
J Physiol 595.6 (2017) pp 2129–2146 2129

Th
e

Jo
u

rn
al

o
f

Ph
ys

io
lo

g
y

The quantal catecholamine release from mouse chromaffin
cells challenged with repeated ACh pulses is regulated by
the mitochondrial Na+/Ca2+ exchanger

Angela López-Gil1, Carmen Nanclares1,2, Iago Méndez-López1,2, Carmen Martı́nez-Ramı́rez1,2,
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Key points

� Upon repeated application of short ACh pulses to C57BL6J mouse chromaffin cells, the
amperometrically monitored secretory responses promptly decayed to a steady-state level
of around 25% of the initial response. A subsequent K+ pulse, however, overcame such decay.
These data suggest that mouse chromaffin cells have a ready release-vesicle pool that is selectively
recruited by the physiological neurotransmitter ACh.

� The ACh-sensitive vesicle pool is refilled and maintained by the rate of Ca2+ delivery from
mitochondria to the cytosol, through the mitochondrial Na+/Ca2+ exchanger (mNCX).
ITH12662, a novel blocker of the mNCX, prevented the decay of secretion elicited by ACh
pulses and delayed the rate of [Ca2+]c clearance.

� This regulatory pathway may be physiologically relevant in situations of prolonged stressful
conflicts where a sustained catecholamine release is regulated by mitochondrial Ca2+ circulation
through the mNCX, which couples respiration and ATP synthesis to long-term stimulation of
chromaffin cells by endogenously released ACh.

Abstract Using caged-Ca2+ photorelease or paired depolarising pulses in voltage-clamped
chromaffin cells (CCs), various pools of secretory vesicles with different readiness to undergo
exocytosis have been identified. Whether these pools are present in unclamped CCs challenged
with ACh, the physiological neurotransmitter at the splanchnic nerve-CC synapse, is unknown.
We have explored here whether an ACh-sensitive ready-release vesicle pool (ASP) is present in
C57BL6J mouse chromaffin cells (MCCs). Single cells were fast perfused with a Tyrode solution
at 37°C, and challenged with 12 sequential ACh pulses (100 μM, 2 s, every 30 s) plus a K+ pulse
given at the end (75 mM K+). After the first 2–3 ACh pulses the amperometrically monitored
secretory responses promptly decayed to a steady-state level of around 25% of the initial response.
The last K+ pulse, however, overcame such decay. Repeated ACh pulses to voltage-clamped cells
elicited non-desensitising nicotinic currents. Also, the [Ca2+]c transients elicited by repeated ACh
pulses that were superimposed on a stable baseline elevation did not undergo decay. The novel
blocker of the mitochondrial Na+/Ca2+ exchanger (mNCX) ITH12662 prevented the decay of
secretion elicited by ACh pulses and delayed the rate of [Ca2+]c clearance. The experiments are

∗Equal senior authors.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society DOI: 10.1113/JP273339

http://orcid.org/0000-0001-9597-8519
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compatible with the idea that C57BL6J MCCs have an ASP vesicle pool that is selectively recruited
by the physiological neurotransmitter ACh and is regulated by the rate of Ca2+ delivery from
mitochondria to the cytosol, through the mNCX.
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Introduction

In basal conditions, the adrenal medullary chromaffin
cells (CCs) are being continuously stimulated by the
low-frequency discharge of the sympathoadrenal axis
at 0.1–0.2 Hz. Under stress, the sympathetic nerves
maximally fire action potentials at 20–30 Hz to activate,
in a few seconds, a pronounced catecholamine release to
prepare the body for the ‘fight or flight’ response (de Diego
et al. 2008b). A given stress conflict may be long-term and
thus the exocytotic release of vesicle-stored catecholamines
has to be secured for minutes or even hours in order to
maintain the body’s homeostasis and the animal’s survival.
This requires a continuous flow of new vesicles from a
reserve catecholamine-storing vesicle pool to the secretory
machinery.

The seminal work of Erwin Neher’s laboratory in the
early 1990 first delimited the various vesicle pools present
in bovine CCs. Thus, the model of Heinemann et al. (1993)
predicts that once the secretion response to a maximal
depolarising stimulus occurs, the depleted ready-release
vesicle pool (RRP) at exotytotic sites should recover
within one to several minutes (Heinemann et al. 1993).
Such recovery is accelerated with manipulations causing
mild elevations of the cytosolic calcium concentrations
([Ca2+]c) i.e. with histamine to release Ca2+ from the end-
oplasmic reticulum (ER) or with a slight depolarisation
to around −35 mV to induce a moderate Ca2+ entry
through voltage-activated calcium channels (VACCs).
These manipulations were done around 1 min before
application of the supramaximal stimulus to allow vesicle
load of the RRP (von Ruden & Neher, 1993). In later
experiments, we also found that preconditioned stimuli
such as threshold concentrations of nicotine (Arnaiz-Cot
et al. 2008; de Diego et al. 2008c; Tapia et al. 2009)
augmented the rate of RRP refilling in bovine CCs.

These vesicle pools have been identified in
voltage-clamped cells using short depolarising paired
pulses or the photorelease of caged Ca2+. We do not
know, however, how those pools behave under long-term
stress conditions, namely in CCs challenged with ACh,

the physiological neurotransmitter at the splanchnic
nerve–CC synapse (Feldberg & Mintz, 1932) during
long-term stressful conditions. To imitate such conditions,
we subjected single C57BL6J mouse chromaffin cells
(MCCs) to repeated short pulses of ACh given at short
intervals and at 37°C, in order to follow the time course
of the quantal catecholamine release monitored online
with a carbon fibre microelectrode. We chose this strain
of mice because they are being used in our and other
laboratories to investigate the [Ca2+]c signals and the
exocytotic fusion pore kinetics in MCCs carrying a given
disease mutation, namely APP/PS1 in Alzheimer’s disease
(de Diego et al. 2012), huntingtin associated protein 1 in
Huntington’s disease (Mackenzie et al. 2014), or SOD1G93A

in amyotrophic lateral sclerosis (Calvo-Gallardo et al.
2015), or gene deletion of a given SNARE protein of the
exocytotic machinery, namely synaptotagmin 7 (Segovia
et al. 2010). In the present study, we have found that
in MCCs repeatedly challenged with brief ACh pulses at
37°C, an ACh-sensitive ready release vesicle pool (ASP)
is rapidly exhausted upon challenging of the cells with
repeated ACh pulses; furthermore, we have also found
that refilling of such pool is regulated by the rate of
delivery of mitochondrial Ca2+ into the cytosol through
the mitochondrial Na+/Ca2+ exchanger (mNCX).

Methods

Primary culture of MCCs

Experiments were performed according to the
recommendations of the Ethics Committee from
Universidad Autónoma de Madrid on the use of animals
for laboratory experimentation. All efforts were made to
avoid animal suffering and to use the minimum number
of animals allowed by the experimental protocol and the
statistical power of group data. Mice were provided by the
Animal Facility of Universidad Autónoma de Madrid and
were housed individually under controlled temperature
and lighting conditions with food and water provided ad
libitum.
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Male C57BL6J mice aged 3 months were killed by
cervical dislocation. Both adrenal glands from a mouse
were rapidly collected and placed in ice-cold Locke
solution of the following composition (in mM): 154 NaCl,
5.5 KCl, 3.6 NaHCO3, 10 Hepes and 5.5 glucose (pH 7.4,
NaOH). Glands were fat-trimmed and medullae were iso-
lated by removing the cortex. Next, medullae were placed
in a tube containing 200 μl of Locke’s solution with
papain (25 U ml–1, Sigma-Aldrich, Madrid, Spain) for
tissue digestion during 28 min at 37°C. This solution was
exchanged for 1 ml Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich), repeating the exchange three
times and leaving finally 100 μl of DMEM. Then medullae
were minced with a 1 ml micropipette, and DMEM was
placed in a separate tube. The remaining medullae were
minced again with a 200 μl micropipette in 80 μl of new
DMEM. Finally, the remaining medullae were extracted
and both the 100 μl and the 80 μl DMEM containing
cells were put together. A 15 μl drop of cell-containing
solution was plated on poly-D-lysine-coated coverslips of
one 12-well plate. After 45–50 min in an incubator (37°C,
water-saturated and 5% CO2 atmosphere), 700 μl DMEM
supplemented with 4% fetal bovine serum, 50 IU ml–1

penicillin and 50 μg ml–1 streptomycin were added to each
well and then they were left in the incubator for 1–2 days.

Amperometric recordings of catecholamine release

Quantal release of catecholamine was measured with
amperometry (Wightman et al. 1991; Chow et al. 1992).
Electrodes were built as previously described (Kawagoe
et al. 1993) by introducing a 8 μm diameter graphite fibre
(Amoco, now part of BP-Group, London, UK) into glass
capillary tubes (Kimble/Kontes Glass Co., Vineland, NJ,
USA). These tubes were then pulled (Narishige PC-10
pipette puller, Narishige, Tokyo, Japan), and the carbon
fibre was inserted in both thin ends of the pulled tube
and was cut with a pair of small scissors, thus obtaining
two pipettes with a carbon fibre piece sticking out
of each tip. The tip was sealed by a two-component
epoxy (EPIKOTE 828-Miller-Stephenson, Danbury, CT,
USA; and m-phenylendiamine, 14%, Sigma-Aldrich). The
electrodes were left overnight to dry, introduced into
an oven at 100°C for 2 h, and then kept for another
2 h at 150°C. The amperometer was homemade (UAM
workshop) and connected to an interface (PowerLab/4SP
AD-Instruments, Oxford, UK) that digitised the signal
at 10 kHz for its recording with the Chart v4.2 software
(AD-Instruments). A 700 mV potential was applied to the
electrode with respect to an AgCl ground electrode. The
electrodes were calibrated following good amperometric
practices (Machado et al. 2008) by perfusing 50 μM

adrenaline dissolved in standard Tyrode solution and
measuring the current elicited; only electrodes that yielded
a current around 200 pA were used for experiments.

The coverslips were mounted in a chamber on a Nikon
Diaphot inverted microscope used to localise the target
cell, which was continuously superfused by means of a
five-way superfusion system with a common outlet driven
by electrically controlled valves, with a Tyrode solution
composed of (in mM) 137 NaCl, 1 MgCl2, 5 KCl, 2 CaCl2,
10 Hepes and 10 glucose (pH 7.4, NaOH). In this study,
all experiments were performed at a constant temperature
of 37 ± 2°C from 1 to 2 days after the culture. At the time
of the experiment, proper amounts of ACh, ITH12662
or CGP37157 stock solutions were freshly dissolved into
the Tyrode solution. The high K+ solutions (75 mM) were
prepared by replacing equiosmolar concentrations of NaCl
with KCl.

Quantal release of catecholamine was studied in MCCs
stimulated with repeated pulses of ACh at 100 μM. MCCs
were stimulated with 12 ACh pulses (2 s at 30 s intervals)
and one last pulse of high K+ solution was given (75 mM)
to check cell viability. ITH12662 at 1 μM or CGP37157 at
1 μM were included in the protocol between pulses 5 and 8
to test their effects on the quantal release of catecholamine.

Monitoring of cytosolic calcium changes

MCCs were incubated for 1 h at 37°C in culture
medium (DMEM) containing the Ca2+ dye fura-2 AM
(10 μM). After dye incubation, glass coverslips containing
cells were mounted in a chamber. Cells were washed
and covered with Tyrode solution of the following
composition (in mM): 137 NaCl, 1 MgCl2, 2 CaCl2, 5 KCl,
10 Hepes and 10 glucose (pH 7.4 adjusted with NaOH).
The fluorescence microscope setup was composed of
a Leica DMI 4000 B inverted light microscope (Leica
Microsystems, Barcelona, Spain) equipped with an oil
immersion objective (Leica ×40 Plan Apo; numerical
aperture: 1.25) and an intensified charge-coupled device
camera (Hamamatsu camera controller C10600 ORCA
R2). During experiments, cells were continuously super-
fused by means of a five-way superfusion system at
1 ml min–1 with a common outlet 0.28 mm tube driven
by electrically controlled valves with Tyrode solution or
Tyrode with drug dilutions at 37 ± 2°C. Fura-2 in cells was
excited alternately at 340 ± 10 and 387 ± 10 nm using a
Küber CODIX xenon 8 lamp (Leica). Emitted fluorescence
was collected through a 540 ± 20 nm emission filter
and measured with the camera. Images generated at 1 s
intervals were digitally stored and analysed using LAS AF
software (Leica).

Monitoring the mitochondrial calcium efflux in HeLa
cells

HeLa cells were cultured as previously described (de la
Fuente et al. 2012) and transfected with mitochondrially
targeted low Ca2+ affinity double mutated aequorin (de
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la Fuente et al. 2012). For aequorin reconstitution, HeLa
cells were incubated for 1–2 h at room temperature in
standard medium (composition in mM: 145 NaCl, 5 KCl,
1 MgCl2, 1 CaCl2, 10 glucose and 10 Hepes, pH 7.4)
with 2 μM of coelenterazine I. After reconstitution, cells
were placed in the perfusion chamber of a purpose-built
luminometer and permeabilised by 1 min perfusion of
intracellular medium (composition in mM: 130 KCl, 10
NaCl, 1 MgCl2, 0.3 potassium phosphate, 0.5 EGTA, 1 ATP,
0.02 ADP, 5 L-malate, 5 glutamate, 5 succinate, 20 Hepes,
pH 7) containing 100μM digitonin. Ca2+-free intracellular
medium without digitonin was then perfused for 5–10 min
until stabilisation of the basal aequorin-emitted light.
Then, [Ca2+]m was rapidly increased up to around 800 μM

by a 20 s perfusion of a 4.5 μM [Ca2+] buffer, and the rate
of Ca2+ release was monitored after shifting the perfusion
back to the Ca2+-free medium. Temperature was set at
37°C.

Recording of ionic currents

Inward currents through nicotinic receptors (IACh),
voltage-activated sodium channels (INa), voltage-activated
calcium channels (ICa), voltage-activated potassium
channels (IK(V)) and calcium-dependent potassium chan-
nels (IK(Ca)) were recorded under the whole-cell confi-
guration of the patch-clamp technique (Hamill et al.
1981).

Whole-cell recordings were made with fire-polished
borosilicate pipettes (resistance 2–5 M�) that were
mounted on the headstage of an EPC-9 patch-clamp
amplifier (HEKA Elektronik, Lambrecht, Germany),
allowing cancellation of capacitative transients and
compensation of series resistance. Data were acquired
with a sample frequency of 1 kHz by using PULSE
v8.74 software (HEKA Elektronik). Data analyses
were performed with PULSE v8.74 software (HEKA
Elektronik).

Coverslips containing the cells were placed in an
experimental chamber mounted on the stage of a Nikon
Diaphot inverted microscope. Cells were continuously
superfused with a control Krebs–Hepes solution at pH
7.4 containing (in mM): 145 NaCl, 5.6 KCl, 1.2 MgCl2, 2
CaCl2, 11 glucose and 10 Hepes/NaOH. Once the patch
membrane was ruptured and the whole-cell configuration
of the patch-clamp technique had been established, the
cell was locally, rapidly and constantly superfused with
an extracellular solution of similar composition to the
chamber solution, but containing nominally 0 mM Ca2+
to measure INa and IK(V), and 2 mM Ca2+ to measure IACh,
ICa and IK(Ca).

Cells were internally dialysed with an intracellular
solution containing (in mM): 100 caesium glutamate, 14
EGTA, 20 TEA-Cl, 10 NaCl, 5 Mg-ATP, 0.3 Na-GTP and
20 Hepes/CsOH (pH 7.3) for the recording of INa, ICa

and IACh; for recording of IK the intracellular solution
had the following composition (in mM): 120 potassium
glutamate, 14 EGTA, 10 NaCl, 5 Mg-ATP, 0.3 Na-GTP and
20 Hepes/KOH (pH 7.3).

IACh was generated by the application of 2 s pulses with
an extracellular solution containing 100 μM ACh, applied
at 30 s intervals. All experiments were performed at room
temperature (24 ± 2°C) on cells from 1 to 2 days after
culture. INa was generated by 10 ms depolarising pulses
from a holding potential of −80 mV to test pulses between
−60 and +60 mV applied every 15 s; ICa was generated
by 50 ms depolarising pulses from a holding potential of
−80 mV to test pulses ranging from −50 to +50 mV,
applied every 20 s, at 10 mV steps; and IK was generated
by the application of a 400 ms depolarising pulse from a
holding potential of −80 mV to test pulses from −40 to
+150 mV, applied at 20 s intervals.

The external solution was rapidly exchanged using
electronically driven miniature solenoid valves coupled to
a multi-barrel concentration clamp device, the common
outlet of which was placed within 100 μm of the cell
to be patched. The flow rate was 1 ml min–1 and was
regulated by gravity. All experiments were performed at
room temperature (24 ± 2°C) on cells of 1 day after
culture.

Drugs and solutions

DMEM, BSA fraction V, fetal calf serum, antibiotics,
CGP37157 and ACh chloride were obtained from
Sigma-Aldrich. ITH12662 (Fig. 1) was synthesised at our
laboratories as previously described (Martı́nez-Sanz et al.
2016). All other chemicals used were of reagent grade from
Merck and Panreac Quı́mica (Madrid, Spain). CGP37157
and ITH12662 were dissolved in DMSO and 10 mM stock
solutions were stored in aliquots at –20°C until use.

Statistical analysis

Data are expressed as mean ± standard error of the mean
(SEM). Comparisons between experimental and control
groups were performed by one-way ANOVA followed
by Dunnett post hoc test. Differences were considered
to be statistically significant at P � 0.05. All statistical
procedures were carried out using GraphPad Prism v5.0
(GraphPad Software Inc., La Jolla, CA, USA).

Results

We first explored the pattern of the quantal catecholamine
release elicited by the sequential application of 12 ACh
pulses (100 μM, 2 s) applied at 30 s intervals to a
single cell, through a multi-barrelled perifusion pipette.
This protocol aimed to mimic the stimulation pattern
undergone by adrenal CCs in vivo, under prolonged stress
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conditions (de Diego et al. 2008a), in which exocytotic
(rapid catecholamine release) and pre-exocytotic steps
occur (vesicle transport to refill the RRP; Neher, 1998).
The targeted cell was continuously being perifused with
a Tyrode solution containing 2 mM Ca2+ at 37°C
(Fig. 2A). Most recordings were done in cells kept in
culture for 1–2 days. Cells seldom discharged spontaneous
secretory events; if they exhibited such activity during
the initial resting recording period (about 1 min), cells
were discarded. This was necessary for the sake of clarity
when analysing the ACh-evoked secretory responses. It
is well established that the ACh-evoked catecholamine
release responses at the adrenal gland have components
mediated by nicotinic as well as muscarinic receptors
for ACh (Douglas & Poisner, 1961). However, we have
recently shown that muscarine causes a slowly developing
mild secretory response in MCCs stimulated for 60 s
(Calvo-Gallardo et al. 2016). Thus, it seemed unlikely that
the muscarinic component played a significant role in the
secretory responses elicited by the short 2 s pulses of ACh

Cl
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Cl

F

S

N N
H O

Cl

S

N
H O

Figure 1. Molecular structure of compound ITH12662
(7-chloro-5-(4’-fluorophenyl)-3,5-dihydropyrido[2,3-e][1,4]
thiazepin-2(1H)-one (B) and CGP37157 (A)
Note that the benzene-fused ring present in CGP has been replaced
by pyridine. Several pyridine-fused analogues of CGP were assessed,
with a fluorine atom at the para position of the pending phenyl ring,
i.e. ITH12662, the best mNCX blocker of that family (Martı́nez-Sanz
et al. 2016).

used here. In any case, we performed some experiments
in the presence of 0.1 μM atropine and found that
the extent and the decay of the ACh-triggered secretory
responses were similar to the control responses (data now
shown).

A typical trace recorded from a cell challenged with
12 ACh pulses (P1 to P12) is displayed in Fig. 2A. The
initial ACh pulse gave rise to a burst of spike events,
many of which had large amplitudes (over 100 pA). The
kinetic characteristics of those single-vesicle exocytotic
events have been thoroughly reported in a previous study
from our laboratory in MCCs challenged with ACh or
K+ (Calvo-Gallardo et al. 2015). At the time the second
ACh pulse was applied, the response generated by P1
was still going on; so, some overlapping between the two
responses occurred. However, the P2 response had fewer
spikes of lower amplitude and the following responses
were decreasing in such a manner that P4 to P12 pulses
generated only few secretory spikes. A K+ challenge
(75 mM K+, low Na+), applied for 2 s at the end of each
experiment, caused a revival of the secretory activity that
had been previously inactivated by the previous repeated
ACh pulses, indicating that the cell was viable and that
secretion decay was specific to the repeated application of
ACh pulses at 37°C and not to a non-specific generalised
vesicle consumption.

The averaged individual ACh responses from 19 cells
are displayed graphically in Fig. 2B; they are expressed
as the sum of spikes generated by each ACh pulse, spike
number (SN), in the ordinate or by the sum of spikes
areas, expressing the total quantal secretion per ACh pulse,
Qamp, in the ordinate of Fig. 2C. Both, SN and Qamp were
halved in P2 with respect to P1 (P < 0.01). In subsequent
pulses the responses were further depressed to reach a
steady state at about values of 6–7 SN and 3–4 pC in
P4–P12 (Fig. 2B, C). Apparently, the pronounced decay
of secretory activity with repeated ACh challenges was
not due to exhaustion of neurosecretory vesicles or to cell
damage. These conclusions were made on the grounds that
a brief K+ challenge applied at the end of each experiment
(i.e. at 30 s after P12) on each targeted cell generated a
burst of secretory spikes that were similar to the responses
generated by the first pulse of ACh (Fig. 2B, C, black
columns at the right).

Of interest was the observation that challenging of
MCCs with repeated 2 s pulses of high K+ (75 mM) did
not lead to inactivating release responses during the first
4–5 K+ pulses; with subsequent K+ pulses the responses
decayed at a low rate (Fig. 2D). This contrasts with the ACh
responses that had already undergone a profound decay
in pulse 2, and further decayed over pulses 3–5 (Fig. 2B).
The ACh pulse given after the 12 K+ pulses did not restore
the desensitised secretory response (right column in
Fig. 2D).

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society



2134 A. López-Gil and others J Physiol 595.6

Effects of delayed cell exposure to ITH12662 on
ACh-evoked quantal release responses

We have recently synthesised a novel blocker of the mNCX,
ITH12662 (ITH; Fig. 1), that although less potent than the
classical blocker CGP37157 (Cox et al. 1993) seems to be
more selective.

ITH effects on the secretory responses to repeated
ACh pulsing were explored at a concentration of 1 μM.
This concentration was selected after looking at lower
and higher concentrations, because we wanted a modest
blockade of mNCX activity (see direct experiments on
mitochondrial Ca2+ efflux in HeLa cells targeted with
mitochondrial aequorin in Fig. 8). The effects of ITH on
quantal release responses elicited by repeated applications
of ACh were explored in MCCs subjected to a protocol
similar to that displayed in Fig. 2. ITH, at 1 μM, was
applied during ACh pulses P5–P8, once the ACh-triggered
responses had reached about 75% steady-state inactivation
(delayed ITH application). In doing so, we expected

that the potential effects of the compound on secretion
visualised during P5–P8 could be reversed within the same
cell upon its washout.

Figure 3A displays an original record of spike secretory
events triggered by 12 ACh pulses (P1–P12) applied to an
example MCC. Note the pronounced decay of secretion
from pulses P1 to P4. ITH doubled the secretory responses
during P5–P8 with respect to P4. Thus, averaged spike
number per pulse from 25 cells indicated that the initial
P1 response of 24.76 ± 2.76 spikes decayed to 6.84 ± 1.37
at P4. In the presence of ITH, the response increased to
12.84 ± 2.20 spikes at P6 (2-fold increase; P < 0.005
with respect to P4) (Fig. 3C). Upon ITH washout the
response fell to pre-drug levels. A qualitatively similar
outcome emerged when the areas of spikes were calculated
(integrated total secretion per ACh pulse, Qamp in pC).
The inactivated response of P4 (4.68 ± 1.23 pC) was
increased 2.5-fold (10.92 ± 2.01 pC at P6, P < 0.005
Fig. 3C).
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Figure 2. Decay of quantal catecholamine responses elicited by repeated ACh pulses sequentially
applied to mouse chromaffin cells (MCCs) fast-perfused with a Tyrode solution at 37°C
Quantal catecholamine release was amperometrically monitored with a carbon fibre electrode at the single-cell
level. MCCs were stimulated with 12 ACh pulses (100 µM ACh for 2 s at 30 s intervals), and one last pulse of high
K+ solution (75 mM, 2 s) was applied with a solution containing 2 mM Ca2+ at 37°C. A, record from an example
cell, challenged with 12 ACh pulses. Spike number and total amperometric quantal charge (Qamp) in each pulse
are shown in B and C, respectively. Qamp within each stimulus was calculated by integrating the amperometric
current over time during the stimulus duration, using a home-made macro written in IgorPro software. D, pooled
data on spike number per K+ pulse in cells challenged with 2 s 75 mM K+ given at 30 s intervals. Note the stable
responses during the first 4–5 K+ pulses and the slow subsequent response decay. Data represent means ± SEM of
the number of cells (left number) and cultures (right number) given in parentheses. ∗∗P < 0.005 and ∗∗∗P < 0.001
with respect to pulse P1.
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Effects of early cell exposure to ITH12662 on
ACh-evoked quantal release responses

If ITH partially restored the ACh secretory responses that
had been previously inactivated by repeated ACh pulses, it
was anticipated that the compound could delay the decay
of these responses if applied early. To test this prediction we
ran parallel control experiments to follow the time course
of the ACh secretory responses (P1–P10) and experiments
in which cells were exposed to 1 μM ITH from 2 min before
P2 and during P2–P6.

Figure 4A and B shows averaged data from 18 control
cells in which P1 triggered 14.9 ± 2.1 spikes per pulse and
9.9 ± 1.7 pC per pulse. Of note is that after a 2 min rest
period, the P2 responses amounted to 21 ± 2.5 spikes and

14 ± 2.2 pC. This response contrasts sharply with the P2
responses obtained in the experiments of Figs 2 and 3,
which underwent around 45% inactivation with respect
to P1. In other words, when ACh pulsing is done at short
intervals (30 s), P2 underwent a pronounced inactivation
of secretion (45%) while if time for recovery was allowed,
the P2 responses were higher (Fig. 4A, B) than those of P1.

There were expected pronounced decays of responses
in the subsequent ACh pulses applied to control cells
(P3–P10) because pulses were applied at shorter inter-
vals (30 s). Thus, at P3 the responses amounted to 8.62 ±
1.70 (59% decay with respect to P2) and 6.22 ± 1.45 pC
(55.5% with respect to P2). From P5 to P10 the responses
reached a steady state at about 25% of P2, very much as the
case for control cells in Fig. 2. The final K+ pulse (K+ was
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Figure 3. ITH12662 (ITH, 1 µM) facilitates the
previously inactivated quantal catecholamine
release responses elicited by repeated ACh pulsing
of mouse chromaffin cells (MCCs) fast-perfused
with saline at 37°C
Experimental conditions and pulses of ACh (P1–P12)
were as in Fig. 2, except that here ITH was cell-perfused
from 30 s before P5 to 30 s after pulse P8. A, an original
record from an example cell of the quantal
catecholamine release response. B and C, spike number
and total amperometric quantal charge in each pulse,
respectively, calculated as described in Fig. 2. These data
are means ± SEM of 25 cells from seven different
cultures, as indicated in parentheses in B. ∗P < 0.05,
∗∗P < 0.005 and ∗∗∗P < 0.001 with respect to P4.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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applied 30 s after P10) elicited a response that was 12%
(in SN) and 31% (in Qamp) higher than P2, indicating that
cells were viable and their secretory machinery worked
normally.

The early cell exposure to ITH (2 min before P2
and during P2–P6) drastically reduced the rate of decay
of responses to pulses P3–P6, to the point that those
responses were not statistically different from P2. This
contrasts sharply with the pronounced decay of responses
P3–P6 of control cells (compare Fig. 4C and D with Fig. 4A
and B). Another interesting point worth emphasising was
that ITH washout gave rise to an immediate significant
decay of the ACh secretory responses, as shown in Fig. 4C
and D, pulses P7–P10. It therefore seems that compound
ITH was preventing the decay of secretion upon repeated
ACh pulsing when added early in the experiment.

Effects of delayed addition of CGP37157 on the
quantal catecholamine release triggered by repeated
ACh pulses

Since its discovery, CGP has been widely used to inhibit the
mNCX at various concentrations, i.e. 10 μM in neuronal
cultures (Medvedeva et al. 2008; Ryan et al. 2009), 3–15 μM

in brain slices (Kovacs et al. 2005; Nicolau et al. 2010) or

3–30 μM in bovine CCs (Nicolau et al. 2009) and rat
CCs (Babcock et al. 1997). Furthermore, in permeabilised
HeLa cells CGP blocks the mitochondrial Ca2+ efflux with
an IC50 of 1.6 μM (Hernández-SanMiguel et al. 2006),
and in isolated heart mitochondria it causes blockade of
the mNCX with an IC50 of 0.36 μM (Cox et al. 1993).
Concentrations higher than 1 μM will block other ion
channels and transporters (Baron & Thayer, 1997; Nicolau
et al. 2009) and thus we felt it convenient to test it at 1 μM.
Thus, we performed experiments to test whether CGP
exhibited a profile similar to that of ITH at 1 μM. To this
aim, we chose the protocol of delayed cell exposure to the
compound (Fig. 3).

Figure 5A displays an original record taken from an
MCC subjected to an experiment identical to that shown
in Fig. 3A, except that here 1 μM CGP was used. The
secretory behaviour of this cell was opposite to that of the
cell shown in Fig. 3A: while ITH facilitated the secretory
responses elicited by ACh pulses P5–P8, CGP caused
further response decay. This is better illustrated in the
pooled results shown in Fig. 5B (SN) and Fig. 5C (Qamp).
The P4 response decayed by 55 and 65% with respect to
P1 (SN and pC, respectively). In the presence of CGP
such response decayed further by over 80%, for instance
at P5–P7. This blocking effect of CGP was gradually

30A B

C D

S
pi

ke
 n

um
be

r 
(S

N
)

S
pi

ke
 n

um
be

r 
(S

N
)

Q
am

p 
(p

C
)

Q
am

p 
(p

C
)

(18,3)

(27,3)

2 min

**

** **

**

**

**

#

# #

***
*** *** *** ***

*** ***

***
***

*** *** ***

******

*** ***
***

2 min 2 min

2 min

20

25

25

20

20

15

15

10

10

10

0
ACh pulse

number

ACh pulse
number

ACh pulse
number

ACh pulse
number

1 2 3 4 5 6 7 8 9 10 K+

1
ITH (1 µM) ITH (1 µM)
2 3 4 5 6 7 8 9 10 K+

1 2 3 4 5 6 7 8 9 10 K+

1 2 3 4 5 6 7 8 9 10 K+

0

5

0

5

30

20

10

0

Figure 4. Early cell exposure to ITH12662 (ITH, 1 µM) prevents the decay of the quantal release responses
triggered by repeated pulses of ACh (100 µM, 2 s, P1–P10)
Control experiments in the absence of ITH (A and B) were run in parallel with experiments in which cells were
exposed to ITH from 2 min before P2 and during P2–P6, as indicated by the bottom horizontal bars in C and D.
Between P1 and P2, a resting 2 min period was allowed to allow ITH to reach its target cell. By itself, ITH did
not evoke secretory spikes (not shown). Data are means ± SEM of the number of cells and cultures shown in
parentheses at the top of A and C. ∗∗P < 0.005 and ∗∗∗P < 0.001 with respect P2. #P < 0.05 vs. P2.
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reversed upon its washout (pulses P9–P12 in Fig. 5B, C).
The K+ pulses applied 30 s after P12 triggered a healthy
secretory response that was even higher than the initial
ACh response, indicating that cells were viable.

Effects of ITH12662 and CGP37157 on ion currents

The effects of ITH and CGP could be indirectly associated
with action on the neuronal nicotinic receptor for ACh
(nAChR) expressed by CCs (Campos-Caro et al. 1997).
We tested this in MCCs voltage-clamped at −80 mV
repeatedly challenged with ACh in a protocol close to
that followed in the secretion experiments. Figure 6A
shows a record of whole-cell inward currents triggered
by 2 s pulses of ACh (IACh) applied to a control MCC

at 30 s intervals. The initial amplitude of IACh (pulse 1)
was 568.9 pA; this value underwent some variations but
remained essentially similar along the subsequent P2–P12
pulses. In the cell of Fig. 6B, ITH (1 μM) was continuously
applied during pulses P5–P8 to mimic as closely as possible
the secretory protocol. In the presence of ITH, IACh under-
went a 25–30% decay; the current readily recovered its
initial amplitude upon ITH washout. Similarly in the cell
of Fig. 6C, CGP at 1μM caused a gradual more pronounced
decay (49%), with partial IACh recovery after drug washout.
Normalised pooled data (in %P4) are shown in Fig. 6D.
Control cells maintained fairly well the IACh amplitude
along P1–P12, with no apparent decay. ITH elicited a
gradual current decay (37 ± 2.7%) at P6 that was followed
by gradual but incomplete recovery. For CGP, IACh decrease
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Figure 5. CGP37157 (CGP, 1 µM) further
reduced the inactivated quantal release of
catecholamine elicited by repeated ACh
pulses (100 µM ACh during 2 s applied at
30 s intervals) of mouse chromaffin cells
(MCCs) perfused with saline at 37°C
Experimental conditions and pulses of ACh
were as in Fig. 2, except that here CGP37157
was cell-perfused from 30 s before P4 to 30 s
after P8. A, an original record from an example
cell of the quantal catecholamine release
response. B and C, spike number and total
amperometric quantal charge in each pulse,
respectively, calculated as described in Fig. 2.
These data are means ± SEM of the number of
cells and cultures shown in parentheses in B.
∗P < 0.05 and ∗∗P < 0.01 with respect to P4.
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was gradually blocked by about 50% and underwent
only a minor gradual recovery to 40% of P4 upon CGP
washout.

Whether cell depolarisations elicited by repeated
ACh pulses underwent inactivation was studied in
current-clamped MCCs. The example trace displayed in

Fig. 6E was obtained from a cell having a resting membrane
potential of −75 mV; its challenge with 12 sequential
pulses of ACh (100 μM, 2 s) applied at 30 s intervals
elicited depolarisations of near 50 mV. Pooled data showed
that during P1 ACh-elicited depolarisation amounted to
55.5 + 2.6 mV; at the last P12 ACh pulse, the mean
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Figure 6. ITH12662 (ITH) and CGP37157 (CGP) at 1 µM partially block the whole-cell inward current
triggered by repeat pulses of ACh (100 µM, 2 s at 30 s intervals)
Mouse chromaffin cells were voltage-clamped at −80 mV under the whole-cell configuration of the patch-clamp
technique. Cells were then challenged with sequential ACh pulses (P1–P12) in a protocol similar to those used
to study the quantal release of catecholamine, except for one condition: room temperature (24 ± 2°C) was used
(37°C for secretion experiments). A, original record of inward ACh currents (IACh) in a control MCC; B and C,
example records from cells exposed to ITH or CGP as shown by the horizontal bars at the bottom. D, pooled results
on data from experiments done with the protocols of A–C; they are means ± SEM of the number of cells and
cultures shown in parentheses in D. ∗∗P < 0.01 and ∗∗∗P < 0.001, ITH with respect to control. ##P < 0.01 and
###P < 0.001, CGP with respect to control. $P < 0.05 and $$P < 0.01, ITH with respect to CGP (Kruskal–Wallis
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pulses, calculated from experiments such as that represented in E. Data are means ± SEM of the number of cells
and cultures shown in parentheses. [Colour figure can be viewed at wileyonlinelibrary.com]
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depolarisation was 49.1 + 3.1 (not significant differences
with respect to P1).

We also explored whether ITH and CGP had any
effect on inward sodium (INa) and calcium currents
(ICa) as well as on outward potassium currents (IK) in
MCCs voltage-clamped at −80 mV, following step-wise
stimulation protocols to determine current–voltage
relationships (I–V curves) in the absence (control) and
the presence of 1 μM ITH or CGP. Figure 7A shows an
I–V control curve for INa averaged from nine cells from
two different cultures. Peak INa was achieved at −20 mV
(1.24±0.1 nA) and the reversal potential was above 60 mV.
Within the same cell, a second I–V curve determined in
the presence of ITH (after 2 min of cell exposure) gave
rise to an I–V curve that overlapped the control. A similar
outcome emerged in another series of experiments done
with CGP that had characteristics similar to those found
with ITH; the control curve and the curve made in the pre-
sence of 1 μM CGP also overlapped (Fig. 7A, right panel).

The effects of the two compounds on I–V for ICa, tested
in the presence of 2 mM external Ca2+ as charge carrier,
were also explored. The control I–V curve for ICa peaked
at −10 mV (285.5 ± 39.2 pA, n = 10) and exhibited a
reversal potential at 40 mV. The I–V curve in the presence
of 1 μM ITH (done after 2 min of cell exposure) overlapped
with the control I–V curve (Fig. 7B). A similar result was
obtained after 2 min of exposure to 1 μM CGP; the control
I–V curve and the curve obtained in the presence of CGP
completely overlapped (Fig. 7B, right panel).

Finally, we studied the effects of both compounds on
IK. The control I–V curve reached a peak at +80 mV
(1.84 ± 0.6 nA). Once more, in the presence of 1 μM

ITH or CGP, the I–V curve for IK(Ca) overlapped with the
control (Fig. 7C). We also explored the effects of 1 μM ITH
and CGP on the I–V for IK(V); again, the I–V curves were
similar in the absence (control) and the presence of 1 μM

ITH or CGP (Fig. 7D).

Effects of ITH12662 and CGP37157 on ACh-elicited
cytosolic calcium transients

Fura-2-loaded MCCs were challenged with repeated ACh
pulses (100 μM, 2 s, every 30 s) and one final pulse of 75 mM

K+ at 37°C. Figure 8A displays the variations of [Ca2+]c

in an example cell challenged with 12 sequential ACh
pulses. The first pulse produced a fast [Ca2+]c spike that
gradually decayed but could not reach the pre-pulse base-
line during the 30 s intervals between ACh pulses. Thus,
the [Ca2+]c peaks were fairly stable at around 0.74 ± 0.07
arbitrary fluorescence units (AFU), but departed from
an elevated baseline at 0.15 ± 0.03 AFU. The cell trace
of Fig. 8B was exposed to 1 μM ITH during the ACh
pulses P5–P8 (top horizontal line). This treatment rapidly
reduced the amplitude of the [Ca2+]c transients, with
respect to the transients observed before adding ITH;

another effect of ITH was the notable baseline elevation
from around 0.21 ± 0.03 to 0.58 ± 0.06 AFU. After
ITH washout the spike amplitudes remained smaller and
baseline was still elevated; interruption of ACh pulsing
produced a gradual recovery of basal [Ca2+]c although
it remained elevated after 2 min. CGP at 1 μM also
caused some gradual reduction of spike amplitudes and
a progressive elevation of baseline [Ca2+]c. Its washout
did not permit the recovery of spike amplitude nor the
decrease of baseline elevation. Upon interruption of ACh
pulsing, the [Ca2+]c baseline remained elevated (Fig. 8C).
Pooled data on the number of cells (%) exhibiting baseline
[Ca2+]c recovery after stopping ACh pulsing are displayed
in Fig. 8D. While 100% of control cells exhibited baseline
[Ca2+]c recovery, only 33% of ITH-treated cells and 11%
of CGP-treated cells exhibited full recovery. About 50%
recovery was observed in 13% of ITH-treated cells and
in 28% of CGP-treated cells. No recovery was observed
in 54% of ITH-treated cells, and in 61% of CGP-treated
cells.

We also analysed the decay of individual control [Ca2+]c

transients generated by the ACh pulse P3 (before adding
the compound) or in the presence of ITH or CGP (ACh
pulse P7). At P3, the control [Ca2+]c clearance had a
half-time of around 15 s and was completed or nearly
completed in about 30 s (Fig. 8E). At ACh pulse P7,
however, we found drastic differences in the [Ca2+]c

clearance half-times, around 10 s in control conditions
and more than 30 s in the presence of either ITH or
CGP. Of note was that the [Ca2+]c transient at P7 was
generated from a substantial baseline elevation of [Ca2+]c

at around 0.4 AFU (Fig. 8F). We also analysed the [Ca2+]c

peak amplitudes that were reduced by 70% in the case of
ITH and by 55% in the case of CGP (Fig. 8G). Finally,
the [Ca2+]c clearance in P3 and P7 are shown graphically
in Fig. 7H, showing that in ITH-treated cells the extent
of [Ca2+]c clearance was reduced to only 5% of control
and in CGP-treated cells to 15% of control. Of note was
that in resting cells not subjected to repeated ACh pulsing,
their perfusion for 5 min with 1 μM ITH or CGP caused
only a tiny non-significant elevation of the basal [Ca2+]c

by the end of the treatment period. In resting cells with
basal [Ca2+]c at around 100 nM, mitochondria do not take
up Ca2+ and thus the Na+/Ca2+ exchanger is working at a
very low rate; thus, it was expected that under these resting
conditions, blockade of the mNCX by ITH and CGP had
no consequences on basal [Ca2+]c.

Effects of ITH12662 and CGP37157 on the mNCX
in HeLa cells

Figure 9 shows the effects of ITH12662 on mitochondrial
Ca2+ release compared with those of CGP37157.
Mitochondria were filled with Ca2+ by a previous Ca2+
pulse in permeabilised HeLa cells, and the figure shows
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the rate of Ca2+ release obtained in the absence or in
the presence of two concentrations of these compounds.
As we have shown before (Hernández-SanMiguel et al.
2006), concentrations of CGP37157 above 10 μM produce
nearly the same effects on the rate of Ca2+ release as
the absence of Na+, so that mitochondrial Ca2+ release
under these conditions is mainly driven by the Na+/Ca2+

exchanger. Assuming that 20 μM CGP37157 fully inhibits
Ca2+ release through the exchanger, the effects of the other
concentrations were (mean ± SEM): CGP37157 5 μM,
57 ± 6%, n = 9; ITH12662 20 μM, 37 ± 9%, n = 9;
ITH12662 5 μM, 14 ± 5%, n = 8. Therefore, ITH12662
inhibits the mNCX, but with a potency at least 5-fold
smaller than CGP37157.
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A–C, example [Ca2+]c transients in single mouse chromaffin cells (MCCs) measured with Fura-2 AM at 37°C. A,
control cell challenged with 12 successive pulses (ACh, 100 µM, 2 s) and one final pulse of K+ (75 mM, 2 s). B
and C, same protocol as control but in the presence of ITH or CGP (1 µM) during pulses P4–P7. D and F, averaged
[Ca2+]c transient peak of third ACh pulse (P3, control peak) and seventh ACh pulse (P7, peak under ITH or CGP
treatment), respectively. E, chromaffin cell (CC) clearance capacity after the ACh pulse protocol. The different
capacity to reach full recovery of basal [Ca2+]c was displayed in three groups of responses: ± 100% recovery
was defined as the [Ca2+]c clearance between 80 and 100%, ± 50% recovery as the [Ca2+]c clearance between
30 and 70%, and No recovery as the [Ca2+]c clearance between 0 and 20%, with respect to the first [Ca2+]c
peak. G, quantification of the [Ca2+]c peaks P3 and P7. H, percentage [Ca2+]c clearance after the P3 and P7 ACh
pulse with respect to the [Ca2+]c reached at the first ACh pulse. Data in D–H are means ± SEM of the number of
cells and cultures shown in parentheses in D. ∗∗P < 0.01 and ∗∗∗P < 0.001, ITH with respect to ACh pulse P3 (G
and H).
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Discussion

The repeated stimulation of single MCCs with 2 s ACh
pulses given at 30 s intervals gave rise to an initial large
burst of amperometric secretory events that promptly
decayed to reach a steady-state plateau at around 25%
of the initial response. We provide four explanations for
such decay: desensitisation of nAChRs, inactivation of the
depolarising effects of ACh, decay of [Ca2+]c transients
and exhaustion of an ASP.

The first possibility may be discarded given that
repeated ACh pulsing did not lead to a loss of the
inward current through the nicotinic receptor (Fig. 6A)
that mediates the physiological secretory response of
adrenal medullary CCs (Feldberg & Mintz, 1932; Douglas
& Rubin, 1961a,b). The second possibility, the gradual
inactivation of the depolarising effects of ACh, was not
plausible because repeated ACh pulses caused similar
membrane depolarisations (Fig. 6F). Considering that
[Ca2+]c transients elicited by repeated ACh pulsing did
not undergo a decay in their amplitudes (Fig. 8A), we may
also conclude that the decay of the secretory responses
is not attributable to smaller ACh-elicited [Ca2+]c

transients.
Once the desensitisation of nicotinic receptors and the

decay of [Ca2+]c transients amplitude are discarded, we
may invoke existing crucial differences in [Ca2+]c and
secretion responses reported to exist in the use of ACh
and K+ as stimulants of CCs, which could also recruit
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Figure 9. Effect of ITH12662 on mitochondrial Ca2+ release
HeLa cells expressing low-Ca2+ affinity mitochondrially targeted
aequorin were permeabilised and [Ca2+]m was rapidly increased by
20 s perfusion of a 4.5 µM Ca2+ buffer. Ca2+-free medium was then
perfused to monitor the release of Ca2+ from mitochondria. When
indicated, CGP37157 or ITH12662 were present both in the Ca2+
buffer and in the final Ca2+-free medium. [Ca2+]c values were
normalised at the beginning of the release process and in all cases
were close to 800 µM at that moment. The traces shown are the
mean ± SEM of 8–9 different experiments. Regarding normalisation,
mitochondrial Ca2+ loading was achieved by a short (20 s)
incubation of permeabilised cells in Ca2+-containing medium, to
avoid mitochondrial damage by high [Ca2+]m. The level of [Ca2+]m
reached after the loading step was around 800 µM, but had some
variability ( ± 15%) and normalisation was required to compare the
decay rates with the same origin.

different vesicle pools. It is well documented that ACh
(Douglas & Rubin, 1961b) and K+ (Douglas & Rubin,
1963) cause similar Ca2+-dependent secretory responses
in cat CCs. We have found similar results in perfused
bovine CCs where pulses of progressive duration (1–5 s)
with ACh or K+ elicited similar secretory responses
(Cuchillo-Ibáñez et al. 2002a; Caricati-Neto et al. 2013).
Certainly, ACh and K+ cause cell depolarisation to recruit
calcium channels, thus stimulating Ca2+ entry to evoke
[Ca2+]c transients, and the triggering of secretion (Garcı́a
et al. 2006; Mahapatra et al. 2012). However, ACh elicits
a small depolarisation that by itself cannot explain its
powerful secretory activity (Kidokoro & Ritchie, 1980).
The ability of ACh to trigger exocytosis must therefore
rely in its capacity to increase the rate of firing of action
potentials, as a result of such small depolarisation. In
fact, the concentration-dependent increase of the rate
of action potential firing evoked by ACh (Brandt et al.
1976) parallels its ability to trigger exocytosis (Kidokoro
& Ritchie, 1980). In contrast, K+ produces a steady-state
chemical clamp of the membrane potential that at the
concentration used here (75 mM) drives such membrane
potential to 0 mV, making it impossible to fire action
potentials (Douglas et al. 1967; Brandt et al. 1976;
Ishikawa & Kanno, 1978; Kidokoro & Ritchie, 1980;
Orozco et al. 2006).

These two different ways of eliciting cell depolarisation
give rise to different [Ca2+]c transients, as revealed
by confocal microscopy in bovine CCs: while ACh
stimulation elicited patchy and localised small [Ca2+]c

transients, the K+-evoked [Ca2+]c transients developed
more rapidly, had a higher amplitude and diffused
throughout the cytosol. However, it is curious that on a
quantitative basis, the secretory responses were similar
when challenging the bovine CCs with 100 μM ACh
or 100 mM K+ (Cuchillo-Ibáñez et al. 2002a). On the
basis of those earlier data and those presented here, we
suggest that MCCs have a ready-release vesicle pool that
is selectively recruited by brief ACh pulses (ASP). This
restricted ASP could be selectively recruited by ACh that
triggers small but highly localised [Ca2+]c transients
revealed with confocal microscopy; however, the more
indiscriminate K+ depolarising stimulus that causes large
and diffuse [Ca2+]c transients (Cuchillo-Ibáñez et al.
2002b) do not distinguish between the ASP and other
vesicle pools including the reserve pool. This view is
strengthened by the observation that the repeated pulsing
of MCCs with high K+ did not produce a decay of the
secretory responses during the first 4–5 pulses (Fig. 2D),
in contrast to the pronounced secretion decay undergone
during the second ACh pulse (Fig. 2B). This may also
explain that the massive depletion of vesicle pools by
giving first the K+ pulses will also deplete the ASP in such
a manner that when ACh was applied at the end of the
K+ pulses, there was no recovery of secretion (Fig. 2D).
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Another crucial issue was the decay of the secretory
responses with successive ACh pulses, suggesting that the
ASP was not fully replenished during the 30 s intervals left
between pulses (Fig. 2C, D). This was puzzling inasmuch as
the MCCs used for secretion experiments were perfused at
37°C, a physiological temperature known to accelerate the
replenishment of the RRP in chromaffin cells (Dinkelacker
et al. 2000). Several factors could contribute to ASP
replenishment. For instance, with the pattern of repeated
application of ACh pulses here used, the basal [Ca2+]c

remained mildly elevated from P1 to P12 (Fig. 8A).
According to the hypothesis of the faster Ca2+-dependent
refilling of the RRP upon mild basal [Ca2+]c elevation
(von Ruden & Neher, 1993), we should had found a
faster ASP refilling during the 30 s intervals between ACh
pulses; but we did not. So, as the [Ca2+]c handling by
mitochondria controls the ACh secretory responses in CCs
(Montero et al. 2000), we tested whether the manipulation
of mitochondrial Ca2+ handling could improve the ACh
secretory responses; we found that it did, as shown by
the augmentation of those responses by ITH (Fig. 3) or
the maintenance of the responses when ITH was given
early at the initial ACh pulses (Fig. 4). Thus, ITH caused a
delay of the [Ca2+]c clearance occurring between pulse
intervals (Fig. 8), thereby maintaining a mild elevated
[Ca2+]c between ACh pulses. This mild elevation is similar
to that caused by histamine or short depolarising pulses in
bovine CCs that did not reach the threshold for exocytosis
but nevertheless they accelerated the replenishment of a
previously exhausted RRP (von Ruden & Neher 1993).
This ITH-induced mild [Ca2+]c elevation at the inter-
vals between ACh pulses could explain that when given
at the initiation of ACh pulsing, ITH efficiently pre-
vented the decay of the ACh triggered secretory responses
(Fig. 4C, D).

A surprising finding was related to the fact that CGP had
an effect opposite to ITH, namely that when added to the
partially inactivated ACh secretory responses CGP further
depressed them (Fig. 5B, C). As CGP has been widely used
as an mNCX blocker since its discovery (Cox & Matlib
1993), the depressor effect of CGP on secretion found
here casts doubts on whether the augmentation by ITH of
secretion responses triggered by ACh are associated with
mNCX blockade or some other mechanism(s). Several
reports have documented the pharmacological pleiotropic
effects of CGP that acts as both a SERCA blocker and a
ryanodine receptor agonist (Neumann et al. 2011); CGP
also blocks the plasmalemmal mNCX (Czyz & Kiedrowski,
2003) and the L-subtype of VACCs (Thu le et al. 2006).
This paradoxical behaviour of CGP has also been reported
in pancreatic β-cells.

A priori, an mNCX blocker such as CGP has
been reported to augment oxidative metabolism of
cardiac cells and rat pancreatic β-cells by enhancing
Ca2+ concentration in the mitochondrial matrix

([Ca2+]m) (Cox & Matlib, 1993; Lee et al. 2003).
Since glucose-induced insulin secretion from the β-cell
primarily depends on mitochondrial respiration and
oxidative phosphorylation (Maechler & Wollheim, 2001)
and hence on [Ca2+]m, in an early report it was expected
that CGP will cause an enhanced insulin secretion
(Lee et al. 2003). However, a later report showed the
opposite, namely that CGP diminished the glucose- and
K+-stimulated [Ca2+] signals by blocking Ca2+ influx
through L-type VACCs thereby eliciting an inhibition of
insulin secretion (Luciani et al. 2007).

We have previously found that CGP reduced the rate
of Ca2+ efflux in bovine CCs loaded with low-affinity
mitochondrially targeted aequorin, and that it delayed
the rate of clearance of the K+-triggered [Ca2+]c trans-
ient (Montero et al. 2000). However, in a later study we
found that CGP diminished the [Ca2+]c transients and
catecholamine release triggered by ACh (Caricati-Neto
et al. 2013). This agrees with the decreased [Ca2+]c trans-
ients (Fig. 8G) and the decreased secretion (Fig. 5B, C) here
found in MCCs exposed to CGP, which also augmented
the basal [Ca2+]c. On the other hand, at 1 μM, the
novel compound ITH essentially had a pharmacological
profile similar to CGP, namely a 30–40% blockade of IACh

(Fig. 6), a lack of effect on INa, ICa and IK (Supplementary
Fig. S1), an elevation of basal [Ca2+]c, a diminution of
peak [Ca2+]c amplitude and a delayed [Ca2+]c clearance
(Fig. 8). Therefore, the conflict arises when the opposite
effects on secretion responses elicited by ACh pulses, i.e.
facilitation by ITH and inhibition by CGP, are considered.
An explanation could be that CGP, as discussed previously,
has been reported to have several pleiotropic effects in
addition to its well-established ability to block the mNCX,
which could explain the blockade of secretion. As a novel
compound, we do not yet know whether ITH will share
with CGP those pleiotropic effects. But for the moment,
we are certain that in HeLa cells loaded with mitochondrial
aequorin (Fig. 9), CGP was 5-fold more potent than
ITH to delay Ca2+ efflux through the mNCX. We are
tempted to link the lesser potency of ITH to its higher
selectivity to target the mNCX and to mildly block its
activity. In so doing, it may cause a tiny elevation of [Ca2+]c

during repeated cell stimulation that may be non-toxic to
the cell in the long term, at the time it maintains enhanced
mitochondrial respiration, thereby securing the flow of
vesicles to the secretory machinery. This may not be the
case for CGP, which causes a greater elevation of [Ca2+]c

that in most cells did not return to basal levels after its
washout.

In conclusion, we have found that the challenging
of MCCs with short repeated ACh pulses gives rise to
quantal catecholamine release responses that faded in
about 30–60 s. The responses appeared to be due to
recruitment by ACh of an ACh-sensitive vesicle pool
that is refilled and maintained by mitochondrial Ca2+
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circulation and the mNCX. This regulatory pathway may
be physiologically relevant in situations of prolonged
stressful conflicts where a sustained catecholamine release
is regulated by changes in the rate of mitochondrial Ca2+
circulation through the mNCX, which couples respiration
and ATP synthesis to long-term stimulation of CCs by
endogenously released ACh.
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