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ABSTRACT The ability of calcium channel blockers to
displace the binding of benzodiazepine ligands was investigat-
ed in rat heart, kidney, and brain. The dihydropyridine calci-
um channel blockers nifedipine and nitrendipine displaced the
binding of the non-neuronal-site ligand [3H]Ro5-4864, but not
that of the neuronal-site ligands [3H]flurazepam or [3H]clona-
zepam. The inhibition was competitive, with K1 values in the
micromolar range. Other calcium channel blockers-i.e., ver-
apamil and diltiazem-were inactive at both sites. Thus, non-
neuronal benzodiazepines bind to a class of sites that also binds
dihydropyridines. This implies a role for benzodiazepines in
the mediation of calcium-dependent phenomena.

Binding sites for benzodiazepines can be divided into two
major categories. Those on neuronal membranes are gener-
ally influenced by y-aminobutyric acid (1-3), are linked to a
chloride channel (4), and are probably responsible for the
anxiolytic and anticonvulsant activities of the benzodiaze-
pines (4). Benzodiazepines also bind to membranes from a
variety of other tissues including kidney (5, 6), heart (6, 7),
lung (5, 6), liver (5, 6), mast cells (6), platelets (8), intestinal
smooth muscle (9), several cell lines (10, 11), and central ner-
vous system non-neuronal elements (12-15). The sites on
these latter cell types represent a population of binding sites
pharmacologically distinct from the neuronal type because
of the different structural requirements for their respective
ligands (unpublished data). Furthermore, the non-neuronal
site is not modified by y-aminobutyric acid and does not bind
other neuronal-type ligands such as the f3-carbolines (14). Al-
though a specific function has not yet been ascribed to the
non-neuronal sites, recent evidence suggests that agents act-
ing at these sites may interfere with calcium-dependent ac-
tivities in vitro (9, 11, 16).
Calcium channel blockers (17) provide useful tools for in-

vestigating the potential interaction of non-neuronal benzo-
diazepines with membrane sites regulating calcium move-
ment. In this study, we used ligand binding techniques to
examine the relationship between a number of calcium chan-
nel blockers (Fig. 1) and the binding of the benzodiazepine
Ro5-4864 (7-chloro-1,3-dihydro-1-methyl-5-(p-chlorophenyl)-
2H-1,4-benzodiazepin-2-one), which is specific for the non-
neuronal site (5, 6, 12, 14).

MATERIALS AND METHODS

Male Sprague-Dawley rats (250-300 g, Charles River Breed-
ing Laboratories) were killed by decapitation, and brain,
heart, and kidneys were removed. Crude membrane frac-
tions were prepared by homogenizing the tissues in 50 mM
Na/K phosphate buffer (pH 7.4). The homogenates were
centrifuged at 20,000 x g for 15 min. The pellets were
washed and then suspended in phosphate buffer for binding
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FIG. 1. Structural formulas of the calcium channel blockers used
in this study.

assays. Membranes (0.25-0.50 mg of protein) were incubat-
ed at 4°C for 15 min either with the non-neuronal benzodi-
azepine-site ligand [3H]RoS-4864 or with [3H]flurazepam or
[3H]clonazepam, neuronal-site-specific ligands, at the indi-
cated concentrations in total volume of 0.5 ml of phosphate
buffer. Nonspecific binding was determined by the addition
of diazepam (10 ,uM). Calcium channel blockers were pre-
pared as fresh dilutions from ethanol stock solutions and

*A preliminary report of these data was presented to the American
Society of Pharmacology and Experimental Therapeutics, Philadel-.
phia, August 7-11, 1983.

1549

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



1550 Medical Sciences: Cantor etaLP

100 H-

80H-

._
60F-

40 F-

20 1-

A

I/kI,

I/.A

I/I!
/57/I

10-6

,/

1o-4
I I

10-6 10-5 10-4

Calcium channel blocker, M

FIG. 2. Displacement of benzodiazepine ligand binding by calcium channel blockers. Crude membrane preparations were incubated with
[3H]Ro5-4864 (5.4 mM) or [3H]flurazepam (20 nM) in the presence of increasing concentrations of nitrendipine (A) or nifedipine (B). Control
specific binding (in the absence of calcium channel blocker) was 411 ± 30 fmol per mg of protein (n = 3) for [3H]flurazepam (A) and is given in
Table 1 for [3H]Ro5-4864 (o, o, o). Nonspecific binding was determined by addition of 10 ,uM unlabeled diazepam. Data are mean ± SEM of
three separate experiments carried out in triplicate, * and A, Brain; o, kidney; o, heart.

were included in the reactions as indicated. The final con-
centration of ethanol was maintained at <1% in the reaction
and did not interfere with binding (data not shown). All ex-
periments were carried out in yellow lighting conditions ap-
propriate for the stability of the dihydropyridine derivatives.
Reactions were terminated by dilution with 3 ml of cold buff-
er and rapid vacuum filtration through Millipore AP40 glass
fiber filters. The filters were washed with an additional 6 ml
of buffer, and bound radioactivity was measured in a liquid
scintillation counter.

Protein was determined by the method of Lowry et al. (18)
using bovine serum albumin as the standard.
Diazepam and [3H]clonazepam (43.5 Ci/mmol; 1 Ci = 37

GBq) were provided by Hoffmann-La Roche. Diltiazem, ni-
fedipine, nitrendipine, and verapamil were generous gifts
from Marion Laboratories, Pfizer, Miles, and Searle (Sko-
kie, IL), respectively. [3H]Ro5-4864 (70-90 Ci/mmol) and
[3H]flurazepam (>40 Ci/mmol) were purchased from New

Table 1. K, values for inhibition of binding of [3H]Ro5-4864 by
calcium channel blockers

Control binding, Ki
Tissue pmol per mg of protein Nitrendipine Nifedipine
Brain 0.19 + 0.01 5.0 ± 0.7 9.8 ± 1.0
Kidney 3.40 ± 0.57 2.3 ± 0.9 16 ± 3.3
Heart 2.49 + 1.50 3.4 ± 0.7 18 ± 1.5

Ki values were calculated from the IC50 values obtained by linear-
regression analysis of the data shown in Fig. 1 according to the for-
mula Ki = IC50/[1 + (C/Kd)] (19). Control specific binding was de-
termined in the absence of inhibitor using 5.4 nM ligand. Values are
mean ± SEM of three experiments with triplicate determinations at
each point.

England Nuclear. All other reagents were obtained from
standard commercial sources.

RESULTS
The ability of various calcium channel blockers to displace
the binding of [3H]Ro5-4864 (5.4 nM) or [3H]flurazepam (20
nM) was investigated. These concentrations of the ligands
were chosen to approximate the Kd values previously deter-
mined in our laboratory. Two dihydropyridine derivatives,
nitrendipine and nifedipine, displaced the binding of the non-
neuronal-site ligand [3H]Ro5-4864 in a concentration-depen-
dent fashion in all tissues studied (Fig. 2). These agents were
inactive against the binding of the central-specific ligand
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FIG. 3. Binding of [3H]Ro5-4864 (2-20 nM) was measured in the
presence or absence of calcium channel blockers and the data were
analyzed by the method of Scatchard (20). *, Control; o, 10 ,uM
nitrendipine; A, 30 ,uM nitrendipine. Bmax and Kd values are given in
Table 2. B, bound; B/F, bound-to-free ratio.
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Table 2. Summary of kinetic data for interaction of calcium channel blockers with non-neuronal benzodiazepine binding sites

Bmax, pmol per mg of protein Kd, nM
Tissue Control Nitrendipine Nifedipine Control Nitrendipine Nifedipine
Brain 0.41 ± 0.02 (4) 0.43 ± 0.05 (4) 0.43 ± 0.05 (4) 5.14 ± 1.50 (4) 11.2 ± 1.03* (4) 14.2 ± 3.39* (4)
Kidney 8.16 ± 0.93 (4) 8.48 ± 1.48 (3) 8.44 ± 0.99 (3) 4.63 ± 0.35 (4) 15.7 ± 2.66t (3) 21.4 ± 3.56t (3)
Heart 7.53 ± 0.36 (3) 7.47 ± 0.68.(3) 7.91 ± 0.27 (3) 3.78 ± 0.04 (3) 18.7 ± 0.58t (3) 13.4 ± 11.9t (3)

Bmax and Kd values were calculated by Scatchard analysis of saturation isotherms for the binding of [3H]RoS-4864 using computer-assisted
least-squares linear regression. The concentrations of nitrendipine were 10 AuM for brain and heart and 5 ,AM for kidney. Nifedipine was present
at 30 ,uM in brain and heart and 40 AuM in kidney. Values are mean ± SEM of the number of experiments shown in parentheses, each carried out
in triplicate.
*P < 0.05 vs. control.
tP < 0.01 vs. control.

[3H]flurazepam in brain (Fig. 2), while two other calcium
channel blockers, diltiazam and verapamil, were without ef-
fect in either system at concentrations as high as 100 AuM.
The testing of higher concentrations was precluded by the
relative insolubility of these compounds. The calcium chan-
nel blockers were also inactive against a second neuronal-
site-specific ligand [3H]clonazepam (2-20 nM) (data not
shown).

IC50 values (data not shown) for nitrendipine and nifedi-
pine were calculated by linear-regression analysis of the log-
probability plots of the displacement data shown in Fig. 1. K1
values (Table 1) were calculated from the IC50 values ac-
cording to the Cheng and Prusoff correction (19), from which
nitrendipine was found to be slightly more potent than nifedi-
pine against the binding of [3H]Ro5-4864, with K1 values of
2-5 x 10-6 M and 10-18 x 10-6 M, respectively.
The nature of the interaction with the non-neuronal benzo-

diazepine site was evaluated in the presence or absence of
the two active calcium channel blockers. Maximum binding
(Bmax) and apparent dissociation constants (Kd) were calcu-
lated by the method of Scatchard (20) from saturation iso-
therms and the data summarized in Table 2. A representative
Scatchard plot is shown in Fig. 3. In all three tissues, Bmax
was unaffected by the addition of calcium channel blockers
to the binding assay. The Kd, on the other hand, was signifi-
cantly increased 2- to 5-fold in the presence of nifedipine or
nitrendipine, indicating an apparent decrease in affinity due
to the calcium channel blocker. These data suggest a com-
petitive interaction between the dihydropyridines and the
non-neuronal benzodiazepine binding site.

DISCUSSION
The physiological significance of the non-neuronal benzodi-
azepine binding site is as yet unknown despite the presence
of a high density of such sites in a wide variety of tissues (5-
15). Recently, however, several pharmacological effects
have been ascribed to agents acting at these sites, and a com-
mon mechanism of action, that of calcium antagonism, has
been suggested by these findings. For instance, non-neuro-
nal benzodiazepines were found to inhibit calcium-induced
contractions in guinea pig ileum in a competitive and revers-
ible manner (9). In a mouse thymoma cell line, non-neuronal-
type benzodiazepines inhibit cell proliferation (11), whereas
calcium stimulates the proliferation of thymocytes both in
vivo (21) and in vitro (22). Non-neuronal-type benzodiaze-
pines also inhibit calcium-dependent uptake of serotonin by
platelets (unpublished data) as well as calcium-calmodulin-
stimulated membrane protein phosphorylation (16). All of
the above effects required micromolar concentrations of
benzodiazepine.
Based on these observations, we examined the interaction

between benzodiazepines and recognized calcium channel
blockers in an in vitro ligand-binding system. Rat kidney and
heart were chosen as tissues expressing only the non-neuro-
nal-type site (5-7), and rat brain was selected because it con-
tains both neuronal and non-neuronal binding sites (22) that

could be differentiated using site-specific ligands. The calci-
um channel blockers used in this study (verapamil, diltia-
zem, and two dihydropyridine derivatives, nitrendipine and
nifedipine) represent three classes within this structurally di-
verse group of agents. These agents inhibit the slow inward
potential-dependent calcium current (23), each apparently
acting at its own unique receptor site (24, 25).
The dihydropyridine derivatives were active only against

the non-neuronal-type benzodiazepine ligand. Verapamil
was inactive. This is consistent with the report that this
structural analogue of D600 acts from within the cell (26).
Diltiazem, despite its close structural similarity to the benzo-
diazepines, was also without effect, implying that the benzo-
diazepine binding site is highly selective. The inhibition by
the dihydropyridines was competitive as there was no
change in the number of binding sites, but the apparent affin-
ity for [3H]Ro5-4864 was decreased.

It is important to note that the concentrations of dihydro-
pyridines required to displace nanomolar concentrations of
benzodiazepine fell in the micromolar range, whereas the af-
finity of these calcium channel blockers for their previously
defined receptor site is subnanomolar (23, 24, 27, 28). Con-
versely, Bolger et al. (23) recently reported that 10 ,uM diaz-
epam displaced =50% of the binding of 55 pM [3H]nitrendi-
pine in guinea pig ileum, whereas the affinity of the benzodi-
azepine for its own binding site in that tissue is 50 nM (9).
These data point to at least two binding interactions for

benzodiazepines and dihydropyridines. At nanomolar con-
centrations, each is capable of binding with high affinity to
its own specific binding site. At micromolar concentrations,
however, the dihydropyridines and non-neuronal-type ben-
zodiazepines are each capable of binding with low affinity to
the primary site for the other group of drugs. These low-
affinity sites for the benzodiazepines may be similar to the
"micromolar" benzodiazepine receptors previously de-
scribed (16, 29).
Although these findings do not shed light on the function

of the high-affinity non-neuronal benzodiazepine binding
site, they do point to an important action of these com-
pounds at a second site. Thus, the ability of non-neuronal-
type benzodiazepines to bind to a site that also binds calcium
channel blockers may provide an explanation for the appar-
ent calcium antagonist activity of the benzodiazepines in
various in vitro systems (9, 11) as well as for previously un-
explained reports of systemic and coronary vasodilation by
diazepam in vivo (30-33).
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