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Abstract Hyperosmotic stress promotes rapid and pro-
nounced apoptosis in cultured cardiomyocytes. Here, we
investigated if Ca®>" signals contribute to this response.
Exposure of cardiomyocytes to sorbitol [600 mosmol (kg
water) '] elicited large and oscillatory intracellular Ca®"
concentration increases. These Ca”" signals were inhibited
by nifedipine, Cd**, U73122, xestospongin C and ryano-
dine, suggesting contributions from both Ca*' influx
through voltage dependent L-type Ca®* channels plus Ca®"
release from intracellular stores mediated by IP; receptors
and ryanodine receptors. Hyperosmotic stress also
increased mitochondrial Ca®™ levels, promoted mitochon-
drial depolarization, reduced intracellular ATP content, and
activated the transcriptional factor cyclic AMP responsive
element binding protein (CREB), determined by increased
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CREB phosphorylation and electrophoretic mobility shift
assays. Incubation with 1 mM EGTA to decrease extra-
cellular [Ca®"] prevented cardiomyocyte apoptosis induced
by hyperosmotic stress, while overexpression of an aden-
oviral dominant negative form of CREB abolished the
cardioprotection provided by 1 mM EGTA. These results
suggest that hyperosmotic stress induced by sorbitol, by
increasing Ca®" influx and raising intracellular Ca®" con-
centration, activates Ca’" release from stores and causes
cell death through mitochondrial function collapse. In
addition, the present results suggest that the Ca*" increase
induced by hyperosmotic stress promotes cell survival by
recruiting CREB-mediated signaling. Thus, the fate of
cardiomyocytes under hyperosmotic stress will depend on
the balance between Ca”'-induced survival and death
pathways.
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Abbreviations

AdLacZ Adenovirus f-galactosidase

Ad dnCREB Adenovirus dominant negative CREB
AIF Apoptosis inducing factor

[Ca2+]i Intracellular calcium concentration

CICR Ca”*"-induced Ca®" release

CaMK Calmodulin kinase

CREB Cyclic AMP responsive element binding
protein

CsA Cyclosporin A

ERK Extracellular signal-regulated kinase

fluo3-AM Fluo3 acetoximethylester

IP3 Inositol-1,4,5-trisphosphate

IP3R IP3 receptor

LY LY294002

MAPK Mitogen activated protein kinase

MOI Multiplicity of infection

p38 p38-Mitogen activated protein kinase

PD PD98059

PLC Phospholipase C

RuRed Ruthenium red

SB SB203580

SERCA Sarco/endoplasmic reticulum Ca®"-ATPase
TMRM Tetramethylrhodamine methyl ester
Introduction

Cardiovascular diseases are the leading cause of death in
developed countries [1]. Loss of cardiomyocytes due to cell
death is an important factor in the development of cardiac
morbidity. Thus, cardiomyocyte survival in response to
stress is critical for normal heart function [2, 3]. Cardiac
myocyte apoptosis can be induced by various stimuli,
including osmotic stress [4]. Osmotic changes can occur in
pathological states such as ischemia, septic shock and
diabetic coma. In the heart, osmotic stress can develop
during a period of myocardial ischemia [5].
Hyperosmotic stress stimulates rapid and pronounced
apoptosis in cultured cardiomyocytes [4]. Hypertonic stress
may also activate survival-signaling cascades, so that the
balance between death and survival pathways will deter-
mine the fate of the cell. Cardiomyocytes may survive
hypertonic stress through diverse compensatory mecha-
nisms, including accumulation of organic osmolytes and
induction of heat shock proteins [6—8]. Although induction
of aldose reductase has been associated with compensatory
mechanisms against hyperosmotic stress [9], we have
shown previously that aldose reductase activation is
required for sorbitol-induced cardiomyocyte apoptosis [10].
The involvement of elevated Ca** signals in cell death
has been widely described [11, 12], and Ca®* overload has

@ Springer

been suggested as the final common pathway of all types of
cell death [12]. Several studies have shown that cytoplas-
mic [Ca*"] increases at both early and late stages of the
apoptotic process [13—17]. Both Ca®" release from the
endoplasmic reticulum and capacitative Ca®" influx
through Ca®" release-activated Ca*" channels may be
apoptogenic [18-20]. Yet, Ca’>" is also associated with
survival signaling. The Ca*"-activated transcription factor
cAMP responsive element binding protein (CREB) has
been widely described in several cell types as an anti-
apoptotic transcription factor [21, 22]. CREB activity is
regulated by the phosphorylation of several serine residues,
most notably Ser-133. Ca**-dependent activation of mul-
tiple protein kinases, including calmodulin kinase (CaMK),
mitogen activated protein kinase (MAPK) and protein
kinase A lead to CREB activation through Ser-133 phos-
phorylation [23, 24].

There has been much interest in the mechanisms con-
necting alterations in Ca®" signaling with the execution of
apoptosis, as well as on the effects of Ca®" on inducing cell
survival or necrosis. Accordingly, the aim of this work was
to investigate if Ca>" signals contribute to the response of
cardiomyocytes to sorbitol-induced hyperosmotic stress.

Materials and methods
Materials

Thapsigargin, xestospongin C, LY294002 (LY), PD98059
(PD) and SB203580 (SB) were from Calbiochem.
U-73122, caffeine, ryanodine, nifedipine, sorbitol and other
biochemical reagents were from Sigma.

Culture of cardiomyocytes

Rats were bred in the Animal Breeding Facility at the
Faculty of Chemical and Pharmaceutical Sciences, Uni-
versidad de Chile (Santiago, Chile). This investigation
conforms to the “Guide for the care and use of laboratory
animals” published by the U.S. National Institutes of Health
(NIH publication No. 85-23, revised 1985). Cardiomyo-
cytes were prepared from hearts of 1-3-day-old Sprague—
Dawley rats as described previously [25]. Briefly, ventricles
were trisected, pooled and cardiomyocytes were dissociated
in a solution containing collagenase and pancreatin. After
enzymatic dissociation, cells were selectively enriched in
cardiac myocytes by pre-plating in DMEM:M199 (4:1)
containing 10% (v/v) horse serum, 5% (v/v) heated-inacti-
vated fetal calf serum, penicillin and streptomycin
(100 units/ml). Cardiomyocytes were plated at a final den-
sity of 1-8 x 10°/mm? on gelatin-coated Petri dishes. For
detection of Ca®" signals and immunocytochemistry, cells
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were plated at a final density of 1.0 x 10°/mm? on gelatin-
precoated coverslips. Cardiomyocytes were plated for
16-18 h and then serum was withdrawn for 24 h before
exposure to sorbitol [600 mosmol (kg water)”' or other
concentrations as indicated] dissolved in serum-free DME/
M199. Cell cultures contained at least 95% cardiomyocytes.

Measurement of intracellular and mitochondrial
Ca>" levels

Cellular Ca** images were obtained from cardiomyocytes
pre-loaded with fluo3 acetoximethylester (fluo3-AM,
Molecular Probes) using either an inverted confocal
microscope (Carl Zeiss Axiovert 135 M LSM Microsys-
tems) or a fluorescence microscope (Olympus Diaphot-
TMD, Nikon Corporation) equipped with a cooled CCD
camera and an image acquisition system (Spectra Source
MCD 600), as previously described [26]. Mitochondrial
and cytoplasmic Ca®" levels were simultaneously mea-
sured in cultured cardiomyocytes preloaded with fluo3-AM
or rhod2-AM using an inverted confocal microscope (Carl
Zeiss LSM-5, Pascal 5 Axiovert 200 microscope).
Cell-containing coverslips were mounted in a 1-ml
capacity chamber and placed in the microscope for fluo-
rescence or confocal measurements after excitation with a
laser lamp or laser line, respectively (excitation 488-nm;
emission 526 nm for fluo3-AM and excitation 543; emis-
sion 580 nm for rhod2-AM). Sorbitol was either added
directly (2x solution) or the solution was rapidly exchan-
ged in the camera (1 s). Fluorescent images were collected
every 0.4-2.0 s for fast signals and analyzed frame by
frame with the Image J software (NIH, Bethesda, MD). For
intracellular Ca>* measurements, a manual contour of the
whole cell was generated while for mitochondrial Ca®"
determinations, an optical region of interest (ROI) on
perinuclear mitochondria was analyzed. To quantify fluo-
rescence, the summed pixel intensity was calculated from
the section delimited by the whole cell contour or the
mitochondrial ROI. Intracellular Ca** levels are expressed
as relative fluorescence, AF/F,, where AF represents the
difference between the experimental value F and the basal
fluorescence value F. Within the range defined for each
probe, the fluorescence intensity increases proportionally
with intracellular Ca®" concentration [26]. Digital image
processing was performed as previously described [26]. In
other additional experiments, cytoplasmic Ca®" levels
were also measured with the ratiometric Ca®" probe Fura2.
To this aim, cardiomyocytes were loaded with fura2 AM
(5 uM) for 30 min. Cells were placed on a 0.5 ml chamber
in an inverted microscope (Olympus) equipped with epi-
fluorescence illumination provided by a Xenon lamp. The
dye within a single cell was excited at 340 and 380 nm
using filters displayed in a filter wheel, and the intensity of

the emitted fluorescence was monitored at 510 nm with a
photomultiplier tube associated to a Fluorescence System
Interface and Acquisition System Software (Ion Optix
Corp., Milton, MA). When using Fura2, values were
expressed as F340/F380 ratios.

Experimental determinations were carried out in
cardiomyocytes bathed with Ca2+—containing Krebs buffer
(140 mM NaCl, 5 mM KCl, 1 mM CaCl,, 1 mM MgCl,,
10 mM HEPES, 1 mg/ml glucose); Ca*"-containing Krebs
buffer supplemented with 1 mM EGTA Krebs buffer
(1.8 mM CaCl,, 0.2 mM MgCl,, 1 mM EGTA), or Ca**-
free Krebs buffer (without CaCl,, plus 2 mM MgCl, and
1 mM EGTA). In the experiments where inhibitors were
used, cardiomyocytes were incubated with both, the dye
and the inhibitor during a period of 30 min before the Ca®"
measurements.

Measurement of mitochondrial depolarization

Cardiomyocytes were pre-loaded with 100 nM TMRM
(Molecular Probes) for 17 min a 37°C and images were
acquired with an inverted confocal microscope (excitation
543 nm; emission 500-600 nm). Measurements are
expressed as percentage of fluorescence intensity relative
to basal fluorescence. Maximum mitochondrial depo-
larization was obtained using the protonophore CCCP
(carbonyl cyanide 3-chlorophenylhydrazone, 10 pM).

Western blotting

Protein extracts were prepared from cardiomyocytes as
described [10]. Samples containing equal amounts of pro-
tein were resolved by SDS-PAGE, transferred to nitro-
cellulose membranes (Bio-Rad Laboratories) and probed
with specific antibodies against p-CREB'** Ser133, CREB,
caspase 9 or caspase 3 (Cell Signaling). After an additional
incubation period with appropriate secondary HRP-coupled
antibodies (Calbiochem), blots were developed by chemi-
luminescence using the ECL system (Perkin Elmer).

Electrophoretic Mobility Shift Assay (EMSA)
and supershift assays

CRE oligonucleotide 5-GAGATTGCCTGACGTCAGA-
GAGCTA G-3' was end-labeled with T4 kinase and
[y32P]—ATP (75 pCi, Amersham). The 32P—oligonucleotides
(30,000 cpm) were incubated for 20 min at 4°C in a 25 pl
reaction mixture containing 2 pg of nuclear proteins,
10 mM Tris—HCI (pH 7.5), 500 ng poly (dG-dC), 5 mM
MgCl,, 1 mM EDTA, 12.5% (v/v) glycerol, ]| mM DTT,
0.1% (v/v) Triton X-100 and analyzed on 6% polyacryl-
amide gels in 0.5% Tris—borate—_EDTA buffer. Supershift
assays were performed incubating nuclear extracts (5 pg)

@ Springer
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with 2 pg of anti CREB antibody (Cell Signaling) for 2 h
at room temperature. As controls, 100-fold excess of non-
radioactive CRE and 1,000-fold excess of mutated oligo-
nucleotides (5-AGAGATTGCCTGTGGTCAGAGAGCT
AG-3") were used.

Immunocytochemistry

Cardiomyocytes grown on coverslips, fixed for 10 min
with PBS containing 4% paraformaldehyde, were perme-
abilized with 0.3% Triton X-100 for 10 min. Nonspecific
sites were blocked for 1 h with 5% BSA in PBS. Cells were
then incubated with AIF (Chemicon) or cytochrome c
antibodies (BD Pharmingen) at 1:100 or 1:400 dilutions,
respectively. Cardiomyocytes were washed with PBS and
incubated with anti-rabbit or anti-mouse IgG-Alexa488
secondary antibody, respectively. Nuclei were stained with
5 pg/ml propidium iodide (PI). Coverslips were mounted
in DakoCytomation fluorescent mounting medium (Dako-
Cytomation). The resulting fluorescence was evaluated in a
scanning confocal microscope (Carl Zeiss Axiovert 135,
LSM Microsystems).

Apoptosis and ATP content determinations

The number of viable cells was determined by the trypan
blue exclusion method as described [27]. DNA fragmen-
tation was determined as described previously [10]. Cas-
pase 9 activity was measured using the colorimetric
caspase-3 substrate Ac-LEHD-pNA (Calbiochem) [28].
ATP content was determined using the luciferin/luciferase
assay as described [29].

Recombinant adenoviruses

Dr. Charles Vinson (NIH, Bethesda, USA) provided Ad
dnCREB, which over expresses a dominant negative form
of CREB (Ser133/Ala) [30]. Cardiomyocytes were trans-
duced with Ad dnCREB or f-galactosidase (Ad LacZ) at a
multiplicity of infection (MOI) of 300 and cultivated 24 h
prior to sorbitol stimulation [26].

Expression of results and statistical analysis

Data shown correspond to the mean £ SEM of the number
of independent experiment indicated (n); alternatively,
representative experiments, performed on at least three
separate occasions with similar outcome, are shown. Data
were analyzed by ANOVA and comparisons between
groups were performed using a protected Tukey’s test. A
value of P < 0.05 was set as the limit of statistical
significance.

@ Springer
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Fig. 1 Hyperosmotic stress increases intracellular Ca®* concentra-
tion in cultured cardiomyocytes. Cells preloaded with fluo3-AM (a, b)
or fura2-AM (c) were perfused at the time indicated with an arrow
with Ca2+—containing Krebs buffer supplemented with sorbitol (Sor)
[600 mosmol (kg water) ). Using a fluorescence microscope
equipped with a CDD camera, serial Ca*t images of fluo3 fluores-
cence in a single cardiomyocyte were registered (a) and relative
fluorescence values [(F — Fy)/Fy] are illustrated as a function of time
(b). The scale bar is 20 um. Using an inverted microscope equipped
with a Xenon lamp, fura2-AM preloaded cells were excited at 340 and
380 nm, and monitored at 510 nm. The corresponding 340/380
fluorescence ratios are illustrated in (c)

Results

Sorbitol induced-hyperosmotic stress elicits Ca®"
transients in cardiomyocytes

Increases of intracellular Ca®* concentration ([Ca®']i)
were visualized in single cardiomyocytes preloaded with
fluo3-AM as relative fluorescence increases (Fig. 1a, b).
Exposure of cardiomyocytes maintained in Ca*"-contain-
ing Krebs buffer to sorbitol-induced hyperosmotic stress
[600 mosmol (kg water) '] led to a small, fast Ca’"
increase that reached its maximum value at 12 +2s
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(n = 5), followed by a much larger, delayed and slower
[Ca”]i increase that on average became oscillatory
356 & 78 s (n = 5) after sorbitol addition (Fig. la, b).
These increases in [Ca®t]i were also visualized in single
cardiomyocytes preloaded with the ratiometric Ca>* probe
fura2-AM (Fig. Ic). Cardiomyocytes maintained in Ca®'-
containing Krebs buffer had a basal ratio of fura2-AM
fluorescence (F340/F380) of 0.51 &+ 0.03. Exposure of
cardiomyocytes to sorbitol [600 mosmol (kg water) ']
elicited a pattern of [Ca**"]i increase (Fig. Ic) similar to
that observed with fluo3-AM (Fig. 1b). In the first 20 s
after sorbitol addition the F340/F380 reached 0.84 £ 0.06
(P < 0.001 vs. basal), while in the next 20 s the F340/F380
ratio increased to 1.28 + 0.12 (P < 0.001 vs. basal)
(Fig. 1c). The fluorescence ratio continued increasing up to
250 s; however, after 4 h of sorbitol exposure, F340/F380
values returned to basal levels (data not shown). These
results suggest that hyperosmotic stress induced a transient
[Ca®T]i increase that lasted <4 h.

To determine whether the observed Ca”" transients were
triggered by hyperosmotic stress rather than by the osmolyte
sorbitol itself, normo-osmotic [307 mosmol (kg water) ']
sorbitol-containing Krebs buffer was prepared by replacing
NaCl with sorbitol. This normo-osmotic sorbitol-containing
solution did not induce the large and sustained Ca*" tran-
sients produced by hyperosmotic sorbitol solutions (data not
shown). These results suggest that sorbitol-induced hyper-
osmotic stress rather than sorbitol itself triggered the sus-
tained oscillatory Ca®™" transients.

To further investigate the signaling pathways by which
hyperosmotic stress elicits Ca®" signals, cardiomyocytes
maintained in Ca®"-free Krebs buffer were exposed to
sorbitol-induced hyperosmotic stress [600 mosmol (kg
water)”']. This condition prevented the emergence of the
large delayed oscillatory [Ca**]i signal (Fig. 2a), strongly
suggesting that this signal requires Ca®" influx. The
absence of extracellular calcium also decreased the initial
Ca”* signal component when was evaluated in fluo3-loaded
cells, and totally abolished it in fura2-loaded cells (Sup-
plementary Fig. 1). In cardiomyocytes maintained in Ca®*-
containing Krebs buffer, incubation with the phospholipase
C (PLC) inhibitor U73122 (10 pM), the IP; receptor
blocker xestospongin C (50 uM), the L-type Ca>" channel
inhibitor nifedipine (10 pM) or Cd** (100 pM) completely
suppressed the sorbitol-induced large and oscillatory Ca**
signal (Fig. 2b—e). The inhibitory effect of nifedipine sug-
gests that hyperosmotic stress activates Ca®" entry through
L-type Ca®" channels. The inhibitory effect of ryanodine
(50 uM) (Fig. 2e) suggests that Ca’"-induced Ca’*-release
via ryanodine receptor channels also contributes to the
oscillatory Ca®" increase produced by hyperosmotic stress.

Addition of 1 mM EGTA to the Ca®"-containing Krebs
buffer (i.e. 0.8 mM free Ca’" as determined using the

MaxChelator Winmaxc 2 software, Stanford University,
CA), completely suppressed the large and oscillatory Ca®™
increase induced by hyperosmotic stress (Fig. 2g). Addi-
tion of the sarco/endoplasmic reticulum Ca’*-ATPase
(SERCA) inhibitor thapsigargin (1 pM) to cardiomyocytes
preloaded with fluo3-AM and kept in Ca®" free solution
produced a slow increase in intracellular fluorescence that
peaked at 300 s, and which is presumably due to Ca®" loss
from internal stores. Neither subsequent addition of caf-
feine (5 mM) nor exposure to sorbitol-induced hyperos-
motic stress [600 mosmol (kg water)fl] stimulated
additional Ca®" increases (Fig. 2h). Addition of 2 mM
external Ca®" to cells pre-incubated with thapsigargin
did induce, however, a modest fluorescence signal
increase (Fig. 2h). These results suggest that hyperosmotic
stress induces Ca®' release from thapsigargin-sensitive
internal Ca*" stores; the resulting store depletion triggers
Ca’" influx presumably through store operated Ca®"
entry channels. Addition of hyperosmotic sorbitol
[600 mosmol (kg water) '] also induced a significant but
slow depolarization of cardiomyocytes (Supplementary
Fig. 2), which was too slow to cause massive Ca’" entry
but strong enough to increase the open probability of
L-type channels.

In summary, these results suggest that the large and
oscillatory Ca?* increase produced by hyperosmotic stress
involves the participation of Ca®" influx through nifedipine
and Cd*"-sensitive Ca>" channels, which probably corre-
spond to L-type Ca” channels, and of Ca’*" release from
internal stores through ryanodine-sensitive and PLC-IP;
dependent pathways.

Hyperosmotic stress promotes cardiomyocyte cell
death through mitochondrial depolarization
and metabolic collapse

An increase in [Ca?*]i can induce Ca®" uptake by mito-
chondria. In order to detect if mitochondrial Ca®* increases
in response to the cytoplasmic Ca”" signals, cardiomyo-
cytes were preloaded with rhod2-AM (as a mitochondrial
Ca*" probe) and fluo3-AM (as a cytoplasmic Ca*" probe).
Sorbitol-induced  hyperosmotic  stress  [600 mosmol
(kg water) '] produced a significant mitochondrial Ca®*
increase a few minutes after sorbitol addition that paral-
leled the cytoplasmic increase (Fig. 3a). Interestingly, the
delayed and oscillatory cytoplasmic Ca®" increase induced
by sorbitol was associated with a large but non-oscillatory
mitochondrial Ca?* increase (Fig. 3a). The magnitude of
both the cytoplasmic and mitochondrial Ca**" signals
increased when increasing the osmolarity of the sorbitol
solutions (Fig. 3b, c¢). Yet rhod2, the fluorescent probe used
to detect mitochondrial Ca®" signals, has high affinity for
Ca”" and saturates at high Ca®" levels. This feature may
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Fig. 2 Effect of different agents on the intracellular Ca®" increase
induced by hyperosmotic stress. Cardiomyocytes, maintained in
Ca*"-free Krebs buffer (a) or Ca’*-containing Krebs buffer (b-g),
were preloaded with fluo3-AM and preincubated for 30 min with
10 pM U73122 (b), 100 uM xestospongin C (¢), 10 uM nifedipine
(d), 100 uM ca*t (e), 50 pM ryanodine (f) or | mM EGTA (g). Cells
were then exposed to Ca>'-containing Krebs buffer plus sorbitol
[600 mosmol (kg water) '] at the time indicated with an arrow. (h)
1 uM thapsigargin was added to fluo3 preloaded cardiomyocytes in
Ca®"-free Krebs buffer, followed 12 min later by addition of 5 mM
caffeine; 2 min later cardiomyocytes were stimulated with sorbitol
[600 mosmol (kg water) '] and 2 min later, 2 mM extracellular Ca>*
(Ca*"e) was added. Fluo3 fluorescence images were registered and
relative fluorescence was calculated as above. All figures are
representative of three experiments, analyzing 6-14 cells in each
experiment. In percentage, the cells showing the displayed behavior
for each agent tested were: U73122 = 100 + 0%; U73343 = 86 +
1%; xestospongin C = 84 + 2%; nifedipine = 92 + 1%; Cd*" =
72 + 8%; ryanodine = 68 £+ 10% and EGTA = 64 £+ 3%

explain why mitochondrial Ca®" signals did not increase
linearly with osmotic stress (Fig. 3c).

Mitochondrial depolarization is an immediate conse-
quence of mitochondrial Ca>" uptake [31]. In cardiomyo-
cytes preloaded with tetramethylrhodamine methyl ester
(TMRM, 100 nM) as a membrane potential probe, we
observed by confocal microscopy that hyperosmotic stress
induced significant mitochondrial depolarization in a dose-
dependent manner (Fig. 3d—e). The highest mitochondrial
depolarization was observed following addition of CCCP
(10 uM) (Fig. 3d—e). Hyperosmotic stress-induced mito-
chondrial depolarization was completely dependent on
Ca”" influx because it was not observed in cardiomyocytes
maintained in Ca’"-free Krebs buffer (Fig. 3f). These
results suggest that the degree of mitochondrial depolar-
ization induced by different hyperosmotic solutions corre-
late directly with the hyperosmotic stress-dependent
[Ca®"]i, i.e. higher hyperosmotic stress conditions caused
higher increases of cytoplasmic and mitochondrial Ca®"
and higher mitochondrial depolarization (Fig. 3b—e).

The depolarization of mitochondria may induce the
opening of the mitochondrial permeability transition pore,
releasing either the apoptosis-inducing factor (AIF) or
cytochrome c¢ [31]. Immunofluorescence analysis of
cardiomyocytes revealed that under basal conditions AIF
was present as a defined punctuated staining in the cyto-
plasm. Exposure of cardiomyocytes for up to 4 h to sor-
bitol-induced hyperosmotic stress [600 mosmol (kg
water) '] did not modify AIF localization (Fig. 4a).
Cytochrome ¢ was also visualized by immunofluorescence
as a defined punctuated staining in the cytoplasm, similar
to that detected for AIF. Exposure of cardiomyocytes to
hyperosmotic stress for 2 h, however, changed this punc-
tuated pattern to diffuse staining (Fig. 4b). These combined
results suggest that hyperosmotic stress induced the release
of cytochrome ¢ but not of AIF from the mitochondria.

Exposure of cardiomyocytes to hyperosmotic culture
media [600 mosmol (kg water) '] increased the fragmen-
tation of pro-caspases 9 and 3 (Fig. 4c) with a maximum at
2 h. Pro-caspase 9 fragmentation correlated with an
increase of caspase 9 proteolytic activity (Fig. 4d). Yet,
incubation of cardiomyocytes with the pan-caspase inhib-
itor Z-VAD-fmk, at a concentration that prevented caspase
3 activation (Supplementary Fig. 3), did not rescue
cardiomyocytes from death (Fig. 4e), suggesting that
hyperosmotic stress induces caspase-independent cell
death. Moreover, preincubation of cardiomyocytes with
cyclosporin A (CsA, 0.5 pM), an inhibitor of the mito-
chondrial permeability transition pore, did not protect
cardiomyocytes from hyperosmotic stress-induced cell
death, as determined by cell viability and DNA laddering
assays (Supplementary Fig. 4). These results suggest
that opening of the mitochondrial permeability transition
pore does not participate of the cellular pathways that
promote cardiomyocyte death in response to hyperosmotic
stress.

Mitochondrial depolarization has been associated with a
decrease in mitochondrial ATP synthesis [32]. Hyperos-
motic stress [600 mosmol (kg water) '] induced a 25%
decrease in total ATP content in cardiomyocytes after 2 h
of incubation (Fig. 4f). This reduction of ATP content
suggests that hyperosmotic stress induces cardiomyocyte
death via a metabolic collapse, rather than through caspase-
dependent apoptosis.

Taken together, these results strongly suggest that
hyperosmotic stress-induced Ca®" influx increases mito-
chondrial Ca®" levels, which presumably contribute to
induce mitochondrial depolarization. The ensuing decrease
of ATP synthesis would subsequently lead to a reduction in
intracellular ATP content, which would trigger caspase-
independent cardiomyocyte death.

The role of extracellular Ca®™ in cardiomyocyte death
induced by hyperosmotic stress

To assess the role of extracellular Ca** in hyperosmotic
stress-induced cardiomyocyte death, different concentra-
tions of EGTA were used to decrease extracellular [Ca2+].
The cardiomyocyte culture media contains 1.8 mM Ca>™.
Addition of up to 1 mM EGTA (final concentration) to the
culture media did not induce cardiomyocyte death, as
determined by cell viability assays and DNA laddering.
Hyperosmotic stress-induced apoptosis was prevented,
however, by addition of 1 mM EGTA (approximately
0.8 mM free Ca®") but not of 0.5 mM EGTA (approxi-
mately 1.3 mM free Ca") to the culture media (Fig. 5a, b).
Higher concentrations of EGTA (2-10 mM final) induced
cardiomyocyte apoptosis even in the absence of hyperos-
motic stress (Fig. 5a, b).
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Fig. 3 Characterization of mitochondrial depolarization induced by
hyperosmotic stress in cultured cardiomyocytes. (a) Cells maintained
in Ca”"-containing Krebs buffer were preloaded for 15 min at 4°C
with rhod2-AM (5.4 uM) to determine mitochondrial Ca*t (black
squares) and then for 30 min at room temperature with fluo3-AM
(5.4 uM) to determine cytoplasmic Ca*t (white circles). Cells were
washed and then stimulated at the time indicated with an arrow with
culture media containing sorbitol [600 mosmol (kg water)”'].
Fluorescent images were collected every 3—5 s with a multi channel
configuration device (channel A for fluo3-AM, excitation 488 nm and
emission 526 nm; channel B for rhod2-AM, excitation 543 nm and
emission 580 nm). (b) Cells, maintained in Ca2+—containing Krebs
buffer were preloaded for 30 min at room temperature with fluo3-AM
(5.4 uM) to determine cytoplasmic Ca”*, washed and stimulated with
Krebs buffer containing 300 or 600 mosmol (kg water) ! sorbitol as
indicated in the figure. (c) Cells, maintained in Ca>*-containing Krebs
buffer were preloaded for 30 min at room temperature with rhod2-
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AM (5.4 uM) to determine mitochondrial Ca**, washed and stimu-
lated with Krebs buffer containing 300, 600 or 900 mosmol (kg
water) ! sorbitol as indicated in the figure. (d, e) Cells maintained in
Ca“—containing Krebs buffer were preincubated with 100 nM
TMRM and then exposed to Ca*"-containing Krebs buffer supple-
mented with 300, 600 or 900 mosmol (kg water)7l sorbitol. Basal
media osmolarity was 290 mosmol (kg water)"'. The uncoupling
agent CCCP (10 uM) was used to fully depolarize the mitochondria.
Representative images of TMRM preloaded cardiomyocytes exposed
to different hyperosmotic solutions are shown in (c¢). The scale bar is
10 pm. TMRM fluorescence was analyzed in the area defined on the
cell shown in the transmitted light image. (f) Cells maintained in
Ca*"-free Krebs buffer and preincubated with 100 nM TMRM were
exposed to Ca”*-free media supplemented with 300 or 600 mosmol
(kg water) ! sorbitol. Results are expressed as relative fluorescence
[(F — Fy)/Fy] and are representative of at least five independent
experiments
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Fig. 4 Hyperosmotic stress triggered cardiomyocyte death, caspase
cascade activation and reduced ATP content in cultured cardiomyo-
cytes. Cardiomyocytes cultured in coverslips were exposed to culture
media containing sorbitol [600 mosmol (kg water) '] and at the
indicated times cells were fixed, blocked with bovine seroalbumin,
incubated with anti apoptosis inducing factor (AIF) antibody (a) or
anti cytochrome c (Cyt c) antibody (b) and revealed with anti mouse
IgG-Alexa488. Nuclei were stained with propidium iodide (PI). Cells
were exposed to hyperosmotic culture media [600 mosmol (kg
water) ! sorbitol] and at different times, total protein extracts were
prepared. (¢) Procaspases and caspases 9 and 3 were detected by

western blot analysis. Gels are representative of five different
experiments. (d) Caspase 9 activity was measured using Ac LEHD-
pNA. (e) Cardiomyocytes were incubated with culture media (control,
white bars), sorbitol (600 mosmol (kg water) ™, gray bars) or sorbitol
supplemented with the pan-caspase inhibitor Z-VAD-fmk (10 uM,
black bars). At different times, viable cells were quantified as
described in Materials and methods. (f) Total ATP content was
measured using the luciferin/luciferase reaction as described in
Materials and methods. Results are given as mean + SEM for four
independent experiments. * P < 0.05 versus 0 min, * P < 0.005
versus sorbitol. The scale bar is 20 pm
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Fig. 5 Participation of extracellular Ca®* in hyperosmotic stress-
induced apoptosis in cultured cardiomyocytes. Cells were incubated
for 24 h in DME:199 (4:1) containing 0-10 mM EGTA with or
without 600 mosmol (kg Water)_l sorbitol (Sor). (a) Cell viability
was determined by the trypan blue exclusion method. (b) DNA
extracted using the chloroform:phenol method was fractionated by
electrophoresis in 2% agarose gels and visualized by ethidium
bromide/UV. The standard corresponds to 100 bp DNA ladder.
Results are given as mean £+ SEM of four independent experiments.

In order to assess the role of the sorbitol-induced
large and oscillatory Ca’" increase on viability and
DNA laddering, cardiomyocytes were pre-incubated
30 min with 1 or 5 uM nifedipine and then exposed to
600 mosmol (kg water) ' sorbitol. A significant decrease
in hyperosmotic stress-induced DNA laddering was
observed in these conditions. However, no change in the
hyperosmotic-induced cardiomyocyte death was detected
(Fig. 5¢c, d).

The association between mitochondrial Ca?" increase
and reduction of ATP content was assessed using 1 mM
EGTA and ruthenium red (RuRed) to inhibit the mito-
chondrial Ca”*" uniporter [33]. Both compounds com-
pletely suppressed the mitochondrial Ca®" increase
produced by hyperosmotic stress (Fig. 6a, b). EGTA and
RuRed also prevented the hyperosmotic stress-induced
reduction in ATP content (Fig. 6¢). These results, suggest
that the reduction in ATP content, hence cell viability, was
due to the mitochondrial collapse induced by mitochondrial
Ca”" increase.
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600 mosmol (kg water)”! sorbitol. Cells were preincubated for
30 min with 1 or 5 uM nifedipine and then exposed for 24 h to
DME:199 (4:1) supplemented with or without 600 mosmol (kg
water) ! sorbitol (Sor). (c) shows cell viability and (d) shows DNA
laddering. Results are given as mean £ SEM of three independent
experiments. * P < 0.05 versus control 0 uM nifedipine; * P < 0.05
versus 0 uM nifedipine plus 600 mosmol (kg water) " sorbitol

The transcription factor CREB is activated by
hyperosmotic stress and is involved in cell survival

We next assessed the participation of CREB as a potential
Ca*"-dependent transcription factor involved in cardio-
myocyte survival. Hyperosmotic stress induced by sorbitol
[600 mosmol (kg Water)_l] increased significantly CREB
phosphorylation (9.6 £ 0.6 fold) after 10 min of incuba-
tion (Fig. 7a). EMSA assays indicated that hyperosmotic
stress induced CREB DNA binding activity after 0.5 h
(Fig. 7b). Supershift analysis showed that the protein-DNA
complex corresponded to CREB (Fig. 7c). Addition of
100-fold excess of non-radioactive oligonucleotide, but not
of a mutant form of the CRE consensus sequence, specif-
ically displaced the radioactive oligonucleotide bound to
CREB, confirming the specificity of the assay (Fig. 7c).
The MEK-1 inhibitor PD98059 (PD), the p38-MAPK
inhibitor SB203580 (SB) and BAPTA-AM all inhibited
hyperosmotic stress-dependent CREB phosphorylation; in
contrast, the PI3-K inhibitor LY294002 (LY), the



Apoptosis (2010) 15:887-903

897

—O— Sor with Ca?*e
—&— Sor + EGTA 1 mM

Sorbitol

3000 -

2000

Mitochondrial Ca?* (Rhod2) >

Relative Fluorescence (AF/F )

(¢
-
N
S

80 4 *

40 4

ATP Content
(% of control)

-+ -+ -+

Control EGTA1 mM RuRed
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30 min with 1 mM EGTA (a) or ruthenium red (RuRed, 1 uM) (b)
Cells were then exposed to Ca®*-containing Krebs buffer plus sorbitol

calmodulin kinase II inhibitor KN62, and the calcineurin
inhibitor CsA had no effect (Fig. 7d). These results indi-
cate that hyperosmotic stress stimulates CREB phosphor-
ylation via Ca®"-dependent pathways that include ERK
and p38-MAPK, and rule out the participation of PI3-K,
calmodulin kinase II and calcineurin on this activation.

To evaluate CREB participation in the survival of
cardiomyocytes upon exposure to hyperosmotic stress, cells
were transduced with an adenovirus overexpressing domi-
nant negative CREB (Ad dnCREB) and incubated with
culture media containing 600 mosmol (kg water) " sorbitol
in the presence and absence of 1 mM EGTA. Levels of
dnCREB expression were verified by Western blot analysis
(Supplementary Fig. 5). A ff-galactosidase overexpressing
adenovirus (Ad LacZ) was used as control. Hyperosmotic
stress induced cardiomyocyte apoptosis in Ad dnCREB and
Ad LacZ transduced cardiomyocytes maintained in non-
EGTA containing culture media, as evidenced by cell via-
bility and DNA laddering (Fig. 8a, b). Yet, Ad dnCREB but
not Ad LacZ abolished the anti-apoptotic effect of 1 mM
EGTA (Fig. 8a, b). These results suggest that CREB is
directly involved in the Ca®*-dependent survival pathways
triggered by hyperosmotic stress.
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[600 mosmol (kg water)"!] at the time indicated with an arrow.
Fluorescent images were collected every 5 s in a confocal microscopy
(excitation 543 nm and emission 580 nm). (¢) Total ATP content was
measured using the luciferin/luciferase reaction as described in
Materials and methods. Results are given as mean £ SEM for four
independent experiments. * P < 0.05 versus control without sorbitol

Discussion

Calcium plays important roles in cardiomyocytes, regu-
lating not only the relaxation—contraction process but also
controlling gene expression [34]. Here, we showed that
Ca”* is also an important mediator in hyperosmotic stress-
induced cardiomyocyte survival and death. Osmotic alter-
ations in the heart during ischemia and reperfusion, dia-
betic coma and septic shock have been described [5]. We
demonstrated here that cardiomyocytes maintained in
Ca”"-containing Krebs—Ringer solution display large and
oscillatory Ca®" signals in response to hyperosmotic stress.
The Ca®" ratiometric probe fura2 yielded a basal F340/
F380 ratio of 0.51 + 0.03 for cardiomyocytes maintained
in Ca®"-containing Krebs buffer. Using in vitro Ca®" cal-
ibration buffers, this ratio corresponds to 102 + 9 nM
[Ca®"). This value is in agreement with previous basal
[Ca2+] values described for neonatal rat ventricular
cardiomyocytes [35, 36].

Hyperosmotic stress prompts a 30% decrease in car-
diomyocyte volume [10]. Our data show that stimulation
induced a fast but discrete Ca’" increase that required
Ca’" influx from the extracellular medium and PLC
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Fig. 7 Activation of CREB by hyperosmotic stress in cultured »

cardiomyocytes. Cells were exposed to culture media containing
sorbitol [600 mosmol (kg water) ']. At the indicated times, total
protein extracts or nuclear and cytoplasmic protein extracts were
prepared. (a) Phosphorylated CREB (P-CREB) and total CREB levels
were determined by western blot using anti phospho-CREB
(p-CREB) or anti CREB polyclonal antibodies, respectively. (b)
Nuclear extracts were obtained from cardiomyocytes incubated in
isosmotic solution (control), or from cardiomyocytes exposed to
hyperosmotic stress [600 mosmol (kg water) ! sorbitol] for 0.5, 1, 1.5,
2 or 4 h. Lane 1 corresponds to a control without nuclear extract.
EMSA was performed as indicated in Materials and methods. (c)
Nuclear extracts were obtained from control cardiomyocytes or from
cells exposed for 1h to hyperosmotic stress (600 mosmol (kg
water) ' sorbitol). Supershift assays were performed using anti CREB
antibody as described in Materials and methods. 100-fold excess of
non-radioactive CRE oligonucleotide (CRE oligo) or 100-fold excess
of a mutant CRE oligonucleotide (mutated oligo) were used as
controls. (d) Cardiomyocytes were preincubated for 30 min with
50 uM PD98059 (PD, MEK-1 inhibitor), 10 pM SB203580 (SB,
p38-MAPK inhibitor), 50 pM LY294002 (LY, PI3-K inhibitor), 1 uM
KN62 (calmodulin kinase inhibitor), 0.5 uM cyclosporin A (CsA,
calcineurin inhibitor) or 100 mM BAPTA-AM (BAPTA, intracellular
Ca" chelating agent) and then incubated under hyperosmotic stress
conditions [600 mosmol (kg water)_1 sorbitol] for 10 min. Results are
given as mean = SEM (n = 3). Gels are representative of three
independent experiments. * P < 0.05 and ** P < 0.01 versus control
ort = 0 min; * P < 0.05 versus 600 mosmol (kg water) ! sorbitol

activity. Noteworthy, PLC activity and IP3 have been
associated with the stimulation of mechanosensitive Ca*"
channels such as TRPV4 [37, 38], suggesting that cell
shrinkage induced by hyperosmotic stress might activate
PLC-dependent mechanosensitive Ca’t channels, that
mediate the initial Ca*" influx component.

The slow, large and oscillatory Ca”" increase induced
by hyperosmotic stress requires Ca®" influx through L-type
Ca”* channels, plus Ca®" release from thapsigargin and
caffeine-sensitive internal stores. Hyperosmotic stress did
not induce large Ca®" transients in cardiomyocytes pre-
treated with xestospongin C or U73122, suggesting that
Ca”" influx is not sufficient by itself to generate these
signals. However, Ca*" influx through L-type Ca*" chan-
nels can trigger Ca®" release from internal stores by
stimulating PLC-dependent IP; generation, which through
subsequent stimulation of ryanodine receptor-mediated
Ca’"-induced Ca*" release (CICR), would generate the
observed large and delayed Ca*" transients. This proposed
sequence of events would explain the inhibitory effects of
nifedipine, xestospongin C, U73122 and ryanodine
(Fig. 9). Therefore, the Ca®>" oscillations observed in
cardiomyocytes exposed to hyperosmotic stress may arise
from cyclic Ca®" release-and-uptake processes. Such Ca®™
oscillations are involved in a wide variety of cellular
functions [39, 40]. As a general rule, Ca>" entry through
voltage-gated channels in electrically excitable cells [41]
activates PLC and the production of IP5. IP; induces Ca®*
release from the endoplasmic reticulum, which promotes

@ Springer

A PCREB

e e R S
(]I J SRR — L
12 .

ek

k%

*%
ek

p-CREB/CREB
(fold)

0 5 10 20 30
Time (min)

L=23
(=}

B Sor c

D (600 mosmol (kg water))
€ = £ <

S o w0
o - -

Without Ab

+ Ab CREB

+ CREB Oligo
+ Mutated oligo

£ w =
o o o~

4 h
& Control

-
.

i

D p-CREB = ol

CREB i Wi e G s Siss Sk e
12

p-CREB/CREB
(fold)

Control . PD SB

LY KN62 CsA BAPTA

Sor (600 mosm (kg water)™)

ryanodine receptor-mediated CICR, and gives rise to Ca®"
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Recent reports have shown that an increase in [Ca®!iin
the vicinity of mitochondria results in significant mito-
chondrial [Ca®"] uptake [43]. The ensuing rise of intra
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Fig. 8 Participation of CREB in hyperosmotic stress-induced sur-
vival pathways in cultured cardiomyocytes. Cells were transduced
with an adenovirus overexpressing dominant negative CREB (Ad
dnCREB at MOI 300). An adenovirus overexpressing LacZ was used
as control (Ad LacZ). Cells were incubated for 24 h in DME:199
(4:1) containing 0-10 mM EGTA with or without 600 mosmol (kg
water)”! sorbitol (Sor). (a) Cell viability was determined by the
trypan blue exclusion method. (b) DNA was extracted using the
chloroform:phenol method, fractionated by electrophoresis in 2%
agarose gels and visualized by ethidium bromide/UV. The standard
corresponds to 100 bp DNA ladder. Results are given as mean £
SEM of four independent experiments. * P < 0.05 versus respective
control (0 mM EGTA without sorbitol); ** P < 0.01 versus respec-
tive control; # P < 0.05 versus Ad LacZ plus 0 mM EGTA plus
600 mosmol (kg water)™" sorbitol

mitochondrial [Ca®*] triggers mitochondrial depolariza-
tion, which produces a decrease in ATP synthesis that
finally ends in cell death (Fig. 9). Our results show that in
cardiomyocytes this process can be suppressed by reducing
extracellular Ca”*, since hyperosmotic stress did not
induce mitochondrial depolarization when lowering extra-
cellular Ca** levels with | mM EGTA.

Mitochondrial Ca>" uptake is an integral part of cellular
Ca”" signaling, actively participating in Ca*" storage [44,
45]. Mitochondria take up Ca’" from the cytoplasm
through an uniporter, and release it through several dif-
ferent mechanisms [46]. However, an increase in mito-
chondrial [Ca”"] can also trigger apoptosis through the

permeabilization of the outer mitochondrial membrane.
Several agents trigger apoptosis through activation of the
Ca”*-mediated mitochondrial permeability transition pore
in various cell types. Such agents include Ca*" ionophores
and thapsigargin, neurotoxins, chemotherapeutics and pro-
oxidants (for example, arachidonic acid and peroxynitrite)
[46-48].

Recently, we described that mitochondria play a major
role in the lethal response of HTC116 and HeLa cells to
hyperosmotic stress [49]. Both cell types display mito-
chondrial dysfunction when exposed to hyperosmotic stress
induced by sorbitol [600 mosmol (kg water) '], with loss
of mitochondrial transmembrane potential, increased
reactive oxygen species generation, and partial permeabi-
lization of the outer mitochondrial membrane leading to
AIF release. Importantly, in HCT116 cells such mito-
chondrial changes are caspase-independent, while in HeLa
cells the process is caspase-dependent [49]. Moreover, a
mitochondrion-targeted Bcl-2 mutant confers strong cyto-
protection against cell death induced by hypertonic stress
[49]. Our present data show that hyperosmotic stress-
induced cardiomyocyte death is a caspase-independent
process, resembling what occurs in HCT116 cells.

Several reports have described that when cells undergo
apoptosis by mitochondrial outer membrane permeabili-
zation, followed by caspase activation promoted by cyto-
chrome c release, the use of caspase inhibitors fails to
rescue cells from death [50]. Here, we observed that inhi-
bition of caspase by Z-VAD treatment did not prevent
hyperosmotic stress-induced cell death and rather increased
sorbitol-induced mortality. These findings are consistent
with previous reports in which Z-VAD enhances caspase-
independent cell death modalities [51-53]. Thus, this
“caspase-independent cell death” may occur as a conse-
quence of mitochondrial failure and/or release of apoptotic
agents from the mitochondria, such as AIF [49, 54]. In our
model, we observed that preincubation of cardiomyocytes
with CsA 0.5 uM, a concentration that inhibits the opening
of the mitochondrial permeability transition pore in cul-
tured cardiomyocytes [55], did not protect cardiomyocytes
against hyperosmotic stress-induced cell death. Moreover,
AIF release by hyperosmotic stress was not detected. An
alternative possibility is that cells die due to the collapse of
mitochondrial function. Supporting this last hypothesis,
Colell et al. [50] described that increased ATP levels
through the activation of glyceraldehyde-3-phosphate
dehydrogenase, hence glycolysis, and enhanced autophagy
cooperate to protect cells from caspase-independent cell
death. Here, we described that hyperosmotic stress induced
a 25% reduction of total ATP content in cardiomyocytes.
Such reduction could be explained by a decrease in ATP
synthesis due to the activation of the polyol pathway, but
also by the collapse of mitochondrial function. The
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Fig. 9 Proposed mechanism for
the generation of Ca*"
transients by sorbitol-dependent
hyperosmotic stress and its
relationship to cardiomyocyte
death and survival. PLC
phospholipase C; IP; inositol-
1,4,5-trisphosphate; IP;R IP;
receptor; RyR ryanodine
receptor type 2; ERK
extracellular signal-regulated
kinase; p38 p38-mitogen
activated protein kinase; CREB
cAMP responsive element
binding protein

N\
|

mitochondrial Ca®" increase induced by hyperosmotic
stress was prevented by previous addition of 1 mM EGTA
to the culture media, as well as by pre-incubation with the
mitochondrial uniporter inhibitor RuRed. Elimination of
the mitochondrial Ca®>" increase significantly reduced the
ATP content decrease caused by hyperosmotic stress.
These results suggest that hyperosmotic stress sequentially
induces Ca** influx, mitochondrial Ca*t increase, reduc-
tion in ATP content and, finally, cell death.

The polyol pathway consists of two enzymes: aldose
reductase, which reduces glucose to sorbitol with the aid of
its cofactor NADPH, and sorbitol dehydrogenase with its
cofactor NAD™, which converts sorbitol to fructose. In
cardiomyocytes, hyperosmotic stress activates the polyol
pathway and induces intracellular sorbitol accumulation, a
compatible osmolyte required for cell volume restoration
upon a hypertonic challenge [10]. During polyol pathway
activation, the lactate/pyruvate ratio (a measure of cyto-
plasmic redox state given by NADH/NAD) is increased
[56, 57]. Hwang et al. proposed that increases in the lac-
tate/pyruvate ratio could be explained by the flux of sub-
strate through sorbitol dehydrogenase (which uses NAD™)
[56]. By competing for NAD™, however, increases in flux
via sorbitol dehydrogenase may decrease flux via glycer-
aldehyde-3-phosphate dehydrogenase, and thus reduce
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ATP synthesis by glycolysis [56, 57]. The involvement of
the polyol pathway is further supported by the observation
that inhibition of aldose reductase by zopolrestat rescued
cardiomyocytes from hyperosmotic stress induced death
[10]. Therefore, cardiomyocyte death induced by hyper-
osmotic stress could be explained by a metabolic collapse
due to ATP reduction (Fig. 9).

We have shown that the complete absence of extracel-
lular Ca** induces cardiomyocyte apoptosis. Culturing
cardiomyocytes in Ca’"-free medium, obtained by the
addition of >2 mM EGTA to culture media containing
1.8 mM Ca*", induced cardiomyocyte death with DNA
laddering. Therefore, extracellular Ca®* concentrations
equal or higher than 0.8 mM are required to maintain
cardiomyocyte viability, probably through the activation of
Ca**-dependent survival pathways.

Surprisingly, the addition of 1 mM EGTA, resulting in
approximately 0.8 mM free Ca®' in the culture media,
prevented the hyperosmotic stress-induced cardiomyocyte
apoptosis. This result can be explained by two possibilities:
a) the decrease in Ca’t availability due to EGTA chelation,
which abolished the large and oscillatory Ca®" signal and
prevented or reduced mitochondrial depolarization; and b)
the activation of Ca®*-dependent survival signaling path-
ways. The first possibility agrees with the observation that
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addition of 1 mM EGTA to obtain 0.8 mM free Ca’",
completely abolished the large and oscillatory Ca®" signal.
The second possibility is in accordance with the fact that
hyperosmotic stress promoted the activation of the tran-
scription factor CREB, which has been associated with cell
survival in neurons and cancer cells [58-60]. CREB
mediates survival by enhancing transcription of anti-
apoptotic bcl-2 family members [61, 62]. Recently we
showed that IGF-1, a pro-hypertrophy anti-apoptotic pep-
tide hormone, activates CREB in cardiomyocytes and
mediates its anti-apoptotic effects [63]. Moreover, CREB is
activated by Ca*"-dependent signaling pathways [64, 65].
We observed a small increase in [Ca®"]i after exposure of
cardiomyocytes maintained in 1 mM EGTA to hyperos-
motic stress. This small Ca®" increase could be responsible
for hyperosmotic stress-induced CREB phosphorylation,
because BAPTA, an intracellular Ca>" chelating agent,
completely suppressed CREB activation. The inactivation
of CREB by overexpression of a dominant negative CREB
completely suppressed the anti-apoptotic effect of 1 mM
EGTA in cardiomyocytes exposed to hyperosmotic stress.
These results suggest therefore, that the anti-apoptotic
effects caused by the addition of 1 mM EGTA are due in
part to CREB activation (Fig. 9).

In summary, our results show that Ca®" plays a dual role
in the response of cardiomyocytes to hyperosmotic stress.
Intracellular Ca®*" transients induced by hyperosmotic
stress trigger pro-apoptotic signals mediated by Ca*"
overload and the ensuing collapse of mitochondrial func-
tion, and simultaneously, Ca** promotes the activation of
CREB as a pro-survival transcription factor.
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