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Abstract—The effect of Ca®* channel-acting drugs on bovine adrenal mitochondria Ca®** movements was
investigated. Mitochondrial Ca®* uptake is performed by an energy-driven Ca®* uniporter with a Km of 20.9 +
3.2 uM and V,,, of 148.1 + 7.2 nmol **Ca®** min~! mg™'. Ca®* release is performed through an Na*/Ca®*
antiporter with a Km for Na* of 4.2+ 0.5 mM, a V,,,,, of 7.5 £ 0.4 nmol **Ca** min™' mg™', and a Hill coefficient
of 1.4 + 0.2. Ca®" efflux through the mitochondrial Na*/Ca?* exchanger was inhibited by several dihydropy-
ridines (nitrendipine, felodipine, nimodipine, (+)isradipine) and by the benzothiazepine diltiazem with similar
potencies. In contrast, neither CGP 28392, Bay-K-8644, amlodipine, nor verapamil had any effect on Ca®*
efflux. Nitrendipine at 20 pM modified neither the Km nor the Hill coefficient for Na*, whereas the V,,,, was
reduced to 2.9 nmol “*Ca®>* min™' mg™!, thus demonstrating noncompetitive modulation of the Na*/Ca>*
exchanger. None of the Ca?* channel-acting drugs assayed at 100 uM affected Ca®* influx through the uniporter.
Ca** channel blockers inhibited the Na*/Ca?* antiporter and displaced the specific binding of [*H]nitrendipine
to intact mitochondria with Ki values similar to the ICsqs obtained for the inhibition of the Ca®* efflux. Ca?*
channel-acting drugs that did not inhibit the Na*/Ca®* exchanger (amlodipine, CGP 28392, Bay-K-9644, and
verapamil, at concentrations of 100 pM or higher) had no effect on [*H]nitrendipine binding. These results
suggest that the adrenomedullary mitochondrial dihydropyridine receptor is associated with the Na*/Ca?* ex-

changer.
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The movement of mitochondrial Ca?* in excitable tissues is
controlled by uptake through the Ca®* uniporter [1] and release
via the Na*/Ca®* exchanger [2, 3. It is generally admitted that
mitochondria do not behave as cytosolic calcium buffers under
physiological conditions [4, S). Recent reports indicate that
changes in intracellular Ca®* levels in intact cells induce sig-
nificant modifications in mitochondrial energy production [6, 7]
due to the activation of intramitochondrial Ca**-dependent en-
zymes [8, 9].

DHPst are often used pharmacologically and functionally to
characterize the high-affinity DHP receptor associated with the
L-type Ca?* channel [10, 11). In the mitochondria of several
tissues, a low-affinity (Kd which is subuM to submM), high-
capacity (B, 1,000-fold higher than the plasma membrane
receptor) binding site for [PH]DHP has been identified [11, 12,
13]. This receptor displays properties that differentiate it from
the high-affinity, low-capacity receptor associated with plasma
membrane voltage-dependent calcium channels [11, 12, 13].

To date, there exist no conclusive results conceming the ef-
fect of Ca®* antagonists upon mitochondrial Ca®* movements.
Buss et al. [14] reported that the DHP derivatives nitrendipine
and nimodipine inhibited Ca®* uptake at high concentrations
(uM range), but other groups have found no effect of DHP on
Ca? uptake [15). However, various Ca®* antagonists inhibit
Na* stimulated Ca?* efflux with ICy, values in the uM range
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1 Abbreviations: DHP, 1,4-dihydropyridine; DCCD, dicyclo-
hexylcarbodiimide.

[15). Other authors [16] suggested that nitrendipine acts as an
activator of the mitochondrial Na*/Ca®* exchange, and that the
Ca?* agonist Bay-K-8644 blocks the energy-driven Ca®* up-
take.

In this paper we characterize calcium uptake and release in
adrenal medulla mitochondria and the modulation of Ca®*
movements by several calcium channel blockers and activators.
This work indicates that mitochondrial DHP binding sites in the
bovine adrenal medulla are associated with the Na*/Ca®* ex-
changer.

Materials and Methods

[®H]Nitrendipine (70-87 Ci/mmol) was supplied by New En-
gland Nuclear and **Ca®** (2mCi/ml) by Amersham. Nitren-
dipine, (+)isradipine, and nimodipine were kindly donated by
Professor Hoffmeister of Bayer A.G. (Wupertal, Germany) and
amlodipine by Pfizer Central Research (Sandwich, Kent, UK.).
Other materials were bought from Sigma.

Mitochondria isolation. Mitochondria were isolated essen-
tially as described by Ballesta ef al. [11]. The final pellet was
resuspended in 1 ml of assay buffer containing: 220 mM man-
nitol, 70 mM sucrose, 30 mM KCl, 0.5 mg/ml BSA fatty acids
free, 50 mM Tris/HCI pH 7.2 and kept at 4°C no longer than 10
h. Mitochondrial membrane and chromaffin granule isolation
was performed as described in Ballesta ez al. [11]. Protein con-
centration was estimated as described by Lowry ez al. [18].

Mitochondrial calcium movements. All experiments were
performed in an assay buffer consisting of the above buffer
supplemented with: 5 mM succinate, 4 uM rotenone, 0.2 mM
potassium dihydrogen phosphate, and 10 mM potassium acetate
[2, 19, 20}. Mitochondria were incubated in assay buffer with
16 uM ADP for 5 min at 21°C. The uptake was initiated by
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adding the indicated concentrations of Ca?*, including “*Ca®*
(1.5 pCi/ml) as a tracer. For calcium efflux, uptake was stopped
after 2 min by the addition of 2 pM Ruthenium Red and 16 uM
ADP. Ca®* efflux was stimulated by adding 0.1 mM EDTA and
different concentrations of NaCl. At increasing times, samples
(0.1 ml) were taken up and filtered under vacuum through
Whatman GF/C glass fiber filters, then washed twice with ice
cold buffer. Filter-bound radioactivity was measured using a
liquid scintillation counter. Analysis of kinetic data was per-
formed using the Hill, ]Fadie-Hofstee, and Scatchard equations.
When present, calcium channel blockers and activators were
incubated at 25°C for 15 min prior to uptake. Analysis of dose-
response curves was performed using the logistic equation.

[PH|Nitrendipine binding. Binding was processed as de-
scribed in Ballesta er ai. [11] using intact mitochondria and the
assay buffer described above. Nonspecific binding was deter-
mined in the presence of 20 pM unlabelled nitrendipine. Dose-
response curves were fitted as described above. K; and B, ,,
values were calculated according to Cheng and Prusoff [21] and
DeBlasi et al. [22], respectively.

Data analysis. Data zre expressed as the mean + SEM. Dose-
response curves for mitochondrial Ca?* efflux and inhibition of
[*H)Nitrendipine binding were analyzed using the ANOVA
test. The concentration selected was the lowest that was signif-
icantly different from controls, according to the two-tailed un-
paired Student’s ¢ test. 1C5, and K values were compared using
the one-way ANOVA test. The order of potencies was further
assessed by the Tukey’s DVS test. p values of <0.05 were
considered significant.

Results and Discussion

Calcium uptake. The hyperbolic dependence of the uniporter
on extramitochondrial Ca?* concentration (Fig. 1A) is similar to
that observed in other tissues [23, 24]. Ca®* uptake was non-
cooperative, witha K,,:=209+32puyMand V,, =148.1+7.2
nmol Ca®* min~' mg™' protein (Fig. 1A, inset). As in other
tissues, Ca* uptake in adrenal medulla mitochondria is per-
formed through an energy-driven uniporter [1] whose calcu-
lated X,, for external Ca** corresponds favorably with previ-
ously reported values for mitochondria from other tissues [4].

However, the V, ., was slightly lower than that reported in most

tissues. This reduction in the calculated V,_,, could be due to
the presence of chromaffin granules in our preparation [11]
causing an overestimation of mitochondrial protein; neverthe-
less, the contribution of the Ca®* uptake uniporter that has been
reported in the membrane of chromaffin granules {25] was less
than 1% of total Ca®* uptake (data not shown).

The Ca®* channel activator (Bay K 8644 and CGP 28392) or
blocker dihydropyridines (nitrendipine, nimodipine, nifedipine,
felodipine, PN 200-110 and amlodipine), verapamil, and dil-
tiazem at 100 pM were unable to modify mitochondrial Ca®*
uptake relative to the control. This absence of effect has been
observed previously in cardiac mitochondria [15, 26}, although
other groups [14, 27] have reported an inhibitory effect on
cardiac mitochondria with ICs, of 150 pM. This discrepancy
could be explained by the very high dihydropyridine concen-
trations used and the possibility of a nonspecific effect.

Caicium efflux. The Ca®* efflux reached a V,,,,, of 7.5 + 0.4
nmol min~! mg~* protein, while the calculated K, for Na* was
4.2 £0.5 mM (Fig. 1B). The Scatchard plot of the experimental
data point showed an upward concavity (Fig. 1B, inset). The
Hill coefficient was 1.4 = 0.2, The contribution of Ca®>*/H*
exchange at pH 7.2, in absence of Na*, represented less than
15% of the total efflux in presence of 20 mM Na* (data not
shown). In the mitochondria of excitable tissues, such as the
heart and CNS, a Na*/Ca®* antiporter is the main release sys-
tem, whereas in non-excitable tissues such as the liver and
kidney, the Na*/Ca®* antiporter is only a minor component of
Ca®* release [19, 28], and the major Ca®* efflux is via a Ca®>*/H*
antiporter. Accordingly, our results demonstrate that in adrenal
medullary mitochondria the Na*/Ca®* exchange is the main
Ca®* release system.

The calculated K,, for extramitochondrial Na* (4.2 £ 0.5
mM) was in good agreement with K,, of mitochondria from
other tissues [29], whereas V,,,, (7.5 = 0.4 nmol min~' mg™*
protein) was slightly lower than that reported for most excitable
tissues [29] although, as previously mentioned, the V,,, value
may have been underestimated because of the chromaffin gran-
ule protein in our preparation. The upward concavity of the
Scatchard plot and the Hill coefficient (1.4) clearly indicates the
likelihood that two Na* are exchanged for one Ca®* by an
electroneutral exchanger. Similar results have been reported in
a number of tissues [19, 29, 30).

Table 1. Effect of different drugs on Na*/Ca®* exchange

% Maximal

Drug IC5o (uM) () inhibition K; (uM) (n)
Nitrendipine 9.5+ 1.1*(5) 44 2.9+0.2%F (4)
(+)Isradipine 11.9+£2.8% (5) 37 14.0+0.8* (4)
Felodipine 11.4+2.5*% (3) 63 185+ 1.1* (3)
Nimodipine 349+0.2* (3) 61 154 £2.8% (3)
CGP 28392 N.E. (75 pM) - N.E. (100 pM)
Bay-K-8644 N.E. (75 pM) - N.E. (100 pM)
Amlodipine N.E. (200 pM) - N.E. (200 pM)
Diltiazem 109+ 1.2*% (4) 88 N.E. (100 pM)
Verapamil N.E. (100 uM) - N.E. (1.5 mM)
DCCD - - N.E. (100 pM)

Mitochondria (1 mg/mt) were incubated with different drugs for 15 min at 25°C.
[ntramitochondrial Ca®* content was measured 10 min after adding 20 mM Na*/
0.1 mM EDTA (see Methods). For [*H]nitrendipine binding, mitochondria (1
‘mg/ml) were incubated for 1 h at 25°C with 4 nM [*H]nitrendipine in assay buffer
containing a range of concentrations of different drugs (0.1-100 pM). Samples
were processed and data fitted as described in Methods. Data were fitted to the

logistic equation.

N.E. No effect at the highest drug concentration indicated in parentheses. Data
correspond to means + SEM of n experiments, where n represents the number of
experiments performed in duplicate, from separate batches of mitochondria.

* p < 0.01 according to one-way ANOVA test (see Materials and Methods).

+ Value for [*H]nitrendipine represents Kd.
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Modulation of calcium efflux by calcium channel activators
and blockers. Mitochondrial Na*/Ca®* exchange from the adre-
nal medulla was inhibited by several dihydropyridines and the
benzothiazepine diltiazem (Table 1), with the following order of
potencies: nitrendipine = diltiazem = felodipine = (+)isradipine
> nimodipine. In all cases Ca®* efflux inhibition was incom-
plete. The benzothiazepine diltiazem was the most potent in-
hibitor of the Na*/Ca®* antiporter (approx. 90%); in contrast,
neither activator dihydropyridine (Bay-K-8644, CGP 28392)
nor amlodipine (an hydrosoluble dihydropyridine) modulated
the Na*/Ca®* antiporter; verapamil was devoid of inhibitory
effect up to 100 uM, although at higher concentrations (500
UM) it inhibited Ca®* efflux slightly (approx. 25%). Similar
results have previously been published for cardiac mitochondria
[15, 26].

In the presence of 20 uM nitrendipine (Fig. 1B), the X,, for
Na* (4.2 £ 0.5 mM) was virtually unaltered by nitrendipine (5.7
+ 0.6 mM). The Hill coefficient was also unchanged (1.5 + 0.2
and 1.4 + 0.2, in the presence and absence of the drug, respec-
tively). In contrast, the V,,, was dramatically reduced from 7.5
+ 0.4 nmol min™" mg protein™ in the absence of nitrendipine to
2.9 £ 0.1 nmol min™" mg protein™" in the presence of the drug.
These results demonstrate that dihydropyridines modulate the
mitochondrial Na*/Ca®" antiporter in a noncompetitive manner.

[PH]Nitrendipine binding to intact mitochondria. The appar-
ent Kd values for [*H]nitrendipine binding were directly pro-
portional to the protein concentration used in the assay (© =
0.96) (Fig. 2), reaching a Kd value of 2.9 + 0.2 uM at a protein
concentration of 1 mg/ml, the concentration used in *Ca®
efflux assays.

Nitrendipine was the most potent drug, inhibiting the binding
of [*H]nitrendipine to intact adrenal medulla mitochondria, fol-
lowed by (+)isradipine, nimodipine, and felodipine with similar
K, values (Table 1). However, not all dihydropyridines used in
this study were able to displace the specific binding of [*H]ni-
trendipine to intact mitochondria. Interestingly, those DHP that
had no effect on the Na*/Ca®* antiporter were unable to inhibit
[*Hlnitrendipine binding to intact mitochondria, whereas DHP
that inhibited mitochondrial Ca®* efflux had ICs.s close to the
determined K, values (Table 1) for the inhibition of [*H]nitren-
dipine binding. The fact that DHP drugs with no effect on Ca®*
efflux had no effect on [*H]nitrendipine binding suggests that
both effects run parallel. On the other hand, none of the ben-
zothiazepines and phenylalkylamines assayed had any effect on
{*H)nitrendipine binding.

Kd (uM)

1 I ]

04 0.8 1.2
[Protein] (mg/mi)

Fig. 2. Effect of protein concentration on the equilibrium dis-
sociation constant (Kd). Mitochondria at different protein con-
centrations (0.05-0.5 mg/0.5 ml, final volume) were incubated
in assay buffer with 4 nM [*H]nitrendipine in the presence of
unlabelled nitrendipine (25 nM-100 pM) for 1 h at 25°C and
processed as described in Methods. Kd was calculated for each
protein concentration as described in Methods. Data are given
as the means + SEM of four experiments performed in duplicate
with different batches of mitochondria.
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The lack of effect of verapamil on [*H)nitrendipine binding
was unexpected, as it is assumed that verapamil modulates the
binding of [*H]nitrendipine to mitochondrial membranes in an
allosteric manner [11]. A possible explanation is that the allo-
steric effect of verapamil is not apparent in these experiments
because in the present study the ionic strength and pH of the
assay medium (20 mM NaCl and pH 7.2) differed from the
previous report (500 mM NaCl and pH 6).

It has been suggested that in guinea pig liver mitochondria
Ca®* antagonist binding sites are associated with the inner mi-
tochondrial membrane anion channel (IMAC) {17]. Intramito-
condrial Ca?* inhibits IMAC activity [31], and thus, the exper-
imental conditions used exclude the possibility that the inhibi-
tion of the Na*/Ca®* antiporter we observed was a consequence
of IMAC inhibition. Furthermore, DCCD was not able to inhibit
[3H]nitrendipine binding (Table 1). Thus, it seems logical to
hypothesize that adrenomedullary mitochondrial dihydropyri-
dine binding sites are associated with the Na*/Ca®* exchanger.
Further experiments are required, either to reconstitute or to
sequence and express the mitochondrial DHP binding site(s) in
order to resolve this dilemma.
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