Biochemical Pharmacology, Vol. 44, No. 6, pp. 1214-1218, 1992.
Printed in Great Britain.

0006-2952/92 $5.00 +0.00
© 1992. Pergamon Press Lid

Different 1,4-dihydropyridines exhibit discriminating effects on passive calcium
uptake in rat liver plasma membrane vesicles

(Received 22 April 1992; accepted 19 June 1992)

Abstract—The effects of a number of calcium channel effectors on Ca?* uptake by rat liver plasma
membrane vesicles was examined. Nifedizpine, verapamil and diltiazem had to be present at 1 mM in

order to produce >50% inhibition of Ca

* uptake. The two structurally similar 1,4-dihydropyridines,

nicardipine and nisoldipine exhibited opposite effects; nicardipine inhibited while nisoldipine stimulated
Ca?* uptake. The results show that low concentrations (uM) of calcium channel blockers of excitable
cells have little effect on Ca?* uptake by liver plasma membrane vesicles consistent with earlier findings
of others that voltage-gated calcium channels are absent in hepatocytes. However, the opposite effects
of higher concentrations (ca. 1mM) of nicardipine and nisoldipine on Ca’* uptake suggest a
discriminatory action that might be useful in studying further the mechanism of passive Ca?* uptake

by these membrane vesicles.

The flux of Ca’>* across the plasma membrane is an
important mechanism in the regulation of cytoplasmic
[Ca?*] in both excitable and non-excitable cells. The
mechanisms of efflux through the Ca?*/Mg?*-ATPase and
of influx through voltage-gated channels in excitable cells
are well characterized (see for example Refs 1-3). The
mechanisms of these events in non-excitable cells such as
liver however are less well characterized although
information in recent years has begun to ap?ear about the
Ca®* /Mg**-ATPase-dependent route of Ca** efflux in rat
liver [4]. Liver cells exhibit a low degree of Ca?**-cycling
across the plasma membrane in unstimulated cells [5], and
a large influx and subsequent efflux when stimulated by
Ca?*-mobilizing agonists [5-7]. There is some evidence to
suggest that the basal influx component of the low-level
cycling, and the hormone-stimulated influx are mediated
by two separate routes [5S-7] rather than by the one route
operating at two different levels of activity. Efforts to study
the influx route of Ca?* uptake in hepatocytes by kinetic
means, have been reported (reviewed in Ref. 6).

A preparation of rat liver plasma membrane vesicles
suitable for the study of calcium transport processes has
beendeveloped and partially characterized in this laboratory
{8]. These vesicles, a major population of which are
rightside-out [8], show passive (ATP-independent) uptake
of Ca* with properties typical of a protein-catalysed
mechanism [9). We believe, therefore that this route of
uptake would reflect movement of the ion down the Ca?*
concentration gradient from the exterior inwards to the
interior of the hepatocyte [9]. The use of specific carboxyl-
group reagents has indicated the possible importance of
carboxyl groups in this passive uptake [10]. Hormones
which stimulate a large Ca?* influx in whole liver and
hepatocytes have been shown to have no effect on uptake
in the isolated vesicles [9]. This is possibly related to the
absence of one or more components of the appropriate
second messenger system from the vesicle preparation.
The passive Ca®* uptake into the vesicles therefore appears
to represent a basal route of Ca?* influx, but this is by no
means certain.

The characterization of voltage-gated Ca** channels of
excitable cells has been greatly assisted by the use of a
group of specific Ca?* channel agonists and antagonists
(see e.g. Ref. 1). Further efforts to characterize the
mechanism of passive Ca?* uptake in the liver vesicles
would be assisted by pharmacological agents that specifically
affect this mechanism. Whilst voltage-gated Ca?* channels
appear to be absent from hepatocytes [11] and these Ca?*
channel effectors have been shown to have little or no

effect on liver Ca?* transport at concentrations that inhibit
such channels in excitable cells, there is some evidence
[7, 12] to suggest that at much greater concentrations these
effectors do have some effect on liver plasma membrane
Ca?* transport. This paper investigates the effect of a range
of these voltage-gated Ca®* channel effectors on the passive
Ca?* uptake into liver plasma membrane vesicles.

Materials and Methods

Liver plasma membrane vesicles were prepared, as
described previously {8] by Percoll density-gradient
centrifugation, from male Wistar rats of 280~350 g body
weight. The protein concentration in the membrane
preparations was determined by the method of Bradford
[13] using bovine serum albumin as a protein standard.

Freshly isolated plasma membrane vesicles were diluted
to a protein concentration of 0.5 mg/mL in 250 mM sucrose/
5mM HEPES (pH7.4). Effectors of Ca* transport,
dissolved in dimethylsulphoxide, were added as a 5uL
aliquot whilst vortexing, to 500 uL of diluted membranes.
The solvent alone was added to control incubations. This
membrane suspension was then pre-incubated for 15 min
at 37°, prior to the addition of *°Ca?*-labelled CaCl, to a
final concentration of 100 uM. Samples (50 uL) were taken
at 10, 40, 70 and 120sec after Ca?* addition, and Ca®**
uptake was determined by membrane filtration, as
previously described [10].

Results and Discussion

We have previously established that Ca* uptake as
observed in the experiments to be presented, is insensitive
to washing out by EGTA and thus reflects Ca?* taken up
into plasma membrane vesicles (see Ref. 9). Results of a
typical time course of such an experiment are shown in
Fig. 1. In the experiment shown, calcium measurements
were taken during a time course of 120 sec in the absence
and presence of the calcium channel effector nicardipine.
When the incubation is carried out at 0°, a slight uptake
only occurs over the 120 sec reaction period. Extrapolation
to zero time of the linear uptake observed at 0° indicates
labelling of the plasma membranes to an extent of
approximately 1.5 nmol of Ca?>* per mg of protein at the
instant of Ca®* addition. This is thought to represent rapid
binding of Ca?* to the outer surface of the membrane and
thus would not represent transport of Ca?* across the
membranes and into the vesicles. We consider this
extrapolated point to be the effective base-line representing
no calcium uptake into vesicles. All Ca?* uptake values
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Fig. 1. Time course of Ca®* uptake by isolated rat liver plasma membrane vesicles after the addition

of 100 uM *°Ca?*. Ca?* uptake was measured as described in Materials and Methods under the following

conditions: (@) incubation at 37°; (M) incubation at 37° with 300 uM nicardipine; (O) incubation at 0°.

Each point is the average = SEM of triplicate measurements from at least four membrane preparations.

The dotted line is the extent of *Ca-labelling at zero time, indicated by extrapolation of the 0° time
course. This is used as the zero point for measurements of Ca?* uptake into vesicles.

Table 1. Calcium “*Ca?* uptake, at 120 sec after calcium
addition, in the presence of various effectors

Concentration of effector

Effector 10 uM 100 uM 1.0mM
Bay K8644 741 656 57«5
Nifedipine 888 80+7 48 +24
Nimodipine 92x8 91+ 12 69 + 13
Nitrendipine 9712 93x6 82+7
Gallopamil 94 =12 89+ 14 102 = 11
Verapamil 65x3 8120 415
Diltiazem 83+4 74+ 12 B+12

Values are given as a percentage of the control uptake
in the absence of any effector and taking account of the
rapid binding at 0° (see text). The average control uptake
was 3.9 + 0.3nmol Ca®*/mg protein. Each value is the
average + SD of triplicate measurements from N membrane
preparations where N for each of the effectors was 2 for
Bay K8644 and gallopamil, 3 for verapamil, diltiazem and
nifedipine, and 4 for nimodipine and nitrendipine.

are measured from it. In this experiment also it is clear
that the presence of 300 uM nicardipine brings about a
significant reduction in the initial rate and extent (approx.
30%) of Ca®* uptake.

The effects on Ca?* uptake of a range of calcium channel
effectors including 1,4-dihydropyridines (nifedipine, nim-
odipine, nitrendipine, Bay K8644), phenylalkylamines
(verapamil, gallopamil) and a benzothiazepine (diltiazem)
are shown in Table 1. The >50% inhibition of Ca** uptake
by nifedipine, verapamil and diltiazem at 1 mM is consistent
with the results of [7] showing 20% inhibition of calcium
exchange by 500 uM verapamil or nifedipine in unstimulated
hepatocytes. These concentrations of effectors are very
high relative to the sub-micromolar concentrations at which
they affect voltage-gated calcium channels. Earlier work
using perfused liver suggested the presence of voltage-
gated calcium channels that were activated by depolarizing
concentrations of K* and completely inhibited by 4 uM
verapamil [14]. However, if these channels are present
they must be in non-parenchymal cells as no voltage-gated
calcium channels have been detected in isolated hepatocytes
[11]. Also inhibition by verapamil or nifedipine of K*-
or vasopressin-stimulated Ca?* uptake into isolated
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Fig. 2. Effect of nicardipine and nisoldipine on the initial rate of Ca® uptake into isolated rat liver

plasma membrane vesicles. Initial rates of Ca’* uptake were determined from time course experiments

as shown in Fig. 1. Membranes were incubated at 37° in the presence of (O) nisoldipine, or (A)

nicardipine at the indicated concentrations. The average initial rate for the 37° control was 8.1 = 0.5 nmol/

mg/min. Each point is the average of wriplicate measurements from at Jeast threec membrane preparations.

Error bars represent 99% confidence interval by Student’s -test. Dashed Hines indicate 99% confidence
intervals for the control uptake of 100%.

hepatocytes, requires concentrations of 50-400 uM for 50%
inhibition [7, 12].

The high concentrations of calcium channel effectors
required to inhibit the passive Ca? uptake in plasma
membrane vesicles raises the possibility that the observed
effect could be due to non-specific interactions such as
disruption of membranes or interaction with other proteins.
This possibility is strengthened by the fact that these
compounds have been shown to have a diverse range of
pharmacological effects {15, 16].

The effect of two other 1,4-dihydropyridines, nicardipine
and nisoldipine was examined in more detail, with Fig. 2
showing their effect on the initial rate of Ca’* uptake.
Neither compound produced any significant effect on Ca?*
uptake at concentrations less than 300 uM. At higher
concentrations however, nicardipine inhibited Ca?* uptake
with a dose~response curve similar to that of nifedipine,
whilst nisoldipine showed the opposite effect, greatly
stimulating Ca®* uptake as its concentration is increased.
The fact that nisoldipine is very similar in structure to the
other dihydropyridines studied yet has the opposite effect

on Ca®* uptake, is particularly interesting and indicates a
degree of specificity in the action of these two compounds.
This specificity could prove useful in using them to study
further the mechanism of passive Ca®* uptake in these
vesicles.

An obvious question to ask is what is so special about
the structure of nisoidipine. The structures of the five
dihydropyridine compounds studied are shown in Fig. 3.
They reveal no clear structural feature which distinguishes
nisoldipine from the others. It is unlikely, however, that
suchastructure~function relationship would be immediately
obvious without any knowledge about interaction sites,
Much work has been done on the structure-function
relationship of calcium channel effectors interacting with
voltage-gated channels {17, 18] and information from the
models generated therein may prove useful in the future
inregard to passive Ca?* uptake inliver plasma membranes.

In light of our findings presented here, it is of interest
to note that nisoldipine has been shown to have special
properties in other systems as well. Of the dihydropyridines,
nisoldipine shows a particularly high specificity for calcium
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Fig. 3. Structure of 1,4-dihydropyridines used in this work. The sites of variation between structures
are highlighted.

channels in vascular smooth muscle with little or no effect
on myocardial tissue [19]. Also of interest is that it has also
been found to increase the survival time of liver transplants
[20].

Conclusion

A range of voltage-gated calcium channel agonists and
antagonists was found to affect passive Ca’* uptake by
plasma membrane vesicles isolated from rat liver, but only
at relatively high concentrations where non-specific effects
may be significant. Of particular interest are a group of
structurally very similar 1,4-dihydropyridines that at
concentrations of 1 mM have very different effects on
passive Ca®* uptake. Of these, nicardipine and nifedipine
inhibit by approximately 50% , nimodipine and nitrendipine
inhibit by approximately 25%, and nisoldipine stimulates
Ca®™ uptake by approximately 100%. This variation of
effect by structurally similar compounds indicates a
discriminatory action that may prove useful in elucidating
the mechanism of passive Ca®* uptake in liver plasma
membrane vesicles.

Acknowledgements—We are grateful to Mr Ari Karjalainen
for initial assistance in this work and for useful discussions.
The research was supported by a grant to F.L.B. from the
National Health and Medical Research Council of Australia.

BRETT CROMER
FyrE L. BYGRAVE*

Division of Biochemistry and
Molecular Biology

School of Life Sciences

Australian National University

Canberra

ACT 2601

Australia

REFERENCES

1. Tsien RW, Hess P, McCleskey EW and Rosenberg
RL, Calcium channels: mechanisms of selectivity,
permeation, and block. Annu Rev Biophys Biophys
Chem 16: 265-290, 1987.

2. Hosey MM and Lazdunski M, Calcium channels:
molecular pharmacology, structure and regulation. J
Membrane Biol 104: 81-105, 1988.

3. Dascal N, Analysis and functional characteristics of
dihydropyridine-sensitive and -insensitive calcium
channel proteins. Biochem Pharmacol 40: 1171-1178,
1990.

4. Kessler F, Bennardinni F, Bachs O, Serratosa J, James
P, Caride AJ, Gazzotti P, Penniston J and Carafoli E,

* Corresponding author.



1218

10.

11,

12

Partial purification and characterization of the Ca®*-
pumping ATPase of the liver plasma membrane. J Biol
Chem 265: 16012-16019, 1990.

. Reinhart PH, Taylor WM and Bygrave FL, The action

of a-adrenergic agonists on plasma membrane calcium
fluxes in perfused rat liver. Biochem J 220: 43-50,
1984,

. Barritt GJ and Hughes BP, The nature and mechanism

of activation of the hepatocyte receptor-activated Ca®*
inflow system. Cell Signalling 3: 283-292, 1991.

. Hughes BP, Milton SE, Barritt GG and Auld AM,

Studies with verapamil and nifedipine provide evidence
for the presence in the liver cell plasma membrane of
two types of Ca®* inflow transporter which are
dissimilar topotential-operated Ca** channels. Biochem
Pharmacol 35: 3045-3052, 1986.

. Epping RJ and Bygrave FL, A procedure for the rapid

isolation from rat liver of plasma membrane vesicles
exhibiting Ca®*-transport and Ca?*-ATPase activities.
Biochem J 223: 733-745, 1984.

. Bygrave FL, Karjalainen A and Altin JG, Passive

influx by plasma membrane vesicles isolated from rat
liver. Cell Calcium 10: 235-240, 1989,

Karjalainen A and Bygrave FL, Evidence for the
involvement of carboxyl groups in passive calcium
uptake by liver plasma membrane vesicles and in
agonist-induced calcium uptake by heptocytes. FEBS
Lett 255: 441-444, 1989.

Sawanabori T, Takanash H, Hiraoka M, Ilida Y,
Kamikasa K and Maezawa H, Electrophysiological
properties of isolated rat liver cells. J Cell Physiol 139:
580-585, 1989.

Crofts JN and Barritt GJ, The measurement of Ca®*

13

14.

15.

16.

17.
18.

19.

20.

Short communications

inflow across the liver cell plasma membrane by using
quin2 and studies of the roles of Na* and extracellular
Ca?* in the mechanism of Ca®* inflow. Biochem J 264:
61-70, 1989.

Bradford MM, A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal Biochem T2:
248-254, 1976.

Taylor WM, Van De Pol E, Helden DF, Reinhart PH
and Bygrave FL, Effect of depolarizing concentrations
of potassium on calcium uptake and metabolism in rat
liver. FEBS Lett 183: 70-74, 1985.

Janero DR and Burghardt B, Antiperoxidant effects
of dihydropyridine calcium antagonists. Biochem
Pharmacol 38: 4344-4348, 1989,

Mickisch GH, Kossig J, Keilhauer G, Schlick E,
Tschada RK and Alken PM, Effects of calcium
antagonists in multidrug resistance primary human
renal cell carcinomas. Cancer Res 50: 36703674, 1990.
Triggle DJ and Janis RA, Calcium channel ligands.
Annu Rev Pharmacol Toxicol 27: 347-369, 1987.
Fossheim R, Crystal structure of a 1,4-dihydropyridine
with enantiomers showing opposite effects on calcium
channels: structural features of calcium channel agonists
and antagonists. Acta Chem Scand B41. 581-588,
1987.

Kiowski W, Pfisterer M and Burkart F, Direct vascular
and myocardial effects of nisoldipine. Am J Cardiol
65: 65G-69G, 1990.

Takei Y, Marzi I, Kauffman FC, Currin RT, Lemasters
JJ and Thurman RG, Increase in survival time of liver
transplants by protease inhibitors and a calcium channel
blocker, nisoldipine. Transplantation 15: 14-20, 1990,



