1344
The Journal of Experimental Biology 209, 1344-1354
Published by The Company of Biologists 2006
doi:10.1242/jeb.02134

Extracellular pH changes activate the p38-MAPK signalling pathway in the
amphibian heart
Konstantina Stathopoulou, Catherine Gaitanaki and Isidoros Beis*
Department of Animal and Human Physiology, School of Biology, Faculty of Sciences, University of Athens,
Panepistimioupolis, Athens 157 84, Greece
*Author for correspondence (e-mail: ibeis@biol.uoa.gr)

Accepted 30 January 2006
Summary
We investigated the activation of the p38-MAPK
2·min) and HSP27 phosphorylation (5.33-fold, 2·min) in a
signalling pathway during extracellular pH changes in the
p38-MAPK-dependent manner, as it was inhibited with
mol·l–1 SB203580. Furthermore, immunohistochemical
isolated perfused amphibian heart. Extracellular alkalosis
1·
(pH·8.5 or 9.5) maximally activated p38-MAPK within
studies of the phosphorylated forms of p38-MAPK and
2·min (4.17- and 3.20-fold, respectively) and this effect was
HSP27 revealed that these proteins were localised in the
reversible since the kinase phosphorylation levels
perinuclear region and dispersedly in the cytoplasm of
decreased upon reperfusing the heart with normal
ventricular cells during alkalosis. Finally, alkalosis
Tris–Tyrode’s buffer. Extracellular acidosis also activated
induced the increase of HSP70 protein levels (1.52-fold,
p38-MAPK moderately, but persistently (1.65-fold, at
5·min), but independently of p38-MAPK activation. These
1·min and 1.91-fold, at 60·min). The alkalosis-induced
data indicate that the p38-MAPK signalling pathway is
p38-MAPK activation depended upon the Na+/H+
activated by extracellular pH changes and in the case of
exchanger (NHE) and Na+/K+-ATPase, because it was
alkalosis this activation may have a protective role.
abolished when the NHE inhibitors amiloride and
HOE642 and the Na+/K+-ATPase inhibitor, ouabain, were
used. Our studies also showed that extracellular alkalosis
Key words: alkalosis, acidosis, p38-MAPK, HSP27, amphibian heart,
Rana ridibunda, signal transduction, cellular signalling.
(pH·8.5) induced MAPKAPK2 phosphorylation (2.59-fold,

Introduction
Intracellular pH is a very important physiological parameter
since it affects proper protein folding and, therefore, enzyme
activity and cellular processes, such as protein synthesis (Roos
and Boron, 1981; Fuller et al., 1989; Gaitanaki et al., 1990). In
mammals, intracellular acidosis affects cardiac contractile
function (Jeffrey et al., 1987) and is closely related to
ischemia–anoxia or ischemia/re-oxygenation and the cell death
that these phenomena cause (Webster et al., 1999; Kubasiak et
al., 2002; Lagadic-Gossmann et al., 2004). By contrast,
alkalosis has been reported to be induced during the action of
peptide hormones and growth factors (Klip et al., 1986; Ives
and Daniel, 1987) and is correlated with increases in protein
synthesis rates (Fuller et al., 1989; Gaitanaki et al., 1990),
transport of proteins to certain organelles (Khaled et al., 1999)
and programmed cell death (Lagadic-Gossmann et al., 2004).
The above-mentioned physiological changes can be affected
through the process of signal transduction. Among the most
important signalling pathways are those involving the mitogen
activated protein kinases (MAPKs). This kinase family is
divided into four subfamilies: the ERKs, the JNKs, the p38-

MAPK and the BMK1/ERK5 (for a review, see Kyriakis and
Avruch, 2001). p38-MAPK is activated by dual
phosphorylation at the Thr and Tyr residues of the Thr-GlyTyr motif which lies at the activation loop of the molecule
(Davis, 1994). The p38-MAPK activation can be induced by
cytokines (Freshney et al., 1994; Goedert et al., 1997), or
oxidative (Clerk et al., 1998; Gaitanaki et al., 2003) and
mechanical (Aggeli et al., 2001b; Aikawa et al., 2001) stresses.
The substrates of p38-MAPK are cytoplasmic proteins and
other kinases such as the MAPK-activated protein kinases 2 and
3 (MAPKAPK2 and 3) or transcription factors (Stokoe et al.,
1992; Rouse et al., 1994; Han et al., 1997; Thuerauf et al., 1998).
In addition, known substrates for p38-MAPK are members of
the heat shock family, such as HSP27, which are part of the
protein folding machinery of the cell, helping proteins to acquire
their proper conformation and maintain this under stressful
conditions (Snoeckx et al., 2001; Sreedhar and Csermely, 2004).
For the small heat shock protein HSP27 a growing body of
evidence supports its participation in the p38-MAPK signalling
pathway (Stokoe et al., 1992; Rouse et al., 1994; Gaitanaki et
al., 2003) and its contribution to stabilising the cytoskeleton and
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protecting the cells against damage (Huot et al., 1996;
Concannon et al., 2003; Sreedhar and Csermely, 2004).
p38-MAPK signalling pathway has been extensively studied
in the mammalian heart since it is implicated in hypertrophy
(Wang et al., 1998) and the negative effects of
ischemia/reperfusion (Yin et al., 1997; Kaiser et al., 2004).
However, it is interesting to study this pathway in other
vertebrate systems, which differ structurally and
physiologically from mammals. Such a system is the
amphibian heart, and recent studies in our laboratory have
shown that amphibian heart p38-MAPK is activated by ␣1- and
␤-adrenergic agonists, hyperosmotic, mechanical and
oxidative stress (Aggeli et al., 2001a; Aggeli et al., 2001b;
Aggeli et al., 2002a; Aggeli et al., 2002b; Gaitanaki et al.,
2003). Contrary to the mammalian heart, frog heart p38MAPK is not activated by anoxia or anoxia/re-oxygenation
(Aggeli et al., 2001a) as amphibians frequently encounter
hypoxic environmental conditions and therefore they have
adapted.
In the present study we investigated the time-dependent
activation of the amphibian heart p38-MAPK pathway during
changes in the extracellular pH value. We used two pH values
for alkalosis, a moderate one (8.5) and an extreme one (9.5),
and a pH value for acidosis (6.5) that is not very severe for the
frog cells. We also investigated the effect of the p38-MAPK
specific inhibitor SB203580 and the impact of inhibiting
Na+/H+ exchanger (NHE) (by using amiloride and HOE642)
and Na+/K+-ATPase (by using ouabain) on the alkalosisinduced phosphorylation of p38-MAPK. What is more, we
examined the effects of alkalosis on the MAPKAPK2 and
HSP27 phosphorylation and the protein levels of the chaperone
HSP70 and investigated whether any of these changes are p38MAPK dependent.
Our results provide the first evidence that the amphibian
heart p38-MAPK signalling pathway is activated by changes
in the extracellular pH and that this activation seems to be
protective for the cardiac cells.
Materials and methods
Materials
Most biochemicals used were from Applichem GmbH
(Ottoweg 10b, D-64291 Darmstandt, Germany). The enhanced
chemiluminescence kit was from Amersham International
(Uppsala, Sweden) and the alkaline phosphatase Kwik kit was
from Lipshaw (Pittsburgh, PA, USA). Bradford protein assay
reagent was from Bio-Rad (Hercules, CA, USA). Nitrocellulose
(0.45·m) was purchased from Schleider & Schuell (Keene,
NH, USA). Isopentane (#1.06056) was from Merck (64271
Darmstandt, Germany). The p38-MAPK inhibitor SB203580
was obtained from Alexis Corporation (CH-4415 Lausen,
Switzerland) and stock solutions (10·mmol·l–1) were prepared
in dimethyl sulfoxide (DMSO). Ouabain (O 3125; a Na+/K+ATPase inhibitor) and amiloride hydrochloride hydrate (A
7410; a NHE1 inhibitor) were purchased from Sigma Chemical
Co (St Louis, MO, USA). HOE642, a NHE1 inhibitor, was

kindly provided by Aventis Pharma Deutschland GmbH. Stock
solutions of amiloride (75·mmol·l–1) and HOE642
(50·mmol·l–1) were prepared in DMSO, whereas ouabain was
directly diluted in the perfusion buffer.
Rabbit polyclonal antibodies specific for the total and the
dually phosphorylated p38-MAPK (#9212 and #9211,
respectively), total and phosphorylated (Thr 334) MAPKAPK2
(#3042 and #3041, respectively), phosphorylated (Ser 82)
HSP27 (#2401) and total HSP70 (#4872) were purchased from
Cell Signaling Technology Inc. (Beverly, MA, USA). Antiactin antibody (A2103) was from Sigma Chemical Co. Prestained molecular mass markers were from New England
Biolabs (P7708S; Ipswich, MA, USA). Biotinylated anti-rabbit
antibody was from DAKO A/S (Glostrup, Denmark). XOMAT AR 13·cm⫻18·cm and Elite chrome 100 film were
purchased from Eastman Kodak Company (New York, NY,
USA).
Animals
Frogs (Rana ridibunda Pallas) weighing 120–150·g were
caught in the vicinity of Thessaloniki, Greece and supplied by
a local dealer. They were kept in containers in fresh water and
received humane care in accordance to the Guidelines for the
Care and Use of Laboratory Animals published by the Greek
Government (160/1991) based on EC regulation (86/609).
Heart perfusions
Hearts were perfused with the non-recirculating
Langendorff mode at a pressure of 4.5·kPa (31.5·mmHg) and
at 25°C using a water-jacketed apparatus. Perfusions were
conducted with two different Tyrode’s solutions with different
pH values. For perfusing hearts under alkaline conditions
(pH·8.5 or 9.5) a Tris–Tyrode’s buffer consisting of
10·mmol·l–1 Tris, 140·mmol·l–1 NaCl, 6·mmol·l–1 KCl,
1·mmol·l–1 MgCl2, 1.8·mmol·l–1 CaCl2 and 25·mmol·l–1
glucose was used. Perfusions under acidic conditions (pH·6.5)
were conducted with a MES–Tyrode’s buffer which contained
10·mmol·l–1 MES, 120·mmol·l–1 NaCl, 6·mmol·l–1 KCl,
1·mmol·l–1 MgCl2, 1.8·mmol·l–1 CaCl2 and 25·mmol·l–1
glucose. pH was adjusted to 6.5 with NaOH and the
appropriate quantity of NaCl was added for a final
concentration of 140·mmol·l–1. Both buffers were gassed
throughout the experiments with 100% O2. Hearts were first
equilibrated with the corresponding solutions at normal pH
(7.35) for 30·min and then perfused at the specified conditions
for periods of time ranging from 1·min to 60·min.
In addition, hearts perfused for 15·min with 0.5·mol·l–1
sorbitol (in either of the above-mentioned solutions with a
physiological pH of 7.35) after the equilibration period were
used as positive controls (Aggeli et al., 2001a). Perfusions
were also conducted in the presence of different ion channel
inhibitors (100·mol·l–1 amiloride, 5·mol·l–1 HOE642 or
100·mol·l–1 ouabain) or in the presence of the specific p38MAPK inhibitor SB203580 (1·mol·l–1), during both the
equilibration period and the perfusion with an alkaline (pH·8.5)
Tyrode’s buffer for 2·min.
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At the end of the perfusions, atria were removed and
ventricles, after being immersed in liquid N2, were pulverized
under liquid N2. Powders were stored at –80°C.
Tissue extractions
Heart powders were homogenized with 3·ml·g–1 of buffer
[10·mmol·l–1 Hepes, pH·7.9, 10·mmol·l–1 KCl, 0.1·mmol·l–1
EGTA, 0.1·mmol·l–1 EDTA, 1.5·mmol·l–1 MgCl2, 10·mmol·l–1
NaF, 1·mmol·l–1 Na3VO4, 20·mmol·l–1 ␤-glycerophosphate,
0.5·mmol·l–1 phenyl methyl sulfonyl fluoride (PMSF),
1·mmol·l–1 dithithreitol (DTT), 4·g·ml–1 aprotinin, 2·g·ml–1
leupeptin] and extracted on ice for 30·min. The samples were
centrifuged (10·000·g, 10·min, 4°C) and the supernatants
boiled with 0.33 volumes of sodium dodecyl
sulphate–polyacrylamide
electrophoresis
(SDS–PAGE)
sample buffer [0.33·mol·l–1 Tris–HCl, pH·6.8, 10% (w/v) SDS,
13% (v/v) glycerol, 20% (v/v) 2-mercaptoethanol, 0.2% (w/v)
bromophenol blue]. Protein concentrations were determined
using the Bio-Rad Bradford assay.
SDS–PAGE and immunoblot analysis
Proteins were separated by SDS–PAGE on 10% (w/v) or
15% (w/v) acrylamide, 0.275% (w/v) bis-acrylamide slab gels
and transferred electrophoretically onto nitrocellulose
membranes (0.45·m). Membranes were then incubated in
TBS-T [20·mmol·l–1 Tris–HCl, pH·7.6, 137·mmol·l–1 NaCl,
0.05% (v/v) Tween 20] containing 1% (w/v) bovine serum
albumin (BSA) for 30·min at room temperature. The
membranes were subsequently incubated with the appropriate
primary antibody according to the manufacturer’s instructions.
After washing in TBS-T (4⫻5·min), membranes were
incubated with horseradish peroxidase-conjugated secondary
antibody [1:5000 dilution in TBS-T containing 1% (w/v) BSA;
1·h at room temperature]. The blots were then washed again in
TBS-T (4⫻5·min), and the bands were detected using the
enhanced chemiluminescence (ECL) reaction with exposure to
X-OMAT AR films. Blots were quantified by laser scanning
densitometry.
Immunolocalisation of phospho-p38-MAPK and phosphoHSP27
At the end of the perfusion atria were removed and
ventricles were immersed in isopentane pre-cooled in liquid
N2, and stored at –80°C. Tissues were sectioned (5–6·m
thickness) using a cryostat, fixed with ice-cold acetone for
10·min and stored at –30°C until use. Tissue sections were first
washed in TBS-T [containing 0.1% (v/v) Tween 20] and then
incubated with 3% (w/v) BSA in TBS-T for 1·h at room
temperature. Subsequently, sections were incubated overnight
with the primary antibodies specific for phospho-p38-MAPK
and phospho-HSP27 (1:200 dilution in 3% (w/v) BSA in TBST) at 4°C, according to the method previously described
(Aggeli et al., 2002a). All sections were immunostained by the
alkaline phosphatase method using a Kwik kit according to the
manufacturer’s instructions. The alkaline phosphatase label
was visualized by exposing the sections to Fast Red

chromogen, and nuclei were counterstained with
Haematoxylin. Slides were mounted, examined with a Zeiss
Axioplan microscope and photographed with a Kodak Elite
chrome 100 film.
Statistical analysis
All data are presented as means ± s.e.m. Comparisons
between control and treatments were performed using the
unpaired Student’s t-test. A value of P<0.05 was considered to
be statistically significant. Kinase and HSP27 phosphorylation
levels or HSP70 protein levels were normalised against total
protein levels and in ‘control’ hearts were set at 1, whereas the
stimulated kinase and HSP27 phosphorylation or HSP70
protein levels in treated hearts were expressed as ‘fold’
activation or increase over control hearts.
Results
As the first step in the present study we examined the
phosphorylation (hence activation) of p38-MAPK induced by
alkalosis in the isolated amphibian heart. It is widely known
that p38-MAPK is activated by dual phosphorylation of Thr
and Tyr residues within the Thr-Gly-Tyr motif (Kyriakis and
Avruch, 2001) and this can be monitored by immunoblot
analysis using a specific antibody that recognizes this dually
phosphorylated form of the kinase.
Perfusion of the amphibian heart with Tyrode’s buffers of
different alkaline pH values, for increasing periods varying
from 1 up to 60·min, resulted in a strong but transient increase
of p38-MAPK phosphorylation levels. In particular, pH·8.5,
induced a rapid and intense p38-MAPK phosphorylation
(within 1·min), with a maximum value attained within 2·min
(~4.17±0.89-fold relative to control hearts perfused with
Tris–Tyrode’s buffer pH·7.35, P<0.05) and progressively
declined thereafter, reaching control values at 60·min of
treatment (Fig.·1A top, B). As a positive control, extract from
hearts perfused for 15·min with 0.5·mol·l–1 sorbitol diluted in
the corresponding normal Tris–Tyrode’s solution (pH·7.35)
was used (Fig.·1A top, B). In addition, reperfusing the heart
following the maximal activation time-point, for increasing
periods (varying from 2 up to 60·min), showed that this p38MAPK activation was sustained for at least 5·min after the
onset of the reperfusion, with a progressive decline thereafter,
reaching control values within 30·min of reperfusion (Fig.·1C
top, D). This result indicates that the phosphorylation of the
kinase induced by alkalosis was reversible. Furthermore,
SB203580 (1·mol·l–1), a selective p38-MAPK inhibitor,
abolished the alkalosis-induced phosphorylation of the kinase
(Fig.·2A top, B). Equivalent protein loading was confirmed by
probing identical samples with antibodies recognizing the total
p38-MAPK (Fig.·1A bottom) or actin (Fig·1C bottom, Fig·2A
bottom) protein levels.
Using a more alkaline Tris–Tyrode’s perfusion buffer
(pH·9.5), p38-MAPK was activated in a similar but less intense
manner (maximum at 2·min, ~3.20±0.46-fold relative to
control values, P<0.05) (Fig.·3A top, B).
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Fig.·1. Phosphorylation of p38-MAPK by extracellular alkalosis (pH·8.5). (A) Protein (50·g) from Rana ridibunda hearts perfused without
(Co) or with Tris–Tyrode’s buffer (pH·8.5) for the times indicated was assessed by immunoblot analysis using a phosphospecific anti-p38MAPK antibody (top) or total p38-MAPK antibody as a control for equal loading (bottom). Extract from hearts perfused with 0.5·mol·l–1 sorbitol
(Sor) for 15·min was used as a positive control. (C) Time course of p38-MAPK phosphorylation induced by reperfusing hearts subjected to
extracellular alkalosis (pH·8.5, 2·min; top). Equal loading was assessed by blotting identical samples with an anti-actin-specific antibody
(bottom). (B,D) Densitometric analysis of phospho-p38-MAPK bands by laser scanning. Values are means ± s.e.m. for three independent
experiments performed with similar findings. *P<0.05, **P<0.01, †P<0.001 vs control value.

By contrast, extracellular acidosis (pH·6.5) induced the p38MAPK phosphorylation in a different time-dependent manner.
The kinase was moderately activated, but this activation was

prolonged (at 1·min: ~1.65±0.02-fold relative to control
values, P<0.001; at 60·min: ~1.91±0.08-fold relative to control
values, P<0.01) (Fig.·3C top, D). Extract from hearts perfused
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as previously, using a p38-MAPK antibody (bottom). As a positive control, extract from hearts perfused with 0.5·mol·l–1 sorbitol (Sor) for
15·min was used. (B,D) Densitometric analysis of phospho-p38-MAPK bands by laser scanning. Results are means ± s.e.m. for three independent
experiments. *P<0.05, **P<0.01, †P<0.001 vs control value.

for 15·min with 0.5·mol·l–1 sorbitol diluted in the
corresponding normal MES–Tyrode’s (pH·7.35) buffer was
also used as a positive control. Total p38-MAPK levels of
identical samples were detected so as to confirm the equivalent
protein loading (Fig.·3C bottom).
We next investigated whether the alkalosis-induced
activation of p38-MAPK depends on proteins, which are
involved in the cellular pH regulation. Such proteins are NHE
and Na+/K+-ATPase, which regulate pH directly or indirectly,
respectively (Hoffmann and Simonsen, 1989; Bers et al.,
2003). In order to assess their role in the p38-MAPK activation
by extracellular alkalosis, we perfused amphibian hearts with
normal and alkaline (pH·8.5) Tris–Tyrode’s solutions in the
presence of the following inhibitors: HOE642 (5·mol·l–1) and
amiloride (100·mol·l–1), so as to inhibit the NHE, and ouabain
(100·mol·l–1) to inhibit the Na+/K+-ATPase. These results
showed that all three inhibitors used alone induce a significant
phosphorylation of the kinase (Fig.·4A top, B). However, when
the apparent phosphorylation levels were subtracted from the
ones obtained during extracellular alkalosis (pH·8.5, 2·min) in
the presence of the inhibitors mentioned above, the net effect
was that amiloride and HOE642 abolished the alkalosisinduced phosphorylation of the kinase, while the inhibition

exerted by ouabain was partial (Fig.·4C). From the three
inhibitors used, the most effective in down-regulating the
alkalosis-induced p38-MAPK activation seemed to be
HOE642 (Fig.·4C).
We also examined the phosphorylation state of two potent
members of the p38-MAPK signalling pathway, MAPKAPK2
and HSP27, under alkaline conditions. MAPKAPK2 has been
established as a direct substrate of p38-MAPK, whereas
HSP27 is phosphorylated at up to three sites (Ser15, Ser78 and
Ser82) by MAPKAPK2 and the related kinase MAPKAPK3.
Therefore, we conducted an immunoblot analysis using
antibodies specifically raised against the phosphorylated
forms of MAPKAPK2 (Thr334) and HSP27 (Ser82). The
results of these experiments revealed that extracellular
alkalosis (pH·8.5) induced a rapid phosphorylation of
MAPKAPK2, which was maximized within 2·min
(~2.59±0.28-fold relative to control values, P<0.01) and
declined thereafter, reaching control values within 30·min of
treatment (Fig.·5A top). As a positive control, extract from
hearts perfused with 0.5·mol·l–1 sorbitol for 15·min was used
(Fig.·5A top) and equal loading was assessed with an antiMAPKAPK2 antibody (Fig.·5A bottom).
Extracellular alkalosis induced a significant increase in
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Fig.·6. Phosphorylation of HSP27 induced by extracellular alkalosis (pH·8.5) and effect of the p38-MAPK specific inhibitor SB203580.
(A) Protein (100·g) from hearts perfused without (Co) or with a Tris–Tyrode’s buffer of pH·8.5 for 2·min in the presence or absence of
1·mol l–1 SB203580 was used to perform western blot analysis with antibodies specific for the phosphorylated HSP27 (top) or actin (bottom).
(B) Densitometric analysis of phospho-HSP27 by laser scanning. Values are means ± s.e.m. for three independent experiments. *P<0.05 vs
control value.

Tris–Tyrode’s buffers of pH 8.5 or 9.5. After the removal of
atria, the ventricle was sectioned and the respective specimens
were processed using antibodies specific for the

phosphorylated forms of p38-MAPK and HSP27. In control
hearts, slight immunoreactivity was observed for both of the
proteins (Fig.·7A,D), corresponding to their basal levels,

Fig.·7. Immunohistochemical localisation of phospho-p38-MAPK (A–C) and phospho-HSP27 (D–F) in the ventricle of isolated amphibian heart
perfused with Tris–Tyrode’s perfusion buffers of various pHs: a normal (control heart) (A,D) or alkaline [(B,E), pH·8.5 or (C,F), pH·9.5] for
2·min. Cryosections were incubated with a phosphospecific anti-p38-MAPK (1:200 dilution) or a phosphospecific anti-HSP27 (1:200 dilution)
antibody and processed as described in Materials and methods. Immunolocalisation deposits were visualized with Fast Red chromogen.
Representative photographs of three independent experiments are shown. Green arrows indicate the perinuclear localisation. Scale bars, 20·m.
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whereas no immunostaining was detected in specimens
incubated either with the secondary antibody or with the
chromogen alone (data not shown). However, in specimens
perfused with either of the alkaline Tris–Tyrode’s buffers
strong immunoreactive staining for the phosphorylated p38MAPK was observed within the cytoplasm as well as in the
perinuclear region (green arrows; Fig.·7B,C). The antiphospho-HSP27 antibody produced a similar pattern of
phospho-HSP27 immunostaining, with immunocomplexes in
the perinuclear region and also widely dispersed in the
cytoplasm (Fig.·7E,F).
Furthermore, raising the extracellular pH caused a
moderate and transient increase in the levels of HSP70,
another heat shock protein, which participates in the
protection of the cell against stress (Snoeckx et al., 2001).
This increase was significant within the first 5·min of
treatment (~1.52±0.18-fold relative to control values,
P<0.05) and declined immediately thereafter (Fig.·8A,B).
However, this induction in the HSP70 protein levels did not
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Fig.·8. Measurement of HSP70 protein levels by immunoblot analysis
under extracellular alkaline (pH·8.5) conditions. (A) Protein (50·g)
from hearts perfused with a Tris–Tyrode’s solution of pH·8.5 for the
indicated times was immunoassayed with an anti-HSP70 antibody.
Co, control. (B) Densitometric analysis of HSP70 bands by laser
scanning. Results are means ± s.e.m. for three independent
experiments. *P<0.05 vs control value. (C) Effect of the p38-MAPK
specific inhibitor SB203580 (1·mol·l–1) on the protein levels of
HSP70 in the presence of extracellular alkalosis.

seem to be p38-MAPK dependent, as treatment with
SB203580 did not influence this response (Fig.·8C).
Discussion
Ectotherms, like amphibians, are subjected to greater
environmental pressures than endotherms as a result of their
distinct physiology. Among the physiological parameters that
are affected by fluctuations in environmental conditions, such
as temperature, osmolarity and oxygen availability is the
intracellular pH. Since pH is important for normal cellular
function, it is of great importance for cell survival. In
particular, in cardiac myocytes, the mobility of H+ is low, and
it could be suggested that significant intracellular pH gradients
can arise when a local pH disturbance occurs in these cells
(Swietach and Vaughan-Jones, 2005a; Swietach and
Vaughan-Jones, 2005b). The development of such gradients
may have important implications for pH-sensitive processes
within ventricular myocytes, such as contraction (Jeffrey et
al., 1987).
In the mammalian and amphibian heart, stressful conditions
can activate intracellular signalling pathways including that of
p38-MAPK (Clerk et al., 1998; Aikawa et al., 2001; Gaitanaki
et al., 2003). However, its role in cell survival is contradictory;
depending on the system and the stimulus it is either protective
or apoptotic (Wada and Penninger, 2004).
In the present study we investigated the effect of
extracellular pH changes on the activation of the p38-MAPK
signalling pathway in the heart of the amphibian Rana
ridibunda. Previous studies in the mammalian heart have
shown that extracellular pH changes by 1.0 unit cause
respective alterations in the intracellular pH values by
approximately 0.25 units (Fuller et al., 1989; Zheng et al.,
2005). Even though extracellular pH changes of such
magnitude are unlikely to occur in vivo, with the exception of
some pathological states, we used them in the aforementioned
context i.e. to induce changes in the intracellular pH of the
amphibian cardiac cells.
Our results indicate that p38-MAPK activation in the
amphibian heart follows a different pattern according to the
type of extracellular pH change. Acidosis at pH·6.5 caused a
moderate but prolonged phosphorylation of the kinase (Fig.·3),
whereas alkalosis-induced p38-MAPK activation was intense
and transient (Figs·1, 3). What is more, p38-MAPK
phosphorylation was greater when we used mild (pH·8.5)
rather than extreme (pH·9.5) alkalosis (Figs·1, 3) indicating
that the stimulus intensity is also important for the kinase
activation. The results for alkalosis were supported by
immunolocalisation studies where the immunocomplexes of
phospho-p38-MAPK were found both diffusely in the
cytoplasm and in the perinuclear region (Fig.·7). The alkalosisinduced phosphorylation of p38-MAPK was reversible and this
was shown with reperfusion experiments using a normal
Tris–Tyrode’s solution after perfusing hearts with an alkaline
(pH·8.5) buffer for 2·min (Fig.·1). The fact that the kinase
activation did not reach control values immediately, but only
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after 30·min of reperfusion, can be attributed to the delayed
restoration of the normal acid–base balance in the cell.
The apparent differences in the activation of p38-MAPK
during acidosis and alkalosis reveal the specificity of the
pathway in the amphibian heart; it is mainly activated by
alkalosis and not acidosis. This result is significant
physiologically since acidosis is closely related to hypoxia
(Webster et al., 1999; Kubasiak et al., 2002), an
environmental condition that amphibians frequently confront
in nature and to which they have adapted. In support of this,
previous studies in our laboratory showed that amphibian
p38-MAPK
was
not
activated
by
anoxia
or
anoxia/reoxygenation (Aggeli et al., 2001a). However, the
moderate p38-MAPK activation induced by acidosis may
indicate that the amphibian ventricular myocytes are in a
‘stand-by’ condition possibly prepared for a more severe
stress stimulus. Alkalinization, on the other hand, is
associated with the effects of ␣1-adrenergic stimulation
(Fuller et al., 1991) and hypertonic stress (Befroy et al.,
1999), stimuli known to activate p38-MAPK in the
amphibian heart (Aggeli et al., 2002a; Aggeli et al., 2002b).
In agreement with our results, extracellular acidosis at
pH·6.5 also caused a moderate activation of the p38-MAPK
in mammalian cardiomyocytes (Zheng et al., 2005).
However, when these authors used a more severe
extracellular acidosis (pH·5.5) p38-MAPK activation was
more prominent. In addition, exposure of rat skeletal muscles
to respiratory acidosis did not increase p38-MAPK
phosphorylation (Wretman et al., 2001), whereas acidic
extracellular medium activated the kinase in LLC-PK1FBPase+ cells (Feifel et al., 2002), mouse melanoma cells
(Kato et al., 2005) and Barrett’s oesophageal adenocarcinoma
cells (Sarosi, Jr et al., 2005).
As far as alkalosis is concerned, studies on p38-MAPK
activation have shown that weak base-induced intracellular
alkalinization in U937 cells (Shrode et al., 1997) and perfusion
of rat hearts with alkaline Tris–Tyrode’s buffer (C. Gaitanaki
and I. Beis, unpublished data) activated the kinase. By contrast,
experiments by Susa and Wakabayashi (Susa and
Wakabayashi, 2003) using vascular smooth muscle cells
showed that p38-MAPK was not activated by extracellular
alkalosis. However, the maximum pH value used in the
previous study was 7.9 and this might not be as intense as it is
required for p38-MAPK activation. These results indicate that
p38-MAPK activation by extracellular pH changes depends on
the kind and severity of the stimulus and the cell type.
Moreover, the specificity of the alkalosis-induced p38MAPK phosphorylation in our model is evident from the fact
that it was abolished by SB203580, a specific kinase inhibitor
(Fig.·2). SB203580 is known to react with the mammalian p38MAPK alpha and beta isoforms (Kumar et al., 2003),
indicating that the corresponding isoforms are the ones
detected in the R. ridibunda heart. These isoforms have been
shown to be either anti- or proapoptotic in the mammalian
heart (Wang et al., 1998; Clerk et al., 2003; Kumar et al.,
2003). Therefore, it was intriguing to investigate whether

alkalosis-induced p38-MAPK activation is implicated or not in
cell survival in our experimental model. For this reason, we
tried to assess the effects of alkalosis on the heat shock proteins
HSP27 and HSP70 that are generally known to be protective
for the cardiac cell, and we also investigated whether any of
these effects were p38-MAPK dependent.
The small heat shock protein HSP27 is a MAPKAPK2
substrate (Stokoe et al., 1992; Rouse et al., 1994) and is
implicated in cytoprotection as it interacts with F-actin fibres
and helps in cytoskeleton stabilization under stressful
conditions (Huot et al., 1996). Furthermore, HSP27 prevents
cytochrome c release from mitochondria and its integration in
the apoptosome, thereby interfering with the mitochondrial
apoptotic pathway (Bruey et al., 2000; Paul et al., 2002). In a
previous study we showed that oxidative stress-induced
MAPKAPK2 and HSP27 phosphorylation in the amphibian
heart is p38-MAPK dependent (Gaitanaki et al., 2003).
Similarly, alkalosis-induced activation of MAPKAPK2
followed the activation pattern of p38-MAPK (Fig.·5) and
HSP27 phosphorylation increased immediately after perfusion
of hearts with the alkaline Tyrode’s buffer, a response that was
abolished by the p38-MAPK-specific inhibitor SB203580
(Fig.·6). The previous result was in accordance with
immunohistochemical studies (Fig.·7), which showed that the
phosphorylated form of HSP27 was localised in the cytoplasm
and the perinuclear region immediately after the extracellular
alkalosis stimulus, a pattern similar to that observed for
phospho-p38-MAPK. Therefore, alkalosis induces a direct
pathway from p38-MAPK to MAPKAPK2 to HSP27, which
might be protective for cardiac cells.
The other heat shock protein examined was HSP70. HSP70
comprises a family of molecular chaperones that are divided
into constituent and inducible isoforms, all of which are
important for cardioprotection under conditions of stress
(Snoeckx et al., 2001). HSP70 family members function in the
preservation of proper protein conformation and promote the
degradation of abnormally folded proteins (Sreedhar and
Csermely, 2004). In addition, they participate in the folding
of the newly synthesized proteins and this might be significant
in the case of alkalosis since previous studies have shown that
this stimulus increases protein synthesis in the mammalian
heart (Fuller et al., 1989; Fuller et al., 1991). In our system,
alkalosis induced a slight, but significant, increase in HSP70
protein levels. This response was rapid and transient and it
seemed to follow the p38-MAPK activation. However,
SB203580, the specific p38-MAPK inhibitor, did not affect
the increase in HSP70 protein levels induced by alkalosis
(Fig.·8) and therefore this response was p38-MAPK
independent.
We finally tried to examine whether the alkalosis-induced
activation of p38-MAPK is affected by pH regulating
mechanisms. Intracellular pH regulation is mainly exerted
through channels such as the sarcollemal NHE, which
exchanges intracellular H+ for Na+, and the Na+/K+-ATPase
pump, which has an indirect impact on intracellular pH
regulation as it affects NHE function by extruding the extra
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Na+ accumulated in the cell (Hoffmann and Simonsen, 1989;
Bers et al., 2003). Inhibition of the basal activity of NHE with
amiloride and HOE642 attenuated the alkalosis-induced
activation of p38-MAPK, and inhibition of Na+/K+-ATPase
with ouabain caused a partial inhibition (Fig.·4). The almost
complete decrease in the alkalosis-induced p38-MAPK
activation by NHE inhibition might be due to the local increase
in intracellular H+ concentration which counteracts the effects
of alkalinization, whereas the partial inhibition effected by
ouabain might be due to the indirect nature of pH regulation
by Na+/K+-ATPase. The fact that all the inhibitors alone
activated p38-MAPK (Fig.·4) could be attributed to the
communication of the corresponding channels with signal
transduction pathways as is the case for Na+/K+-ATPase
(Kometiani et al., 1998; Xie, 2003).
In conclusion, extracellular pH changes differentially
activate p38-MAPK in the amphibian heart. The diverse
patterns of p38-MAPK activation by acidosis and alkalosis
reflect the physiological adaptations of amphibians to their
natural environment. In the case of alkalosis, protective cellular
mechanisms, in the form of the molecular chaperones HSP27
and HSP70, are triggered. This protection can be assumed to
have two aspects: protection of the existing proteins from
misfolding caused by alterations in cellular pH and promotion
of the nascent polypeptide chains’ proper conformation, since
alkalosis increases the protein synthesis rate (Fuller et al.,
1989; Fuller et al., 1991). p38-MAPK is implicated in these
cell survival mechanisms through the small heat shock protein
HSP27 which lies downstream in the kinase signalling
pathway.
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