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1 The effects of various drugs on *“*Ca + “°Ca uptake into cultured bovine adrenal chromaffin cells
evoked by 1,1-dimethyl-4-phenylpiperazinium (DMPP) or high K, were studied. In the presence of 1 mM
external *°Ca, with *Ca as a radiotracer, unstimulated cells took up an average of 0.13 fmol/cell *°Ca and
772 c.p.m./108 cells of **Ca (n = 76). Upon stimulation with DMPP (100 uM for 60s) or K (59 mm for 60s),
Ca uptake increased to 0.92 and 1fmol/cell, respectively.

2 Flunarizine behaved as a potent blocker of both DMPP- and K-evoked Ca uptake (IC,, of 1.76 and
1.49 uM, respectively for DMPP and K). A similar picture emerged with Cd ions, though Cd exhibited an
IC,, against K (1.86 uMm) slightly lower than the IC,, against DMPP (8.14 um).

3 Clear cut differences were observed with amiloride, guanethidine, nimodipine and nisoldipine which
behaved as selective blockers of DMPP-mediated Ca uptake responses: IC;, values to block DMPP
effects were 290, 27, 1.1 and 1.63 uM respectively for amiloride, guanethidine, nimodipine and nisoldipine.
Amiloride blocked K-evoked Ca uptake by only 35% and guanethidine did not affect it. Nisoldipine
inhibited K-evoked Ca uptake only partially at low concentrations (about 30%); a second blocking com-
ponent was observed at the highest concentration used (10 uMm). At 10 uM, nimodipine blocked K-evoked
Ca uptake by 50%.

4 Thus, it seems that the nicotinic receptor mediated Ca uptake pathway can be pharmacologically
separated from the K-activated pathway. The results are compatible with the hypothesis that in cultured
bovine adrenal chromaffin cells, stimulation of nicotinic receptors recruits a single type of Ca channel
which is sensitive to flunarizine, Cd, amiloride, guanethidine, nimodipine and nisoldipine. The results also
suggest that K depolarization might be recruiting in addition to this channel, another Ca channel which is
highly sensitive to Cd and flunarizine, resistant to nisoldipine, nimodipine and amiloride, and insensitive
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to guanethidine.
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Introduction

Douglas & Rubin (1961) first demonstrated that acetylcholine
or high K concentrations triggered adrenal medulla catechol-
amine release by activating a Ca channel located on the chro-
maffin cell plasmalemma. Since both nicotinic stimulation and
direct depolarization activate Ca uptake and secretion in a
parallel manner (Douglas & Poisner, 1962; Kilpatrick et al.,
1982; Holz et al., 1982; Artalejo et al., 1986), it seemed likely
that with both types of stimuli, voltage-dependent Ca chan-
nels were used for Ca entry. These channels were demon-
strated to be present in chromaffin cells by means of
whole-cell recordings of Ca currents by use of patch-clamp
techniques (Fenwick et al., 1982).

On pharmacological grounds (i.e. inhibition of secretion by
specific Ca channel antagonists) it seemed to us that both
nicotinic and high-K-mediated catecholamine release were
triggered by the same type of Ca channels (Cefia et al., 1983).
This is supported by the observation that (+)-isradipine (a
1,4-dihydropyridine derivative) blocks the nicotinic response
only in the presence of Na (Cardenas et al., 1988; Abajo et al.,
1989). Therefore, it is likely that Na entering through the
acetylcholine receptor ionophore (Amy & Kirshner, 1982;
Wada et al., 1985) causes cell depolarization and opening of
Ca channels. Up to now, this picture has implied that external
Ca entering chromaffin cells stimulated via nicotinic receptors
or high K uses the same end pathway, i.e. a voltage-sensitive
Ca channel of the L-subtype.

We present pharmacological data in this paper that call for
a reconsideration of this widely accepted picture. By using flu-
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narizine (a piperazine derivative), Cd (an inorganic Ca channel
blocker), amiloride (a K-sparing diuretic), guanethidine (a
sympathetic neuronal blocker), nimodipine and nisoldipine (1,
4-dihydropyridine derivatives) we demonstrate here that Ca
channels recruited by nicotinic- or high-K stimulation can be
pharmacologically separated.

Methods

Preparation of chromaffin cells

Bovine adrenomedullary chromaffin cells were isolated follow-
ing standard methods (Livett, 1984) with the following modifi-
cations: (a) once in the cell culture unit, adrenal glands were
washed three times with Ca- and Mg-free Locke buffer (mM:
NaCl 154, KCl 5.6, NaHCO, 3.5, glucose 11 and HEPES
buffer 10, at pH 7.2) at room temperature; (b) digestion of
adrenal medulla was carried out by injecting 5 ml of a solution
containing 0.25% collagenase, 0.5% bovine serum albumin
and 0.01% soybean trypsin inhibitor in Ca-Mg-free Locke
buffer, and incubating the glands at 37°C for 15 min; this pro-
cedure was repeated thrice; (c) collagenase was washed out
with a large volume of Ca-Mg-free Locke buffer and then cells
were filtered first with a 217 um and thereafter with a 80 um
nylon mesh; (d). cells resuspended in Ca-Mg-free Locke buffer
were placed on self-generated Percoll gradients containing
19ml Percoll (17.1 ml Percoll plus 1.9 ml 10fold concentrated
Ca-Mg-free Locke buffer at pH 5), plus 21 ml of cell suspen-
sion (about 50-100 x 10° cells); the final pH of the mixture
was 7.2. The mixture was centrifuged at 13,000r.p.m. for
20 min (rotor SS-34, Sorvall centrifuge Model RC-5) at 22°C.
Then, the lower band of the gradient (enriched in adrenaline-
containing cells, Moro et al., 1990) was taken, washed once
with Ca-Mg-free Locke buffer and a second time with Dul-
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becco’s modified Eagle’s medium (DMEM). Finally, cells were
resuspended in DMEM supplemented with 10% foetal calf
serum, 10 uM cytosine arabinoside, 10 um fluorodeoxiuridine,
50uml~! penicillin and 50 ugml~! streptomycin. Cells were
plated at a density of 1 x 10 cells/well in 24 multiwell Costar
plates and incubated at 37°C in a water-saturated, 5%
CO,/95% air atmosphere. Medium was changed 24h later
with fresh DMEM. Viability of the cells (usually greater than
90%) was estimated by Trypan blue exclusion.

Calcium uptake into chromaffin cells

Calcium uptake studies were carried out in cells after 2-3 days
in culture. Before the experiment, cells were washed twice with
0.5ml Krebs-HEPES solution (composition (mM): NaCl 140,
KCl 5.9, MgCl, 1.2, CaCl, 1.0, glucose 11, HEPES 10, at pH
7.2) at 37°C. 45Ca uptake into chromaffin cells was studied by
incubating the cells at 37°C with 43CaCl, at a final concentra-
tion of 4uCiml~! in the presence of Krebs-HEPES (basal
uptake), high K solution (Krebs-HEPES containing 59 mMm
KCl with isosmotic reduction of NaCl) or DMPP solution
(Krebs-HEPES with 100 uM final concentration of the nicotin-
ic receptor agonist, 1,1-dimethyl-4-phenyl-piperazinium,
DMPP). This incubation was carried out during 1 min and at
the end of this period the test medium was rapidly aspirated
and the uptake reaction was ended by adding 0.5ml of a cold
Ca-free Krebs-HEPES containing 10mMm LaCl; . Finally, cells
were washed 5 times more with 0.5ml of cold Ca-free Krebs-
HEPES containing 10mm LaCl,; and 2mM EGTA, at 15s
intervals.

To measure radioactivity retained by chromaffin cells, the
cells were scraped with a plastic pipette tip while adding 0.5 ml
10% trichloroacetic acid, 2ml of scintillation fluid (Ready
Micro, Beckman) was added and the samples counted in a
Packard beta counter. Results are expressed as counts min ™!
per 10° cells, fmol of total Ca taken up by a single cell or
normalized as % of Ca taken up by control cells.

When possible, ICqs for each drug to block DMPP or K-
evoked *3Ca uptake were estimated through non-linear
regression analysis of inhibition curves, using a GraphPAD
programme from ISI software, for a PC computer.

Materials and solutions

The following materials were used: collagenase from Clostrid-
ium histolyticum (Boehringer-Mannheim); bovine serum
albumin fraction V, soybean trypsin inhibitor, cytosine ara-
binoside, fluorodeoxiuridine, guanethidine, amiloride, DMPP,
EGTA (Sigma); Percoll (Pharmacia); DMEM, foetal calf
serum, penicillin and streptomycin (GIBCO); scintillation
fluid Ready micro (Beckman); *°Ca (Specific activity 10-
40mCimg~! calcium, Amersham). All other chemicals were
reagent grade. Amiloride, nimodipine, nisoldipine and flunari-
zine were dissolved in ethanol, and diluted in saline solutions
to the desired concentrations. Experiments were performed
under sodium lighting.

Results

Cell calcium uptake: signal to noise ratio

Figure 1 shows the increase in “*Ca uptake by cells stimulated
with increasing concentrations of DMPP or K. The threshold
concentration for DMPP was 3um and for K, 17,7mum; the
maximum effect was obtained with 100 um DMPP and 59 mm
K. Therefore, these concentrations were selected to perform
the following experiments.

We wished to compare the effects of various drugs on
DMPP- and K-evoked Ca uptake. Thus, concentrations of
the stimulants provoking maximal signals were selected
(Figure 2). DMPP (100 um for 60s) induced “*Ca uptake (in
the presence of 1 mm “°Ca) of 5663 + 407 c.p.m./10° cells (data
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Figure 1 4°Ca uptake into chromaffin cells stimulated with increas-
ing concentrations of 1,1-dimethyl-4-phenylpiperazinium (DMPP) (a)
or K (b). Cells in different wells were exposed to different concentra-
tions of DMPP or K (abscissa scale) for 60s. 5Ca uptake is expressed
in net c.p.m./well (ordinates); basal >Ca taken up by resting cells was
subtracted from evoked “3Ca uptake. Data are means of 8 wells from
two separate batches of cells; s.e.mean shown by vertical bars.

from 42 individual wells from 14 different batches of cells).
This figure represents 0.92 + 0.07 fmol of total Ca taken up by
a single chromaffin cell upon stimulation of its nicotinic recep-
tors during 60s.

High K concentrations (59 mM for 60s) produced compara-
ble signals. The average “°Ca taken up amounted to
6145 + 483 c.p.m./10° cells (data from 42 individual wells from

14 different batches of cells). This figure represents
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Figure 2 *°Ca uptake into resting or stimulated chromaffin cells.
45Ca retained by unstimulated cells (Basal) or cells stimulated with
1,1-dimethyl-4-phenylpiperazinium (DMPP, 100um for 60s) or K
(59 mm for 60s) is expressed in c.p.m./10° cells (ordinate scale). The
ratio DMPP/Basal was 7.3 and K/Basal, 7.9. Data are means of the
number of experiments shown in parentheses; vertical bars show
s.e.mean.



1.00 + 0.08 fmol of total Ca taken up by a single chromaffin
cell depolarized for 60s with 59 mm K.

In basal conditions (1 min incubation in Krebs-HEPES sol-
ution containing 4uCiml~! “5Ca plus 1mm “°Ca) cells
retained 771 + 35c.p.m. (data from 76 individual wells from
25 different batches of cells). In individual experiments, stimu-
lated cells took up about 5-10 fold the amount of *5Ca
retained by unstimulated cells. Thus, signal to noise ratio was
adequate to perform studies with increasing concentrations of
drugs to block Ca uptake.

Flunarizine blocks equally well DM PP- and K-evoked Ca
uptake into chromaffin cells

Flunarizine (Figure 3) inhibited DMPP- and K-evoked Ca
uptake into chromaffin cells in a concentration-dependent
manner. Full blockade was achieved at a concentration of
10 um. The IC,, to inhibit the DMPP response was 1.76 uM;
the K response exhibited an IC;, of 1.49 um.

Effects of cadmium on calcium uptake by chromaffin cells

Cd ions blocked both DMPP- and K-evoked Ca uptake into
chromaffin cells. The ICs, for the K response was 1.86 um and
that for DMPP 8.14 um (Figure 4). At 30 uM Cd, blockade of
45Ca uptake was complete with both stimuli.

Selective block by amiloride of the nicotinic
receptor-evoked calcium uptake into chromaffin cells

K-evoked Ca uptake into chromaffin cells was affected little
by increasing concentrations of amiloride; only at 1 mM, could
a 35% blockade be seen. In contrast, DMPP-evoked Ca
uptake was gradually inhibited by increasing concentrations
of this drug (Figure 5). The IC,, was 290 uM, and full blockade
of Ca uptake was achieved at 1 mm.

Selective inhibition by guanethidine of nicotinic
receptor-evoked calcium uptake into chromaffin cells

Guanethidine did not affect K-evoked Ca uptake into chro-
maffin cells; the Ca uptake mechanism was depressed by only

1004

50

45Ca uptake (% control)

T T T

T v
8 7 6 5 4
—log [Flunarizine] (m)

Figure 3 Flunarizine blocks equally well the uptake of Ca into chro-
maffin cells stimulated with (Q) 1,1-dimethyl-4-phenylpiperazinium
(DMPP, 100 uM for 60s) or (@) K (59 mM for 605). Before stimulation,
cells were preincubated with each concentration of flunarizine for
10min. #3Ca uptake (ordinate scale) was normalized to 100% (**Ca
taken up by cells in the absence of flunarizine). Data are means of 4
triplicate experiments from different batches of cells; s.e.mean shown
by vertical bars.
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Figure 4 Effects of Cd ions on **Ca uptake into chromaffin cells
evoked by (O) 1,1-dimethyl-4-phenylpiperazinium (DMPP, 100 uM for
60s) or (@) K (59 mM for 60s). Experimental protocol as in Figure 3
but here, Cd instead of flunarizine was used as blocking agent. Data
(normalized to 100% of control “>Ca uptake) are means of 4 triplicate
experiments done with cells from different batches; s.e.mean shown by
vertical bars.

20% at a concentration of 10uM. This concentration fully
blocked DMPP-evoked Ca uptake. In contrast to amiloride,
the inhibition curve was very steep (Figure 6). Guanethidine
had little effect on the Ca uptake mechanism in concentra-
tions up to 10uM; at 30 uM, 70% blockade was achieved. The
IC;, was 27 uM.

Effects of nimodipine and nisoldipine on nicotinic receptor
and K-evoked calcium uptake into chromaffin cells

Blockade of K-evoked “*Ca uptake by nimodipine and nisol-
dipine exhibited a biphasic pattern. At submicromolar con-
centrations, a 10-30% blockade was observed. Then, a second
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Figure 5 Effects of amiloride on **Ca uptake into chromaffin cells
stimulated - with (QO) 1,1-dimethyl-4-phenylpiperazinium (DMPP,
100 uM for 605s) or (@) K (59 mm for 60s). Experimental protocol as in
Figure 3. Data (normalized to 100% of control **Ca uptake) are
means of 4 triplicate experiments made with cells from different
batches; s.e.mean shown by vertical bars.
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Figure 6 Effects of guanethidine on “3Ca uptake into chromaffin
cells stimulated with (Q) 1,1-dimethyl-4-phenylpiperazinium (DMPP,
100 uM for 60s) or (@) K (59 mM for 60s). Experimental protocol as in
Figure 3. Data (normalized to 100% of control Ca uptake) are means
of 4 triplicate experiments made with cells from different batches;
s.e.mean shown by vertical bars.

component seemed to arise at concentrations between 3 and
10 uM (Figure 7). Because nisoldipine is a slowly acting dihy-
dropyridine derivative and these experiments were performed
with preincubation times of 10 min, we tested its effects on Ca
uptake after exposure of the cells to this drug for 90 min.
Figure 8 shows that the blocking effects of nisoldipine on K-
and DMPP-evoked Ca uptake were similar to those seen
when cells were pre-exposed to the drug for only 10min. The
IC,, to block DMPP-evoked Ca uptake in these conditions
was 1.63 nM, about 3 fold lower than with a 10 min preincuba-
tion. However, K-evoked Ca uptake was affected similarly
with a 10- or 90-min pre-incubation period with nisoldipine.
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Figure 7 Effects of nisoldipine on “3Ca uptake into chromaffin cells
evoked by (O) 1,1-dimethyl-4-phenylpiperazinium (DMPP, 100 um for
60s) or (@) K (59mMm for 60s). Nisoldipine was present for 10min
before and during stimulation of the cells with DMPP or K. Experi-
mental protocol as in Figure 3. Data (normalized to 100% of control
45Ca uptake) are means of 7 triplicate experiments made with cells
from different batches; s.e.mean shown by vertical bars.
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Figure 8 Effects of nisoldipine on 4°Ca uptake into chromaffin cells
evoked by (Q) 1,1-dimethyl-4-phenylpiperazinium (DMPP, 10 uM for
605s) or (@) K (59 mum for 60s). The experimental protocol was as in
Figure 7, but here each concentration of nisoldipine was present for
90min before and during stimulation of the cells with DMPP or K.
Data (normalized to 100% of control #3Ca uptake) are means of 2
triplicate experiments made with cells from different batches; s.e.mean
shown by vertical bars.

In the case of nimodipine, another dihydropyridine deriv-
ative, a partial blockade of K-evoked Ca uptake (about 50%
at 10 uM) was obtained. DMPP-evoked Ca uptake was com-
pletely blocked by nimodipine following a biphasic pattern
(Figure 9). At 30nM 30-40% blockade was obtained; then, at
pmolar concentrations, nimodipine blocked DMPP-evoked
Ca uptake completely (IC;, = 1.1 um).

Discussion

The various Ca?* channel blockers used in this study behave
quite differently when their effects on **Ca uptake into chro-
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Figure 9 Effects of nimodipine on **Ca uptake into chromaffin cells
stimulated by (O) 1,1-dimethyl-4-phenylpiperazinium (DMPP, 100 um
for 60s) or (@) K (59 mMm for 60s). Nimodipine was present for 90 min
before and during stimulation of the cells with DMPP or K*. The
rest of the experiment followed a protocol similar to that described in
Figure 3. Data are means of 2 triplicate experiments; s.e.mean shown
by vertical bars.



Table 1 IC,,s for various agents to block #Ca uptake into
chromaffin cells stimulated with 1,1-dimethyl-4-phenylpipera-
zinium (DMPP) or K

n DMPP K
Flunarizine 4 1.76 1.49
Cadmium 4 8.14 1.86
Amiloride 4 290 —
Guanethidine 4 27 —
Nisoldipine (10 min) 7 5, —
Nisoldipine (90 min) 2 2.63 —
Nimodipine 2 1.1 —

Values were calculated from the data in Figures 3-9, by a
non-linear regression analysis computer programme (see
Methods). IC,,s are expressed in uM; n shows the number of
experiments in triplicate from different batches of cells.

maffin cells, stimulated with DMPP or K, are studied (see
summary of IC,,s in Table 1). Bovine chromaffin cells may
contain two different populations of Ca channels; in our
experimental conditions, DMPP may recruit only one popu-
lation of those channels but high K may activate all available
channels. With this hypothesis in mind, our results could be
explained as follows.

Flunarizine blocks L and T channels in cardiac cells (Tytgat
et al., 1988); thus it seems to be a rather non-specific Ca
channel blocker, justifying in this manner its ability to block
DMPP- and K-evoked Ca uptake. The same applies to Cd, 4n
inorganic cation with little selectivity for Ca channel subtypes
(Tsien et al., 1988; Kostyuk, 1989). Though Cd seemed to
block better K-evoked Ca uptake, DMPP was also highly
sensitive to the cation.

A different picture can be drawn with the other drugs. Amil-
oride is reported to be a selective T-type Ca channel blocker
in cardiac cells (Tang et al., 1988). This might explain why this
molecule fully blocks DMPP-evoked Ca uptake, yet K effects
are affected little. A similar reasoning applies for nimodipine
and nisoldipine, two 1,4-DHP derivatives selectively blocking
L-type Ca channels in several excitable cells (Tsien et al.,
1988 ; Kostyuk, 1989). The drugs blocked DMPP effects much
more efficiently than the effects induced by K depolarisation.

A particular case can be made with guanethidine, a potent
blocker of noradrenaline release from sympathetic nerve ter-
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