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a  b  s  t  r  a  c  t

The  augmentation  of neurotransmitter  and  hormone  release  produced  by ouabain  inhibition  of plas-
malemmal  Na+/K+-ATPase  (NKA)  is well  established.  However,  the  mechanism  underlying  this action  is
still controversial.  Here  we  have  shown  that  in  bovine  adrenal  chromaffin  cells  ouabain  diminished  the
mobility  of  chromaffin  vesicles,  an indication  of  greater  number  of  docked  vesicles  at  subplasmalemmal
exocytotic  sites.  On  the  other  hand,  ouabain  augmented  the  number  of  vesicles  undergoing  exocytosis  in
response  to  a K+ pulse,  rather  than  the  quantal  size  of  single  vesicles.  Furthermore,  ouabain  produced  a tiny
and  slow  Ca2+ release  from  the  endoplasmic  reticulum  (ER)  and  gradually  augmented  the  transient  eleva-
tions  of  the  cytosolic  Ca2+ concentrations  ([Ca2+]c) triggered  by K+ pulses.  These  effects  were  paralleled  by
gradual  increments  of  the transient  catecholamine  release  responses  triggered  by  sequential  K+ pulses
applied  to  chromaffin  cell  populations  treated  with  ouabain.  Both,  the  increases  of  K+-elicited  [Ca2+]c

and  secretion  in  ouabain-treated  cells  were  blocked  by  thapsigargin  (THAPSI),  2-aminoethoxydiphenyl
borate  (2-APB)  and  caffeine.  These  results  are  compatible  with  the  view  that  ouabain  may  enhance  the ER
Ca2+ load  and  facilitate  the  Ca2+-induced-Ca2+ release  (CICR)  component  of  the  [Ca2+]c signal  generated
during  K+ depolarisation.  This  could  explain  the  potentiating  effects  of ouabain  on  exocytosis.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Thanks to its ability to inhibit Na+ and K+ transport across crab
nerve membranes, the steroid digitalis drug ouabain played a fun-
damental role in the discovery of the sodium pump [1].  Since then,
the only recognised receptor for ouabain (and other cardiac gly-
cosides) is the plasma membrane NKA or sodium pump; this is
directly responsible for the maintenance of the low intracellular
Na+/K+ ratio by the active transport of these ions across the plasma
membrane [2] using the hydrolysis of ATP to provide the neces-
sary energy [3].  This serves to maintain a hyperpolarised membrane
potential which is necessary for synaptic transmission, muscle con-
traction, cell excitability and many other functions requiring an
asymmetric distribution of Na+ and K+ ions between the intracel-
lular and extracellular compartments. The sodium pump can also
drive secondary active co-/counter transporters, such as the plas-
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malemmal Na+/Ca2+ exchanger (NCX); thus, by rising the cytosolic
concentrations of Na+ ([Na+]c) and [Ca2+] upon NKA inhibition, car-
diotonic steroids produce their recognised cardiac inotropic and
toxic effects [4] as well as their ability to augment neurotransmitter
release [5,6].

We  have known for many years that by itself, ouabain aug-
ments the rate of spontaneous catecholamine release from adrenal
medullary chromaffin cells [7–10]. Furthermore, ouabain also
enhances the secretory responses triggered by K+ depolarising
pulses applied to these cells [11,12].  This action has been explained
on the basis of the classical “sodium pump lag hypothesis” pro-
posed to explain the inotropic effects of cardiac glycosides [4,13].
Thus, inhibition by ouabain of NKA causes an increase of [Na+]c

which favours the activation of the NCX in its reverse mode, thereby
augmenting the [Ca2+]c that enhances secretion [11,14–16].

Two  interesting findings attracted much interest in the field
of cardiotonic steroids and NKA. One emerged at the laboratory
of Mordecai Blaustein that found a cardiotonic steroid indistin-
guishable from ouabain in human plasma [17–19].  The other
concerns the observation that at concentrations that are unlikely
to inhibit the enzymatic function of NKA, cardiotonic steroids
are capable of initiating several intracellular signalling pathways.

0143-4160/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
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These pathways mostly involve the release of Ca2+ from the ER via
the inositol 1,4,5-trisphosphate receptor (IP3R) [20]; in fact, there
are data supporting the idea that NKA tethers the IP3R into a Ca2+

regulatory complex [21,22]. Also, NKA was shown to co-localize
with subplasmalemmal regions of the ER, forming the so-called
plasmerosomes found in rat neurons, myocytes and astrocytes
[23] as well as in chromaffin cells [24].

We  present here a study focused to test the hypothesis that
the well known effect of ouabain to enhance the release of cate-
cholamine from chromaffin cells, is linked to the regulation by the
cardiac glycoside of Ca2+ handling by the ER. With the combina-
tion of amperometric techniques to monitor online the exocytotic
responses, with imaging techniques to study vesicle movement and
the intracellular Ca2+ dynamics, we found that ouabain augmented
the secretory responses elicited by K+ depolarising pulses through
a mechanism implying the mobilisation of Ca2+ from the ER.

2. Materials and methods

2.1. Isolation and culture of bovine chromaffin cells

Bovine chromaffin cells were isolated from adrenal glands of
adult cows, following standard methods [25] with some modifi-
cations [26]. Cells were suspended in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 5% foetal calf serum, 10 �M
cytosine arabinoside, 10 �M fluorodeoxyuridine, 50 IU/ml peni-
cillin and 50 �g/ml streptomycin.

2.2. On-line measurement of catecholamine release from
perifused cells

For experiments to study catecholamine secretion, cells were
plated on plastic Petri dishes (60 mm diameter) at a density of
106 cells/ml (5 million cells per dish). Cells were kept for 1–4 days at
37 ◦C in a water-saturated incubator, with a 5% CO2/95% air atmo-
sphere. Before the experiment, cells were gently scrapped off from
the bottom of the dish with a rubber policeman, centrifuged and
packaged in glass wool in the bottom of a 100 �l microchamber
and perifused with Krebs-HEPES solution (composition in mM:
NaCl 144; KCl 5.9; CaCl2 2; MgCl2 1.2; glucose 11; HEPES 10; pH
7.4) at the rate of 2 ml/min. The liquid flowing from the perifusion
chamber reached an electrochemical detector model Metrohn AG
CH-9100 Hersau, which monitors amperometrically the amount of
catecholamines secreted. Cells were intermittently stimulated to
secrete their catecholamines with 10-s pulses of a Krebs-HEPES
solution containing 35 mM K+ (with isosmotic reduction of Na+).
All solutions used for the experiments were kept at 37 ◦C using a
thermostatic bath.

2.3. Amperometric recording of quantal catecholamine release at
the single-cell level

Catecholamine release from single cells was measured by
amperometry [27]. Electrodes were built as previously described
[28]. The amperometer was connected to an interface (Power-
lab/45P AD instruments, New Zealand) that digitized the signal at
10 kHz sending it to an Apple Macintosh Power PC computer that
displayed it within the Chart v.4.2 software (AD instruments, New
Zealand). The electrodes were calibrated following good amper-
ometric practices [29]. The coverslips were mounted on a Nikon
Diaphot inverted microscope, and were continuously perifused, by
means of 5-way perifusion system with a common outlet, with a
Tyrode solution composed by (in mM):  137 NaCl, 1 MgCl2, 5.3 KCl, 2
CaCl2, 10 HEPES and 10 glucose (pH 7.3, adjusted with NaOH). The
high K+ solution (24 mM K+) was prepared by replacing equiosmo-

lar concentrations of NaCl with KCl. Experiments were performed
at room temperature (24 ± 2 ◦C).

2.4. Measurement of vesicle mean square deviation of chromaffin
granules using TIRFM

For experiments using Total Internal Reflection Fluorescence
Microscopy (TIRFM), chromaffin cells in suspension were electro-
porated immediately after isolation, using a Nucleofector device
according to the manufacturer protocol O-001 (Amaxa), using
1 × 106 cells and 2 �g cDNA expressing neuropeptide-y coupled to
EGFP (NPY-EGFP), a gift from Dr. Wolfhard Almers [30]. Cells were
plated at a density of 5 × 105 on 18 mm-diameter coverslips and
placed in 6-well plates. Cells were used 24–48 h thereafter. After
electroporation cells were explored with an inverted microscope
(Zeiss 200M) through a 1.45 NA objective (alpha Fluor, 100X/1.45,
Zeiss) and using an immersion fluid (n488 = 1.518; Zeiss). For
evanescent field (EF) illumination, the expanded beam (488 nm)
of an argon ion laser (Lasos, Lasertechnik GmbH, Germany) was
band-pass filtered (488/10; Zeiss) and used to excite EGFP. The
images were projected onto a back-illuminated CCD camera (Axio-
Cam MRm,  Zeiss) through a dichroic FT500 and band-pass filter
(525/50 nm). Each cell was imaged using Axiovision (Zeiss) for up
to 2 min  with 0.8-s exposures at 1 Hz when illuminated under EF.
Stacks of EF images were analysed and single NPY-EGFP-labelled
vesicles were followed using Metamorph software (Molecular
Devices, CA, USA). Structures larger than 0.5 �m or if they became
oblong at any time were excluded from the analysis. We  marked
the position of each tagged vesicle and tracked their x–y position
as a function of time. To calculate the maximum range of any given
trajectory, we  used the distance of the median (x, y) of the data
set to the furthest point to define the radius of a circle that would
encompass every data point. Similar to described by Steyer and
Almers [31] and Gaidarov et al. [32] and referred from the total
number of cells.

2.5. Measurement of [Ca2+]ER changes in bovine chromaffin cells
transfected with ER-targeted D1-cameleon

Transfection of bovine chromaffin cells was  achieved using the
Amaxa Nucleofector electroporation system according to manufac-
turer’s instructions (A-033 protocol) with 2 × 106 cells in 100 �l of
nucleofection solution containing 2 �g cDNA coding for cameleon-
D1 (gift from Dr. Roger Tsien). Cells were plated in 12 mm-diameter
coverslips at a density of 4 × 105 cells. After 3–4 days in culture, cov-
erslips were set in the stage of an upright fluorescence microscope
(BX51WI, Olympus) with an Olympus 40X objective. For ratiomet-
ric measurements, we  used 440 nm excitation and 512 and 480 nm
emission wavelengths. Filter wheel (440DF20), dichroic beamsplit-
ters (455DRLP) and emission filters (480DF30 and 535DF25) were
purchased from Omega Optical and Chroma Technologies (Brattle-
boro, VT, USA). Images were captured using a CCD camera (Sony,
Japan). Synchronization of the filter wheel and CCD camera as well
as raw data acquisition was performed with the Olympus Cell R
software (version 2.6). Ratio of fluorescence 512/480 was  calculated
and normalised using MS  Excel software (Microsoft Corporation,
Redmod, Washington, USA). Experiments were performed at room
temperature (24 ± 2 ◦C).

2.6. Measurement of [Ca2+]c changes in bovine chromaffin cells
with Fura-2

Cells were plated in 12 mm-diameter coverslips at a density
of 50,000–100,000 cells per well. After 48 h, single-cell measure-
ments of [Ca2+]c were performed at room temperature in 2.5 �M
fura-2 (Molecular Probes, Invitrogen, Barcelona, Spain) loaded cells
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for 45 min  at 37 ◦C in Krebs-HEPES solution (pH 7.4) containing
(in mM):  145 NaCl, 5.9 KCl, 1.2 MgCl2, 2 CaCl2, 10 d-glucose, 10
HEPES, as described previously [33]. Subsequently cells were kept
at room temperature for 15 min  before placing them in the stage
of the same fluorescence microscope as indicated in the measure-
ment of [Ca2+]ER. Excitation light at appropriate wavelengths, 340
(filter 340AF15EX 548-0410) and 380 nm (filter 380AF15EX 547-
0411) and emitted light at 505 nm (U M2FUR), were produced by
an alternating filter wheel controlled by Cell R software version 2.6
(Olympus). Changes in intracellular Ca2+ were calculated from the
ratios (F340/F380) of the light emitted when the dye was excited by
the two alternating excitation wavelengths. Ratio of fluorescence
340/380 was calculated and normalised using MS Excel software
(Microsoft Corporation, Redmod, Washington, USA). Experiments
were performed at room temperature (24 ± 2 ◦C).

2.7. Materials and solutions

The following materials were used: collagenase type I from
Sigma (Madrid, Spain); Dulbecco’s modified Eagle’s medium
(DMEM), bovine serum albumin fraction V, foetal calf serum and
antibiotics were from Gibco (Madrid, Spain). Metafectene was  from
Biontex (Munich, Germany). All other drugs and reagents used were
from Sigma (Madrid, Spain). Ouabain (0.1 M),  THAPSI (1 × 10−3 M)
and 2-APB (1 × 10−2 M)  stock solutions were prepared using DMSO
as solvent. At the final concentration used (less or equal to 0.1%)
DMSO had no effects on the parameters studied.

2.8. Statistics

Datasets were tested for normality (Kolmogorov–Smirnov nor-
mality test), an assumption for application of Student’s t test or
ANOVA. When group data fitted a normal distribution, we per-
formed parametric tests, i.e. Student’s t test or one-way ANOVA
with Bonferroni versus control group post hoc test when appropri-
ate. When dataset did not fit normal distributions one-way ANOVA
on Ranks for more than two groups was used. In the case that
statistical differences were found, Dunn’s multiple comparisons
versus control group post hoc test was applied to determine which
groups were statistically different. All statistical analyses were per-
formed using Sigmastat 3.0 (SPSS Inc., Carlsbad, CA, USA), MS  Excel
(Microsoft Corporation, Redmod, Washington, USA). A p value equal
or smaller than 0.05 was taken as the limit of significance.

3. Results

3.1. Enhancement by ouabain of quantal catecholamine release
responses elicited by K+ pulses

As far as we  know, the effects of ouabain on catecholamine
release have only been investigated as bulk secretion from adrenal
glands or isolated populations of chromaffin cells. These methods
did not provide information on whether ouabain enhanced secre-
tion was due to more vesicles undergoing exocytosis or rather to an
increased quantal size of individual secretory vesicles, as happens
to be the case in chromaffin cells from spontaneously hyperten-
sive rats [34], in adult rat chromaffin cells compared with foetal
chromaffin cells [35] or in chromaffin cells treated with inhibitors
of nitric oxide synthase [36]. Therefore, we investigated whether
ouabain augmented the number of the K+ evoked secretory spikes
that are generated by the quantal catecholamine release from indi-
vidual vesicles, detected with a carbon fibre microelectrode [27],
and whether those spikes had kinetic characteristics similar to
those evoked by K+ in the absence of the cardiac glycoside.

In each experiment, the selected cell was sequentially stim-
ulated with 10-s pulses given with a Krebs-HEPES solution

containing 24 mM K+ with isosmotic reduction of Na+, so-called
24K+ solution. In isolated current-clamped bovine chromaffin cells,
this moderate K+ elevation causes a 20 mV  depolarisation [37].
Fig. 1A shows that each 24K+ pulse (arrows) elicited a transient
burst of secretory spikes. Cumulative mean values of secretion from
12 control cells and 11 cells preincubated with 10 �M ouabain, dur-
ing a 30-min period preceding stimulation, is plotted in Fig. 1B. This
total secretion is expressed as the integrated area of each spike
burst during a 2-min recording period, elicited by a 24K+ stimulus
(cumulative charge in pC). In control cells, total secretion of 4 pulses
of 24K+ was 25 pC while in ouabain-treated cells, this response was
4-fold higher. The rate of secretion, expressed as spikes/s is plotted
in Fig. 1C. The number of spikes per 24K+ pulse was around 100
in control cells and 300 in ouabain-treated cells (Fig. 1D). The con-
comitant greater quantal content of each secretion spike burst and
of total spike number within each burst suggests a higher num-
ber of vesicles undergoing exocytosis, and not greater quantal size
of individual vesicles in ouabain-treated cells. This conclusion was
strengthened by performing kinetic analysis of individual secretory
events [36]. Cell treatment with ouabain did not modify the quan-
tum size measured as charge (Q) and did not change the kinetics
of exocytosis of amperometric spikes. Fig. 1E shows that maxi-
mum oxidation current (Imax) and none of the kinetics parameters,
namely Q, spike width at half height (t1/2) and ascending slope of
spike (m), were significantly affected by ouabain treatment.

3.2. Ouabain diminishes mean vesicle movement in chromaffin
cells

The above experiments showed that ouabain-induced augmen-
tation of catecholamine release was related to a greater number
of exocytotic vesicles undergoing exocytosis. This could be due
to the reported mild but sustained increase of [Ca2+]c, elicited
by ouabain in fura-2-loaded bovine chromaffin cells [16]. Exper-
iments done in these cells demonstrated that mild elevations of
[Ca2+]c produced by histamine, that releases Ca2+ from the ER [38]
or tiny depolarising pulses, augments the Ready-Release vesicle
Pool (RRP), and hence the exocytotic response triggered by a strong
depolarising pulse [39]. To test the possibility that ouabain could
be enhancing vesicle movement toward the plasma membrane,
thereby augmenting the size of the RRP, we  transfected bovine
cromaffin cells with a NPY-EGFP construct, and visualised vesicles
expressing the protein at subplasmalemmal regions by TIRFM. It
is well known that not all chromaffin granules or PC12 secretory
vesicles are labelled by NPY-EGFP, because unlabelled old vesicles
do not contain new NPY-EGFP. However, NPY is a natural com-
ponent of secretory granules of chromaffin cells and NPY-EGFP is
an usual tool for demonstrating exocytosis by fluorescent methods
[40,41]. Experiments were performed at 37 ◦C to improve vesicle
movement [42,43]. We  took series of images at a frequency of 1 Hz
during 120 s and analysed vesicle movement in control cells and
cells preincubated for 1 h with 10 �M ouabain.

Fig. 2A shows a footprint of a chromaffin cell expressing vesic-
ular NPY-EGFP visualised by TIRFM near the plasma membrane, as
well as some exocytotic images. This explains the presence of some
big light spots close to the membrane. Similar images in chromaf-
fin and PC12 cells were also observed by others [30]. The different
pools of vesicles can be distinguished by vesicle movement mea-
sured as mean square displacement (MSD) [44]. This is represented
in the example of Fig. 2B, where two sequential series of images
are shown. In the upper row, smaller granules change their posi-
tion at a faster speed while at the bottom row 3 larger granules
appear almost immobile during the recording period (120 s). The
tracking of the vesicles are also shown in Fig. 2E. As shown in
Fig. 2C, the average length of the trajectories of vesicles measures
from 31 control cells was 1.1 ± 0.056 �m (119 vesicles), while in
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Fig. 1. Ouabain augments the quantal catecholamine release responses triggered by K+ DPs. Before stimulation, cells were incubated for 30 min with Krebs-HEPES (control)
or  with 10 �M ouabain. Then, they were perifused with these same solutions in a microscope chamber to record single secretory spike events under resting conditions (no
spontaneous spikes were detected) or upon stimulation with 10-s pulses given with Krebs-HEPES solution containing 24 mM K+ and 2 mM Ca2+ (24K+). (A) Example record
taken from a prototype experiment showing burst spikes after each 24K+ pulse given at 30-s intervals (bottom arrows). Overprinted grey line indicates cumulative secretion.
(B)  Cumulative secretion calculated from the charge of all spikes produced upon 24K+ for 2 min  after stimulation measured in pC (ordinate). This 2 min represents 4 pulses of
24K+ and 8 pulses are represented. (C) Rate of secretion expressed as the number of spikes/s (ordinate) in control (thin curve) and ouabain-treated cells (thicker curve). (D)
Total  spike number (ordinate) generated along a 24K+ stimulus. (E) In the upper part of panel E, an example of a typical spike is given. The analysis of individual exocytotic
events  included the measurement of the following parameters: Imax, maximum oxidation current, expressed in pA; t1/2, spike width at half height, expressed in ms;  Q, spike
net  charge, expressed in pC; m, ascending slope of spike, expressed in nA/s, n, indicate the number of spikes or cells. Data in panels B and D are means ± s.e. mean of the number
of  experiments shown in parentheses from 3 different cell cultures. Statistical significance was assessed by Student’s t test (*p < 0.05; **p < 0.01; compared with control).

23 ouabain-treated cells it amounted to 0.66 ± 0.039 �m (121 vesi-
cles). The decrease of MSD  in ouabain-treated cells indicates an
augmentation of RRP vesicles docked to the plasma membrane,
ready to undergo exocytosis. Fig. 2D represents the decreased mean
vesicle movement induced by ouabain at 37 ◦C that correlates with
an increment of 14.6–50.4% in vesicle pool of less than 0.5 �m (vesi-
cle % of low mobility). With this arbitrary value we  locate the docked
vesicles at the subplamalemmal space.

3.3. Ouabain causes the release of Ca2+ from the ER store

In a previous study we observed that ouabain causes a mild sus-
tained [Ca2+]c elevation in Fura-2-loaded bovine chromaffin cells;

at that time, we interpreted such effect in terms of NKA inhibition,
[Na+]c elevation and reversal of the NCX [16]. However, such [Ca2+]c

elevation could also be due to Ca2+ release from the ER Ca2+ store,
as recently suggested [12]. To test this possibility we recoursed to
the ER-targeted Ca2+ probe cameleon-D1 that directly measures
the changes of the Ca2+ concentration taking place at the ER lumen
([Ca2+]ER) [45–47].

Fig. 3A shows three pairs of example fluorescence traces
obtained from three different cells. The thicker black traces show
the fluorescence decline elicited by application of 10 or 100 �M
ouabain (5 min) and 100 �M histamine (1 min) as indicated by the
top horizontal bars. All three stimuli produced a [Ca2+]ER decline;
however, the kinetics of decay and recovery elicited by histamine
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Fig. 2. (A) Example TIRFM image of a bovine chromaffin cell transfected with a NPY-EGFP plasmid targeted to secretory vesicles. (B) Sequential TIRFM images of two  selected
areas  of a chromaffin cell obtained during a 120-s period. The upper row shows small fluorescent dots corresponding to vesicles in the reserve pool, far away from the
plasma membrane and in continuous movement. The bottom row shows an area of the same cell with stationary granules anchored to the plasma membrane. (C) Pooled
data  showing the measurement (�m, ordinate) of secretory vesicles in control (n = 119 vesicles from 31 cells) and ouabain-treated cells (n = 121 vesicles from 23 cells). Three
different cultures were used. Data are represented as means ± s.e. Statistical significance was assessed by Student’s t test (***p < 0.001). (D) Effect of ouabain on mean vesicle
movement in bovine chromaffin cells transfected with NPY-EGFP plasmid. Histogram showing number of events (granules) recorded in four different measurement value
groups.  It can be appreciated how ouabain incubation greatly increased the number of low-movement granules (less than 0.5 �m). (E) Representative movement trajectories
for  NPY-EGFP-labelled granules are shown for control or ouabain treated cells included in a circle. The radius indicates the maximum of the trajectories tracked over recording
time  (60 s).

were faster compared with ouabain. This slower kinetics of ER Ca2+

release in ouabain-treated cells could explain the slow develop-
ment tiny rise of [Ca2+]c seen in a previous study [16]. Although
mild, this sustained elevation of the [Ca2+]c seems to be sufficient
to augment the size of the RRP [39]. The thinner grey traces were
obtained upon the same stimulation respectively in the same three
cells, but after 10-min perifusion with 10 �M 2-APB; the effects of
ouabain were abolished and those of histamine almost fully inhib-
ited.

We  tested a total of 71 cells from 6 different cultures that
were challenged with histamine and one of the ouabain concen-
trations; 79% of the cells were responsive to histamine. These
cells were likely of the adrenergic type, that are known to be
sensitive to histamine, the rest most probably being of the nora-

drenergic subtype that are resistant to histamine [48]. On the other
hand, only 48% of the cells were responsive to one of the ouabain
concentrations; the ouabain effect was independent of the pre-
vious application of histamine. Fig. 3B shows normalised results
of 512/480 fluorescence ratio decay, an indication of the [Ca2+]ER
decline upon challenging the cells with histamine or ouabain. At
10 �M,  the ouabain effect was 31% of the histamine response and
at 100 �M,  the ouabain action amounted to 74% of the histamine
response.

Ouabain-elicited ER Ca2+ release seemed to use the IP3R path-
way since at 10 �m,  the IP3R blocker 2-APB suppressed this effect.
This reinforced by experiments performed in HeLa cells transfected
with cameleon D1, where histamine and ouabain also caused clear-
cut ER Ca2+ release (data not shown). Since these cells express IP3Rs
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Fig. 3. Ouabain induces the release of Ca2+ from the ER. Cells were transfected with the Ca2+ probe cameleon-D1 targeted to the ER. Three or four days after transfection, the
changes of [Ca2+]ER were estimated as normalised ratio of fluorescence 512/480 (F/F0). Cells were continuously perifused with a Krebs-HEPES solution containing 2 mM Ca2+.
The  different compounds were applied for the times indicated with at least 10-min washout from any preceding application. (A) Original example traces showing the effect
of  5-min perifusion with ouabain (OUB 10 and 100 �M)  and 1 min  perifusion with histamine (His 100 �M) on [Ca2+]ER (thick black line) on three different bovine chromaffin
cells.  The effect of a second challenge with the compounds on the same cells, but after 10 min  perifusion with 2-APB (10 �M)  is shown as a thin grey line. (B) Pooled data
shown  in black bars are mean ± s.e. of the decreases in [Ca2+]ER originated by perifusion of 10 and 100 �M ouabain and 100 �M histamine expressed as F/F0. The results
were  obtained by the application of histamine and one of the ouabain concentrations to 71 cells from 6 different cultures. The number of responsive cells to each stimulus is
shown in parentheses. The effect of a second stimulus applied to the same cell, but after 10-min perifusion with 10 �M 2-APB is shown in the grey bars (4 experiments for
each  group). Statistical significance was assessed by ANOVA with Bonferroni post hoc test (*p < 0.05 with respect to control).

but not functional ryanodine receptors [49], those experiments
suggest that ER Ca2+ release by ouabain is mediated by IP3Rs.

3.4. Effects of ouabain, 2-APB and THAPSI on the [Ca2+]c

elevations triggered by K+ pulses

As commented in Section 1, ouabain augments by itself the
release of catecholamines from chromaffin cells [7–10]; the time
course of this secretion increase develops slowly, along periods of
10–60 min  and correlates reasonably well with the time course
of the tiny [Ca2+]c elevation also triggered by ouabain itself, in
the absence of cell depolarisation [16]. But ouabain also augments
the secretory responses elicited by K+ depolarising pulses (DPs)
sequentially applied to perifused bovine chromaffin cells [12] (and
Figs. 1 and 5 of this report). It was therefore of interest to inves-
tigate whether ouabain altered the transient elevations of [Ca2+]c

triggered by sequential K+ pulses.
Fura-2-loaded chromaffin cells were repeatedly stimulated with

a Krebs-HEPES containing 2 mM Ca2+ and 35 mM K+ (with isos-
motic reduction of Na+, the so-called 35K+ solution). Fig. 4A shows
the transient [Ca2+]c elevations triggered by 10-s 35K+ pulses given
at 3-min intervals to an example control cell; the responses were
quite stable upon the application of 14K+ pulses to this cell. In the
example cell of Fig. 4B, 10 �M ouabain was introduced just before
the third 35K+ pulse that caused more than 2-fold augmentation
of the response elicited by the third 35K+ pulse. In the contin-
ued presence of ouabain, along a 35-min cell perifusion period, the
[Ca2+]c responses to repeated K+ challenges gradually augmented;
this gradual augmentation was not as drastic when plotting the
mean results of 26 cells from 3 different cultures (filled squares in
Fig. 4E). Another feature of these experiments was  the gradual aug-
mentation of the baseline [Ca2+]c that developed slowly (Fig. 4B–D).
In control cells (Fig. 4A) only 8% of 39 cells produced a gradual
augmentation of baseline, compared to 65%, 79% and 60% of cells
in the presence of ouabain (Fig. 4B, n = 26 cells), ouabain plus 2-
APB (Fig. 4C, n = 48 cells) and ouabain plus THAPSI (Fig. 4D, n = 26
cells), respectively. These results are in agreement to that previ-
ously reported by De la Fuente et al. [16] and are compatible with

ouabain causing an increase of [Ca2+]c in bovine chromaffin cells
by a dual mechanism: (i) cell depolarisation and (ii) slowing down
the plasmalemmal NCX activity.

K+ depolarisation of chromaffin cells open the voltage-
dependent Ca2+ channels (VDCCs) and augments Ca2+ entry and
[Ca2+]c. However, this bulk [Ca2+]c transient has a relevant com-
ponent mediated by CICR from the ER, elicited by Ca2+ that enters
the bovine chromaffin cell through VDCCs during the K+ DPs, as
revealed with ER-targeted aequorins and confocal microscopy; in
fact, the Ca2+ wave that propagates from subplasmalemmal sites
through inner cytosolic areas is blocked by ryanodine, corroborat-
ing the relevance of CICR in shaping the [Ca2+]c transient triggered
by DPs [50]. We  therefore tested whether the depletion of the ER
Ca2+ store with THAPSI or the blockade of the IP3R with 2-APB were
capable of antagonising the augmentation by ouabain of the [Ca2+]c

transients elicited by repeated 35K+ DPs applied to the perifused
cells.

Fig. 4C shows an example experiment where the tested cell was
initially challenged with two  35K+ pulses that produced healthy
[Ca2+]c transients. Thereafter, the cell was continuously perifused
with 10 �M ouabain in the presence of 10 �M 2-APB. After a 10-min
delay, the amplitudes of the [Ca2+]c transients decayed gradually,
to reach 22 ± 2.90% of the initial response at the 14th 35K+ DPs. In
the sample cell of Fig. 4D, the two  initial 35K+ DPs caused similar
transient [Ca2+]c elevations. Then, the cell was  continuously peri-
fused with a solution containing 1 �M THAPSI and 10 �M ouabain.
The initial two  K+ challenges given in the presence of this solution
produced about 15-30% increase of the [Ca2+]c transient amplitude;
subsequently, the 35K+ DPs produced responses that were gradu-
ally decaying to reach an amplitude that was only 36 ± 3.18% of the
initial response.

Averaged results from cells subjected to the protocols indicated
in Fig. 4A–D are plotted in Fig. 4E. Ouabain caused an augmentation
of around 143 ± 8.37% in the amplitudes of the [Ca2+]c transients
elicited by the repeated application of 35K+ DPs. It was interest-
ing that such augmentation was  seen from the first pulse of K+

given in the presence of ouabain, and was  maintained or even
slightly enhanced along the subsequent 35K+ DPs. Control cells
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Fig. 4. Augmentation by ouabain of the [Ca2+]c elevations triggered by repeated challenging with 35K+ DPs given to single bovine chromaffin cells loaded with fura-2:
Inhibition by 2-APB and THAPSI. Cells were perifused with a Krebs-HEPES solution containing 2 mM Ca2+ in the absence (control, panel A) or the presence of 10 �M ouabain
(bottom bars at panels B, C, and D). In addition to ouabain, the solutions indicated by the bottom bars contained 10 �M 2-APB (panel C) or 1 �M THAPSI (panel D). Vertical
calibration bars indicate normalised ratio of fluorescence 340/380 (F/F0). Horizontal calibration bars indicate time. Averaged pooled results (mean ± s.e.) are plotted in panel
E  showing normalised [Ca2+]c peak (%). The number of cells from three different cultures is indicated in parentheses. Statistical significance was assessed by one-way ANOVA
on  Ranks (*p < 0.05 with respect to control cells).

generated [Ca2+]c transients that had similar amplitudes along the
14th 35K+ DPs. On the other hand, when ouabain was given in the
presence of 2-APB (48 cells) or THAPSI (25 cells) the enhancement
of [Ca2+]c transient amplitudes was truncated; furthermore, those
amplitudes continued to decline clearly below those generated by
K+ challenging of control cells.

3.5. The potentiation by ouabain of catecholamine release
responses from perifused chromaffin cell populations is
suppressed by caffeine, thapsigargin, or 2-APB

In trying to correlate the CICR mechanism with the potentiation
by ouabain of K+ elicited catecholamine release, experiments on
fast-perifused chromaffin cell populations were performed. Secre-
tion experiments began with collection of cells after 1–4 days in
culture and their trapping in a microchamber for their fast peri-
fusion at 2 ml/min with a Krebs-HEPES solution containing 2 mM

Ca2+. This perifusion device imitates fairly well the physiological
conditions (i.e. the perfusion by blood of the adrenal gland in the
animal) and facilitates the rapid washout of catecholamines being
released, as well as their on-line monitoring.

To stimulate the exocytotic release of catecholamines, cells were
challenged with sequential 10-s pulses of a Krebs-HEPES solution
containing 35K+ given at 3 min  intervals. This relatively mild extra-
cellular K+ concentration elevation causes a 25 mV  depolarisation
of bovine chromaffin cells [37]. In the experiment shown in Fig. 5A,
the initial 35K+ caused a secretory response of around 225 nA. This
response declined to 125 nA after 20 pulses with high K+. Moder-
ate decays in secretory responses were generally seen in control
experiments.

An example record taken from an experiment following a pro-
tocol similar to that described above, but in the presence of 10 �M
ouabain is shown in Fig. 5B. The initial secretory responses triggered
by the first four 35K+ pulses, still in the absence of ouabain, were
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Fig. 5. Augmentation by ouabain of catecholamine secretory responses triggered by
sequential DPs of K+. Bovine chromaffin cells (5 × 106 per experiment) were trapped
in  a microchamber and perifused at 2 ml/min with a Krebs-HEPES solution contain-
ing  2 mM Ca2+. The rate of evoked release was  continuously monitored with an
amperometric detector connected on-line with the microchamber. Cells were stim-
ulated with 10-s pulses of Krebs-HEPES solution containing 35 mM K+ (35K+) (A)
Example record of the spike secretory responses generated by 35K+ pulses given
to  the same batch of cells. (B) Example record of the secretion spikes generated by
sequential 35K+ pulses applied to the same batch of cells before (4 initial pulses)
and during ouabain perfusion along the period shown on the top horizontal bar. (C)
Pooled data of experiments as those shown in panels A and B; initial secretion was
normalised to 100% as the mean of the first three 35K+ pulses. Data are means ± s.e.
of  the number of experiments shown in parentheses from at least three different
cultures. One-way ANOVA on Ranks analysis showed that responses in the presence
of OUB were significantly different (*p < 0.05; **p < 0.01; ***p < 0.001) with respect
to  control.

around 200 nA. Ouabain added to the perifusion system between
the 4th and 5th pulse and kept until the end of the experiment dis-
played a gradual increase of spike amplitude with time, doubling
the initial secretory responses by the end of the experiment (45 min
after ouabain introduction). As commented in Section 1, ouabain
enhances spontaneous catecholamine release, mostly in non-
perifused cells under long-time periods of static incubation [10]. In
the present experiments, however, we did not see a baseline eleva-
tion during ouabain treatment; this may  be due to rapid washout
of catecholamine release in the fast perifusion system used here.

Pooled results from 9 control and 20 ouabain experiments are
presented in Fig. 1C. Data were normalised to the mean of the
responses elicited by the initial 35K+ pulses prior to ouabain addi-
tion to correct for variations in initial secretion in different cell
batches. We  considered this initial response as 100% in Fig. 5C.
Control and ouabain curves diverged more and more with time;
eventually, potentiation by ouabain of K+ responses reached a
maximum after 30 min  of perifusion, and was maintained in such
plateau with no decay. At the end of experiments, K+ responses
decayed 32 ± 7.00% (n = 9) while responses in presence of ouabain
augmented to 178 ± 21.00% (n = 20), around 2.5-fold higher than
control responses (p < 0.001).

The question of the possible link between ouabain potentia-
tion of secretion and the ER Ca2+ store was  pharmacologically
explored using compounds that cause Ca2+ depletion or inhibit Ca2+

release from such store. For instance, THAPSI irreversibly inhibits
the SERCA [51] and rapidly depletes the ER Ca2+ store of bovine
chromaffin cells [52]. This compound was  therefore used to test
the effects of ER Ca2+ depletion on the augmentation of K+ secretory
responses elicited by ouabain. Fig. 6A shows a sample experiment.
The initial four control secretory responses generated by 35K+ DPs
had amplitudes around 225 nA. At 1 �M,  THAPSI caused a decline
of secretion to approximately 125 nA. Introduction of ouabain on
top of THAPSI did not augment such responses.

If given continuously, caffeine causes ER Ca2+ depletion [50] and
a decrease of K+-evoked secretory responses in bovine chromaffin
cells [53]. In the experiment of Fig. 6B, the amplitudes of the four
initial secretory spikes triggered by 35K+ DPs were close to 300 nA.
As soon as caffeine was  given, these responses quickly declined to a
new steady-state at around 75 nA. Given on top of caffeine, ouabain
could not surmount this depressed secretion responses along an
additional 45 min period.

The third pharmacological manipulation of ER Ca2+ fluxes tar-
geted the IP3R. We  reasoned that if ouabain effects were related
to ER Ca2+ release, a blocker of IP3R such as 2-APB [54] should also
frustrate the ouabain potentiating effects on secretion. In the exper-
iment of Fig. 6C the initial secretion responses to 35K+ were around
90 nA; these responses declined with the perifusion of 10 �M 2-
APB, reaching values about 40 nA. Once more, given on top of 2-APB,
ouabain could not augment K+-evoked secretory responses.

Pooled data on these three types of experiments are presented
in Fig. 6D. Data are expressed as % of the mean amplitude of secre-
tory spikes generated by the three 35K+ pulses given just before
ouabain introduction. In the presence of either THAPSI, caffeine
or 2-APB, ouabain did not cause an augmentation of 35K+ evoked
release responses, neither at the 6th or 14th 35K+ DPs.

4. Discussion

In this study we  have discovered novel features on the mecha-
nism involved in the potentiation by ouabain of the catecholamine
release responses triggered by K+ DPs, repeatedly applied to bovine
chromaffin cells. Such potentiation may  be linked to augmentation
by ouabain of the so-called RRP, a supposition consistent with
the findings that this cardiotonic steroid augmented the number



Author's personal copy

340 J. Milla et al. / Cell Calcium 50 (2011) 332– 342

Fig. 6. The potentiation by ouabain of exocytotic responses elicited by repeated K+ pulses are suppressed by THAPSI, caffeine (CAFF) or 2-APB. Experiments were performed
on  chromaffin cells perifused with Krebs-HEPES solution containing 2 mM Ca2+. After baseline stabilisation, cells were sequentially challenged with 10-s 35K+ DPs given
at  three min  intervals. Amplitude of secretion spikes expressed as nA of catecholamine oxidation current are given in ordinates. Panels A, B and C represent the results of
example experiments. Compounds are given as shown on top horizontal lines at the indicated concentrations. (D) Pooled results of experiments done with protocols indicated
in  panels A, B and C. Mean amplitude of secretory responses evoked by the three 35K+ pulses preceding ouabain introduction was normalised to 100% in each individual
experiment; the subsequent K+ responses at the 6th and 14th pulses were expressed as % of such initial response. Data are means ± s.e. of the number of experiments shown
in  parentheses. Statistical significance among the different treatment groups and ouabain alone was  calculated in the 6th and 14th pulses with an one-way ANOVA on Ranks
test  (*p < 0.05; **p < 0.01; ***p < 0.001).

of secretory spikes generated by K+ pulsing (Fig. 1D) but not the
quantal size of individual quantal events; also, the TIRFM study
of vesicle mobility suggested that ouabain also augmented the
number of docked vesicles at subplasmalemmal sites (Fig. 2).

These are plausibly Ca2+-dependent effects, as first reported by
Ronald Holz laboratory that found a Ca2+-dependent docking and
priming of chromaffin granules in permeabilised bovine chromaffin
cells [55]. Various vesicle pools were subsequently dissected out in
these cells, using flash photolysis of caged Ca2+ [56]. Several exper-
imental strategies to elicit the mild [Ca2+]c elevations, that are sub-
threshold for rapid exocytosis yet they augment the size of the RRP,
have been followed in bovine chromaffin cells. For instance, von
Ruden and Neher [39] used mild DPs to increase Ca2+ entry through
VDCCs, or histamine to release ER Ca2+ through IP3Rs [57]. On the
other hand, de Diego et al. [28] used subthreshold nicotine concen-
trations, and Arnáiz-Cot et al. [58] applied acetylcholine pre-pulses
to augment the RRP size. Another source of Ca2+ could be through
the CICR mechanism, triggered by the activation of ryanodine
receptors by Ca2+ entry through VDCCs, during the application of K+

DPs; [Ca2+]c waves travelling deep in the cytosol, generated by this
mechanism were suggested to be involved in vesicle movements
from a Reserve Pool (RP) to susplasmalemmal sites [50].

How ouabain could elicit a mild elevation of [Ca2+]c to augment
the RRP size is a complex issue. An indirect activation of NCX in
its reverse mode secondary to NKA inhibition, was  first suggested
[14,16,59].  This elevated [Ca2+]c could be facilitating the refilling of
the ER Ca2+ store during the resting intervals between K+ DPs [12].

This reminds the mechanism involved in the heart inotropic effects
of cardiac glycosides that through facilitation of sarcoplasmic retic-
ulum Ca2+ refilling, augments the CICR and heart contraction [4].
If more Ca2+ is stored at the ER, it follows that subsequent K+ DPs
will cause greater [Ca2+]c transients; this was  the case in ouabain
treated cells (Fig. 4B).

A more recent hypothesis implies a direct ER Ca2+ mobilisation
elicited by ouabain binding to NKA through and IP3R mediated
mechanism, as reported to be the case in kidney cells [20,21].
Also, NKA seems to co-localize with subplasmalemmal regions of
the ER [23,24]. Our experiments showing that ouabain caused the
release of ER Ca2+ and that this response was blocked by 2-APB
are consistent with the hypothesis that ouabain binding to NKA
might activate a signalling pathway unrelated to enzyme inhibi-
tion. Because HeLa cells lack ryanodine receptors [49] yet ouabain
still caused ER Ca2+ release in these cells (data not shown), we take
this an additional evidence favouring the view that ouabain causes
ER Ca2+ release through the activation of the IP3R.

The link between the [Ca2+]ER and [Ca2+]c changes and the vari-
ations of the secretory responses in ouabain treated chromaffin
cells, can be established in the following terms. Augmentation by
ouabain of K+ elicited catecholamine release responses either at the
single-cell level (Fig. 1) or from cell populations (Fig. 5) paralleled
the increase of K+ evoked [Ca2+]c transients (Fig. 4). Furthermore,
potentiation of both responses was  frustrated by 2-APB (that blocks
IP3R) and THAPSI (that depletes the ER Ca2+ store) (Figs. 4 and 5).
It was curious that these two experimental conditions not only
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prevented the ouabain potentiation but also caused a gradual inhi-
bition of the two responses (Figs. 4 and 5), thus corroborating
the relevance of the ER Ca2+ store to maintain healthy secretory
responses elicited by DPs applied to bovine chromaffin cells, as
previously suggested [52,60].

Our results have not only a mere pharmacological interest from
the point of view of understanding the ultimate mechanism of
action of the potentiation by cardiac glycosides of the exocytotic
release of neurotransmitters and hormones. They may  have also
physiological interest in the context of the existence of endoge-
nous digitalis compounds. Thus, endogenous digitalis-like activity
was discovered by Fishman in 1979 [61]. Later on, Hamlyn et al.
[17] found small amounts of a compound with properties simi-
lar to ouabain in human plasma that was identified as ouabain by
Kawamura et al. [62]. Bovine adrenal cortex and hypothalamus are
particularly rich in ouabain [63]. Although the concentrations of
circulating ouabain and other ouabain-like substances are around
picomolar, exercise rises these concentrations to around 200 nM
in humans and dogs, similar to the blood concentrations of other
steroid hormones [64]. In adrenal gland the concentration is 500
times greater than in plasma [65]. In fact, circulating ouabain is
being considered as a hormone secreted by the adrenals as a pivotal
factor in cardiovascular diseases [66].

The fact that the adrenal cortex is the tissue with the highest
synthesis and content of endogenous ouabain [67,68], may  give
physiological relevance to our present study. As corticosteroids that
are known to regulate the synthesis of adrenaline in chromaffin
cells [69], ouabain could also act as an adrenal cortical hormone
to modulate the refilling and release of Ca2+ from the ER; this
could serve to maintain vesicle flow from the RP toward subplas-
malemmal sites were docking and priming of vesicles will secure
that a rapid release of catecholamines into the circulation occurs,
to trigger the “flight or fight” response during stressful conflicts.
Similar to catecholamines, the circulating levels of ouabain aug-
ment after physical exercise in humans [70]. On the other hand, a
good correlation has been found between circulating ouabain levels
and mean blood pressure, relative thickness of the left ventricular
heart wall, and the total peripheral resistance index [71,72].  This
is in line with the classical observation of Mordecai Blaustein and
co-workers suggesting that an endogenous circulating inhibitor of
NKA was associated with hypertension [73]. Our findings suggest
that endogenous ouabain, locally acting on chromaffin cells on its
way to the circulation from the adrenal cortex, could be enhanc-
ing the catecholamine release surge during stress, “anti-ouabain”
drugs could be useful in the treatment of high blood pressure.

In conclusion, we have shown here that the potentiation by
ouabain of the catecholamine secretory responses triggered by
K+ challenging of bovine chromaffin cells, could be due to ER
Ca2+ release by ouabain and the ensuing activation of vesicle flow
and promp refilling of the docked RRP. To our knowledge, this
is the first report showing such effect of ouabain in chromaffin
cells.
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