
Calcium channel antagonists inhibit muscle contraction by
blocking the influx of Ca2� through the L-type calcium chan-
nels and they have been used in the treatment of angina pec-
toris and systemic hypertension.1—4) Although several types
of compounds act as calcium channel blockers, 1,4-dihy-
dropyridines (1,4-DHPs) are used as the most popular drug
in this area. Nifedipine is the prototype drug of this group. A
number of 1,4-DHP compounds were synthesized by modify-
ing the nifedipine molecule. Some of 1,4-DHPs clinically
used has exhibited the blocking activity not only at L-type
calcium channels but also at T- and N-type calcium
channels.5—8) These drugs may reduce the side effect of 
reflex tachycardia. Similarly, 1,4-DHP derivatives have 
reported to show the activity at ion channels and G-protein-
coupled receptors.9)

Most of 1,4-DHPs clinically used have an aromatic ring in
the 4-position and ester groups in the 3- and 5-positions of
the 1,4-DHP ring. However, many active compounds have
also been obtained by the introduction of the 1,4-DHP moi-
ety to the condensed ring systems such as hexahydroquino-
line and furoquinoline.10—14) In these compounds, the orien-
tation of the carbonyl group of the ester substituent at the 
5-position in the 1,4-DHP ring of nifedipine has been fixed.
The pharmacologically active antagonists have an aromatic
ring in the 4-position of the 1,4-DHP ring restricting the aro-
matic ring to the 1,4-DHP vertical plane and flattening the
1,4-DHP ring. Previously we have synthesized hexahydro-
quinoline derivatives and evaluated their antagonistic effects
on KCl- or BaCl2-induced contraction of rat and guinea-pig

smooth muscles.10—15) Radioreceptor binding assay is a very
reliable method to evaluate directly the receptor binding ac-
tivity which reflects the pharmacological activity.16—18) The
aim of the current study is to investigate the structure–activ-
ity relationships of newly sunthesized 1,4-DHP derivatives in
binding activities of 1,4-DHP calcium channel antagonist re-
ceptors in the rat brain. In addition, we investigated the bind-
ing activities of these derivatives to other receptors such as
muscarinic receptors, (1-adrenoceptors, purinergic receptors,
ATP-sensitive potassium (KATP) channels and nicotinic recep-
tors.

MATERIALS AND METHODS

Materials [2,8-3H]a ,b-Methylene ATP tetrasodium salt
([3H]a ,b-MeATP, 0.581 TBq/mmol), [N-methyl-3H]scopol-
amine methyl chloride ([3H]NMS, 3.03 TBq/mmol), [7-
methoxy-3H]prazosin ([3H]prazosin, 3.21 TBq/mmol), [cy-
clohexyl-2,3-3H(N)]glibenclamide ([3H]glibenclamide, 1.56
TBq/mmol), (�)-[5-methyl-3H]PN 200–110 ((�)-[3H]PN
200–110, 2.71—3.03 TBq/mmol) and [5,6-bicycloheptyl-
3H](�)-epibatidine ([3H]epibatidine, 2.05 TBq/mmol) were
purchased from Perkin-Elmer Life Sciences, Inc. (Boston,
MA, U.S.A.). Some 1,4-DHP derivatives (Compounds 1—124,
Table 1) were synthesized by the modified before.10—15,19) All
other chemicals were purchased from Merck and Aldrich.

Animals Sprague-Dawley and Wistar rats (SLC,
Shizuoka, Japan) were used in this study. Rats were housed
with a 12 h light–dark cycle and fed laboratory food and
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water ad libitum.
Tissue Preparation and Radioreceptor Binding Assay

The radioligand binding assays for muscarinic receptors, a1-
adrenoceptors, 1,4-DHP receptors, purinergic receptors, KATP

channels and nicotinic receptors were performed using
[3H]NMS,20) [3H]prazosin,17) (�)-[3H]PN 200–110,18) [3H]ab-
MeATP,21) [3H]glibenclamide22) and [3H]epibatidine22,23), re-
spectively.

Rats were killed by taking the blood from the descending
aorta under temporary anesthesia with diethyl ether and the
brain (except for cerebellum) was excised after perfused with
cold saline from the aorta. For the binding assays of
[3H]NMS, [3H]prazosin and (�)-[3H]PN 200–110, rat brain
was homogenized by a Kinematica Polytron homogenizer in
19 volumes of ice-cold 50 mM Tris–HCl buffer (pH 7.4) con-
taining 1 mM ethylenediamine-N,N,N�,N�-tetraacetic acid,
(EDTA), 2 mg/ml soybean trypsin inhibitor, 10 mg/ml baci-
tracin. The homogenate was then centrifuged at 40000�g for
20 min at 4°C, and the suspension of the pellet was cen-
trifuged again under the similar condition. The resulting pel-
let was finally suspended 19 volumes of 50 mM Tris–HCl
buffer (pH 7.4) containing 3 mM CaCl2 for the binding assay.

For the binding assays of [3H]a ,b-MeATP and [3H]gliben-
clamide, the brain was homogenized by the homogenizer in
10 volumes of ice-cold 50 mM Tris–HCl buffer (pH 7.4) con-
taining 1 mM EDTA, 2 mg/ml soybean trypsin inhibitor, 10
mg/ml bacitracin. The homogenate was then centrifuged at
2000�g for 10 min at 4°C, and the supernatant was recen-
trifuged at 40000�g for 20 min at 4°C. The pellet was sus-
pended 10 volumes of above buffer and centrifuged at
40000�g for 20 min at 4°C. The resulting pellet was finally
suspended 4 volumes of 50 mM Tris–HCl buffer (pH 7.4)
containing 3 mM CaCl2 for the binding assay.

For the [3H]epibatidine assay, the brain was homogenized
by the homogenizer in 19 volumes of ice-cold 50 mM Tris–
HCl buffer (pH 7.4). The homogenate was then centrifuged
at 40000�g for 10 min at 4°C, and the suspension of the pel-
let was centrifuged again under the similar condition. The re-
sulting pellet was finally suspended 19 volumes of 50 mM

Tris–HCl buffer (pH 7.4) for the binding assay.
In the case of [3H]NMS binding assay, the brain ho-

mogenate (5 mg) was incubated with 0.1 nM [3H]NMS in
total volume of 0.5 ml in 50 mM Tris–HCl buffer (pH 7.4)
containing 3 mM CaCl2. Incubation was carried out for 60
min at 25°C. In the case of [3H]prazosin binding assay, the
brain homogenate (5 mg) was incubated with 0.1 nM [3H]pra-
zosin in total volume of 0.5 ml in 50 mM Tris–HCl buffer (pH
7.4) containing 3 mM CaCl2. Incubation was carried out for
30 min at 25°C. In the case of (�)-[3H]PN 200–110 binding
assay, the brain homogenate (5 mg) was incubated with
0.5 nM (�)-[3H]PN 200–110 in total volume of 0.5 ml in
50 mM Tris–HCl buffer (pH 7.4) containing 3 mM CaCl2. In-
cubation was carried out in the dark with a sodium lamp for
60 min at 25°C. In the case of [3H]ab-MeATP binding assay,
the brain homogenate (50 mg) was incubated with 0.1 nM

[3H]ab-MeATP in total volume of 0.5 ml in 50 mM Tris–HCl
buffer (pH 7.4) containing 3 mM CaCl2. Incubation was car-
ried out for 120 min at 4°C. In the case of [3H]glibenclamide
binding assay, the brain homogenate (50 mg) was incubated
with 0.1 nM [3H]glibenclamide in total volume of 0.5 ml in
50 mM Tris–HCl buffer (pH 7.4) containing 3 mM CaCl2. In-

cubation was carried out for 60 min at 25°C. In the case of
[3H]epibatidine binding assay, the brain homogenate (5 mg)
was incubated with 0.5 nM [3H]epibatidine in total volume of
0.5 ml in 50 mM Tris–HCl buffer (pH 7.4). Incubation was
carried out for 60 min at room temperature. The reaction was
terminated by rapid filtration (Cell Harvester, Brandel Co.,
Gaithersburg, MD, U.S.A.) through Whatman GF/B glass
fiber filters, and the filters were then rinsed three times with
3 ml of ice-cold 50 mM Na/K� phosphate buffer. Pretreatment
of the filters with 20 mM Na4P2O7 and 0.5% polyethylenimine
served to eliminate binding of [3H]ab-MeATP and [3H]epi-
batidine to the filters. Tissue-bound radioactivity was ex-
tracted from the filters by placing them overnight by immer-
sion in scintillation fluid (2 l toluene, 1 l Triton X-100, 15 g
2,5-diphenyloxazole, 0.3 g 1,4-bis[2-(5-phenyloxazolyl)]ben-
zene), and radioactivity was determined by a liquid scintilla-
tion counter. Specific binding of [3H]NMS, [3H]prazosin,
(�)-[3H]PN 200–110, [3H]ab-MeATP, [3H]glibenclamide and
[3H]epibatidine was determined experimentally from the dif-
ference between counts in the absence and presence of 1 mM

atropine, 100 mM phentolamine, 1 mM nifedipine, 3 mM ab-
MeATP, 1 mM glibenclamide and 300 mM (�)-nicotine, re-
spectively. The (�)-[3H]PN 200–110 assay was performed in
the dark with a sodium lamp. All assays were conducted in
duplicate. Protein concentrations were measured by the
method of Lowry et al.25)

Data Analysis Analysis of radioligand binding data was
performed as described.16) The apparent dissociation constant
(Kd) and maximal number of binding sites (Bmax) for each ra-
dioligand were estimated by Rosenthal analysis of the satura-
tion data of (�)-[3H]PN 200–110 (0.025—1.0 nM). The abil-
ity of each agent to inhibit specific binding of radioligand
was estimated from the IC50 values, namely the molar con-
centration of this agent necessary to displace 50% of the spe-
cific binding of radioligand (determined by log probit analy-
sis).

Statistical analysis of the data was performed by a one-
way analysis of variance (ANOVA), followed by Dunnett’s
test for multiple comparison. The data were expressed as
mean�S.E. Statistical significance was accepted at p�0.05.

RESULTS

Binding Activities for 1,4-DHP Receptor, Muscarinic
Receptor, aa1-Adrenoceptor, Purinergic Receptor, ATP-
Sensitive Potassium Channel and Nicotinic Receptor
The inhibitory effects (% of inhibition) of novel 1,4-DHP de-
rivatives (compounds 1—124, Table 1) on specific binding of
(�)-[3H]PN 200–110, [3H]NMS, [3H]prazosin, [3H]ab-
MeATP, [3H]glibenclamide and [3H]epibatidine were exam-
ined. Nineteen derivatives (compounds 1, 48, 49, 50, 54, 59,
60, 66, 68, 69, 80, 83, 85, 88, 93, 94, 107, 115, 119) at the
concentration of 10 mM inhibited specific (�)-[3H]PN 200–
110 binding in the rat brain by more than 80%. In subsequent
quantitative experiment, these compounds inhibited brain
(�)-[3H]PN 200–110 binding in a concentration-dependent
manner (Fig. 1). The IC50 values of these 1,4-DHP deriva-
tives were 0.43—3.49 mM which were higher than that of
nifedipine (Table 2). The Hill coefficients of these com-
pounds were not significantly different from unity.

The kinetic analysis was performed by examining the 
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Table 1. Chemical Btructures of Synthesized 1,4-DHP Derivatives (1, 2: 2,6-Dimethyl-3,5-diacetyl-4-aryl-1,4-DHP; 3—121: 2,3,6,7-Substituted-5-oxo-
1,4,5,6,7,8-hexahydroquinoline; 122—124: 2,2,7,7-Tetramethyl-9-aryl-2,3,4,5,6,7,9,10-octahydro-1,8-acridinedione) and Their Inhibition Rates (%) (Each:
10 mM) of Specific Binding of (�)-[3H]PN 200–110 (1,4-DHP), [3H]NMS (Muscarinic), [3H]Prazosin (a1), [3H]Glibenclamide (KATP), [3H]a,b-MeATP
(P2X) and [+H]Epibatidine (Nicotinic) in Rat Brain

% inhibition of specific radioligand binding
Com-

R1 R2 R3 R4 Ar
pound

1,4-DHP Muscarinic a1 KATP P2X Nicotinic

1 – – – – 2-Fluorophenyl 79.3 3.2 4.0 7.8 0.1 3.8
2 – – – – 3-Pyridyl 1.5 3.3 0 2.2 0 0.6
3 CH3 COCH3 H, H H, H 2-Chlorophenyl 26.4 1.5 3.8 10.2 4.9 4.0
4 CH3 COCH3 H, H H, H 2,4-Dinitrophenyl 0 0 0 3.4 14.0 4.6
5 CH3 COCH3 H, H H, H 4-Pyridyl 3.8 2.4 0 7.9 1.7 0
6 CH3 COCH3 H, H H, H 2-Thienyl 6.5 0 1.0 4.9 2.6 0
7 CH3 COCH3 CH3, CH3 H, H 2-Chlorophenyl 11.7 2.3 0 2.6 3.5 0
8 CH3 COCH3 CH3, CH3 H, H 3-Chlorophenyl 12.5 2.4 0 2.0 8.1 0
9 CH3 COCH3 CH3, CH3 H, H 4-Chlorophenyl 0.1 3.3 0 9.7 2.6 0

10 CH3 COCH3 CH3, CH3 H, H 4-Bromophenyl 0 0 2.5 4.9 0 0
12 CH3 COCH3 CH3, CH3 H, H 3-Fluorophenyl 27.0 0 0 3.3 0 3.2
13 CH3 COCH3 CH3, CH3 H, H 4-Fluorophenyl 2.4 0 8.7 9.2 4.4 4.4
15 CH3 COCH3 CH3, CH3, H, H 3-Furyl 2.0 0 1.5 0.3 1.5 0
16 CH3 COCH3 CH3, CH3 H, H 3-Methylphenyl 4.9 0 0 5.3 0 2.3
17 CH3 COCH3 CH3, CH3 H, H 4-Methylphenyl 0.5 0 1.9 4.0 0 0
18 CH3 COCH3 CH3, CH3 H, H 3-Methoxyphenyl 4.2 0 1.1 5.5 0 0
19 CH3 COOCH3 CH3, CH3 H, H 2-Methylphenyl 79.2 0 1.7 1.3 0.9 0
20 CH3 COOCH3 CH3, CH3 H, H 3-Methylphenyl 17.2 0 0 7.8 0 0
21 CH3 COOCH3 CH3, CH3 H, H 3-Methoxyphenyl 6.8 0 5.2 0 4.8 0
22 CH3 COOCH3 CH3, CH3 H, H 4-Methylphenyl 0 0 0 3.4 0 1.8
23 CH3 COOCH3 CH3, CH3 H, H 4-Methoxyphenyl 0 0 0 0 0.7 0
24 CH3 COOCH3 CH3, CH3 H, H 3,4-Methylenedioxyphenyl 0 0 0 5.9 4.9 1.2
25 CH3 COOC2H5 CH3, CH3 H, H 2-Methylphenyl 36.1 0 1.3 0 1.4 2.0
26 CH3 COOC2H5 CH3, CH3 H, H 2-Methoxyphenyl 52.0 0 0 3.2 0 0
27 CH3 COOC2H5 CH3, CH3 H, H 3-Methylphenyl 27.8 0 1.2 8.4 4.4 2.9
28 CH3 COOC2H5 CH3, CH3 H, H 3-Methoxyphenyl 62.7 0 0 9.9 10.5 6.3
29 CH3 COOC2H5 CH3, CH3 H, H 4-Methylpheny 0 0 0 16.6 8.8 2.2
30 CH3 COOC2H5 CH3, CH3 H, H 4-Methoxyphenyl 3.0 0 4.7 5.2 5.3 0
31 CH3 COOC2H5 CH3, CH3 H, H 3,4-Methylenedioxyphenyl 1.9 0 7.3 23.6 7.2 4.5
32 CH2CH3 COOCH3 CH3, CH3 H, H Phenyl 10.6 0 3.3 10.3 4.4 0
33 CH2CH3 COOCH3 CH3, CH3, H, H 2-Bromophenyl 42.8 0 0 3.2 8.6 0
34 CH2CH3 COOCH3 CH3, CH3, H, H 4-Methoxyphenyl 0 0 0 4.7 4.6 0
35 CH2CH3 COOCH3 CH3, CH3 H, H 3-Bromophenyl 32.1 0 12.8 16.3 10.3 1.6
36 CH2CH3 COOCH3 CH3, CH3 H, H 3-Trifluoromethylphenyl 8.7 2.4 1.1 24.5 11.1 5.3
37 CH2CH3 COOCH3 CH3, CH3 H, H 4-Bromophenyl 4.9 0.9 16.4 21.3 8.4 2.6
38 CH2CH3 COOCH3 CH3, CH3 H, H 4-Chlorophenyl 3.3 0.5 3.8 28.8 13.1 5.8
39 CH2CH3 COOCH3 CH3, CH3 H, H 2,3-Dichlorophenyl 23.6 0 0 6.0 9.3 1.3
40 CH2CH3 COOCH3 CH3, CH3 H, H 2,4-Dichlorophenyl 10.5 0 0 12.1 13.4 2.4
41 CH2CH3 COOCH3 CH3, CH3 H, H 3,4-Dichlorophenyl 0 0 0 0.5 14.7 0
42 CH2CH3 COOCH3 CH3, CH3 H, H 2-Pyridyl 0 0 0 0 11.3 4.0
43 CH2CH3 COOCH3 CH3, CH3 H, H 3-Pyridyl 0 0 0 1.9 9.8 0.8
44 CH2CH3 COOCH3 CH3, CH3 H, H 3-Chlorophenyl 16.1 0 0 11.2 8.0 1.6
45 CH3 COOCH3 CH3, CH3 H, H Phenyl 37.0 0 0 9.0 4.9 0
46 CH3 COOCH3 CH3, CH3 H, H 2-Bromophenyl 70.1 0 0 0 0 5.0
47 CH3 COOCH3 CH3, CH3 H, H 2-Chlorophenyl 62.8 0 0 0.2 0 4.4
48 CH3 COOCH3 CH3, CH3 H, H 2-Fluorophenyl 90.4 0.5 5.6 6.9 7.5 4.3
49 CH3 COOCH3 CH3, CH3 H, H 2-Nitrophenyl 89.0 0 4.2 7.4 14.8 1.5
50 CH3 COOCH3 CH3, CH3 H, H 2-Trifluoromethylphenyl 93.1 0 0.4 2.6 14.6 0.8
51 CH3 COOCH3 CH3, CH3 H, H 2-Pyridyl 0.3 0.9 0.7 2.6 16.9 1.8
52 CH3 COOCH3 CH3, CH3 H, H 3-Bromophenyl 68.2 0 7.7 17.9 21.8 0.3
53 CH3 COOCH3 CH3, CH3 H, H 3-Fluorophenyl 66.0 0 2.0 1.1 15.0 0
54 CH3 COOCH3 CH3, CH3 H, H 3-Nitrophenyl 100 0.9 4.7 21.1 10.7 0
55 CH3 COOCH3 CH3, CH3 H, H 3-Pyridyl 2.8 0 4.0 2.8 0 0.3
56 CH3 COOCH3 CH3, CH3 H, H 3,4-Dichlorophenyl 0 3.0 0 0 0 5.0
57 CH3 COOCH3 CH3, CH3 H, H 4-Acetylaminophenyl 0 3.3 2.9 1.4 4.5 5.2
58 CH3 COOC2H5 CH3, CH3 H, H Phenyl 39.3 0.7 64.0 1.7 8.1 3.0
59 CH3 COOC2H5 CH3, CH3 H, H 2-Bromophenyl 94.7 0 3.9 6.0 11.2 3.7
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Table 1. Continued

% inhibition of specific radioligand binding
Com-

R1 R2 R3 R4 Ar
pound

1,4-DHP Muscarinic a1 KATP P2X Nicotinic

60 CH3 COOC2H5 CH3, CH3 H, H 2-Chlorophenyl 92.6 2.1 7.8 7.3 17.6 3.4
61 CH3 COOC2H5 CH3, CH3 H, H 2-Fluorophenyl 78.0 0.2 6.0 4.4 8.9 2.4
62 CH3 COOC2H5 CH3, CH3 H, H 2-Nitrophenyl 56.0 0 0.7 5.0 8.0 2.9
63 CH3 COOC2H5 CH3, CH3 H, H 2-Pyridyl 25.1 0 2.1 1.0 0 5.9
65 CH3 COOC2H5 CH3, CH3 H, H 3-Bromophenyl 73.4 0.1 2.5 3.1 0.8 11.7
66 CH3 COOC2H5 CH3, CH3 H, H 3-Chlorophenyl 83.7 6.1 0 2.1 8.7 11.4
67 CH3 COOC2H5 CH3, CH3 H, H 3-Fluorophenyl 45.5 1.4 5.3 0 8.9 0
68 CH3 COOC2H5 CH3, CH3 H, H 3-Nitrophenyl 98.0 0.6 10.3 20.3 11.2 0
69 CH3 COOC2H5 CH3, CH3 H, H 3-Trifluoromethylphenyl 99.6 0 3.5 0 8.7 0.9
70 CH3 COOC2H5 CH3, CH3 H, H 3-Pyridyl 15.6 0 2.3 0 3.6 8.3
71 CH3 COOC2H5 CH3, CH3 H, H 2,3-Dichlorophenyl 78.0 0 0 0 1.4 0
72 CH3 COOC2H5 CH3, CH3 H, H 2,4-Dichlorophenyl 16.9 0.1 0 0 0 0
73 CH3 COOC2H5 CH3, CH3 H, H 2,6-Dichlorophenyl 59.1 0.7 0 0 2.5 1.3
74 CH3 COOC2H5 CH3, CH3 H, H 4-Acetylaminophenyl 1.6 1.2 0 0 4.0 5.9
75 CH3 CON(C2H5)2 CH3, CH3 H, H 2,4-Dichlorophenyl 0 0 0 0 11.2 7.4
76 CH3 COOCH3 CH3, CH3 H, H 3,4-Difluorophenyl 22.8 0 3.4 3.4 12.1 1.8
77 CH3 COOCH3 CH3, CH3 H, H 2,5-Difluorophenyl 74.7 0 3.9 1.1 17.9 0
79 CH3 COOCH3 CH3, CH3 H, H 2,4-Difluorophenyl 57.7 0 5.4 6.2 8.0 0
80 CH3 COOCH3 CH3, CH3 H, H 2.3-Difluorophenyl 85.1 0 0.1 3.0 5.9 0.8
81 CH3 COOC2H5 CH3, CH3 H, H 3,4-Difluorophenyl 16.1 0 0 61.3 0 0
82 CH3 COOC2H5 CH3, CH3 H, H 2,5-Difluorophenyl 50.0 0 0 15.4 0 0
83 CH3 COOC2H5 CH3, CH3 H, H 2,6-Difluorophenyl 95.4 0 1.0 24.4 0 0
84 CH3 COOC2H5 CH3, CH3 H, H 2,4-Difluorophenyl 29.7 0 0 48.5 0 0
85 CH3 COOC2H5 CH3, CH3 H, H 2,3-Difluorophenyl 98.3 0 0 16.7 0 0
86 CH3 COOCH3 H, H CH3, CH3 3,4-Difluorophenyl 23.7 0 0.2 0 15.3 0
87 CH3 COOCH3 H, H CH3, CH3 2,5-Difluorophenyl 31.8 0 2.6 0 18.2 0
88 CH3 COOCH3 H, H CH3, CH3 2,6-Difluorophenyl 96.9 0 0 0 13.3 0.7
89 CH3 COOCH3 H, H CH3, CH3 2,4-Difluorophenyl 21.5 0.7 0 0 14.5 0
90 CH3 COOCH3 H, H CH3, CH3 2,3-Difluorophenyl 75.9 1.4 0 16.1 0 0
91 CH3 COOC2H5 H, H CH3, CH3 3,4-Difluorophenyl 73.5 1.6 0 73.2 0 0
92 CH3 COOC2H5 H, H CH3, CH3 2,5-Difluorophenyl 49.7 0 0 13.8 0 0
93 CH3 COOC2H5 H, H CH3, CH3 2,6-Difluorophenyl 93.8 0 0 9.8 0 0
94 CH3 COOC2H5 H, H CH3, CH3 2,4-Difluorophenyl 89.3 0 0 49.8 0 0
95 CH3 COOC2H5 H, H CH3, CH3 2,3-Difluorophenyl 46.0 1.4 8.6 5.1 8.6 0
96 CH3 CON(C2H5)2 CH3, CH3 H, H 3,4-Difluorophenyl 0 0 0 0 0.2 0
97 CH3 CON(C2H5)2 CH3, CH3 H, H 2,5-Difluorophenyl 0 0 0.5 0 0 0.8
98 CH3 CON(C2H5)2 CH3, CH3 H, H 2,6-Difluorophenyl 0 0 0 0 0 1.5
99 CH3 CON(C2H5)2 CH3, CH3 H, H 2,4-Difluorophenyl 0 0 0.2 0 0 3.2

100 CH3 CON(C2H5)2 CH3, CH3 H, H 2,3-Difluorophenyl 0 0 0.2 0 0 0.1
101 CH3 CON(C2H5)2 H, H CH3, CH3 3,4-Difluorophenyl 0 0 0.2 3.8 0 1.0
102 CH3 CON(C2H5)2 H, H CH3, CH3 2,5-Difluorophenyl 0.4 0.5 0.2 0 0 0
103 CH3 CON(C2H5)2 H, H CH3, CH3 2,6-Difluorophenyl 0 0 0.2 0 0 0
104 CH3 CON(C2H5)2 H, H CH3, CH3 2,4-Difluorophenyl 0 0 3.2 10.2 6.7 5.2
105 CH3 CON(C2H5)2 H, H CH3, CH3 2,3-Difluorophenyl 0.5 0 0 11.1 12.3 4.8
106 CH3 COOCH3 H, H H, CH3 2,3-Dichlorophenyl 65.1 0 0 63.6 14.7 0.8
107 CH3 COOC2H5 H, H H, CH3 2,3-Dichlorophenyl 81.1 0 0 34.8 12.1 0
108 CH3 COOCH3 H, H H, CH3 2,4-Dichlorophenyl 31.6 0 0 56.0 15.5 0
109 CH3 COOC2H5 H, H H, CH3 2,4-Dichlorophenyl 24.8 0 0 53.9 10.4 0
110 CH3 COOCH3 H, H H, CH3 2,5-Dichlorophenyl 47.0 0 1.8 24.8 10.0 0
111 CH3 COOC2H5 H, H H, CH3 2,5-Dichlorophenyl 25.1 0 0 26.4 14.6 0
112 CH3 COOCH3 H, H H, CH3 2,6-Dichlorophenyl 65.4 0 0 3.0 7.5 0
113 CH3 COOC2H5 H, H H, CH3 2,6-Dichlorophenyl 65.3 0 0.9 0 16.3 10.5
114 CH3 COOCH3 H, H H, C6H5 2,3-Dichlorophenyl 62.7 0 41.7 22.0 18.3 7.1
115 CH3 COOC2H5 H, H H, C6H5 2,3-Dichlorophenyl 98.4 0 36.0 14.2 19.2 2.8
116 CH3 COOCH3 H, H H, C6H5 2,4-Dichlorophenyl 35.8 0 13.1 12.4 19.5 0
117 CH3 COOC2H5 H, H H, C6H5 2,4-Dichlorophenyl 21.1 0 0 2.8 16.8 0
118 CH3 COOCH3 H, H H, C6H5 2,5-Dichlorophenyl 61.0 0 18.6 4.3 12.8 0
119 CH3 COOC2H5 H, H H, C6H5 2,5-Dichlorophenyl 84.7 0 17.9 0 11.8 0
120 CH3 COOCH3 H, H H, C6H5 2,6-Dichlorophenyl 38.1 0 6.4 0 27.0 0
121 CH3 COOC2H5 H, H H, C6H5 2,6-Dichlorophenyl 46.5 0 8.6 0.6 16.5 0
122 – – – – 2-Bromophenyl 0 0.5 3.5 8.9 7.9 3.6
123 – – – – 2,4-Dichlorophenyl 0 0.9 2.0 18.0 23.2 4.4
124 – – – – 2-Chloro-5-nitrophenyl 0 0 0 10.9 12.9 3.4

Specific binding of (�)-[3H]PN 200–110 (0.5 nM), [3H]NMS (0.1 nM), [3H]prazosin (0.1 nM), [3H]glibencalmide (0.1 nM), [3H]a ,b-MeATP (0.1 nM) and [3H]epibatidine
(0.5 nM) in rat brain was determined in presence of different concentration of 1,4-DHP derivatives, nifedipine and nicardipine.Values are the mean of two to five determinations.



seffects of these compounds (50, 54, 68, 69, 80, 85) at con-
centrations around IC50 on binding parameters (Kd, Bmax) of
(�)-[3H]PN 200–110. Scatchard analysis revealed that com-
pounds 54 (0.5 mM), 69 (1.0 mM), 85 (0.5 mM) and nifedipine

(5.0 nM) increased significantly (3.8, 3.1, 2.8, 3.7 times, 
respectively) Kd values for specific (�)-[3H]PN 200–110
binding in the rat brain compared with the corresponding
control value (Table 3). On the other hand, compounds 68
(1.0 mM), 69 (1.0 mM) and 80 (1.5 mM) decreased significantly
(41, 51, 65%, respectively) Bmax values for brain (�)-[3H]PN
200–110 binding. Thus, only compound 69 decreased Bmax

with the increase of Kd.
As shown in Table 1, novel 1,4-DHP derivatives (10 mM)

had little effect on specific binding of [3H]NMS, [3H]ab-
MeATP and [3H]epibatidine in the rat brain. Compound 58
exhibited 64% inhibition of specific [3H]prazosin binding,
and compounds 81, 84, 91, 94, 106, 108 and 109 (each 10
mM) showed 49—64% inhibition of specific [3H]glibencla-
mide binding.

DISCUSSION

The present study was undertaken to investigate the bind-
ing activities of newly synthesized 1,4-DHP derivatives to
1,4-DHP receptors and other receptors in the rat brain with
their structure–activity relationships. Although the cardiovas-
cular tissues are clinically important targets of calcium chan-
nel antagonists, in this study, the brain tissue was used 
because of a similarity between brain and cardiovascular tis-
sues of 1,4-DHP agents in the 1,4-DHP receptor binding
affinity18,26) and also because of the search for 1,4-DHP
agents having a pharmacological selectivity on the central
nervous system. Sixteen compounds among 124 derivatives
(Tables 1, 2) inhibited significantly specific (�)-[3H]PN 200–
110 bindings in the rat brain with micromolar order of IC50

values. The kinetic analysis of radioligand binding parame-
ters in the presence of antagonists by Scatchard analysis may
provide the information about the mode of pharmacological
action.27) Scatchard analysis has revealed that compounds 54,
69 and 85, like nifedipine, caused a significant increase in Kd

values for specific (�)-[3H]PN 200–110 binding in rat brain,
suggesting that these compounds bind to brain 1,4-DHP recep-
tors in a competitive and reversible manner. On the other hand,
compounds 68, 69 and 80 caused a significant decrease of
Bmax values, possibly indicating the slowly dissociating
blockade of 1,4-DHP receptor, as demonstrated previously in
nonequilibrium blockade of brain nicotinic receptors by neo-
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Fig. 1. Inhibition by Novel 1,4-DHP Derivatives ((a) Compounds 48, 49,
50, 54, 59, 60, 68 and 69; (b) Compounds 80, 83, 85, 88, 93, 94, 115 and
119, Table 1) of Specific Binding (�)-[3H]PN 200–110 Binding in the Rat
Brain

The ordinate is specific binding of (�)-[3H]PN 200–110 (0.1 nM) (% of control). The
abscissa is logarithmic molar concentration of each compound. Each point represents
the average of two to four.

Table 2. IC50 Values and Hill Coefficients for Inhibition by 1,4-DHP De-
rivatives, Nifedipine and Nicardipine of Specific (�)-[3H]PN 200–110 Bind-
ing in Rat Brain

No. IC50 (mM) Hill coefficient

48 2.11�0.26 1.11�0.14
49 2.73�0.48 1.01�0.07
50 1.89�0.19 1.29�0.04
54 0.43�0.09 0.86�0.03
59 2.02�0.30 1.42�0.11
60 1.84�0.27 1.16�0.16
68 1.12�0.03 0.90�0.16
69 1.13�0.15 1.05�0.05
80 1.58�0.27 0.94�0.10
83 1.31�0.38 0.89�0.08
85 0.65�0.15 0.94�0.12
88 1.52�0.42 1.29�0.06
93 1.55�0.35 1.20�0.27
94 3.49�0.31 1.27�0.10

115 0.59�0.07 1.23�0.13
119 2.10�0.09 1.17�0.08

Nifedipine 0.004�0.00 0.89�0.09
Nicardipine 0.048�0.017 1.15�0.09

Specific (�)-[3H]PN 200–110 (0.5 nM) binding in rat brain was determined in
presence of different concentration of 1,4-DHP derivatives, nifedipine and nicardip-
ine.Values are the mean�S.E. of three to five determinations.

Table 3. Kd and Bmax for (�)-[3H]PN 200–110 Binding in the Presence of
Each 1,4-DHP Derivative (Compounds 50, 54, 68, 69, 80, 85) and Nife-
dipine In rat Brain

No.
Kd Bmax

(nM) (fmol/mg protein)

Control 0.63�0.03 (1.0) 234�11 (1.0)
50 (2.0 mM) 1.18�0.13 213�10
54 (0.5 mM) 2.40�0.30 (3.81)* 292�33
68 (1.0 mM) 0.80�0.13 137�24 (0.59)*
69 (1.0 mM) 1.93�0.10 (3.06)* 115�11 (0.49)*
80 (1.5 mM) 0.80�0.11 81.0�8.4 (0.35)*
85 (0.5 mM) 1.76�0.21 (2.80)* 221�22

Nifedipine (5.0 nM) 2.34�0.50 (3.71)* 263�50

Specific (�)-[3H]PN 200–110 (0.025—1.0 nM) binding in rat brain was deter-
mined in presence of concentration of IC50 value of each 1,4-DHP derivative and
nifedipine. Values are mean�S.E. of three to five. Asterisk shows a significant differ-
ence from the values of control group, * p�0.01. The values in parenthesis are ex-
pressed as fold-increase (Kd) or as the value divided by control (Bmax).



surugatoxin.27) Inasmuch as the significant decreases in Bmax

in radioligand binding studies has been generally shown to
indicate insurmountable antagonist,27) it is anticipated that
these compounds produce a sustained occupancy of 1,4-DHP
receptors in the brain. In fact, our previous study has shown
that preferential decrease of Bmax value for (�)-[3H]PN
200–100 binding in the rat heart after oral administration of
mepirodipine may be due to the slow dissociation of this
agent from Ca2� antagonist receptors.26)

Although compound 1 (10 mM), having 3,5-diacetyl-1,4-di-
hydro pyridine moiety, exhibited 79% inhibition of specific
(�)-[3H]PN 200–110 binding, nifedipine, having 3,5-dicar-
bomethoxy-1,4-dihydro pyridine moiety, showed more potent
inhibitory effect on the (�)-[3H]PN 200–110 binding (IC50:
4.25�0.37 nM). In the previous chemical modification study
on nifedipine, derivative with 3,5-diacetyl-1,4-dihydro pyri-
dine moiety showed higher biological activities, however 
replacement of 3,5-dicarbmethoxy groups of nifedipine by
3,5-acetyl groups resulted in decrease of the pharmacological
activity.19,28) These observations are consistent with our pre-
sented data, and carbomethoxy groups at position 3 and/or 5
would be one of important pharmacophores for the receptor-
binding activity. Compound 2 (10 mM), having pyridine moi-
ety, had little 1,4-DHP receptor binding activity (Table 1),
which agrees with the previous pharmacological data.19) This
suggested that phenyl group at the 4-position in the 1,4-DHP
ring would play an important role in the receptor-binding.

In addition to monocyclic derivatives, receptor-binding 
activities of hexahydroquinoline derivatives (compounds 3 to
121) were also evaluated. The substitutions of 2-pyridyl
(compounds 42, 51, 63) and 3-pyridyl (compounds 43, 55,
70) at the 4-position exerted less binding activity to 1,4-DHP
receptors compared with phenyl groups. Substitution of
phenyl group also affected the binding activities. Para-substi-
tuted analogues had little inhibition of brain (�)-[3H]PN
200–110 binding. On the contrary, ortho and/or meta-substi-
tuted analogues exhibited much higher activies in this study.
These findings suggest that phenyl ring at position 4 with
halogen or other electron-withdrawing groups would be es-
sential for their receptor-binding activity. Further, 1,4-DHP
analogues having 3-acetyl group (compounds 3—18) were
found to be less potent as compared to 3-carbomethoxy
groups (compounds 19—24, 45—57, 76—80), even though
the phenyl groups at position 4 were halogenated. There ap-
peared to be no significant differences in receptor-binding
activities between 3-carbomethoxy derivatives (compounds
19—24, 45—57, 76—80) and 3-carboethoxy derivatives
(compounds 25—31, 58—74, 81—85) in the 1,4-DHP ring.
In addition, the compounds having diethylamide group at 3-
position in 1,4-DHP group (compounds 75, 96—105) showed
no binding activity, suggesting the essential role of ester
groups at 3-position for the binding activities to 1,4-DHP re-
ceptors.

On the basis of the data obtained, we could provide some
structure–activity relationships on 1,4-DHP derivatives as
follows: 1) ester groups in 3- and 5-positions are the most ef-
fective, 2) the aryl group in the 4-position of 1,4-DHP ring is
the basic requirement for optimal activity,28—30) 3) position
and type of electron-withdrawing groups on phenyl group at
position 4 would affect the receptor-binding activity. Thus,
previous structure–activity relationships of the 1,4-DHP de-

rivatives having calcium antagonistic activity may adapt to
that of these hexahydroquinoline derivatives.

Some arylacridine derivatives showed no or low binding
activities to any receptors in this study. It was reported that
compounds 123 and 124 induced concentration-dependent
relaxation response of rat mesenteric arteries previously con-
tracted with phenylephrine with pD2 values (5.25, 5.13, re-
spectively), the negative logarithm of the concentration at
50% of the maximum response.15) Although some 1,4-DHP
and its tricycle (acridine) analogues are also identified as
potassium channel agonists, the biological activities of com-
pounds tested in this study were not affected by gliben-
clamide and tetraethylammonium, which are KATP channel
blocker and calcium-sensitive K� channel blocker, respec-
tively. These findings indicated that the relaxant effect of
these compounds might be mediated via activation of other
receptors.

Although 1,4-DHP calcium antagonists inhibit the influx
of Ca2� through the L-type calcium channels, some 1,4-DHP
derivatives were also demonstrated to exert binding activi-
ty at other ion channels and G-protein-coupled receptors. 
For example, ZM244085 [9-(3-cyanophenyl)hexahydro-1,8-
acridinedione] is a bladder-selective agent designed as part of
a search for new pathways to control urinary incontinence.
This agent is an activator of KATP channels where they are
more active than calcium.31—33) SNAP 5540 is selective at the
a1a-adrenoceptor over a1b and a1d receptors and other ion
channels and receptors.34—36) In the preset study, compound
58 exhibited 64% inhibition of specific [3H]prazosin binding,
and compounds 81, 84, 91, 94, 106, 108 and 109 (each 10
mM) showed 49—64% inhibition of specific [3H]gliben-
clamide binding. Thus, the binding activity of compounds
81, 84, 108 and 109 for KATP channel was shown to be 1.6—
3.8 times greater than that for 1,4-DHP receptors. Com-
pounds 91 and 106 had similar binding activity for KATP

channel and 1,4-DHP receptors. The binding activity of com-
pound 58 to a1 receptor was shown to be 1.6 times greater
than that to 1,4-DHP receptors. Thus, it is plausible that the
chemical modification of these 1,4-DHP derivatives leads to
the development of dual receptor antagonists.

In conclusion, the present study has shown that novel 1,4-
DHP derivatives exert relatively high binding affinity to 1,4-
DHP receptors and has revealed new aspect of structure–
activity relationships of 1,4-DHP derivatives, especially
hexahydroquinoline derivatives.
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