cortical 
(closed symbols) and cardiac (open symbols) homogenates. 
The tissue concentrations were 2 mg wet weight. Specific 
binding (e. 0) and nonspecific binding ( •• 0) are shown. 
The data were analyzed by an unweighted least squares 
iterative computer program, and the lines represent the 
best fit. The Bmax value was 209 fmol/mg protein and the 
Kd value was 28.4 pM for the cerebral cortex. The Bmax 
value was 144 fmol/mg protein and the Kd value was 60.1 
pM for the hea rt. 
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Inhibition of [3H](+}PN 200-110 binding by PN 200-110 
( •• 0). nifedipine (A .A). Bay K 8644 ( •• (». CGP 
28.392( •• O} in cerebral cortical (closed symbol s) and 
cardiac (open symbols) homogenates. The [3H](+}PN 
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200-110 concentrations used were 0.02 and 0.04 ~~. 
respectively. for the cerebral cortex and heart. Assays 
were performed at 37°C for 60 minutes with 2 mg of tissue 
homogenates. Each point is the mean of 3-5 experiments 
performed in duplicate. Each line is the best fit using 
nonlinear least squares analysis (see Methods; Tables 4 and 
5). 
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Inhibition of [3HJ(+)PN 200-110 binding by (+)PN 
200-110 ( •• 0) and (- )PN 200-110( •• 0) in cerebral 
cortical (closed symbols) and cardiac homogenates (open 
symbols) homogenates. The [3HJ(+)PN200-110 
concentrations were 0.04 and 0.06 nM. respectively. for 
the cerebral cortex and heart. Assays were performed at 
37 0 for 60 minutes. Each pOint is the mean of 3 
experiments performed in duplicate. Each line is the 
best fit using nonlinear least squares analysis (see 
Tables 4 and 5). 
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Inhibition of [3H](+)PN 200-110 binding by (+)nicardipine 
( •• 0) and (-)nicardipine ( •• e) in cerebral cortical 
(closed symbols) and cardiac (open symbols) homogenates. 
The [3H](+)PH 200-110 concentration used were 0.02 and 
0.04 nlcl. respectively. for the cerebral cortex and heart. 
Assays were performed at 37°C for 60 minutes with 2 mg of 
tissue by wet weight. Each point is the mean of 3 
experiments performed in duplicate. Each line is the best 
fit using nonlinear least squares analysis (see Tables 4 
an d 5). 
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Figure 11. Interactions of [3HJ(+)PN 200-110 with d-cis diltiazem 

4 

(e .0). L-cis diltiazem (A .A). and verapamil ( •• e) in cerebral 
cortical (closed symbols) and cardiac (open symbols) homogenates. The 
[3H](+)PN 200-110 concentrations were 0.02 and 0.04 nM. 
respectively. for the cerebral cortex and the heart. Assays were 
performed at 37°C for 60 minutes with 2 mg tissue homogenates. The 
means * SEM of 3 experiments are shown. 
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CHAPTER 4 

THE MEASUREMENT OF NITRENDIPINE IN HUMAN SERUM 
BY A RADIORECEPTOR ASSAY: PROTEIN BINDING AND PHARf'o1ACOKINETICS 

The dihydropyridine calcium channel antagonists have been shown 

to be useful in a number of clinical disorders, including angina 

pectoris, supraventricular arrhythmias and systemic hypertension (see 

Chapter 1). Despite this, very little is actually known about the 

pharmacokinetics and serum concentration-response of these drugs 

(McAllister, 1982). Using the [3H]NTD receptor binding method in 

conjunction with equilibrium dialysis, a sensitive radioreceptor assay 

to measure the unbound (free) and total concentration of NTD or 

nifedipine in human sera was developed and is described in this 

chapter. In analogy to radioimmunoassays, radioreceptor assays are 

based on the principle that the extent of binding to a receptor by a 

radiolabeled compound is quantitatively related to the amount of 

unlabeled compound present in the incubation. That is, the unlabeled 

compound competes with the radioligand for specific receptor binding 

sites. In contrast to radioimmunoassays, radioreceptor assays do not 

require the development of expensive, specific antibodies. Because of 

the high affinity of specific compounds for their receptors, often 

little amounts of a competitive compound can be measured. In 

addition, only the pharmacologically active drug and/or active 
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metabolites would be expected to bind with high affinity to the 

receptor site. Radioreceptor assays have been previously developed 

for a-adrenergic antagonists (Innis, Bylund and Snyder, 1978; 

Nahorski, Batta and Barnett, 1978), neuroleptics (Creese and Snyder, 

1977), and GABA (Enna and Snyder, 1976). Since nifedipine is highly 

protein bound (90-98 percent) ,the protein binding characteristics of 

NTD was investigated. Further, the pharmacokinetics of chronic NTD 
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administration in patients being treated for hypertension was also 

studied amd compared to pharmacodynamic effects such as blood pressure 

and heart rate. 

Methods 

Equilibrium dialysis 

One ml of serum is dialyzed against one ml of Krebs phosphate 

buffer (pH 7.4, 119 mM NaCl, 4.8 mM KC1, 2.1 mM MgS04, 1.3 mM 

CaCL2, 20.3 nM Na2HP04, 3.2 mM HC1, 10 mM D-glucose) separated 

by a Spectra/PorR dialysis membrane disc with molecular weight 

cutoff of 3,500 (Spectrum, Los Angeles). Using an equilibrium 

dialyzer (Spectrum, Los Angeles) at 37°C with 20 revolutions per 

minute, equilibrium is reached in 3 hours, but dialysis is routinely 

performed for 4 hours. 

Serum protein binding is determined by the addition of 10~1 of 

lxl0-7M [3H]nitrendipine (specific activity, 87.0 Ci/mmole, New 

England Nuclear, Boston) per 1 ml serum. After equilibrium dialysis, 

0.2 ml aliquots in duplicate are removed from both the serum and 



buffer cells and added to 10ml Aquasol-2 (New England Nuclear Boston. 

Mass.) for scintillation spectrophotometry. The radioactive samples 

were counted with an efficiency of 45 percent. The percentage NTD 

bound is equal to (l-DPMd/DPMs ) x 100. where the DPM d = 

disintegrations/min in dialysate. and the DPMs = disintegrations/min 

in the serum. 

Radioreceptor assay 

The assay utilizes rat cerebral cortical membrane homogenates. 

although heart membrane homogenates may also be used. Sprague-Dawley 

rats (200-250 g) are sacrificed. and the brain is removed and rinsed 

with cold Krebs buffer. The cerebral cortex is carefully dissected 

from the rest of the brain over ice. Nineteen volumes of Krebs 
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phosphate buffer are added. The cortex is then homogenized by 2 

fifteen second bursts with a polytron at 50 percent setting. The 

heart is homogenized by three 30 second bursts and then filtered 

through 4 layers of cheesecloth. After washing twice. 100~1 of the 

homogenate is added to the incubation mixture to initiate binding. 

The serum dialysate (0.8 ml) is added to incubation tubes 

containing approximately 40 pM [3H]NTD. tissue homogenate. and Krebs 

phosphate buffer to a final volume of 2 ml. The NTD standard curve is 

generated by the addition of 4xlO-11 to lxlO-6M NTD standard. 

The tubes are incubated at 2SoC for 90 minutes and the reaction 

is stopped by rapid vacuum filtration through Whatman GF/B filters. 

The filters are rinsed with 3 aliquots (4 ml each) of ice cold 0.9 



percent saline. Radioactivity on the filters is extracted in 

scintillation cocktail and counted by liquid scintillation 

spectrophotometry with an efficiency of 43 percent. Nonspecific 

binding is defined as that obtained in the presence of 1O-~" NTD. 

74 

To construct the NTD standard curve. the percent of control 

specific [3H]NTD binding (y) is calculated for varying kno\'In 

concentrations of NTD and plotted using logit-log paper. To determine 

the equation of the line. simple linear regression on the linear 

portion of the curve is calculated for logit (Log y/IOO-y) versus the 

log [NTD] concentration. Thus. an equation of the line with slope and 

y-intercept can be determined. Unknown serum dialysates are analyzed 

in the assay by calculating the percent of control specific [3H]NTD 

binding and the logit value. The concentration of unknown NTD is 

determined from the equation for the line or by visual inspection of 

the logit-log plot. 

Total NTD levels in 20 pl serum can be measured if the standard 

curve is generated with 20pl of blank serum. Routinely this assay is 

performed in either 50 mM Krebs phosphate buffer or 50 mH Tris buffer 

(pH 7.4 at 25°C). Analysis of larger volumes of serum result in 

decreases in sensitivity of the assay due to interference by serum 

proteins. 

Blood was drawn with red top vacutainers without additives from 

healthy volunteers. ages 25-35 years old. who were non-smokers and not 

on any medications. Serum was obtained by centrifugation at 3000 rpm 

x 20 minutes at DoC. and used on the day of the study. 



Pharmacokinetics of chronic NTD dosing 

Twenty patients with essential hypertension, who were free of 

other underlying medical illnesses except non-insulin dependent 

diabetes, were entered into the study after informed consent was 

obtained. This study was approved by the Human Ethics Committee of 

the University of Arizona Health Sciences Center. The patients were 

divided into two groups of 10 patients each: one group (1) received 

NTD orally 20 mg one time per day (QD); the other group (II) received 

NTD orally 10 mg twice a day (BID). 

Mean blood pressures and heart rates were obtained on visits 

after 1 and 2 weeks of treatment with a placebo, at the end of 1, 3, 

and 5 weeks of treatment with NTD, and 3 days after being off drug 

treatment. 

After 3 weeks of drug treatment, blood was obtained prior to 

the morning dose of drug and at 0.5,1,1.5,2,3,4,5,7, and 9 

hours after the morning dose. The serum was separated from the blood 

samples by centrifugation, and frozen until analysis for total NTD 

levels by the radioreceptor assay. Each serum sample was wrapped in 

foil and protected from light. 

Materials 

Nitrendipine and cimetidine were kindly provided by Miles 

Laboratories (New Haven, Conn.) and Smith, Kline and French 

Laboratories (Philadelphia, Pal respectively. Other drugs and 

chemicals were obtained from commercial sources. 
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Results 

In the radioreceptor assay, NTD standard curves are 

reproducible and linear using logit-log transformation (r>0.99), from 

4 x 10-11 to 4 x 10-9 M, a 100-fold concentration range (Figure 

12). The slope of the line is approximately 1.0 (range 0.95 to 1.05) 

and the ICSO is 0.33 nM (range 0.30-0.43), suggesting a single, high 

affinity binding site for NTD which agrees with previously published 

reports (Ehlert et al., 1982b). Control serum dialysates do not 

interfere with [3H]NTD binding (0.6 ± 5.3 percent decrease in 

control specific [3H]NTD binding, n=4). The limits of sensitivity 

of the assay are 0.1-0.2 picomoleslml of dialysed serum. Other drugs 

in the dihydropyridine class of calcium channel antagonists may be 

measured by constructing standard curves using these compounds. 
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Investigation of the properties of serum protein binding by NTD 

reveal a high degree of protein binding, with the percent bound as 

determined by the radioreceptor assay to be 97.3 ± 0.4, with a range 

of 94.3 to 98.6 (n=10). By comparison, using equilibrium dialysis and 

[3H]NTD labeling, the percent bound for the same 10 individuals was 

93.8 ± 0.2 with a range from 92.9 to 94.4. (Table 7) 

Over a NTD concentration range of 1-100 nglml , no significant 

changes were noted in percent protein binding in 3 individuals (Table 

8). 

A number of commonly used drugs do not interfere with the 

radioreceptor assay. At a final concentration of 10-6 M in the 

assay, no drugs inhibited specific [3H]NTD binding greater than 5 



percent, except diazepam and quinidine which inhibited binding 6 and 

7 percent, respectively (Table 9). Other structurally dissimilar 

calcium channel antagonists, verapamil and diltiazem do interfere 

significantly with [3H]NTD binding at 10-6M as previously reported 

(Ehlert et al., 1982b; Yamamura et al., 1982). 

To test whether thi s assay measures NTD administered orally, 

the free concentration of NTD was determined in a patient on chronic 

NTD treatment. The concentration-time course was determined in a 

patient after an overnight fast with a 10 mg oral dose of NTD (Figure 

13). Peak free serum levels of NTD occurred at 1.S hours, and the 
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elimination phase is characterized by a multicompartment decay course, 

consistent with previous published reports (McAllister, 1982; Hamann 

and McA 111 i ster, 1983). 

The radioreceptor assay may also be used to measure total serum 

levels of the dihydropyridines. However, the addition of 20~1 of 

control serum to the 2 ml incubation (a 100 fold dilution) decreases 

specific [3H] NTD binding 24 ± 1 percent (n=11). This effect is 

linear from 10 to SO ~l of serum. Using logit-log analysis. a linear 

relationship is obtained from 10-10 to 10-8 M final NTD 

concentrations. Nifedipine added to patient sera showed a good 

correlation (r=O.99) with the known amounts of nifedipine added 

(Figure 14). That our radioreceptor assay is measuring nifedipine is 

suggested by this correlation with initial amounts of known drug added 

to the serum samples. The intrapatient variabil ity vias 6 percent. 



The hypertensive patient characteristics (age, sex, body 

weight, race, presence or absence of diabetes) and the baseline blood 

pressures in the supine and standing position in the pharmacokinetic 

study are shown in Table 10. Group I patients had a tendency to have 

a higher body weight, although this was not statistically 
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significant. Other disparate findings included the male:female ratio, 

and the diabetic: nondiabetic ratio. 

When the blood pressure and heart rate at the end of the dosing 

interval (i.e. prior to the morning NTD dose) were compared to the 

same time during placebo treatment, only the supine and standing 

systolic blood pressure were significantly different in Group I (data 

not shown). However, when the blood pressure and heart rate during 

the first 9 hours after a dose were compared to time a (Table 11) or 

the same time during placebo treatment (Table 12), there were highly 

significant decreases in blood pressure and increases in the heart 

rate. Maximal or near maximal changes occurred often occurred at 3-5 

hours. 

Pharmacokinetic data obtained from the radioreceptor assay are 

shown in Table 13 and Figure 15. The time to maximum concentration 

(\ax) was 101 minutes for Group I and 90 minutes for Group II. The 

highest concentration obtained (Cmax ) was 49.7 nglml in Group I and 

16.8 nglml in Group II. The area under the curve (AUCO_9) was also 

significantly increased by almost 3 fold in Group I as compared to 

Group II. The terminal elimination half-life (t1/2 ) was 5.4 hours 

in Group I and 4.0 hours in Group II. The concentration-time course 
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in Group II rose to a peak and then declined in a monoexponential 

manner, whereas, there appeared to be a distinct bump in the curve for 

Group II, consistent with redistribution (Figure 15). 

Discussion 

The [3HJNTD radioreceptor assay measures NTD in human sera 

with high sensitivity. In conjunction with equilibriuQ dialysis, this 

assay is capable of detecting as little as 0.1-0.2 picomoles/ml. 

Serum added to the assay interferes with [3HJNTD binding, whereas 

serum dialysates do not. A number of commonly used drugs do not 

interfere with the assay. As previously reported for nifedipine, NTD 

is also highly protein bound (Schlossmann, Medenwald and Rosenkranz, 

1975). It is generally assumed that only the unbound fraction of drug 

in serum is able to diffuse across membranes to interact with specific 

receptors. Thus, for highly protein bound drugs, the free fraction 

may correlate better with drug action than total serum levels 

(Rowland,1980). Since nifedipine has been reported to be highly 

protein bound with concentration nonlinearity (Schlossmann et al., 

1975), it was important to investigate these properties for NTD, 

another dihydropyridine calcium channel antagonist which is different 

only in a substitution of an ethyl ester for a methoxy group and a 

shift from an ortho to meta position for the phenyl nitro group. 

In the pharmacologic concentration range studied which is more 

consistent with those seen in patients, there does not appear to be 

concentration dependency for protein binding. Using an 
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ultracentrifugation method with 14C-nifedipine. Schlossman et al. 

(1975) found in human sera that nifedipine protein binding ranges from 

98 percent at 200 nglml to 92 percent bound at 0.02 mg/ml. The latter 

concentration is clearly not seen clinically. Saturation of protein 

binding may have been occurring at the higher concentrations. 

accounting for the decrease in percent serum bound drug. 

There is a discrepancy between the percentage bound NTD as 

determined by our radioreceptor assay of dialyzed serum as compared to 

equilibrium dialysis using tracer doses of [3H]NTD. This may be due 

to the known slight impurity of [3H]NTD (97 percent purity by 

thin layer chromatography), which would result in increased 

radioactivity in the dialysate (free nitrendipine plus impurities). 

However, NTD protein binding as determined by the radioreceptor assay 

correlated well with nifedipine protein binding (98 percent) as 

determined by Schlossman et al. (1975) 

Few stu~ies have been published on the serum concentration -

physiologic response of the dihydropyridines (McAllister, 1982). 

Correlation with blood pressure responses in hypertensive patients 

treated with nifedipine have been variable (Pedersen et al., 1980; 

Andren et al., 1982; Pedersen and I~ikkel sen, 1978). Thus, an assay 

which measures unbound or free drug may be quite useful. This 

radioreceptor assay measures the free concentration of NTD to quite a 

low level, because of the high affinity of NTD (K d = 0.1 nM) for its 

binding site. Furthermore, control serum dialysates do not interfere 

in the assay, suggesting that endogenous inhibitors in serum for the 



dihydropyridine calcium channel are not detectable in the dialysates. 

The assay is also suitable for measuring total serum levels of 

NTD. However, serum proteins compete with the binding sites in 

homogenates for [3H]NTD binding. This results in decreased 

sensitivity of the assay. Nevertheless, measuring total serUM levels 

may be useful in toxicological screens for the dihydropyridines. 

Early attempts to investigate the pharmacology of nifedipine 

involved measuring 14C-labelled nifedipine and using a thin-layer 

chromatography method, and an insensitive fluorometric assay. Using 

another fl lJorometri c assay, Peterson and r~i kkel sen (1978) studi ed the 

antihypertensive effects of nifedipine related to the steady-state 

concentrations. This assay procedure requires oxidation and 

extraction of the compound. In addition, a biologically inactive 

metabolite of nifedipine may also have been measured. Higuchi and 

Shiobara (1978) improved on the fluorometric methods by developing a 

gas chromatrographic technique with selected ion monitoring. 

Nifedipine is oxidized to its pyridine analogue, followed by an 

extraction procedure. The limit of detection is 5 ng/ml. Further 

improvements were made by Jakobsen et al. (1979) who developed a gas 

chromatographic method with electron capture detection. This assay 

requires a one step extraction procedure. The minimum detectable 

concentration of nifedipine is 1 ng/ml. Also, the assay is able to 

differentiate and quantitate an oxidized metabolite of nifedipine. 

Pietta et al. (1981) have applied high performance liquid 

chromatography with ultraviolet detection to measuring serum 
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nifedipine and a metabolite, as well as photodegradation products. 

The extraction and preparation of serum is complicated. The minimum 

detectable is 10 ng. Hamann and McAllister (1983) have recently 

developed a gas chromatographic using electron-capture detection which 

measures not only nifedipine, but also a major metabolite, and 

photodegradation products. A one step extraction procedure with 

toluene is required. The standard curve is linear from 1-100ng/ml. 

These assays may measure other dihydropyridines, but this has not been 

reported. 

This radioreceptor assay has several advantages, including 

simplicity and relatively low cost. Compared to the fluorometric 

methods, this assay is less cumbersome and offers greater 

specificity. Compared to the gas chromatographic methods, our limit 

of detection is approximately 10-fold lONer (0.04 - 0.1 ng/ml). In 

addition, only the pharmacologically active drug(s) which interact 

with the receptor are measured. 

A potential disadvantage of our assay results from the 

interference of verapamil and diltiazem on specific [3H]NTD binding, 

although the affinities are lower (Ehlert et al., 1982b; Yamamura et 

al.,1982). However, these drugs should not be a problem in 

pharmacokinetic studies since they are not co-administered with the 

dihydropyridine calciu~ antagonists. 

The pharmacoki netic study in the hypertensive pati ents reveal ed 

some possibly interesting facts about the disposition and elimination 

of NTD from the body. The t max values for both Group I and II are 
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around 90-100 minutes, which is consistent with previous data on 

single dose studies ( Hansson et al., 1983). Since the dose for Group 

I is twice that of Group I, it would be expected that the AUG would be 

approximately twice that of Group I. However, the AUG for Group I is 

disproportinately increased over Group II (greater than 3 fold). The 

Gmax values also confirm this discrepancy. Of further interest is 

that first order kinetics dictates that the terminal elimination 

half-life should be the same at any dose, i.e. dose independent. In 

fact, the t1/2 value for Group I appears to be increased as compared 

to Group II. 

How can these observations be explained? First, Group I and 

Group II are not a homogeneous population (see Table 10). Secondly, 

there is great interpatient variability in disposition of drugs (Table 

13). Ideally, a double-blind, crossover, randomized study would be 

more appropriate, since each patient would receive both dosing 

regimens at separate times with an appropriate washout interval 

between dosing regimens. Hence, interpatient variability would be 

eliminated. The small number of patients in each group also add 

difficulty to evaluation of the data. 

Alternatively, the data may be explained on the basis of 

saturation of the hepatic uptake/metabolism of NTD at the higher dose 

in Group II patients (Wilkinson and Shand, 1975). Saturable kinetics 

would predict an increased t1/2 value and a disproportinate increase 

in the Gmax value and AUG with increasing drug doses. This is 

clearly seen in the case of the B-adrenergic antagonist, propranolol, 



where there is a disproportinate increase in the serum propranolol 

level with chronic dosing versus single dose (Evans and Shand, 1973; 

Walle et al., 1978). However, Hansson et al. (1983) found no dose 

dependent changes for NTD using a gas chromatographic method. 
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Further, dose dependent changes are also not observed for nifedipine 

using a gas chromatographic method (Raemsch and Sommer, 1983). It is 

important to realize, though, that radioreceptor a~says measure not 

only parent compound, but also any active metabolites which have 

affinity for the receptor. Hence, the drug concentration value 

obtained from the radioreceptor assay can only be directly compared to 

other specific analytic methods if there are no active metabolites. 

This was the case found for the measurement of fluphenazine, a 

phenothiazine (Harris et al., 1982). They noted that levels obtained 

by a radioreceptor assay technique were higher than levels obtained by 

high pressure liquid chromatography, but when the levels of active 

metabolites were accounted for in the HPLC method, then there was a 

better correlation between the two methods of analysis (Harris et al., 

1982). More realistically, it is plausible that active metabolites 

have different affinities for the receptor and may be present in 

different concentrations than the parent drug. Thus, the actual value 

obtained from the radioreceptor assay is a "weighted" value of the 

parent drug. It would be difficult to see how this value could be 

directly compared to assay methods which only measure the parent 

compound. To date, there have been no active metabolites identified 

for nifedipine, although inactive metabolites have been measured and 



accumulate with chronic dosing (Raemsch and Sommer, 1983). Data for 

NTD are presently not available. It may be speculated that the 

pharmacokinetic data obtained in this present study are due to the 

influence of active metabolite(s), which accumulate with chronic 

dosing. Further, changes are seen more dramatically in Group I 

because the formation of the active metabolite(s) occurs after 

saturation of other metabolite routes. This is clearly seen in the 

case of the metabolism of acetominophen, a non-aspirin analgesic 

(Mitchell et al., 1974). The obvious distribution phase in Group I 

may also be due to the differential distribution kinetics of any 

active metabolite(s). 

In summary, the radioreceptor assay for NTD is simple, 

sensitive, and accurate. Other dihydropyridine calcium channel 

antagonists may be measured by simple modifications of the standard 

curve. Most clinically relevant drugs do not appear to interfere at 

clinical concentration ranges. In conjunction with equilibrium 

dialysis, this assay can quantitate the unbound drug in serum, and is 

suitable for pharmacokinetic and pharmacodynaMic studies of NTD in 

man. The present pharmacokinetic study suggests that the 

pharMacokinetic behavior of NTD is complex, and may involve active 

metabolite(s). Further study is clearly indicated. 
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TABLE 7 

Percentage Protein Binding in Patient Sera 

(Percent Bound) 
Sex Radioreceptor Assay Equilibrium 

Dialysis 

M 98.1 94.4 

M 97.9 94.1 

F 97.7 93.9 

t4 98.6 94.0 

M 98.6 94.3 

F 94.3 93.6 

M 97.4 93.6 

M 96.7 93.6 

M 96.2 92.9 

F 97.9 93.1 

Mean :I: S.E. 97.3 :I: 0.4 93.8 :I: 0.2 

Known amounts of NTD standard were added to fresh serum. Protein 
binding was determined using the same serum by the radioreceptor assay 
after equilibrium dialysis. and compared to equilibrium dialysis with 
tracer doses of [3H]NTD added as described in the Methods. 



TABLE 8 

The Extent of Protein Binding in Relationship to Nitrendipine 
Concentration in Serum 

Serum Sample 

1 

2 

3 

Total NTD serum concentration, ng/ml 
1 20 50 100 

95.7 

95.3 

93.5 

Percent NTD BOUND 

95.2 

95.2 

93.3 

95.1 

93.4 

95.1 

95.3 

93.3 

Varying amounts of NTD were added to serum from each of three 
individuals to final concentrations as shown above. The percentage 
bound drug was determined by equilibrium dialysis using a tracer dose 
of [3H]NTD to the serum as described in the Methods. 
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TABLE 9 

Survey of Drugs Which do not Inhibit [3H]NTD Binding in the 
Radioreceptor Assay 

Cimetidine 

Clonidine 

Diazepam* 

Guanethidine 

Hydralazine 

Hydrochlorothiazide 

Methyl dopa 

Metoprol01 

Nitroprusside 

Nortriptyline 

Prazosin 

Propranolol 

Quinidine* 

Sulfinpyrazone 

Theophylline 

These drugs. at a final concentration of lO-6M. were added to the 
radioreceptor assay containing [3H]NTD. rat cerebral cortical 
homogenates. and 'Krebs buffer as described in the methods. *Diazapam 
and quinidine inhibited specific control [3H]NTD binding 6 and 7 
percent respectively. All others drugs inhibited [3H]NTD binding 
less than 5 percent. Assays were performed twice in duplicate. 
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Table 10 

Demographic parameters for hypertensive patients1 

Group I Group II 

(20 mg QD) (10 mg BID) 

Number 10 10 

Age (years) 48.2 + 8.8 50.0 + 12.5 

Weight (Kg) 96.7 + 22.8 82.1 + 21. 9 

Male:Female 5:5 9:1 

Bl ack: Whi te 0:10 1: 9 

Diabetic:Non Diabetic 7:3 3:7 

Baseline BP (mmHg) 

Supine systolic 143.4 + 7.0 146.2 + 15.6 

Supine diastolic 95.6 + 4.4 95.1 + 4.0 

Standing systolic 142.6 + 8.3 140.5 + 15.9 

Standing diastolic 98.4 + 4.7 96.2 + 4.8 

1Values are mean + standard deviation. BP. blood pressure. 



Tabl e 11 

Hourly BP and HR 
Comparison to time 0 of drug administration l 

Parameter 
Greatest Time Si gnifi cance 
change (hr) 
from time 0 

Supine (mmHg) 
Systolic 

Group I -12.8 + 11.7 3 p<O.Ol 
Group II -7.6+6.8 4 p<0.025 

Diastolic 
Group I -10.4 + 8.2 3 p<O.Ol 
Group II -8.6 + 10.0 3 p<0.025 

HR (bpm) 
Group I +9.6 + 8.0 8 p<O.Ol 
Group II +8.7 +" 16.0 3 NS 

Standing (mmHg) 
Systolic 

Group I -9.0 + 15.5 3 NS 
Group II -7.21="5.0 5 p<O.Ol 

Diastolic 
Group I -11.5 + 9.3 3 p<O.Ol 
Group II -7.0"+ 7.3 3 p<0.025 

HR (bpm) 
Group I +15.2 + 9.5 4 p<O,OOl 
Group II +10.9 "+ 9.2 3 p<O.Ol 

1Values are mean + standard deviation. BP, blood pressure; HR, 
heart rate. 
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Table 12 
Hourly BP and HR 

Comparison to same time on placebo1 

Greatest Time Significance 
change ( hr) 
from same 
time on 
placebo 

Parameter 

Supine (mmHg) 
Systolic 

Group I -12.4 + 9.8 1 p<0.01 
Group II -15.5 "+ 11.1 7 p<O.Ol 

Diastolic 
Group I -7.0 + 8.9 1 p<0.05 
Group II -7.3 "+ 3.9 1 p<O.OOl 

HR (bpm) 
Group I +5.0 + 8.0 0.5 NS 
Group II +5.8 "+ 6.6 7 p<0.025 

Standi ng (mmHg) 
Systolic 

Group I -12.0 + 13.9 9 p<0.025 
Group II -11.6 "+ 12.6 6 p<0.05 

Diastolic 
Group I -11.8 + 12.6 2 p<0.025 
Group II -8.4 "+ 7.9 1 p<O.Ol 

HR (bpm) 
Group I +7.1 + 10.6 0.5 NS 
Group II +5.8 "+ 8.4 7 NS 

1Values are mean + standard deviation. BP. blood pressure: HR. 
heart rate. 
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Number 

Tmax (min) 

Cmax (ng/ml) 

AUCO_9 (ng/ml hr) 

Kel (4-9 Hr) 

Table 13 
Pharmacokinetic Parameters l 

Group I 
(20 mg QD) 

8 

101 + 22 

49.7 + 26.9 

212 + 141 

0.131 + 0.109 

1Values are mean + standard deviation. 
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Group II 
(10 mg BID) 

7 

90 + 49 

16.8 + 10.5 

63 + 35 

0.324 + 0.428 
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Figure 12. A typical radioreceptor assay NTD standard curve is 
plotted on logit-log paper for free NTD. Each point is 
performed in duplicate. The assay is linear from 4 x 
10-9 to 4 x 10-11 M NTD. 
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Figure 13. Free serum concentration - time course of NTD in a single 
patient. The patient was given 10 mg orally twice a day on 
a chronic basis. On the morning of the study after an 
overnight fast. a 10 mg oral dose of NTD was given and 5-8 
ml blood was drawn at the times shown. NTD levels were 
determined by the equilibrium dialysis - radioreceptor 
assay as described in the Methods. Serum was immediately 
separated from red cells and stored at _40DC until the 
assay. Precautions were used against exposure to light. 
For reference. 0.1 ng/ml is equal to 0.277 nM. 
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Figure 14. Plot of known concentrations of NTD added to serum in the 
radioreceptor assay versus total NTD levels determined from 
the radioreceptor assay in 8 individuals. Twenty 
microliters of serum with NTD is incubated in the assay (5 
percent heart homogenate. 50 mM Tris buffer. pH 7.4). The 
NTD standard curve is determined in the presence of 20~1 of 
blank serum from each subject. The correlation coefficient 
is 0.99. Data is represented as mean ~ standard error. 
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Figure 15. Total NTD serUM concentration-time course for patients on 
chronic NTD therapy. The vertical axis on the graph is 
logarithmic. The cornbinerl data with standard deviation 
bars for Group I (squares) and Group II (circles) are 
shown. Serun drug levels were analyzed by the 
radioreceptor assay as described in the Methods. 
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CHAPTER 5 

DECREASED [3H]NITRENDIPINE BINDING IN THE BRAINSTEM 
OF DEOXYCORTICOSTERONE - NaCl HYPERTENSIVE RATS 

The pathogenesis of essential hypertension in man remains 

elusive. However, there is increasing evidence which suggests that 

central neurogenic factors may be involved in at least some forms of 

hypertension (Brody, Haywood and Touw, 1980; Chalmers, 1975). In the 

deoxycorticosterone (DOCA)-NaCl experimental model of hypertension, it 

has been hypothesized that dysfunction of the noradrenergic 

sympathetic pathways in the brainstem may lead to the development of 

systemic hypertension (Chalmers, 1975; DeChamplain and Van Amerigen, 

1981). 

Calcium influx via calcium channels is responsible for 

neurotransmitter release, including catecholamines (Carpenter and 

Reese, 1981). In addition, some of the actions of catecholamines may 

be a result of interactions with calcium channels (Lindemann, Bailey 

and Watanabe, 1982). For this reason, it would be interesting to 

study calcium channels in hypertension under controlled conditions. 

In this chapter, the results of a study using [3H]NTD to determine 

dihydropyridine calcium channel receptor binding characteristics in 

central and peripheral tissues of DOCA-NaCl rats as compared to 

control rats after 6 weeks of treatment are described. 
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The study shows that there is a significant decrease in the 

number of [3H]NTD binding sites in the brainstem of DOCA-NaCl rats. 

No changes in receptor affinity were noted. Interestingly there were 

no significant changes in other selected brain areas or in the heart. 

Also no significant changes were found in receptor affinities between 

control and experimental animals. 

Methods 

Hypertension model 
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Male Sprague-Dawley rats (150-200 g) were uninephrectomized 

while under ether anesthesia. Deoxycorticosterone acetate was 

administered intramuscularly (5mg/rat) in a sesame oil vehicle twice 

weekly. Control rats received only the sesame oil vehicle. All rats 

were fed a rat chow diet and allowed access to 1 percent saline (NaCl) 

drinking water ad libitum. The last injection was administered 3 days 

prior to sacrifice. Systolic arterial pressure was measured twice 

weekly using a tail pulse transducer in the conscious rat under basal 

conditions. 

Tissue preparation 

Six weeks after nephrectomy, paired control and DOCA-NaCl rats 

were sacrificed by decapitation, and the brain and peripheral tissues 

were quickly excised. The heart and kidney were immediately perfused 

in an ice cold, modified Krebs phosphate buffer: 119 mM NaCl, 4.8 mM 

KC1, 1.2 mM MgS04 , 1.3 roM CaC1 2 , 20.3 mM NaH2P04 , 3.2 mM HC1, 

10 mM D-glucose, pH 7.4. Brain regions and the heart were rapidly 



99 

dissected over ice. Peripheral tissues were minced with scissors. 

All tissues were then homogenized with a polytron in 39 volumes of the 

Krebs buffer. Following homogenization, ventricular heart homogenates 

were filtered through 4 layers of cheesecloth. Homogenates were then 

washed twice (48,000 x g for 10 minutes) and resuspended in modified 

Krebs phosphate buffer. Protein concentration was determined by the 

method of Lowry et al. (1951), using bovine serum albumin as the 

standard. 

Radioligand binding assay 

In order to label dihydropyridine binding sites, a [3H]NTD 

binding assay was used as previously described (Ehlert et al., 

1982b). Various concentrations of [3H]NTD (87 Ci/mmol) were added 

to incubation tubes containing modified Krebs phosphate buffer. One 

hundred microliters of the homogenate were added to initiate binding 

in a total incubation volume of 2 ml. Incubations were conducted for 

90 minutes at 25°C to insure that steady state was reached. Membrane 

bound radioactivity was then separated by vacuum filtration through 

glass fiber filters (Whatman GF/B), followed by triplicate 5 ml rinses 

with ice cold buffer. The radioactivity on the filters was extracted 

in a scintillation cocktail and counted by liquid scintillation 

spectrophotometry with an efficiency of 42 percent. Nonspecific 

binding was defined as the radioactivity determined from parallel 

incubations with 1 ~M nifedipine. All assays were performed in 

triplicate or dUplicate using fresh tissue. Saturation isotherms were 



performed using homogenates of the cerebral cortex, left ventricle, 

and the brainstem (medulla-pons). [3H]NTD binding at a single 

[3H]NTD concentration (0.46 nM) were performed using homogenates of 

the kidney, combined atria, cerebellum, corpus striatum, hippocampus, 

and brainstem. 

Analysis of data 

Saturation isotherms were analyzed by a weighted nonlinear 

least squares iterative computer program (S.H.M. Research, Tucson, 

Az.). Differences between means were assessed by a two-tailed 

unpaired Student's t test. A p value of 0.05 was used to determine 

statistical significance. 

Results 

100 

At the time of sacrifice, the DOCA-NaCl rats were hypertensive, 

with a mean systolic pressure of 199 mmHg, which was significantly 

greater than control rats which had a mean pressure of 135 mmHg (Table 

14). Consistent with their hypertensive state, the DOCA-NaCl rats 

showed a significantly. greater heart weight, heart weight/body weight 

ratio, left ventricular weight, and left ventricular/body weight ratio 

when compared to controls. In addition, the kidney weight and the 

kidney weight/body weight ratio were also increased (Table 14). Total 

body weight of DOCA-NaCl rats was not found to be significantly 

different from control rats at the end of the treatment period. 



Analysis of saturation isotherms of [3H]NTD binding in the 

control rats yielded a receptor density (Bmax) and dissociation 

constant (K d) for the left ventricle of 199 fmol/mg prot and 0.27 
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nM, respectively. The Bmax value of the cerebral cortex was 145 

fmol/mg protein, and the Kd value was 0.12 nt·1. These results of the 

left ventricle and the cerebral cortex are in reasonable agreement 

with previously reported studies on naive rats (Ehlert et al., 1982b). 

While DOCA-NaCl rats did not show significantly different 

receptor binding characteristics in the left ventricle or in the 

cerebral cortex (Table 15), the brainstem showed a significant 

decrease in [3H]NTD binding of approximately 50 percent in the 

Bmax value for the DOCA-Na.c1 rats (Table 15, Figure 16). However, 

there was no significant alteration in receptor affinity in the 

brainstem. Further, in preliminary experiments using a single 

concentration of [3H ]NTD, in every case, DOCA-NaCl rats demonstrated 

a lower degree of specific binding for [3H]NTD in the brainstem as 

compared to paired control rats. In these [3H]NTD regional studies, 

no significant differences were determined in binding between control 

and DOCA-NaCl rats in the hippocampus, corpus striatum, cerebellum, 

combined atria, or the kidney. There was, however, only negligible 

specific binding found in the kidney which tested the limits of of our 

assay (Table 16) and made it extremely difficult to demonstrate 

significant differences. Moreover, the rank order of binding for 

these brain regions is in good agreement with previously reported 



studies of [3H]NTD labeling both in in vitro and in vivo (Gould, 

Murphy and Snyder, 1982; Marangos et al., 1982; Schoemaker et al., 

1983). 

Discussion 

102 

This is the first study of alterations in [3H]NTD binding in 

the DOCA-NaCl rat model of hypertension. DOCA-NaCl rats when compared 

to controls show significantly decreased brainstem [3H]NTD receptor 

binding, without any accompanying change in receptor affinity. 

Moreover, there were no significant changes in the cerebral cortex, 

other selected brain regions, the heart, or the kidney. Thus, the 

decreased number of sites appears to be specific for the brainstem. 

Binding characteristics in DOCA-NaCl hypertension have been 

previously studied for the alpha1 and alpha2, beta and muscarinic 

receptor systems in central and peripheral tissues using [3H]WB4101, 

[3H]yohimbine, [3H](-)dihydroalprenolol (DHA), and 

[3H](-)quinuclidinyl benzilate (QNB), respectively (Yamada, Yamamura 

and Roeske, 1980; Woodcock, Funder and Johnston, 1979). Increases in 

alpha1 and beta receptor densities in several areas of the brain, 

but not the brainstem, have been demonstrated (Yamada et al., 1980). 

Conversely, there are significant decreases in cardiac alpha1 and 

-beta, and renal alpha1 adrenergic receptors. Only the cerebellum 

showed an increased Bmax value for [3H](_)QNB binding (Yamada et 

al.,1980). Other reports, however, indicate no changes in [~]QNB, 



[3H]WB4101, or [3H]clonidine binding in various brain regions, 

including the brainstem, in the DOCA-NaCl model (Cantor, Abraham and 

Spector, 1981). 

The positive findings in the brainstem are important in light 

of the evidence indicating brainstem involvement in the pathogenesis 

of DOCA-NaCl hypertension. It is well established that peripheral 

sympathetic activity is increased in adrenergic neurons as well as in 

the adrenal medulla (Dechamplain, Mueller and Axelrod, 1969; Reid, 

Zivin and Kopin, 1975). Ganglionic blockade or a C6-C7 spinal cord 

transection restores the increased norephinephrine turnover rates in 

peripheral tissues to normal levels (Nakamura, Gerold and Thoenen, 

1971; Van Amerigen, DeChamplain and Imbeault, 1977). Conversely, the 

abnormally low norepinephrine turnover rate in the brainstem remains 

low suggesting that brainstem sympathetic activity may be responsible 

and inversely related to the activity in the peripheral sympathetic 

nervous system (DeChamplain and Van Amerigen, 1981). Furthermore, 

intracerebroventricular injections of 6-hydroxydopamine prevents the 

development of DOCA-NaCl hypertension (Finch, Haeusler and Thoenen, 

1972). Recently, in the Okamoto spontaneously hypertensive rat (SHR) 

model, it was reported that the Bmax value for [3H]NTD is 
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increased in whole brain homogenates (minus cerebellum) as compared to 

Kyoto-Wi star control rats (Ishii et al., 1983). In contrast, heart 

homogenates showed no significant differences froM controls. Receptor 

affinity was not altered in either the brain or the h~art in these 

animals (Ishii et al., 1983). 



In summary, DOCA-NaCl hypertensive rats showed a significant 

decrease in brainstem [3H]NTD receptor density in contrast to 

selected other brain regions and the heart which demonstrated no 

significant changes. These data cannot establish a causal role for 

dihydropyridine binding sites in the pathogenesis of DOCA-NaCl 

hypertension. However, this study provides strong evidence of 

selective alterations in these sites which is consistent with a 

hypothesized role for brainstem calcium channel mechanisms in this 

process. 
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Tabl e 14 

Arterial blood pressure, body weight, and 
organ weights for control and DOCA-NaCl rats1 

Control DOCA 

Systolic pressure (mmHg) 135 :I: 7 199 :i: 7 

Body weight (g) 425 ± 12 411 ± 8 

Heart weight (g) 1.30 :I: 0.04 1.62 :I: 0.04 

(Ht weight/body weight) x 103 3.240 ± 0.071 3.970 ± 0.113 

Left ventricle weight (g) 0.453 :I: 0.025 0.644 :I: 0.025 

(LV weight/body weight) x 103 1.054 ± 0.039 1. 575 ± 0.047 

Kidney weight (g) 2.14 :I: 0.07 2.81 :I: 0.10 

(K weight/body weight) x 103 5.03 ± 0.11 6.81 :I: 0.24 
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1The values are mean :I: SEM (n = 8-10). The left ventricular weight 
represents the free ventricular wall minus the septum. In each 
category shown (except for body weight), the OOCA-NaCl group is 
significantly different (p<O.Ol)from controls. The rats had been 
treated for six weeks prior to sacrifice (see Methods). Ht, heart; LV, 
left ventricle; K, kidney. 



Table 15 

Receptor density (Bmax) and dissociation 

constant (Kd) for control and DOCA-NaCl rats1 

Bmax (fmol/mg protein) Control DOCA 

Left ventricle 199 :I: 40 212 i: 32 
Cerebral cortex 145 :I: 10 145 :I: 9 
Brainstem 116 :I: 24 51 i: 5* 

Kd (nM) 

Left ventricle 0.27 :I: 0.03 0.43 :I: 0.05 
Cerebral Cortex 0.12 :I: 0.05 0.12 :I: 0.01 
Brainstem 0.62 :I: 0.06 0.43 :I: 0.03 
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1The values shown are expressed as mean :I: SEM (n = 6-11). The Kd 
values were calculated from the geometric mean. Saturation studies 
were performed as described in the Methods. The data were analyzed by 
a nonlinear least squares iterative computer program (see Methods). 
~p<O.05. 



Table 16 
Specific [3H]nitrendipi~e binding in varjous tissues 

of control and DOCA-NaCl rats l 

Ti ssue Control DOCA 
(fmol fmg prot) 

Hippocampus 265 + 12 251 + 17 - -
Co rpus Stri atum 204 + 17 196 + 14 

Cerebellum 101 + 14 111 + 17 - -
Atria 96 + 14 129 + 25 -
Ki dney 8 + 4 28 + 18 - -
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lSpec ific binding is expressed as mean + SEM (n = 5-6). Receptor 
binding was determined as described in the Methods, using a 
concentration of 0.46 nM [3H]nitrendipine. There were no significant 
differences between control and DOCA-NaCl rats in any of these tissues. 
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fmol/mg protein for the control rats. 
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CHAPTER 6 

Discussion and Conclusions 

The in vitro labeling of dihydropyridine calcium channel 

antagonist drug receptor binding sites has led to major advances in 

studying the biochemistry of calcium channels. Studies with 

[3H](+)PN 200-110 (Chapter 3) have further extended the 

characterization of the dihydropyridine binding sites in the heart and 

cerebral cortex. However, it is clear that the local drug 

concentration in vivo at the receptor is dependent on numerous factors, 

including absorption, distribution, protein binding, metabolism, and 

excretion of the drug (Chapters 2 and 4). Pharmacodynamic effects of 

these potent vasodilators also affect the distribution of these drugs 

(Chapters 2 and 4). Also, there is evidence that these receptor 

binding sites are in dynamic equilibrium, as disease states may result 

in changes in receptor characteristics (Chapter 5). 

It appears that dihydropyridine calcium channel antagonists and 

agonists act at the same receptor site as determined by [3H]NTD and 

[3H](+)PN 200-110 binding studies. In contrast, verapamil and d-cis 

diltiazem appear to act at a distinct site(s) from 

[3H]dihydropyridine binding sites (Ehlert et al., 1982b; Yamamura et 

al., 1983; Murphy et al., 1983). The results of these binding studies 
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confirm the pharmacological and electrophysiological differences 

observed for nifedipine, verapamil and diltiazem (Lee and Tsien, 1983; 

Miller and Freedman, 1984). The question of whether verapamil and 

diltiazem act at the same receptor site will require detailed receptor 

binding studies using [3H]verapamil and/or [3H]diltiazem. Also, 

receptor solubilization might answer this question, although Curtis and 

Catterall (1983) found ~hat the verapamil/diltiazem allosteric 

interactions were retained upon solublization of the [3H]NTD binding 

site in brain membranes. 

Another important issue at the present time is the apparent 

discrepancy (100-1000 fold) between the high affinity Kd values 

obtained for [3H]NTD binding sites in the cardiac muscle, and the 

ECSO values obtained from physiologic experiments. Further, high 

affinity binding sites exist in neuronal tissue, yet calcium channel 

antagonists have minimal effects on blocking calcium currents in nerves 

(Miller and Freedman, 1984). Notable exceptions include several 

neuronal cell lines in which there appears to be a good correlation 

between radioligand binding experiments and 4SCa++ uptake studies 

(Toll, 1982; Takahashi and Ogura, 1983). The [3H]NTD binding 

characteristics in heart and brain are very similar to those for ileal 

smooth muscle, in which there is an excellent correlation between 

[3H]NTD binding and pharmacological experiments (Bolger et al., 

1983). In addition, the pharmacologic profile and ionic regulation of 

[3HJNTD receptor binding in heart and brain are consistent with that 



expected for interactions with the calcium channels (Ehlert et al., 

1982b; Gould, Murphy and Snyder, 1982). 

What are possible explanations for the discrepancy between 

receptor binding studies and physiologic experiments? First, the 

[3H]dihydropyridine binding sites may have no relationship to calcium 

channels. Second, calcium channels are under dynamic regulation. 

Thus, in vitro broken cell preparations may "lose" some endogenous 

factor(s) which modulate the receptor binding site ann the calcium 

channel. For example, there is evidence that cyclic nucleotides 
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modul ate calci um channel s (Doroshenko, Kostyuk ann r~artynyuk, 1982; 

Cachel in et al., 1983; Bean, IJowycky and Tsien, 1984; Nirenberg et al., 

1983). Interestingly, Green et al. (1983) found that [3H]NTD binding 
+ 

in depol ari zed (50 mr~ K ) rat heart myocytes sho\'Ied a two fol d 

increase in the Bmax values as compared to myocytes in physiologic 

buffer. There were no significant differences in Kd values. No 

changes in [3H]NTD binding characteristics under both buffer 

conditions were noted for dead myocytes (Green et al., 1983). 

There are also tissue related factors which may alter the 

"apparent II [3H]NTD concentration at the receptor. Kenakin 

(1982;1983) has suggesterl that drug diffusion, low tissue drug 

efficacy, and the number of active receptors may be important. 

Lastly, the introduction of calcium channel agonists, Bay K 8644 

and CGP 28,392, has resulted in new hypotheses regarding drug action on 

the calcium channel. These agonists have positive inotropic effects on 

cardiac muscle and are potent vasoconstrictors. Their apparent 
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mechanism of action appears to be through the calcium channels as alpha 

and beta adrenergic blockade does not abolish the pharmacological 

effects of these agonist drugs (Schramm et al., 1983a,b). Ferry et ale 

(1983a) has proposed that there is a spectrum of dihydropyridine drug 

actions ranging from full antagonists such as PN 200-110 to full 

agonists such as Bay K 8644. Nifedipine would be considered a partial 

agonist (antagonist). This hypothesis could, in part, explain the 

discrepancy in receptor affinity and effector-coupling. From classical 

receptor theory, agonists are thought to induce conformational changes 

in the receptor molecule, while antagonists occupy the receptor site in 

an inert manner (Watson et al., 1984). Although the calcium channel 
++ 

antagonists were once thought to physically block Ca ion passage 

through the calcium channel, recent studies suggest that the 

interaction is indirect and possibly noncompetititve (Lee and Tsien, 

1983). It is probable that both dihydropyridine calcium channel 

antagonists and agonists act by inducing conformational changes in the 

receptor site. Temperature dependent receptor binding studies may be 

useful to detect thermodynamic alterations in receptor binding induced 

by calcium channel antagonists and agonists (Schoemaker et al., 1984). 

A novel consideration is the potential existence of endogenous 

calcium channel mediators, in analogy to the opioid system. Serum 

dialysates do not interfere with [3HJNTD binding ( Chapter 4). 

However, this does not rule out the existence of an endogenous calcium 

channel mediator as the concentration in the dialysates may be too low 

to be detected by the radioreceptor assay, or the dialysis filter 



(molecular weight cutoff, 3500) may exclude a large molecular weight 

compound. Furthermore, an evanescent chemical mediator would not be 

detected. 
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Different vascular beds have varying sensitivities to the 

effects of the calcium channel antagonists (Cauvin et al., 1983), which 

results in differential delivery of drug to various organs. This may, 

in part, explain why the density of [3H]NTD binding sites for 

skeletal muscle is high in vitro, but low in vivo (Chapter 2). 

Since nifedipine and nitrendipine are highly protein bound in 

blood, less than 5 per cent of total drug is free to interact with 

receptors (Chapter 4). Thus, serum drug levels may be poor estimates 

of the actual local NTD drug concentrations at the tissue receptors. 

On the other hand, the lipophilic nature of the dihydropyridine calcium 

channel antagonists and the documented passive uptake of these drugs 

would suggest a concentration gradient in the plasma 

membrane-intracellular space. 

Because of the lack of specific, sensitive assays to measure 

nifedipine and NTD levels in the blood previously, the pharmacokinetics 

of these drugs are poorly understood (Chapter 4). It is not clear 

whether there is dose-dependent accumulation of NTD, or whether there 

are differences between acute and chronic dosing of NTD. The existence 

of active NTD metabolites remains an open question, as well as their 

pharmacokinetic behavior. The results presented in Chapter 4 are 

preliminary and only hint at possible complex pharmacokinetic behavior 

of NTD. It would seem profitable to isolate NTD metabolites from 



patients on chronic NTD therapy. The identification and subsequent 

synthesis and testing of these metabolites in in vitro systems to 

determine whether these compounds possess calcium channel modulating 

properties wo'uld be quite valuable. 
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In conclusion, significant advances have been achieved in 

characterizing the dihydropyridine calcium channel antagonist binding 

site in various tissues. However, it is evident that studies of the in 

vivo characteristics of these complex drugs is important and 

complements the in vitro receptor binding studies. The field of 

calcium antagonism is obviously an exciting field. Further research 

will lead to better understanding of various cellular processes as well 

as to improved drug therapeutics. 
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