
ION CHANNELS, RECEPTORS AND TRANSPORTERS

Distinct patterns of exocytosis elicited by Ca2+, Sr2+ and Ba2+ in bovine
chromaffin cells

Andrés M. Baraibar1 & Ricardo de Pascual1 & Marcial Camacho2,3
& Natalia Domínguez2,4 & J. David Machado2

&

Luis Gandía1 & Ricardo Borges2,5

Received: 21 March 2018 /Revised: 24 May 2018 /Accepted: 7 June 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Three divalent cations can elicit secretory responses in most neuroendocrine cells, including chromaffin cells. The extent to
which secretion is elicited by the cations in intact depolarized cells was Ba2+ > Sr2+ ≥Ca2+, contrasting with that elicited by these
cations in permeabilized cells (Ca2+ > Sr2+ > Ba2+). Current-clamp recordings show that extracellular Sr2+ and Ba2+ cause
membrane depolarization and action potentials, which are not blocked by Cd2+ but that can be mimicked by tetra-ethyl-ammo-
nium. When applied intracellularly, only Ba2+ provokes action potentials. Voltage-clamp monitoring of Ca2+-activated K+

channels (KCa) shows that Ba
2+ reduces outward currents, which were enhanced by Sr2+. Extracellular Ba2+ increases cytosolic

Ca2+ concentrations in Fura-2-loaded intact cells, and it induces long-lasting catecholamine release. Conversely, amperometric
recordings of permeabilized cells show that Ca2+ promotes the longest lasting secretion, as Ba2+ only provokes secretion while it
is present and Sr2+ induces intermediate-lasting secretion. Intracellular Ba2+ dialysis provokes exocytosis at concentrations 100-
fold higher than those of Ca2+, whereas Sr2+ exhibits an intermediate sensitivity. These results are compatible with the following
sequence of events: Ba2+ blocks KCa channels from both the outside and inside of the cell, causing membrane depolarization that,
in turn, opens voltage-sensitive Ca2+ channels and favors the entry of Ca2+ and Ba2+. Although Ca2+ is less permeable through its
own channels, it is more efficient in triggering exocytosis. Strontium possesses both an intermediate permeability and an
intermediate ability to induce secretion.
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Abbreviations
ACh Acetylcholine
AP Action potential
DMPP Dimethyl-phenyl-piperazinium
FCS Foetal calf serum
KCa Ca2+-activated K+ channels
ICa Inward currents through voltage-sensitive Ca2+

channels (ICa)
IK K+ currents
INa Inward currents through voltage-gated sodium

channels
Vm Membrane potential
VSCC Voltage-sensitive Ca2+ channels

Introduction

Divalent cations like Ba2+ and Sr2+ can trigger exocytosis in
chromaffin tissues, as shown in intact adrenal glands [15, 45],
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and in intact [4] and permeabilized chromaffin cells [30, 50].
Moreover, this feature seems to be shared by sympathetic
neurons [44]. Barium triggers catecholamine release by a
mechanism similar to that driven by Ca2+ but with lower effi-
ciency [48, 50]. Conversely, other divalent cations like Mg2+,
Co2+, and Zn2+ block secretion [19, 30]. Surprisingly, Be2+,
the smallest divalent cation, seems not to influence the exocy-
totic process, neither in intact nor in permeabilized chromaffin
cells (Borges R, unpublished results). Unlike Ca2+ or Sr2+,
Ba2+ can promote the release of catecholamines in calcium-
free media and in the absence of depolarizing stimuli [15, 24].
This could be due to its high permeability through voltage-
sensitive Ca2+ channels (VSCC), which is blocked by Ca2+

antagonists [24, 56], although the mechanisms that induce the
opening of these VSCC remain to be elucidated.

Mechanistically, it is accepted that these divalent cations
trigger exocytosis through the formation of the SNARE com-
plex [3], a phenomenon that is blocked by tetanus toxin [50]
or botulinum toxin type D [29]. Thus, these three divalent
cations seem to control exocytosis by the main protein fami-
lies that bind Ca2+, synaptotagmins. Indeed, synaptotagmin
VII is an important Ca2+-binding protein that has drastic dif-
ferences in its sensitivity to Ca2+, Sr2+, and Ba2+ in vitro [3]. In
chromaffin cells, depolarizing stimuli like nicotine or expo-
sure to high K+ cause exocytotic bursts that decay progres-
sively despite the persistence of the stimulation. Conversely,
the application of Ba2+ causes delayed onset exocytosis,
which remains at a low frequency for several minutes. As
such, BaCl2 is widely used as secretagogue for amperometric
measurements aimed at characterizing single exocytotic
events [6, 35].

Several explanations have been proposed for the different
secretory patterns of Ba2+ and Ca2+, focusing on the slow
cytosolic clearance of Ba2+. Indeed, there is virtually no ex-
trusion of this cation by Ca2+ pumps [52], it is poorly buffered
by internal stores [51] and it has a low affinity for Ca2+ sensors
like calmodulin [42] or synaptotagmins [54]. As such, it has
been proposed that rapid Ca2+ entry and clearance triggers the
exocytosis of vesicles already docked to the plasmalemma,
whereas the sustained secretion caused by Ba2+ may be linked
to the mobilization of granules from the reserve pool, intro-
ducing these to the ready releasable pool through the negligi-
ble clearance of Ba2+ cations [23].

Although the action of Ba2+ or Sr2+ on cell excitability,
Ca2+ signals and exocytosis has been assessed to some extent
[25, 51], to the best of our knowledge there are no detailed
studies that evaluating how Ca2+, Sr2+, and Ba2+ influence
stimulus-secretion coupling and quantal catecholamine re-
lease. To define the mechanisms underlying the secretory re-
sponses to Ca2+, Sr2+, and Ba2+, we combined patch-clamp
electrophysiological measurement of cell excitability with the
evaluation of ion currents in both the current- and voltage-
clamp configurations, and with cell amperometry. These three

divalent cations permeate the cells through voltage-sensitive
Ca2+ channels, yet Ba2+ and Sr2+ are poorly cleared from the
intracellular space. In addition, Ba2+ blocks Ca2+-activated K+

channels, promoting cell depolarization and action potentials.
To our knowledge, this is the first time the effect of these three
cations on electrical and secretory activity has been compared.

Methods

Materials

Urografin® was obtained from Schering España, (Madrid,
Spain), culture plates from Nunc (Rochester, NY, USA), fetal
calf serum (FCS) from PAA Laboratories GmbH (Pasching,
Austria), and Fura-2/AM from Molecular Probes (Life
Technologies, Carlsbad, CA, USA). All other drugs and cul-
ture products were purchased from Sigma-Aldrich (Madrid,
Spain), and all the salts used to prepare the buffers were re-
agent grade.

Preparation of bovine chromaffin cell cultures

Bovine chromaffin cells enriched in adrenaline were isolated
by adrenal medulla digestion with collagenase IA, as de-
scribed elsewhere [12, 40]. Approximately 5 × 104 chromaffin
cells were plated on a 12-mm diameter glass coverslip in
Dulbecco’s modified Eagle’s medium (DMEM) supplement-
ed with 5% FCS, 50 IU mL−1 penicillin, and 50 mg mL−1

gentamicin. The cells were then incubated at 37 °C in a
water-saturated atmosphere containing 5% CO2.

Ion current recordings

Ion currents were recorded from voltage-clamped bovine
chromaffin cells under the whole-cell configuration of the
patch-clamp technique [22]. Whole-cell recordings were
made with fire-polished borosilicate pipettes (resistance 2–
5 MΩ) mounted onto the headstage of an EPC-9 patch-clamp
amplifier (HEKAElektronik, Lambrecht, Germany), allowing
the cancelation of capacitative transients and the compensa-
tion of series resistance. Data were acquired at a sample fre-
quency of 20 kHz and analyzed using PULSE v8.74 software
(HEKA Elektronik).

Coverslips with the cells were placed on an experimental
chamber mounted on the stage of a Nikon Diaphot inverted
microscope and the cells were continuously superfused with a
control Krebs-HEPES solution containing (in mM): NaCl
145, KCl 5.6, MgCl2 1.2, CaCl2 2, glucose 11, and HEPES
10 (pH adjusted to 7.4 with NaOH). To monitor inward, cur-
rents through voltage-gated sodium channels (INa) and VSSC
(ICa) cells were internally dialyzed with an intracellular solu-
tion containing (in mM): Cs-glutamate 100, EGTA 14, TEA-
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Cl 20, NaCl 10, Mg-ATP 5, Na-GTP 0.3, and HEPES 20 (pH
adjusted to 7.2 with CsOH). To record outward K+ currents
(IK), the cells were internally dialyzed with an intracellular
solution containing (in mM) K-glutamate 120, NaCl 10,
EGTA 14, Mg-ATP 5, Na-GTP 5, and HEPES 20 (pH adjust-
ed to 7.2 with KOH). In order to measure the different ion
currents, the cells were held at − 80 mV, and INa and ICa were
generated by applying 50 ms depolarising pulses from −
60 mV to + 60 mVevery 20 s with 10 mV steps. The IK was
generated by applying 400 ms depolarising pulses from a
holding potential of − 80 mV to test pulses from − 40 mV to
+ 150 mV, applied at 20 s intervals. In some experiments, a
10 ms prepulse to + 10 mV was applied before the 400 ms
depolarizing pulse to facilitate divalent cation entry in order to
maximize the IK(Ca).

External solutions were rapidly exchanged at a flow rate of
1 mL min−1 using electronically driven miniature solenoid
valves coupled to a multi-barrel concentration clamp device,
the common outlet of which was placed within 100 μm from
the patched cell. All experiments were performed at room
temperature (24 ± 2 °C).

Recording of membrane and action potentials

Whole-cell current-clamping was used to record membrane
(Vm) and action potentials (APs: [22]. Current-clamp record-
ings were made using standard protocols [17] with fire-
polished borosilicate pipettes (resistance 2–5 MΩ) that were
mounted onto the headstage of an EPC-9 patch-clamp ampli-
fier (HEKA Elektronik). The data were sampled at 1 kHz, and
acquired and analyzed using PULSE v8.74 software (HEKA
Elektronik). Unless specified, the cells were bathed in stan-
dard Krebs-HEPES saline buffer and dialyzed with an internal
solution containing (in mM): K-glutamate 120, NaCl 10,
EGTA 14, Mg-ATP 5, Na-GTP 5, and HEPES 20 (pH adjust-
ed to 7.2 with KOH). All experiments were performed at room
temperature (24 ± 2 °C) on cells after 1 to 4 days after culture.

Amperometric detection of single-cell exocytosis

Carbon fiber microelectrodes (5 μm radius: Thornel P-55;
Amoco Corp., Greenville SC, USA) were prepared and cali-
brated as described previously [26]. Calibration of the micro-
electrodes was essential to assure the reproducibility of results.
The electrodes were tested and used in cell studies when the
application of noradrenaline (50 μM) resulted in an oxidation
current of 300–400 pA, which should be reduced by 80–
100 pA under stopping flow conditions. Electrochemical re-
cordings were obtained using Axopatch 200B (Axon
Instruments, Foster City, CA, USA: for details see [34, 36].

Data acquisition and analyses were performed using
PowerLab Chart software (ADInstruments, Bella Vista,
NSW, Australia) and IGOR Pro (Wavemetrics, Lake

Oswego, OR), respectively. Amperometric signals were col-
lected at 4 kHz and low-pass filtered at 1 kHz. The data was
analyzed using locally written macros for IGOR Pro [47] that
extract the following parameters from each spike: Imax, max-
imum oxidation current expressed in pA; t1/2, spike width at
half height expressed in ms; Q, net spike charge expressed in
pC; m, ascending slope of spike expressed in nA/s [34, 47].
No comparisons were made between experiments carried out
on different days and the kinetic parameters were calculated as
the mean values from at least 20 spikes/cell. To avoid the
deviations caused by the different number of spikes produced
by each cell, the average value of the spike’s parameters re-
corded from each cell were considered as n = 1 [9].

Amperometric measurements were obtained with the car-
bon fiber microelectrode gently touching the cell membrane.
Catecholamine release was stimulated by 5 s pressure ejec-
tions of secretagogue solutions from a micropipette positioned
≈ 40 μm from the cell. When low extracellular Ca2+ solutions
were required, MgCl2 replaced CaCl2. For experiments on
permeabilized cells, the glass coverslips with the cells at-
tached were washed twice with Krebs-PIPES without Ca2+

and then twice with an intracellular solution containing (in
mM): PIPES 20, K-glutamate 155, MgCl2 2, ATP-Mg 2,
EGTA 5 (pH adjusted to 6.6 with KOH). The cells were
permeabilized by incubating for 5 min with 10 μM digitonin
[16]. Digitonin was removed by washing the coverslips twice
with the intracellular solution and the divalent cations (Ca2+,
Sr2+, or Ba2+) were applied by pressure over 10 s from a
pipette placed at 40 μm. To avoid cross-contamination, only
five non-adjacent cells from each coverslip were used. We
estimated that the divalent cations were applied at a concen-
tration of 22.5, 44.5, and 41.5μMof free Ca2+, Sr2+, and Ba2+,
respectively [50].

Measurement of cytosolic divalent cations

Glass coverslips with adrenal chromaffin cells were washed
twice in Krebs-HEPES buffer solution, and they were incu-
bated with 2 μMFura-2/AM (stock solution dissolved in 20%
pluronic F-127 in DMSO) and 0.1%FCS for 45min. The cells
were then washed twice to remove the extracellular dye and
placed in the perfusion chamber on the stage of an inverted
microscope (Leica DM Leica Microsystems AG, Wetzlar,
Germany) with a × 40 FL PLAN objective. The fluorescence
signal was measured using a computer-operated monochro-
mator (TILL Photonics, Munich, Germany) controlled by
tailor-made LabVIEW software (National Instruments,
Austin, TX). The fluorescence signals emitted were low-pass
filtered at 510 nm and detected with a photomultiplier
mounted to a viewfinder to define the area of interest to which
the fluorescence intensity was integrated. Fluorescence time
courses were collected at 10 Hz and expressed as the fluores-
cence ratio (F360)/(F380).
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Statistical analysis

The data sets are expressed as the means ± SEM of the number
of cultures/cells indicated in the figures. The statistical signif-
icance between the groups of experiments was estimated
using a non-parametric Mann-Whitney rank sum, ANOVA,
or with a Student’s t test as appropriate. Differences were
considered significant at the level of p < 0.05.

Results

Nicotinic agonists, and high K+ and Ba2+ induce
secretion with different time courses

The effects of three different secretagogues frequently used to
trigger exocytosis in chromaffin cells have been assessed
(Fig. 1). Nicotine receptors for acetylcholine (ACh) are the
main physiological target for splanchnic nerve-mediated se-
cretion. ACh is an agonist that also stimulates muscarinic
receptors, whereas dimethyl-phenyl-piperazinium (DMPP) is
a widely used nicotinic agonist because it causes less receptor
desensitization than nicotine [55]. In a typical time course of
secretion elicited by a 5-s pulse with DMPP (100 μM:
Fig. 1a), it is notable that most of the secretion occurs within
30 s of drug application. A similar secretory pattern was also
observed when direct depolarizing stimuli like K+-enriched
solutions are used instead (e.g., solutions containing 70 mM
KCl with iso-osmotic reduction of NaCl: Fig. 1b).

The application of a solution containing Ba2+ (5 mM) trig-
gered long-lasting secretory events (Fig. 1c). Given the well-
distinguishable secretory spikes, Ba2+-induced exocytosis has
advantages for researchers when the precise quantification of
quantal content and kinetic parameters is necessary. Indeed, it
is easier to get clean individual spikes than from secretory
bursts induced either by DMPP or high K+, the nature of
which are concentration dependent (Fig. 1a, b). In addition,
as there are no receptors for neurotransmitters that are in-
volved in these secretory events, making Ba2+ stimulus attrac-
tive to study the kinetics of the final steps of exocytosis.

Ba2+ and Sr2+ promotemembrane depolarization that
triggers action potentials

The current-clamp configuration of the patch-clamp tech-
nique was used to study the effect of external Ba2+ and Sr2+

application on the Vm of bovine chromaffin cells. It has
been widely described that adrenal chromaffin cells fire
spontaneous action potentials when cultured in vitro [5,
10, 11, 18, 27, 37–39, 41]. However, it should be noted
that the percentage of firing cells differs considerably de-
pending on the animal species under consideration. In this
study, we have used cultured bovine chromaffin cells,
which usually do not exhibit spontaneous action potentials,
or the frequency of appearance is quite irregular, with some
cells firing APs at random, and others firing AP at very low
frequencies [11, 41, 53].

Under our experimental conditions, bovine chromaffin
cells had a resting Vm of − 55 ± 6 mV (average ± SEM; n =
18 cells). In the presence of physiological extracellular con-
centrations of Ca2+ (2 mM) low-frequency spontaneous APs
were triggered (only 2 out of 40 cells triggered spontaneous
APs).

By contrast, incubating cells with 5mMSr2+ in the absence
of Ca2+ caused a mild depolarization of the Vm to about −
40 mV that did not trigger spontaneous APs (Fig. 2a); in these
subset of experiments, only one cell from seven fired sponta-
neous APs. Conversely, Sr2+ induced a similar depolarization
in the presence of 2 mM external Ca2+ but in about 50% of
cells (three out of six cells), this depolarization was accompa-
nied by the triggering of long-lasting APs (Fig. 2b), thus sug-
gesting a modulatory role of Ca2+ in the triggering of APs. The
application of cadmium (Cd2+), a potent VSCC blocker, did
not affect either the changes in Vm or the triggering of APs
(Fig. 2a, b), indicating that both these processes were not
dependent on the entry of these two divalent cations through
VSCCs. When cells were bathed just with Ba2+, only 1 from
18 cells fired APs, whereas 11 from 13 cells fired when both
Ba2+ and Ca2+ were present averaging 7.14 ± 1.06 Hz. When
cells were recorded with 2 mM Sr2+ replacing Ca2+, only 1
cell from 7 fired APs. Conversely, when both (5 mM) Sr2+ and

Fig. 1 Long-lasting frequencies of spikes generated by Ba2+ stimulation.
Representative amperometric traces (gray) from at least 30 bovine
chromaffin cells for each 5-s pulse (solid line) with the nicotinic agonist
DMPP (a), a high potassium solution (b), or BaCl2 (c) at the
concentrations indicated. All stimuli were applied in the presence of a 2
mM external Ca2+. The scale bar for the amperometric traces (left) and the

integrals (right) are shown on the left and right side of each panel,
respectively. The horizontal black bars at the top indicate the time scale.
Note the different profile of the secretory process induced upon
stimulation with Ba2+ and the stronger baseline elevation upon 70 K+

and DMPP stimulation
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Ca2+ were present in the extracellular media 3 from 6 cells
with long-lasting APs were observed averaging 2.13 ±
1.28 Hz (Fig. 1a of Electronic Supplementary Information).

It should be noted that depolarization is not due to the
simple increase in divalent cation concentrations. Data from
Fig. 2b, suggest that Ca2+ plays a modulatory role in triggering
APs. Indeed, increasing the extracellular Ca2+ concentration
to 7 mM just promoted cell hyperpolarization, probably in
relation to an increase in K+ conductance [32, 46] driven
through the big conductance (BK)-type KCa channels [49]
Fig. 2c). It should also be noted that APs recorded upon
superfusion of cells with both Sr2+ and Ca2+ are tonic irregular
(Fig. 2b), and they occurred at a lower frequency that those
induced by Ba2+ (Fig. 2e–g). Alternatively, cell perfusion with
a solution containing 5 mM Ba2+ induced a marked Vm depo-
larization (Fig. 2d) As for Sr2+, in the absence of extracellular
Ca2+, only a low number of cells triggered spontaneous APs
(1 out of 18 cells). However, when Ba2+ was applied in the
presence of Ca2+, most of the cells (11 out of 13 cells; Fig. 2e)

fired APs. In these experiments, the resting Vmwas recovered
after washout of the Ba2+. Although some different APs pat-
terns after Ba2+ application were observed (Fig. 2e–g); there
was not consisting evidence of adaptive behavior. In terms of
Sr2+, cadmium did not inhibit or prevent membrane depolar-
ization and APs (Fig. 2d–f).

As was the case for Sr2+, superfusion of the cells with
cadmium did not inhibit or prevent membrane depolarization
and APs (Fig. 2d, e) indicating that both the depolarization of
the Vm and the triggering of spontaneous APs were not de-
pendent on the entry of the divalent cations through VSCCs.
To further illustrate this effect, experiments were performed in
which cadmium was perfused before and during the applica-
tion both Ba2+ and Ca2+. As shown in Fig. 2f, under these
experimental conditions in which no divalent cations are
allowed to pass through VSCCs, both the depolarizing effects
and the triggering of APs induced by Ba2+ in the presence of
Ca2+ were observed, suggesting an extracellular effect of Ba2+

to induce these effects.

Fig. 2 Effects of applying 5 mM Ba2+, Sr2+, or Ca2+ on the membrane
potential of chromaffin cells. Typical current-clamp recordings showing
the depolarization and APs triggered by a 20-s application of 5 mM Sr2+

in the absence of calcium (a), by 5mMSr2+ in the presence of 2 mMCa2+

(b), or by 7 mM Ca2+ (c). The central panels show the effects on the Vm
and AP triggering of applying 5 mM Ba2+ in the absence (d) or in the
presence of 2 mMCa2+ (e). Note that Cd2+ did not affect either the Vm or

AP triggering when applied after superfusion with Sr2+ or Ba2+, and it did
not prevent the effects of Ba2+ on the Vm or APs when applied before
superfusion with Ba2+ (f). Panel G shows the APs elicited by Ba2+ in the
presence of Ca2+ in more detail. The blockade of KCa channels with TEA
mimicked the effects of Ba2+ on membrane potentials (h). The traces are
representative of other similar recordings obtained from five cells. The
numbers express the concentrations of the cations and drugs in mM
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At this point, experiments were aimed to shown that the
blockade of Ca2+-dependent K+ channels induced by Ba2+

occurs from both inside and outside of the cell, as it happens
to be the case for TEA, that blocks K+ channels from both
sides of the membrane [33]. Dialysis of the cell with 5 mM
Ba2+ elicited a pattern of changes to Vm similar to those found
upon extracellular application of the cation (Fig. 3b).
However, these were not observed when cells were dialyzed
with Sr2+ (Fig. 3a) or Ca2+ (Fig. 3c). Note that the triggering of
spontaneous APs in these experiments only occurred 15–20 s
after the cell entered the whole-cell configuration (Fig. 3b).
This probably reflects the time required by divalent cations to
appropriately diffuse through the cytosol and reach the inner
part of the cell membrane.

While Ba2+ decreases the outward Ca2+-dependent K+

current, it is increased by Sr2+

We next used whole-cell voltage-clamping to study the con-
tribution of 5 mM Ba2+ or 5 mM Sr2+ to the activation and/or
modulation of KCa channels. For this, we applied a protocol
involving 400 ms depolarizing pulses to + 180 mV that were
preceded by a 10 ms permissive depolarizing prepulse to +
10 mV in order to facilitate Ca2+ entry and the activation of
KCa currents.

In normal saline conditions (with 2mMCaCl2), application
of the 400 ms depolarizing pulse evoked a typical outward
current with a peak known to correspond to the sum of the
Ca2+-dependent component of IK (IK(Ca)) and the voltage-
dependent component of IK (IK(VD)), followed by a steady
state current (corresponding only to IK(VD)). The superfusion
of cells with a solution containing 5 mM BaCl2 abolished the
IK(Ca) component of the peak outward current, while the IK(VD)
remained (Fig. 4a). Conversely, the co-application of 5 mM
Sr2+ potentiated the peak outward IK(Ca) (Fig. 4b) and de-
creased its inactivation during the 400 ms depolarizing pulse,
an effect probably related to the lower inactivation of VSCCs
observed in the presence of Sr2+. When the results obtained in
this series of experiments are summarized, the opposite effects
on peak IK observed upon superfusion of the cells with Sr2+

(i.e., increased IK) or with Ba2+ (i.e., blockade of the IK)
should be noted (Fig. 4c). The substitution of K+ by Cs+ in
the pipette solution almost completely eliminated the outward
current (> 97%, data not shown).

The current-voltage relationships for the outward IK
were obtained in the presence or absence of 5 mM Sr2+

and 5 mM Ba2+ (Fig. 4d). In these experiments, the IK
was elicited by the application of 400 ms depolarizing
pulses from a holding potential of − 80 mV to test pulses
from − 40 mV to + 180 mV, applied at 20 s intervals. The
I–V curve in the presence of 2 mM Ca2+ shows the typical
biphasic pattern of the outward IK, with a first component
that appears to be due to the Ca2+-activated component of
the potassium current (IK(Ca)), followed by a second in-
crease that corresponds to the voltage-dependent compo-
nent (IK(VD)). When cells were superfused with 5 mM
Sr2+, there was an increase in the IK(Ca) component, as
evident by the loss of the Ca2+-dependent inactivation of
VSCC in the presence of this cation. However, two clear
differences could be observed in the presence of 5 mM
Ba2+ that are related to the blockade of IK(Ca): first, an
inward current through VSCC at voltages between
−30 mV and + 30 mV; and second, the absence of the first
jump in total IK, whereby only the IK(VD) component is
recorded in the presence of this cation. When the IK was
measured when cells were depolarized at + 60 mV, the
residual outward current in the presence of Ba2+ was ap-
parently linked to the IK(VD) (Fig. 4e).

Fig. 3 Ba2+ but not Sr2+ or Ca2+ elicited spontaneous APs when applied
from inside the cell. Cells were whole-cell patched under current-clamp
mode with the pipettes filled with a standard intracellular solution con-
taining the desired concentration of the three divalent cations: a Sr2+

5 mM, b Ba2+ 5 mM, and c Ca2+ 7 mM. The traces are representative
of other similar recordings obtained from five to six cells. Extracellular
solution contained 2 mM Ca2+ in all cases
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Permeation of Ba2+ and Sr2+

through voltage-dependent Ca2+ channels

We next studied the contribution of Ba2+ or Sr2+ to the inward
current through VSCCs using the whole-cell patch-clamp tech-
nique under the voltage-clamp mode. Recordings were obtain-
ed from chromaffin cells depolarized to 0 for 50 ms from a
holding voltage of − 80 mV in the presence of 2 mM Ca2+,
5 mM Ba2+, or in the presence of both cations. It is well
established that when applied in the absence of Ca2+, Ba2+

permeates better than Ca2+ through VSCCs. However, when
mixtures of Ca2+ and Ba2+ are used, Ba2+ and Ca2+ compete for
a single site, but only Ca2+ ions bind to a specific regulatory site
to modulate VSCC permeability [57]. This modulatory role of
Ca2+ on inward currents through VSCCs can be clearly ob-
served in the experiments shown in Fig. 5a, b, i.e. when using

Ba2+ as the charge carrier cation, the inward current was double
than that carried by Ca2+ (Fig. 5a). However, when both cations
were applied together, the inward current magnitude was
slightly lower, suggesting some competition between these cat-
ions for entry through VSCCs (Fig. 5a, b). Similar results were
obtained when Sr2+ was used as the cation (Fig. 5d, e).

Ba2+ but not Ca2+ or Sr2+ was capable of eliciting
the exocytosis of catecholamines even in the absence
of depolarizing stimuli

We used amperometry with carbon fiber microelectrodes to
monitor the secretory responses of chromaffin cells.
Experiments were conducted on the same day, alternating re-
cordings from cells under different experimental conditions
and using the same electrode to minimize the bias caused by

Fig. 4 Outward K+ currents were partially blocked by Ba2+, but they
were potentiated by Sr2+. a Outward K+ current in bovine chromaffin
cells evoked by a 400-ms fully depolarizing pulse to + 180 mV
(preceded by a 10-ms permissive depolarizing prepulse to +1 0 mV to
facilitate Ca2+ entry and the activation of KCa currents) in the presence
(gray trace) or absence (black trace) of 5 mM external Ba2+. b As in (a)
but obtained in the presence (gray trace) or absence (black trace) of 5 mM
external Sr2+. c Pooled data from the experiments in (a) and (b)

normalized to the maximum IK value obtained in the presence of 2 mM
Ca2+. The data are the means (± SEM) from the number of cells indicated
in parentheses and from at least 2–3 different cultures. d I-V plot of
potassium currents in the presence of calcium (black squares) and on
exposure to 5 mM barium (dark gray circles) or 5 mM strontium (light
gray triangles). The data are the means (± SEM) from 7 to 12 cells. e
Quantification of the outward current at + 60 mV (green dashed line,
panel D): † p = 0.0001; § p = 0.0002; # p = 0.0001, Student t test
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the temporal decay of electrode sensitivity. Typical traces of
the amperometric signal (gray trace: Fig. 1c) were
superimposed on the cumulative secretion recording obtained
by integration of the amperometric signals (black trace). The
method used to calculate the integral of the amperometric
traces was designed to avoid the non-specific addition of
charge that could result from the asymmetrical distribution
of noise [47]. In the absence of external Ca2+, Ba2+ was capa-
ble of triggering catecholamine release, yet this secretion in-
creased by ~ 40% when physiological Ca2+ was also present
(2 mM). However, this additional effect of Ca2+ on secretion
was not observed by the co-application of Sr2+ (Fig. 6a). The
frequency of amperometric spike firing elicited by the co-
application of Ba2+ and Ca2+ was analyzed in detail, and we
found that the increase in secretion mainly occurred within the
first 30 s after the application of both cations (Fig. 6b).

In parallel, we measured the cytosolic changes in divalent
cations using the intracellular indicator Fura-2-AM. There
was an increase in the fluorescence ratio F360/F380 induced
by Ba2+ in the presence and absence of Ca2+ (Fig. 6c). In the
absence of Ca2+, Ba2+ induced a steady-stated increase in the
fluorescent signal that lasted for minutes, contrary to the tran-
sient increase described for Ca2+ [28]. A higher increase in
fluorescence was observed when Ba2+ and Ca2+ were applied
together; as shown in the representative experiment of Fig. 6c,
under these experimental conditions, the ratio F360/F380 was
0.65 ± 4 in the absence vs. 0.90 ± 8 in the presence of Ca2+, an
increase of the fluorescent signal that returned to the levels of

Ba2+ fluorescence after approximately 60 s. Sr2+ evoked
slower increase in Fura-2 fluorescence although it reached a
similar maximum fluoresce signal (data not shown).

It should be noted that there were significant differences in
the temporal distribution of the secretory spikes from both
conditions (p < 0.001). Ba2+ alone is a secretagogue that pro-
motes a very stable rate of exocytosis, whereas the secretion
rate reaches a maximum after a 20 s stimulation in conjunction
with external Ca2+. The average frequency of spike firing
from cells stimulated with BaCl2 (5 mM) was 0.66 Hz, where-
as this was over 1 Hz when Ca2+ was also present in the
medium. This firing frequency is slow enough to clearly dis-
tinguish the initiation and the end of the secretory spikes,
thereby facilitating their characterization and reducing the
probability of finding overlapped spikes. The probability that
two independent exocytotic events overlap in our experimen-
tal conditions was very low (p = 0.018; n = 960 events).
Furthermore, when the cells were stimulated with Sr2+, the
frequency of spike firing was 0.7 Hz.

Effects of Ba2+ and Sr2+ on catecholamine release
in permeabilized cells

In order to characterize the ability of these two divalent cations
to directly elicit secretion in the absence of cell membrane-
mediated mechanisms, we used single-cell amperometry on
permeabilized chromaffin cells. Thus, 30 s after perme-
abilization with digitonin, the cells were bathed in intracellular

Fig. 5 Effects of Ba2+ and Sr2+ on inward currents through VSCCs. A
patch-clamp study compared the Ba2+ and Sr2+ inward current in the
presence and absence of Ca2+. Panels a and d show typical inward
currents obtained after the application of a 50-ms depolarizing test pulse
from − 80 to 0 mV, demonstrating the interaction of Ba2+ and Sr2+ with
Ca2+ currents. The calibration bars are given in pA and ms. b, e

Summarize the average data (means ± SEM) from the number of
different cells and cultures indicated in parentheses. c, f Show the I vs.
V plots (means ± SEM) obtained under the same concentrations of cations
as in A and D: † p = 0.0011; § p = 0.0003; # p = 0.0001; ∂ p = 0.0001,
Student t test
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buffer, and we did not observe any amperometric spike, even
when a 10 s pulse of intracellular buffer (IB) was applied,
indicating the absence of Ca2+-independent secretion
(Fig. 7a: Knight and Baker, 1982).

The time course of secretion observed in permeabilized
cells exhibited the opposite profile to that obtained in intact
cells (Fig. 7), as evident in typical amperometry recordings
obtained after the application of 50 μM Ca2+ (Fig. 7b), Sr2+

(Fig. 7c), or Ba2+ (Fig. 7d). As noted, cell stimulation by
increasing Ca2+ promoted the longest lasting firing pattern,
whereas the effect of Ba2+ only lasted during the stimulation
and Sr2+ caused an intermediate time course of exocytotic
events, with some spikes observed after the stimulus. It should
be also noted that Ca2+ maintains spike firing for a long time,
although its estimated free concentration was roughly half that
of Sr2+ or Ba2+ (Figs. 7e, f). Interestingly, the inter-spike pe-
riod was 230 ± 24 ms for Ca2+, 370 ± 55 ms (p < 0.05) for
Sr2+, and 645 ± 49 ms for Ba2+ (p < 0.005, Student’s t test
comparing with Ca2+). A detailed analysis of the secretory
events in the presence of Ca2+, Sr2+, or Ba2+ (0–10 s) showed
marked differences in their time course. Ca2+ more efficiently
elicited secretion than Ba2+, with a shorter inter-spike interval
(Fig. 7g), yet Sr2+ induced secretion with similar efficiency to
Ca2+, but after 5–6 s, it mimicked the secretory profile ob-
served with Ba2+.

Influence of the divalent cation on the kinetic
characteristics of single exocytotic events

Parameters were calculated from single amperometric spikes
elicited by Ba2+ in the presence of Ca2+ or Sr2+ (Table 1). We

did not find any significant difference in either the quantum
size or the kinetics of Ba2+-elicited exocytotic secretion,
which was similar in both the presence (Krebs-Ca2+) or ab-
sence of Ca2+ (Krebs-Mg2+). Conversely, exocytosis was
slower when Sr2+ replaced Ca2+, evidence that the spikes
had both a smaller Imax and a slower ascending slope despite
their similar quantum size (Table 1).

Discussion

For decades, the divalent cations Sr2+ and Ba2+ have been
used to substitute for Ca2+ when studying a myriad of physi-
ological processes whose activation is triggered by increased
[Ca2+]c, including exocytosis [4, 13, 21]. Since the pioneering
studies on the effects of various alkaline earth metals on the
Ca2+-dependent release of catecholamines from the cat adre-
nal gland [14, 15], several other studies have addressed this
issue and attempted to understand the differences when Ca2+,
Sr2+, and Ba2+ trigger exocytosis from sympathetic neurons
[20] and chromaffin cells [25, 51]. Barium has been particu-
larly useful for amperometric recordings as it does not require
the involvement of other cell structures like cholinergic recep-
tors or sodium channels, and also because Ba2+ promotes
secretion at a slow enough rate to reliably analyze individual
exocytotic events [43]. However, these studies have yet to
provide a clear picture of the mechanisms by which Sr2+ and
Ba2+ activate secretion.

Here, we studied the electrophysiological and neurochem-
ical aspects of this secretion, demonstrating some clear-cut
differences between the secretion mediated by Sr2+ or Ba2+

Fig. 6 The effect of divalent cations on the secretory responses of bovine
adrenal chromaffin cells studied with amperometry. a Pooled data
(mean ± SEM) comparing the secretion elicited by Ba2+ in the presence
(open column) or absence of 2 mM Ca2+ (black column), or in the
presence of 2 mM Sr2+ (dashed column). The cumulative secretion was
measured for 2 min after application of the stimulus, and it is expressed in
pico-coulombs, with the number of cells from each group indicated in
parentheses: † p = 0.004; # p = 0.005 compared with the total secretion
obtained with Ba2+ and Ca2+, Student’s t test. b Temporal distribution of
secretory events during the first min of recording after stimulation. Each

time point represents the average spike frequency recorded in 1 s bins
from 10 cells stimulated with Ba2+ in presence of 2 mM Ca2+ (thin gray
trace) and 8 cells in absence of Ca2+ (black thick trace). The dashed line
represents the frequency average of spike firing from cells stimulated with
BaCl2 (5 mM) in the absence of external Ca2+. c Typical experiment of
chromaffin cells loaded with Fura-2/AM. The time course of
fluorescence, expressed as the ratio obtained by alternative excitation at
360 and 380 nm, was monitored by epifluorescence. Ba2+ was applied for
5 s in the presence (gray trace) or absence (black trace) of Ca2+
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and that driven by Ca2+. Firstly, Sr2+ and Ba2+ provoke cell
depolarization, whereas Ca2+, if anything, causes hyperpolar-
ization (at high concentrations). Secondly, intracellular dialy-
sis with Ba2+ causes cell depolarization, while Ca2+ and Sr2+

do not. Thirdly, Ba2+ blocks the IK(Ca) while Sr
2+ enhances it.

Fourthly, although when used as charge carriers Sr2+ and Ba2+

have a 2–3-fold greater permeability through VSCCs than
Ca2+, when Ba2+ and Ca2+ are applied together (as in our
present experiments), these two cations compete but only
Ca2+ ions bind to a specific regulatory site to modulate
VSCC permeability, favoring Ca2+ entry [57]. Finally, the
secretory effects of Ba2+ remain unaffected by Sr2+ and po-
tentiated by Ca2+.

It is known that Ba2+ blocks BK channels, causing cell
depolarization [51], yet we found that Ba2+ inhibited IKCa,
both when applied externally and internally, as deduced from
its ability to cause cell depolarization upon patch pipette dial-
ysis. This finding may shed light on the prolonged kinetic
pattern of secretion elicited by Ba2+. When applied externally,
Ba2+ may cause a mild depolarization by binding to an exter-
nal site in BK channels, which could cause action potential

firing to open VSCCs through which Ba2+ can enter the cell
[51]. Because Ba2+ is not extruded from the cell by the Ca2+-
ATPase pump nor by the Na+/Ca2+ exchanger [2], its binding
to and inhibition of BK channels will be long-lasting,
explaining its prolonged effects on depolarization and secre-
tion relative to DMPP or high K+. However, an important
question that remains to be elucidated is how Ba2+ penetrates
the cell when most Ca2+ channels are closed.

To establish whether Ca2+ is causing APs, we have used
100 μM of Cd2+ a concentration that we have demonstrated is
enough to completely block all VDCCs. It has been described
that after Ca2+ current suppression, AP firing was slowed be-
cause the repolarization was delayed (Fig. 2b and Fig. 1a of
the Electronic Supplementary Information). This effect has
been previously shown in cultured rat chromaffin cells [38],
adrenal rat slices [1], and hippocampal pyramidal neurons
[31]. In our hands, Cd2+ does not affect Vm, but the blockage
of Ca2+ entry reduced the frequency of APs.

In terms of Sr2+, the experiments on IK(Ca) clearly suggest
that like Ca2+ and Ba2+, Sr2+ also binds to BK channels. The
mild cell depolarization elicited by Sr2+ could be explained by

Fig. 7 Secretory responses
induced by divalent cations in
permeabilized chromaffin cells
studied with single-cell
amperometry. Representative
amperometric recordings
obtained with 10 s application of
intracellular buffer (IB) (a) or
after a 10 s application of 50 μM
of Ca2+ (b), Sr2+ (c), or Ba2+ (d),
which corresponds to the
estimated concentrations of (22.5,
44.5, and 41.5 μM of free Ca2+,
Sr2+, and Ba2+, respectively) [7,
50]. e Average cumulative
secretion comparing a minimum
of ten permeabilized cells
stimulated with the three divalent
cations, integrating the
cumulative secretion for the 2 min
after the beginning of stimuli. f
Temporal distribution plot of
spike firing in the first minute
after the application of the
divalent cations. g Measurements
of inter-spike periods obtained
during the first 10 s of recording
during divalent cation application.
Note that Sr2+ changed its time
course from a Ca2+ to Ba2+-like
behavior
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its binding to an extracellular site in BK channels to cause
their blockade. However, this depolarization may open a few
VSCCs, allowing the entry of highly permeable Sr2+ into the
cell. The Sr2+ that enters the cell may bind strongly to the
internal Ca2+ site of BK channels, thereby causing their acti-
vation and counteracting the initial Sr2+-elicited depolariza-
tion. Thus, Sr2+ itself cannot trigger a secretory response but
it can efficiently substitute for Ca2+ when depolarizing stimuli
are applied [45]. Finally, in terms of the ability of Ca2+, Sr2+

and Ba2+ to elicit secretion from permeabilized cells, Ca2+

behaves as the strongest secretagogue. This is not surprising
given its ability to increase the affinity between synaptotag-
min and syntaxin I, an effect that is specific to divalent cations
and that can stimulate the exocytosis of synaptic vesicles
(Ca2+ > Ba2+, Sr2+ > >Mg2+) [8].

It is reasonable that the lower the affinity for synaptotagmin
I, the faster a given cation will dissociate from its binding site
in the protein. This may explain why Ba2+ elicited secretion
rapidly stops upon its removal from the intracellular buffer. By
contrast, the dissociation of Ca2+ from synaptotagmin I is
slow, corresponding to the fact that it triggers long-lasting
secretion after Ca2+ removal. Finally, Sr2+ may bind with in-
termediate affinity to synaptotagmin and thus, its secretory
response is intermediate between that of Ca2+ and Ba2+.

The presence of high frequency of APs caused by the ap-
plication Ba2+ in the presence of Ca2+ should cause a large
number of exocytotic events. However, this stimulus only
produced a limited number of secretory spikes. The most fea-
sible explanation might be the competition of a poor secreta-
gogue (barium) with the Ca2+ binding sites involved in exo-
cytosis (Fig. 7). Although cytosolic Ba2+ results difficult to

extrude/sequester, the accompanied Ca2+ seems to be re-
moved from cytosol with a time course similar to that ob-
served with secretion (Fig. 6). Both the longer-lasting cell
depolarization and barium’s poorer affinity for synaptotagmin
could explain the well-known effects on secretion from intact
chromaffin cells. Barium is being used as secretagogue to
analyze single secretory events, because it triggers sustained
responses at a low spike frequency, thereby avoiding spike
overlapping and obtaining clean separate spikes, permitting
the analysis of their kinetics. This is achieved through the
three mechanisms of Ba2+ reported here: (1) cell depolariza-
tion due to its binding (external and internal) to BK channels,
causing their sustained inhibition; (2) its low affinity for syn-
aptotagmin I; and (3) its weak capacity as a substrate for
plasmalemmal Ca2+ pumps. This means that Ba2+ remains
confined to the cytosol even after application for few seconds,
eliciting a prolonged, slow secretory response.

In this work, we have combined electrophysiological, electro-
chemical, and fluorimetric techniques to provide (i) further de-
tails of the mechanisms underlying the sustained, yet slower
secretory effects of Ba2+ in chromaffin cells, and (ii) described
some novel actions of the lesser studied cation Sr2+ on BK chan-
nel currents and cell excitability that contribute to increase its
secretagogue capability in comparison with Ba2+ and Ca2+.
Since the coinage of the term stimulus-secretion coupling near
60 years ago, the secretagogue properties of Sr2+ and Ba2+ re-
placing Ca2+ has captivated the attention of scientists.
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Table 1 Characteristics of the secretory spikes evoked by 5 mM Ba2+ as measured by single-cell amperometry

External 

solution 

Imax 

(pA) 
Q (pC)

Krebs-Ca
2+

58.1±8.5 0.76±0.10

Krebs-Mg
2+

57.3±7.4 0.83±0.07

Krebs-Sr
2+

37.5±5.1† 0.75±0.11

Q (pC) t
1/2 (ms) m (pA/ms) 

# spikes 

per cell 

Interspike 

time (s)

0.10 14.5±1.0 19.0±3.1 104.3±22.0 1.18±0.10

0.07 15.5±1.7 17.9±3.1 93.8±22.2 1.32±0.08

0.11 18.2±1.6 10.1±1.6  96.7±19.1 1.26±0.12

Interspike 

time (s)

N 

Cells 

0.10 10 

0.08 9 

0.12 10 

Inset figure: kinetic parameters: Imax, maximal current caused by the catecholamines reaching the electrode; t1/2, spike width at its half height; Q, the
integrated area under the spike trace that indicates the total CA released during the exocytotic event;m, the ascending slope, horizontal ticks indicate the
25 and 75% of the Imax where m is calculated. The data are expressed in the units indicated and they were calculated by averaging the spike parameters
from each cell (means ± S.E.M.). The statistical analysis was carried out by comparing data from cells (N) and not from individual spikes (n). The normal
Ca2+ concentration (2 mM) in the Krebs buffer was replaced either by Mg2+ or Sr2+ : † p = 0.025; ∂ p = 0.001, U-Mann-Whitney

Pflugers Arch - Eur J Physiol



Funding information This work was supported by grants from the
Spanish MINECO to RB (BFU2013-45253-P; BFU2017-82618-P) and
LG (SAF2013-44108-P).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Albinana E, Segura-Chama P, Baraibar AM, Hernandez-Cruz A,
Hernandez-Guijo JM (2015) Different contributions of calcium
channel subtypes to electrical excitability of chromaffin cells in
rat adrenal slices. J Neurochem 133:511–521. https://doi.org/10.
1111/jnc.13055

2. Anantharam A, Axelrod D, Holz RW (2010) Polarized TIRFM
reveals changes in plasma membrane topology before and during
granule fusion. Cell Mol Neurobiol 30:1343–1349. https://doi.org/
10.1007/s10571-010-9590-0

3. Bhalla A, Tucker WC, Chapman ER (2005) Synaptotagmin iso-
forms couple distinct ranges of Ca2+, Ba2+, and Sr2+ concentra-
tion to SNARE-mediated membrane fusion. Mol Biol Cell 16:
4755–4764. https://doi.org/10.1091/mbc.E05-04-0277

4. Borges R, Travis ER, Hochstetler SE, Wightman RM (1997)
Effects of external osmotic pressure on vesicular secretion from
bovine adrenal medullary cells. J Biol Chem 272:8325–8331

5. Brandt BL, Hagiwara S, Kidokoro Y, Miyazaki S (1976) Action
potentials in the rat chromaffin cell and effects of acetylcholine. J
Physiol 263:417–439

6. Camacho M, Machado JD, Alvarez J, Borges R (2008)
Intravesicular calcium release mediates the motion and exocytosis
of secretory organelles: a study with adrenal chromaffin cells. J
Biol Chem 283:22383–22389

7. Chang D, Hsieh PS, Dawson DC (1988) Calcium: a program in
BASIC for calculating the composition of solutions with specified
free concentrations of calcium, magnesium and other divalent cat-
ions. Comput Biol Med 18:351–366

8. Chapman ER, Hanson PI, An S, Jahn R (1995) Ca2+ regulates the
interaction between synaptotagmin and syntaxin 1. J Biol Chem
270:23667–23671

9. Colliver TL, Hess EJ, Ewing AG (2001) Amperometric analysis of
exocytosis at chromaffin cells from genetically distinct mice. J
Neurosci Methods 105:95–103

10. Comunanza V, Marcantoni A, Vandael DH, Mahapatra S, Gavello
D, Carabelli V, Carbone E (2010) CaV1.3 as pacemaker channels in
adrenal chromaffin cells: specific role on exo- and endocytosis?
Channels (Austin) 4:440–446

11. de Diego AM (2010) Electrophysiological and morphological fea-
tures underlying neurotransmission efficacy at the splanchnic
nerve-chromaffin cell synapse of bovine adrenal medulla. Am J
Physiol Cell Physiol 298:C397–C405. https://doi.org/10.1152/
ajpcell.00440.2009

12. Dominguez N, Rodriguez M, Machado JD, Borges R (2012)
Preparation and culture of adrenal chromaffin cells. In: Skaper SD
(ed) Methods Mol Biol. vol Neurotrophic Factors. Humana Press,
New York

13. Douglas WW (1968) Stimulus-secretion coupling: the concept and
clues from chromaffin and other cells. Br J Pharmacol 34:453–474

14. Douglas WW, Rubin RP (1964) The effects of alkaline earths and
other divalent cations on adrenal medullary secretion. J Physiol
175:231–241

15. Douglas WW, Rubin RP (1964) Stimulant action of barium on the
adrenal medulla. Nature 203:305–307

16. Dunn LA, Holz RW (1983) Catecholamine secretion from
digitonin-treated adrenal medullary chromaffin cells. J Biol Chem
258:4989–4993

17. Fenwick EM, Marty A, Neher E (1982) A patch-clamp study of
bovine chromaffin cells and of their sensitivity to acetylcholine. J
Physiol 331:577–597

18. Fenwick EM, Marty A, Neher E (1982) Sodium and calcium chan-
nels in bovine chromaffin cells. J Physiol 331:599–635

19. Gandia L, Lopez MG, Fonteriz RI, Artalejo CR, Garcia AG (1987)
Relative sensitivities of chromaffin cell calcium channels to organic
and inorganic calcium antagonists. Neurosci Lett 77:333–338

20. Garcia AG, Kirpekar SM (1973) Release of noradrenaline from
slices of cat spleen by pre-treatment with calcium, strontium and
barium. J Physiol 235:693–713

21. Garcia AG, Garcia-De-Diego AM, Gandia L, Borges R, Garcia-
Sancho J (2006) Calcium signaling and exocytosis in adrenal chro-
maffin cells. Physiol Rev 86:1093–1131

22. Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ (1981)
Improved patch-clamp techniques for high-resolution current re-
cording from cells and cell-free membrane patches. Pflugers Arch
391:85–100

23. Haynes CL, Siff LN, Wightman RM (2007) Temperature-
dependent differences between readily releasable and reserve pool
vesicles in chromaffin cells. Biochim Biophys Acta 1773:728–735

24. Heldman E, Levine M, Raveh L, Pollard HB (1989) Barium ions
enter chromaffin cells via voltage-dependent calcium channels and
induce secretion by a mechanism independent of calcium. J Biol
Chem 264:7914–7920

25. Jankowski JA, Finnegan JM, Wightman RM (1994) Extracellular
ionic composition alters kinetics of vesicular release of catechol-
amines and quantal size during exocytosis at adrenal-medullary
cells. J Neurochem 63:1739–1747

26. Kawagoe KT, Zimmerman JB, Wightman RM (1993) Principles of
voltammetry andmicroelectrode surface states. J NeurosciMethods
48:225–240

27. Kidokoro Y, Ritchie AK (1980) Chromaffin cell action potentials
and their possible role in adrenaline secretion from rat adrenal me-
dulla. J Physiol 307:199–216

28. Kim KT, Westhead EW (1989) Cellular responses to Ca2+ from
extracellular and intracellular sources are different as shown by
simultaneous measurements of cytosolic Ca2+ and secretion from
bovine chromaffin cells. Proc Natl Acad Sci U S A 86:9881–9885

29. Knight DE, Tonge DA, Baker PF (1985) Inhibition of exocytosis in
bovine adrenal medullary cells by botulinum toxin type D. Nature
317:719–721

30. Knight DE, Sugden D, Baker PF (1988) Evidence implicating pro-
tein kinase C in exocytosis from electropermeabilized bovine chro-
maffin cells. J Membr Biol 104:21–34

31. Lancaster B, Nicoll RA (1987) Properties of two calcium-activated
hyperpolarizations in rat hippocampal neurones. J Physiol 389:
187–203

32. Lassen UV, Pape L, Vestergaard-Bogind B (1976) Effect of calcium
on the membrane potential of Amphiuma red cells. J Membr Biol
26:51–70

33. Lenaeus MJ, Vamvouka M, Focia PJ, Gross A (2005) Structural
basis of TEA blockade in a model potassium channel. Nat Struct
Mol Biol 12:454–459. https://doi.org/10.1038/nsmb929

34. Machado JD, Segura F, Brioso MA, Borges R (2000) Nitric oxide
modulates a late step of exocytosis. J Biol Chem 275:20274–20279

35. Machado JD, Alonso C, Morales A, Gomez JF, Borges R (2002)
Nongenomic regulation of the kinetics of exocytosis by estrogens. J
Pharmacol Exp Ther 301:631–637

Pflugers Arch - Eur J Physiol

https://doi.org/10.1111/jnc.13055
https://doi.org/10.1111/jnc.13055
https://doi.org/10.1007/s10571-010-9590-0
https://doi.org/10.1007/s10571-010-9590-0
https://doi.org/10.1091/mbc.E05-04-0277
https://doi.org/10.1152/ajpcell.00440.2009
https://doi.org/10.1152/ajpcell.00440.2009
https://doi.org/10.1038/nsmb929


36. Machado DJ, Montesinos MS, Borges R (2008) Good practices in
single-cell amperometry. Methods Mol Biol 440:297–313. https://
doi.org/10.1007/978-1-59745-178-9_23

37. Mahapatra S, Calorio C, Vandael DH, Marcantoni A, Carabelli V,
Carbone E (2012) Calcium channel types contributing to chromaf-
fin cell excitability, exocytosis and endocytosis. Cell Calcium 51:
321–330. https://doi.org/10.1016/j.ceca.2012.01.005

38. Marcantoni A, Baldelli P, Hernandez-Guijo JM, Comunanza V,
Carabelli V, Carbone E (2007) L-type calcium channels in adrenal
chromaffin cells: role in pace-making and secretion. Cell Calcium
42:397–408. https://doi.org/10.1016/j.ceca.2007.04.015

39. Marcantoni A, Carabelli V, Vandael DH, Comunanza V, Carbone E
(2009) PDE type-4 inhibition increases L-type Ca(2+) currents,
action potential firing, and quantal size of exocytosis in mouse
chromaffin cells. Pflugers Arch 457:1093–1110. https://doi.org/
10.1007/s00424-008-0584-4

40. Moro MA, Lopez MG, Gandia L, Michelena P, Garcia AG (1990)
Separation and culture of living adrenaline- and noradrenaline-
containing cells from bovine adrenal medullae. Anal Biochem
185:243–248

41. Orozco C, Garcia-de-Diego AM, Arias E, Hernandez-Guijo JM,
Garcia AG, Villarroya M, Lopez MG (2006) Depolarization pre-
conditioning produces cytoprotection against veratridine-induced
chromaffin cell death. Eur J Pharmacol 553:28–38. https://doi.org/
10.1016/j.ejphar.2006.08.084

42. Ozawa T, Sasaki K, Umezawa Y (1999) Metal ion selectivity for
formation of the calmodulin-metal-target peptide ternary complex
studied by surface plasmon resonance spectroscopy. Biochim
Biophys Acta 1434:211–220

43. Pihel K, Travis ER, Borges R, Wightman RM (1996) Exocytotic
release from individual granules exhibits similar properties at mast
and chromaffin cells. Biophys J 71:1633–1640

44. Przywara DA, Chowdhury PS, Bhave SV, Wakade TD, Wakade
AR (1993) Barium-induced exocytosis is due to internal calcium
release and block of calcium efflux. Proc Natl Acad Sci U S A 90:
557–561

45. Sala F, Fonteriz RI, Borges R, Garcia AG (1986) Inactivation of
potassium-evoked adrenomedullary catecholamine release in the
presence of calcium, strontium or BAY-K-8644. FEBS Lett 196:
34–38

46. Satow Y (1978) Internal calcium concentration and potassium per-
meability in Paramecium. J Neurobiol 9:81–91. https://doi.org/10.
1002/neu.480090107

47. Segura F, Brioso MA, Gomez JF, Machado JD, Borges R (2000)
Automatic analysis for amperometrical recordings of exocytosis. J
Neurosci Methods 103:151–156

48. Seward EP, Chernevskaya NI, Nowycky MC (1996) Ba2+ ions
evoke two kinetically distinct patterns of exocytosis in chromaffin
cells, but not in neurohypophysial nerve terminals. J Neurosci 16:
1370–1379

49. Sun XP, Schlichter LC, Stanley EF (1999) Single-channel proper-
ties of BK-type calcium-activated potassium channels at a cholin-
ergic presynaptic nerve terminal. J Physiol 518(Pt 3):639–651

50. TerBush DR, Holz RW (1992) Barium and calcium stimulate se-
cretion from digitonin-permeabilized bovine adrenal chromaffin
cells by similar pathways. J Neurochem 58:680–687

51. von Ruden L, Garcia AG, Lopez MG (1993) The mechanism of
Ba(2+)-induced exocytosis from single chromaffin cells. FEBS Lett
336:48–52

52. Wagner-Mann C, Hu Q, Sturek M (1992) Multiple effects of
ryanodine on intracellular free Ca2+ in smooth muscle cells from
bovine and porcine coronary artery: modulation of sarcoplasmic
reticulum function. Br J Pharmacol 105:903–911

53. Wallace DJ, Chen C, Marley PD (2002) Histamine promotes excit-
ability in bovine adrenal chromaffin cells by inhibiting an M-cur-
rent. J Physiol 540:921–939

54. Wang P, Chicka MC, Bhalla A, Richards DA, Chapman ER (2005)
Synaptotagmin VII is targeted to secretory organelles in PC12 cells,
where it functions as a high-affinity calcium sensor. Mol Cell Biol
25:8693–8702. https://doi.org/10.1128/MCB.25.19.8693-8702.
2005

55. Wong LA, Gallagher JP (1991) Pharmacology of nicotinic receptor-
mediated inhibition in rat dorsolateral septal neurones. J Physiol
436:325–346

56. Yamaguchi DT, Green J, Kleeman CR, Muallem S (1989)
Properties of the depolarization-activated calcium and barium entry
in osteoblast-like cells. J Biol Chem 264:197–204

57. Zamponi GW, Snutch TP (1996) Evidence for a specific site for
modulation of calcium channel activation by external calcium ions.
Pflugers Arch 431:470–472

Pflugers Arch - Eur J Physiol

https://doi.org/10.1007/978-1-59745-178-9_23
https://doi.org/10.1007/978-1-59745-178-9_23
https://doi.org/10.1016/j.ceca.2012.01.005
https://doi.org/10.1016/j.ceca.2007.04.015
https://doi.org/10.1007/s00424-008-0584-4
https://doi.org/10.1007/s00424-008-0584-4
https://doi.org/10.1016/j.ejphar.2006.08.084
https://doi.org/10.1016/j.ejphar.2006.08.084
https://doi.org/10.1002/neu.480090107
https://doi.org/10.1002/neu.480090107
https://doi.org/10.1128/MCB.25.19.8693-8702.2005
https://doi.org/10.1128/MCB.25.19.8693-8702.2005

	Distinct patterns of exocytosis elicited by Ca2+, Sr2+ and Ba2+ in bovine chromaffin cells
	Abstract
	Introduction
	Methods
	Materials
	Preparation of bovine chromaffin cell cultures
	Ion current recordings
	Recording of membrane and action potentials

	Amperometric detection of single-cell exocytosis
	Measurement of cytosolic divalent cations
	Statistical analysis

	Results
	Nicotinic agonists, and high K+ and Ba2+ induce secretion with different time courses
	Ba2+ and Sr2+ promote membrane depolarization that triggers action potentials
	While Ba2+ decreases the outward Ca2+-dependent K+ current, it is increased by Sr2+
	Permeation of Ba2+ and Sr2+ through voltage-dependent Ca2+ channels
	Ba2+ but not Ca2+ or Sr2+ was capable of eliciting the exocytosis of catecholamines even in the absence of depolarizing stimuli
	Effects of Ba2+ and Sr2+ on catecholamine release in permeabilized cells
	Influence of the divalent cation on the kinetic characteristics of single exocytotic events

	Discussion
	References


