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Abstract (] To investigate further whether the effects of the dihydropyridine (DHP) drugs
on calcium channels are related to those of these drugs on muscarinic receptors, the
binding characteristics of the DHP calcium channel agonist, Bay K 8644, on muscarinic
receptors and calcium channels were compared to those of the DHP calcium channel
antagonists, nicardipine and nimodipine in the dog cardiac sarcolemma. Bay K 8644,
nicardipine and nimodipine inhibited the specific [*HJQNB binding with K; values of
167 uM. 3.5uM and 15.5uM respectively. Saturation data of [*HJQNB binding in the
presence of these DHP drugs showed this inhibition to be competitive. Bay K 8644,
like nicardipine and nimodipine, blocked the binding of [*H]nitrendipine to the high
affinity DHP binding sites, but atropine did not, indicating that the muscarinic recep-
tors and the DHP binding sites on calcium channels are distinct. The K, value of Bay
K 8644 for the DHP binding sites was 4 nM. Nicardipine and nimodipine (K;: 0.1-0.2 nM)
were at least 20 times more potent than Bay K 8644 in inhibiting [*H Initrendipine bin-
ding. Thus, the muscarinic receptors were about 4000 times less sensitive than these high
affinity DHP binding sites to Bay K 8644. These results suggest that the DHP calcium
agonist Bay K 8644 binds directly to the muscarinic receptors but its interaction with
the muscarinic receptors is not related to its binding to the DHP binding sites on calcium

channels.
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The calcium antagonists such as verapamil, dil-
tiazem and dihydropyridine (DHP) derivatives
which inhibit calcium entry through potential-de-
pendent channels activated by depolarizatioin in
many excitable cell™™ are a very heterogencous
group of agents with the considerable structural di-
versity*®. DHPs, the most potent drugs of these
types. bind specifically and with high affinity to
membrane preparations from cardiac, skeletal. and
smooth muscle, and from brain™'®. Because of their
selectivity to Ca’" channcls and their powerful va-
somotor effect''?, these drugs have great potential
for clinical and experimental use. However, at con-
centrations which are orders of magnitude higher
than those required for inhibition of Ca’” influx,
the DHP calcium antagonists are known to inhibit
the radioligand binding to rat brain muscarinic and
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a-adrenergic receptors'?.

A potent 14-dihydropyridine calcium agonist. Bay
K 8644 (14-dihydro-2.6-dimethyl-3-nitro-4-(2-trifluo-
romethylphenyl)-pyridine-5-carboxylate) acts directly
on Ca** channels to increase Ca®" influx and con-
tractility of cardiac and smooth muscle even though
its structure is very similar to the DHP calcium
antagonists'*'®. The binding of [‘H]Bay K 8644 to
both high and low affinity sites was also identified
in the rabbit ventricular microsome and guinea pig
brain synaptosome'”. The high affinity site for this
drug has been considered to be a common high
affinity binding site for DHP calcium antago-
nists'™'®. Therefore, Bay K 8644 has been used effe-
ctively to investigate the mechanism of action of
calcium antagonists'®'*2Y,

The purpose of this study was to examine further
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whether the calcium agonist Bay K 8644, like other
potent DHP calcium antagonists, inhibits the radio-
ligand binding to the muscarinic receptors and
whether there are any relationship between the high
and low affinity sites for this drug and the muscari-
nic receptors in the dog cardiac sarcolemma.

EXPERIMENTAL METHODS

Materials

[*HJQuinuclidinyl benzilate (QNB. 67Ci/mmol)
was purchased from Amersham. [*H]Nitrendipine
(85Ci/mmol) was from New England Nuclear. Ad-
enosine triphosphate disodium salt (vanadium free)
was from Boehringer Mannheim. L-Histidine, nico-
tinamide adenine dinucleotide (reduced form,
NADH), ouabain octahydrate, phosphoenolpyruvate
tricyclohexylamine salt. pyruvate kinase/lactic dehy-
drogenase (suspension) and tris (hydroxymethyl)
aminomethanc were obtained from Sigma Chemical
Co. Dihydropyridine drugs were kindly supplied by
the following companies:Yamamouchi Chemical
Co. (nicardipine); Miles Laboratories (nimodipine);
Bayer AG (Bay K 8644). All other rcagents were
of reagent grade.

Preparation of cardiac sarcolemma

Cardiac sarcolemma was prepared by the method
of Lee er al™ Heart was removed from dog and
blotted. The atria, connective tissue and major
vessels were removed. After weighing ventricle, the
tissue was minced with scissors and homogenized
twice in 5 volumes of Medium A which contained
10mM NaHCO: and 5mM NaN., pH70. with a
Polytron (PT-20) at one-half maximal speed for 15
seconds. Samples of the homogenate were taken
and analysed for enzyme activities. The homogenate
was centrifuged for 20 min at 8.700Xg and the pellet
was resuspended in 6 volumes of Medium B (10
mM Tris. Cl, pH74) using 4 passes of a 250 m/
glass-teflon motor driven homogenizer (80% of 140
volts). Microsomes were prepared by centrifugation.
Cardiac membranes highly enriched in sarcolemma
were then isolated by discontinuous sucrose gra-
dient centrifugation of the microsomal suspension
and the final sarcolemma fraction was suspended
in a small volume of Medium B using a hand dri-
ven glass-teflon homogenizer to give a final protein
concentration of 15 to 2 mg/ml.

Protein was measured by the method of Lowry
et al® using bovine serum albumin as a standard.
The average yield of sarcolemma membranes isola-
ted from lg of ventricular tissue was 80 pg.

Measurment of ATPase activity

Total and Na*, K*-ATPase activities of sarcolem-
ma fraction were measured using a linked-enzyme
spectrophotometricassay**inareactionmediumcontai-
ning 100mM NaCl, 10mM KCl 5mM MgCl.
5mM Na-ATP, 04mM NADH, 1| mM phospho-
enolpyruvate, 14 units pyruvate kinase plus 20 units
lactatc dehydrogenase (suspension) and 25mM
L-histidine, pH 74, in a total volume of 2.5 m/. After
equilibration of the medium at 37C. 10 ug (protein)
of sarcolemma was added to the medium to initiate
the ATPase reaction. Enzyme activity was determi-
ned by continuous monitoring of the decrease in
absorbance at 340 nm due to oxidation of NADH.
In the absence of inhibitors, this determination is
a measure of total ATPase activity. Specific Na’.
K*-ATPase activity was determined in the same cu-
vette by measuring the difference between total AT-
Pase activity and activity remaining 30 minutes after
addition of 1 mM ouabain (final).

Muscarinic receptor binding assay

[(*HJQuinuclidinyl benzilate (QNB) binding to
dog cardiac sarcolemma was run in duplicate at
37C in medium containing 50 mM Tris-Cl (pH 74),
10 mM MgCl,, 20 ug of sarcolemma protein and 50
pM [*HIQNB with or without DHP drugs in a
total volume of 5 ml. Parallel experiments addition-
ally contained 10™*M atropine in the same medium
as above. Incubation mixtures were incubated for
60 minutes and then filtered through GF/B glass
fiber filters. The filters were rapidly washed four
times with 5m/ of ice-cold buffer and placed in
scintillation vials containing 8 m/ of scintillation
fluid for count. Specific [*'HJQNB binding was de-
fined as the difference between bindings in the pre-
sence and the absence of 107®*M atropine.

For Scatchard analysis of ['HIQNB binding, sar-
colemma were incubated for 60 min at 37C in the
same medium as described above and various con-
centrations of [“HJQNB. The QNB binding site
concentration (B,...) and affinity (Kp) were estimated
from Scatchard plots by linear regression analysis.
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Table 1. ATPase activity of sarcolemmal fraction prepa-
red from dog ventricle

Table II. [*"H]QNB equilibrium binding to dog cardiac
sarcolemma

ATPase activity(umole Pi/mg/hr)

Total 119.6+ 8.5
Ouabain sensitive 1043+ 6.3
Basal 153123

ATPase activity was measured as described in Methods.
Values are the meanst SEM of three different prepara-
tions.

[*H)Nitrendipine binding assay

Sarcolemma (20 ug) prepared from dog ventricles
were incubated for 30 min at 30C in 0.1 m/ medium
containing 50 mM Tris-Cl (pH 7.4) and 0.6 nM [*H]
nitrendipine with or without various concentrations
of unlabeled DHP drugs. The binding was stopped
by addition of 5mi/ of ice-cold, double distilled
water and filtration on Whatmann GF/B glass fiber
filters. The binding in the presence of 107°M un-
labeled nimodipine was defined as non-specific.

All experiments using DHP drugs were carried
out under sodium light in order to prevent photoly-
sis of these compounds.

Calculation of dissociation constants (K) for unlabeled
drugs

The dissociation constants (K,) of unlabeled DHP
drugs for its binding sites were calculated by the
following equation:

ICSO
radioligand concentration

Ko

Where ICs is the concentration of unlabeled
DHP drugs that caused a 50% inhibition of specific
radiolabeled drug ((*HIQNB or [*HInitrendipine)
binding and K, is the dissociation constant of ra-
diolabeled durg for its receptors determined in sep-
arate Scatchard analysis.

1+

RESULTS

Na*, K*-ATPase activity of cardiac sarcolemma prepara-
tion

The relative enrichment of sarcolemma in the sar-
colemmal fraction was assayed using Na*, K*-ATP-
ase as a membrane marker, which is the mem-
brane enzyme primarily responsible for Na* and K*

Radioactivity [*HIQNB bound %

(cpm/20pg)  (fmol/mg protein) from total
Total 23233+ 3275 3850.6x 745.6 -
Nonspecific 545+ 87 896+ 16.1 23
Specific 22689+ 3209 3761.0+ 7322 97.7

[’HJQNB binding was carried out in the presence of 50
pM [PHIQNB and sarcolemmal protein (20 ug) at 37C
for 60 min in a final volume of 5m/s as described in Me-
thods. Values are the means+ SEM of three different pre-
parations.

transport across the cell membrane. Sarcolemmal
Na®, K"-ATPase activity was more than 25-fold
higher than starting homogenate enzyme activity.

In addition to high Na*, K*-ATPase activity,
about 13% of total ATPase activity was ouabain in-
sensitive in the sarcolemma fraction (Table I). Al-
though small amounts of non-sarcolemma such as
mitochondria, sarcoplasmic reticulum and contrac-
tile protein were contaminated in this sarcolemma
preparation, sarcolemma enrichment and the restric-
tion of muscarinic receptor to the sarcolemmal
membrane make meaningful assessment of binding
data possible.

[*HIONB binding to cardiac sarcolemma

Preliminary determinations of the time necessary
to reach equilibrium at 50 pM [*HIQNB indicated
that the binding reaction had equilibrated by 60
min. When sarcolemmal protein (20 pg) was incu-
bated for 60 min with 50 pM [*HIQNB, total ra-
dioactivity was about 2300 cpm. This radioactivity
was reduced to about 50 cpm by inclusion of 107°
M atropine to the incubation mixtures (Table 1I).
Accordingly, nonspecific binding under these con-
ditions was less than 3% of total binding, demon-
strating that sarcolemmal fraction isolated from dog
ventricles in this study is a good preparation for
[*HJQNB binding assays.

Inhibition of the [PH]JQNB binding by Bay K 8644
The interactions of the DHP calcium channel
agonist Bay K 8644 and antagonists nicardipine and
nimodipine with the muscarinic receptors of dog
ventricular sarcolemma were studied by means of
competition experiments with [*HJQNB (Fig. 1).
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Fig. 1. Inhibition of specific [PH]JQNB binding to dog
cardiac sarcolemma by the dihydropyridine drugs.
Dog cardiac sarcolemmal preparations (20 ug of
protein) were incubated with 50 pM [*'H]QNB
in the presence of the indicated concentrations
of Bay K 8644 (O), nicardipine (@) or nimodi-
pine (a) for 60 minutes and the specific [*H]
QNB binding determined.Nonspecific binding
was defined as that not displaceable by 1uM
atropine. Each point (means of three separate
experiments) represents the percentage decrease
of specific ["HIQNB bound at equilibrium dis-
placed by increasing concentrations of unlabe-
led dihydropyridine drugs (as indicated on the
abcissa). ICsy values from these plots were about
37 uM, 8 uM and 34 uM for Bay K 8644, nicar-
dipine and nimodipine respectively.

Table IIL K; values of Bay K 8644, nicardipine and ni-
modipine for cardiac muscarinic receptors

Drug K (uM) Maximal inhibition(%)
Bay K 8644 167+ 14 100
Nicardipine 35205 100
Nimodipine 155213 100

K; values were calculated from 1Cs values indicated
in legends of Fig. | using the equations described in
Methods. Values are the mean* SEM of three different
preparation.

Bay K 8644, nicardipine and nimodipine inhibited
the PHIQNB binding to the cardiac muscarinic
receptors in a concentration-dependent manner with
the ICs, values of 37 uM, 8 uM and 34 uM, respecti-
vely. The maximal degree of inhibition by all of
the three DHP drugs corresponded to 100 percent
of the specific [*HJQNB binding, which indicates
that the binding of the DHP drugs was saturable.
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g. 2 Scatchard plot of specific [*H]JQNB binding to
dog cardiac sarcolemma.
[*H]QNB binding at various [*HJQNB conce-
ntrations was measured as described in Me-
thods, in the absence (M) of unlabeled dihydro-
pyridine drug and in the presence of 40 uM Bay
K 8644 (O), 5uM nicardipine (@), or 30 uM ni-
modipine (a). The added concentration of [*H]
QNB was corrected to free (F) by subtraction
of bound concentration. Intercepts on Y-axis are
not statistically different. Each point denotes
mean from three separate preparations.

Fi

Table III shows the K; values of these drugs cal-
culated from the ICs value. Nicardipine having K,
value of approximately 3.5uM was 5 times more
potent than nimodipine and Bay K 8644 which had
K; values in the range of 15-17puM in inhibiting
[(*H]JQNB binding to the muscarinic receptors.

Effects of Bay K 8644 on the [’H|QNB binding para-
meters

To analyse the mechanism underlying this inhi-
bition of [PHIJQNB binding by Bay K 8644, the
saturation binding assays for "HJQNB in the pre-
sence and the absence of Bay K 8644 of a concent-
ration close to the ICs value were carried out. As
shown in the Scatchard plot of Fig. 2, [*HIQNB
binds to a single class of the muscarinic receptor
sites in dog ventricular sarcolemma with the appar-
ent dissociation constant (Kp) of approximately 40
pM. Bay K 8644 increased apparent Kp of the re-
ceptor for [PHJQNB but did not significantly alter
the maximum number of [*HJQNB binding sites
(Table IV). Similar results were obtained with the
DHP calcium antagonists nicardipine and nimodi-
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Table IV. Effects of Bay K 8644, nicardipine and nimodipine on the [PH]JQNB binding parameters

Drug Conc. (UM) Ko (pM) B, (fmol/mg) nH
Control - 412+ 48 7617.0% 603.3 107+ 0.03
Bay K 8644 S 520x85 8338.1+785.6 0.99+ 0.02

40 859+ 8.1* 6896.8+ 727.6 1.06+ 007
Nicardipine 5 705+ 7.0* 63372+ 7904 1.05%+ 001
Nimodipine 30 708+ 8.7* 7848.8+ 750.2 1.07+ 0.01

Ky and B,.. were estimated from Scatchard plots shown in Fig. 2 by linear regression analysis. Hill coefficient
(nH) is the regression coefficient of the Hill plots. Values are the mean® SEM of three different preparations.
*Significantly different (p<0.01) from corresponding value of control.
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Fig. 3. Effect of Bay K 8644, nicardipine, or nimodipine
on the specific [*H]nitrendipine binding.
Dog cardiac sarcolemmal preparations (20 pg of
protein) were incubated with 0.6 nM [*H]nitre-
ndipine in the presence of various concentra-
tions of Bay K 8644 (O), nicardipine (@), or
nimodipine (a) for 30 min and the specific [*H]
nitrendipine binding determined as described
in Methods. Nonspecific binding was defined
as that not displaceable by 107*M nimodipine.
Each point denotes mean from three separate
preparations.

pine : the K, increased about twofold with no signi-
ficant change in the number of binding sits (Table
IV). Thus, like the DHP calcium antagonists, cal-
cium agonist Bay K 8644 at high concentrations
appeared to act as a reversible competitive inhibitor
of the [*"HJQNB binding to the muscarinic recep-
tor in ventricular sarcolemma.

Effects of Bay K 8644 on [*H)nitrendipine binding
High affinity binding sites for [*H]nitrendipine
have been reported in microsomal and sarcolemmal
preparations from heart**®. In this sarcolemmal
preparation, [*H]nitrendipine also bound to a
single population of high affinity sites with the K,

of 0.14 nM. Bay K 8644, like nicardipine and nimo-
dipine. inhibited specific [*H]nitrendipine binding
completely (Fig. 3), suggesting that the DHP cal-
cium channel agonist and antagonists bind to a
common high affinity DHP binding site. However,
this specific [*H]nitrendipine binding was insenstive
to displacement by atropine at 107°M. The K, va-
lues of these drugs calculated using the ICs, data
from Fig. 3 and the K, (0.14 nM) for [*H]nitrendi-
pine are summarized in Table V. Bay K 8644 with
the K; of approximately 4 nM at the dihydropyri-
dine binding sites was about 20 and 40 times less
potent than nicardipine and nimodipine respecti-
vely. Comparision of these K; values with correspo-
nding data from experiments with the muscarinic
receptors shows that the muscarinic receptors were
about 4,000, 32000 and 74,000 times less sensitive
than the [‘Hlnitrendipine binding sites to Bay K
8644. nicardipine and nimodipine, respectively.
These results indicates that the binding sites of Bay
K 8644 blocking the muscarinic receptors are disti-
nct sites from those of this drug associated with
the calcium activation.

DISCUSSION

The results of this study demonstrate that a dihy-
dropynidine calcium agonist Bay K 8644 at high
concentrations competes for [FHIQNB binding to
ventricular muscarinic receptors. Although the dihy-
dropyridine (DHP) calcium channel antagonists
have received major pharmacologic and therapeutic
attention because of their potent and selective ability
to inhibit Ca*" entry through potential-dependent
Ca’' channels in myocardium and vascular smooth
muscle, it has been reported that these drugs at
concentrations greatly in excess of those which pro-
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Table V. K values of Bay K 8644, nicardipine and nimo-
dipine for [*H]nitrendipine binding sites

Drug K, (uM)
Bay K 8644 3.89+£ 054
Nicardipine 0.11+0.03
Nimodipine 021+ 0.04

The K: values were calculated from the equation, K,
=ICs/(1+F/Kp). Inhibition of specific [*H]nitrendi-
pine binding by the DHP durgs was measured at [°H]
nitrendipine concentration(F) of 0.6 nM. The K, value
for [*Hnitrendipine determined in separate Scatchard
analysis was 0.14+ 002 nM (n=3). Other legends are
the same as described in Fig. 3 and Methods. Values
are the meanst SEM of three different preparations.

duce clinical effects inhibit radioligand binding to
rat brain a;-and a,-adrenoceptors™*®, muscarinic'?,
serotonin®”, and histamine receptors®.

The results of this study also demonstrate that
nicardipine and nimodipine competitively inhibit
[PH]QNB binding to cardiac muscarinic receptors
with the K; values of 3.5uM and 15.1 uM respec-
tively. These K; values are about 32,000 times for
nicardipine and about 74,000 times for nimodipine
greater than those of these two drugs for the high
affinity [*H]nitrendipine binding site. Consistent
with these results the specifc [*H]nitrendipine bin-
ding was insensitive to displacement by 1uM of
atropine. Thus, depending on the concentrations
used. the DHP calcium antagonists are capable of
interacting with the cardiac muscarinic receptors in
addition to the high affinity dihydropyridine bin-
ding sites-calcium channels, but the muscarinic re-
ceptor blocking effect of these drugs is not related
to the calcium entry blocking effect via the binding
of these drugs to the high affinity sites.

Bay K 8644, a member of dihydropyridine drugs,
was found to have a dose-dependent positive inot-
ropic and chronotropic effect on the heart and to
cause vasoconstriction'*? which are accompanied
by an increased influx of Ca*'*'** and blocked
competitively by the DHP calcium antagonists inc-
luding nicardipine and nifedipine'**'*?, but insensi-
tive to propranolol, phentolamine, atropine, indo-
methacin, chlorpheniramine and ketanserin®®. Bay
K 8644 was also known to be a competitive inhibi-
tor of [*H]nitrendipine binding at doses that enha-
nce Ca’" influx and produce a positive inotropic

response™'**». Therefore, it is generally accepted

that Bay K 8644 interacts directly with the DHP
recognition sites.

Although Bay K 8644 and the DHP calcium
antagonists bind to the same DHP binding do-
mains in channel receptor complex, there are mar-
ked differences in the gating patterns. According
to Hess er al'®, the DHP calcium antagonist pro-
motes a mode-0 pattern of Ca’* channel gating in
which the channels are not available for opening,
whereas Bay K 8644 promotes a mode-2 gating ma-
rked by long openings. In this study 4nM of Bay
K 8644, which is concentration corresponded to the
K; value of this drug for the high affinity DHP
binding sites, did not affect ["HJQNB binding.
These results indicate that the interaction of the
DHP calcium agonist with the high affinity DHP
binding sites in the agonist binding state (mode-2)
is not associated with the muscarinic receptors.

Janis er al.'” demonstrated that [*H]Bay K 8644
binds to both high and low affinity sites with the
apparent dissociation constant (Kp) of 2-3nM and
50-100 nM respectively and that the high affinity
binding of this calcium channel agonist is to cal-
cium channels. However, the nature of the low affi-
nity binding sites for Bay K 8444 has not been cha-
racterized yet. One electrophysiological study using
ventricular myocytes has pointed out that while the
low concentrations of calcium channel agonists
which increase the inward calcium currents do not
change channel structure, the high concentrations
of these agonists cause a considerable change in
channel structure®, Therefore, the low affinity bin-
ding sites detected by the high concentrations of
[*H]Bay K 8644 might be due to the structural cha-
nge of calcium channels. We examined whether this
low affinity binding state for Bay K 8644 is associa-
ted with the muscarinic receptors.

Bay K 8644 inhibited [*HIJQNB binding to mus-
carinic receptors in a competitive manner. The dis-
sociation constant (—17 uM) of the muscarinic re-
ceptor for Bay K 8644 in cardiac sarcolemma is
at least 4,000-fold larger than the apparent K; value
(4nM) of this agonist for the high affinity DHP
binding sites in the present study, and is also 150-
300-fold larger than the K, value (50-100 nM) for
the low affinity binding sites estimated from satura-
tion experiment of [*H]Bay K 8644 binding'”, and
is 150-500-fold larger than the EDs, values (30-100
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nM) for increasing cardiac contractility’ and cal-
cium current'®™*. In addition to these results, the
facts that 5uM of Bay K 8644, which is 50 fold
larger than the K, value for the low affinity binding
sites, completely inhibited [*H]nitrendipine binding
but did not displace [P’HIQNB from the muscarinic
receptors indicate that both calcium channel struc-
tures having high and low affinity for Bay K 8644
are not linked to muscarinic receptors. Our results
also indicate that when DHP calcium agonist and
antagonist at usual concentrations are used experi-
mentally or therapeutically to understand the phar-
macological action of these drugs on calcium chan-
nels, these drugs do not affect the muscarinic re-
ceptors.
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