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Summary
We assessed the activation of p38-MAPK (mitogen- phosphorylation of the kinase, by four- and 7.5-fold,
activated protein kinase) by osmotic and thermal stresses respectively, relative to control values.
in the isolated perfused amphibian Rana ridibundg heart. ~ Immunohistochemical studies elucidated the localisation

Hyperosmotic stress induced the rapid activation of pattern of phospho-p38-MAPK and also revealed
the kinase. In particular, in the presence of 0.5mott  enhanced atrial natriuretic peptide (ANP)
sorbitol, p38-MAPK was maximally phosphorylated (by immunoreactivity in osmotically stressed hearts.

approximately twelvefold) at 15min, while excess of NaCl
(206 mmol 1 final concentration) or KCI (16 mmol I-1 final

Interestingly, SB 203580 (fimoll-1) not only completely
blocked the activation of p38-MAPK by all these

concentration) stimulated a less potent activation,
maximised (by approximately eightfold and fourfold)
within 2min and 30s, respectively, relative to control
values. The effect of all three compounds examined was
reversible, since the kinase phosphorylation levels

interventions, but also abolished the enhanced ANP
immunoreactivity induced by 0.5molt? sorbitol. These
findings indicate the possible involvement of ANP in the
mechanisms regulating responses under such stressful
conditions.

decreased upon reperfusion of the heart with normal
bicarbonate-buffered saline. Conversely, hypotonicity did
not induce any p38-MAPK activation. Furthermore, both
hypothermia and hyperthermia induced considerable

Keywords: p38-MAPK, osmotic stress, thermal stress, atrial
natriuretic peptide, immunolocalisation, amphibian he&gna
ridibunda

Introduction

In  physiologically stressful situations, survival of Evaporation, which links water and temperature regulation,
vertebrates is dependent upon uninterrupted heart functiolimits amphibian activity in time and space (Pough, 1983;
Cardiac muscle is therefore particularly interesting because #fatz et al., 1986). As it is well established that osmolarity and
its ability to maintain pump performance even under extremgemperature constitute severe environmental constraints on
conditions. Hearts of ectotherms face a far greater range oérdiac function in ectothermic animals, we examined the
environmental variants, such as osmolarity and temperatureffect of hyperosmotic and thermal stresses on a classical
than those of endotherms (for reviews, see Driedzic andtress-responsive’ protein kinase, p38-MAPK, in the isolated
Gesser, 1994; Pinder et al., 1992). Thus, the amphibian hegerfused amphibian heart.
represents an excellent experimental model for the elucidation Mitogen-activated protein kinases (MAPKSs) are members
of the physiological and molecular mechanisms involved in thef a major intracellular signal transduction pathway that has
response to osmotic and thermal stress. been demonstrated to play an important role in various

Osmolarity and temperature are two variables thaphysiological processes (Seger and Krebs, 1995; Robinson
characterise the physiological environment and havand Cobb, 1997; Widmann et al., 1999). Three subfamilies
been shown to exert profound influences on theof these serine/threonine kinases have been clearly identified
electrophysiological behaviour of the heart (Nagai and Irikijn mammals: the extracellularly responsive kinases (ERKS),
1984; Layne et al., 1989; Gennser et al., 1990). Amphibianshe c-Jun N-terminal kinases (JNKs) and the p38-MAPKSs.
as ectotherms, face a wide range of water and temperaturbe third subfamily, p38-MAPK, is activated by various
imbalances in their physiological environment (Hutchison andorms of environmental stress including hyperosmolarity and
Dupr, 1992; Hoffman and Katz, 1997). For these organismdieat shock (for reviews, see Bogoyevitch, 2000; Kyriakis and
skin is a site for gas exchange and high permeability to wateAvruch, 2001). The respective MAPKs in the amphibian
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heart have been recently characterised in our laboratoi§B 203580 was obtained from Calbiochem-Novabiochem (La
(Aggeli et al., 200l1a,b). In the isolated perfusedna Jolla, CA, USA).
ridibundaheart the one isoform of ERK (p43) detected was Rabbit polyclonal antibody to the total p38-MAPK, as well
activated by phorbol esters |{fnoll-1 43-phorbol 12 as the antibody specific for the dually phosphorylated p38-
myristate 13-acetate, PMA) and mechanical overloadMAPK, were obtained from New England Biolabs (Beverly,
(increased perfusion pressure). The two isoforms of JNKMA, USA). Rabbit polyclonal antibody specific for human
identified (p46-JNK1 and p52-JNK2) were found to beANP (1-28) was purchased from Biogenesis Ltd (Poole, UK).
phosphorylated in response to 0.5 méborbitol, mechanical Prestained molecular mass markers were from New England
overload and reoxygenation following anoxia. p38-MAPK Biolabs. Biotinylated anti-rabbit antibody was from Dako A/S
was also stimulated by mechanical overload, but moqDK-2600 Glostrup, Denmark). X-OMAT AR 13cri8cm
potently activated by 0.5 mafl sorbitol. and Elite chrome 100 films were purchased from Eastman
Activated MAPKs are characterised by their localisationKodak Company (New York, USA). MAPKAPK2 (46—400)
in both the cytoplasm and nucleus, where they interact wittvas kindly provided by Prof. P. H. Sugden (Imperial College,
their substrates (Bogoyevitch, 2000; Aggeli et al., 2001b)London, UK).
In particular, they were found to phosphorylate other
protein kinases (MAPKAPK2 and 3) (Rouse et al., 1994) or Animals
cytoskeletal proteins, or to modulate gene expressian Frogs Rana ridibundaPallas) weighing 100-120 g from the
activation of transcription factors (ATF2, Elk1) (Raingeaudvicinity of Thessaloniki, Greece, were supplied by a local
et al., 1995, 1996). Thus, certain forms of stress that hawtealer. The frogs were kept in containers in fresh water and
been found to induce p38-MAPK stimulation lead to theused one week after arrival. Care of the animals conformed to
transcriptional activation of genes that contribute toGood Laboratory Practice.
appropriate  compensatory responses, including the atrial
natriuretic peptide (ANP) gene (Thuerauf et al., 1998). Heart perfusions
ANP is a peptide hormone involved in the regulation of Hearts fromRana ridibunda(weighing 100-120g) were
extracellular fluid volume and electrolyte balance (Yashujimgerfused with the non-recirculating Langendorff mode at a
et al., 1985; Glass et al., 1996) (for reviews, see Ruskoahpressure of 4.5kPa (31.5mmHg) with bicarbonate-buffered
1992; Silberbach and Roberts, 2001). The presence of thésline (23.8mmotft NaHCQG, 103mmoltl NaCl,
hormone precursor has already been demonstrated in bdt8 mmolt1 CaChk, 2.5mmolt1KCI, 1.8 mmolt1MgCly, 0.6
atrial and ventricular tissue froRana ridibundaGilles et al., NaHPQs, pH 7.4 at 25°C) supplemented with 10 mmdl|
1990; Netchitailo et al., 1988). Therefore, it was quiteglucose and equilibrated with 95% 2/6% CQ. The
intriguing to investigate the localisation pattern of ANP intemperature of the hearts and perfusates was maintained at
osmotically stressed amphibian hearts, since this hormone mag °C by the use of a water-jacketed apparatus. All hearts were
exert a potentially protective modulatory role under suclequilibrated for 15min under these conditions. After the
stressful conditions. equilibration period, hearts were perfused either with excess of
Overall, our results demonstrate that p38-MAPK is activatedNaCl (206 mmolt! final concentration) or KCI (16 mmo#i
by various forms of hyperosmotic stress as well as by therméhal concentration) in bicarbonate-buffered saline for time
stress, and that these responses differ quantitively arnmkriods varying from 30s up to 45min. ‘Control’ hearts were
qualitatively. Furthermore, our immunohistochemical studieperfused with the bicarbonate-buffered saline described above
provide evidence that, under the hyperosmotic conditionat 25°C for respective time periods. As positive controls,
examined, the presence of ANP is enhanced. All these findingearts perfused with 0.5 motisorbitol for 15min were used.
taken together could indicate a possible involvement of p38- In another series of experiments, after p38-MAPK maximal
MAPK and ANP in the preservation of amphibian heartactivation by each compound was reached, hearts were further
homeostasis under similar situatidnsvivo. perfused (reperfused) with normal bicarbonate-buffered saline
for time periods varying from 30s up to 45min. When the
) inhibitor SB 203580 was used, it was added throughout
Materials and methods the experiment at a concentration ofuthol I-%. In parallel,
Materials hearts were perfused either with dimethylsulphoxide (DMSO)
Most biochemicals used were obtained from Sigmasolvent or with 1umoll-l SB 203580 alone, in order to
Chemical Co. (St Louis, USA). The enhancedexamine whether these chemicals affect any of the variables
chemiluminescence (ECL) kit was from Santa Cruzmeasured.
Biotechnology Inc. (Santa Cruz, California, USA) and the To examine the effect of thermal stress, the temperature of
alkaline phosphatase Kwik kit from Lipshaw (Pittsburgh,perfusate was quickly changed to either 15°C or 42°C at the
USA). [y-32ATP] was from NEN Life Sciences (1130 Brussels,end of the equilibration period, by using a second water-
Belgium). Bradford protein assay reagent was from Bio-Ragacketed apparatus. Hearts were perfused at the desired
(Hercules, California 94547, USA). Nitrocellulose (Oi48)  temperature for time periods varying from 1 min (for 15°C) or
was obtained from Schleicher & Schuell (Keene NH, USA)30s (for 42°C) up to 60 min.
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At the end of the perfusions, hearts were ‘freeze-clampec . kDa
between aluminium tongs cooled in liquid,Nand after the Al = 475
removal of the atria, ventricles were pulverised under liquid N ;
and powders were stored at —80 °C. Phospho-p38 — 3 E AT

= 35

Tissue extractions

Heart powders were homogenised with 3 mlaf buffer [20 c s 5 15 30 4
mmol 1 Tris-HCI, pH 7.5, 20mmott B-glycerophosphate, Reperfusion time (min)
20mmol ! NaF, 2mmoltl EDTA, 0.2 mmolt! NagVOg, Al
5mmol ! dithiothreitol (DTT), 10mmoH! benzamidine, =475
200umol I-1 leupeptin, 12@moll-1 pepstatin A, 1@mol |1
trans-epoxy succinyl-leucylamido-(4-guanidino)butane, P33 —| P ——
300umol I-1 phenyl methyl sulphonyl fluoride (PMSF), 0.5% - 5
(v/v) Triton X-100] and extracted on ice for 30min. The
samples were centrifuged (10,a)05min, 4°C) and the C S 5 15 30 45
supernatants boiled with 0.33 volumes of SDS—PAGE samp Reperfusion time (min)
buffer [0.33 molt® Tris-HCI, 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 determine
using the BioRad Bradford assay (Bradford, 1976).

30

5
°2
2 E 204
SDS-PAGE and immunoblot analysis E ~
Proteins were separated by SDS-PAGE on 10% (w/v é g
acrylamide, 0.275% (w/v) bisacrylamide slab gels anc Elﬁ 101
transferred electrophoretically onto nitrocellulose %_ =
membranes (0.4%m). Membranes were then incubated in 0L emm
TBST (20 mmolt! Tris-HCI, pH 7.5, 137 mmott NacCl, & S &S S S
0.1% (v/v) Tween 20) containing 5% (w/v) non-fat milk & 59*0 Q}@ Q‘; > \b‘p
powder for 30min at room temperature. Subsequently, th LT

membranes were incubated with the appropriate antibodv

according to the manufacturer's instructions. After washin¢ '9: 1+ Time course of p38-MAPK phosphorylation in the amphibian
‘heart, in response to reperfusion after sorbitol treatment.

in TBST (3<5m|n) the.blots.vvere mcqbatgd Wlth horserad!sh(Ai) Phospho-p38-MAPK was detected in extracts (10of
peroxidase-linked anti-rabbit IgG antibodies (1:5000 dllutlorprotein) from control hearts (C), hearts perfused with 0.57holl

in TBST containing 1% (w/v) non-fat milk powder, 1 h, room sorhitol for 15min (S), or hearts reperfused for the indicated
temperature). The blots were washed again in TBST (3times with normal bicarbonate-buffered saline following a 15min
5min) and the bands detected using ECL with exposure to Jperfusion with 0.5mot sorbitol. Molecular mass markers (kDa)
OMAT AR film. Blots were quantified by laser scanningare shown to the right. (Aii) Identical samples immunoblotted for
densitometry. total p38-MAPK levels, as a control for loading. (B) Densitometric
analysis of phospho-p38-MAPK bands by laser scanning. Results

In-gel kinase assays are means iseM. for three independent experiments performed
with similar findings. Re, reperfusion. The western blots are
representative of three independent experiments. *Significantly
different from control valueR<0.001).

Proteins (20Qug per lane) were separated on 10% (w/v)
SDS—polyacrylamide gels with 6% (w/v) stacking gel. The
10% (w/v) gels were formed in the presence of 0.5mgml
glutathione S-transferase-conjugated MAPK-activated protei
kinase 2 (GST-MAPKAPK?2) (46—400) for the assay of p38-
MAPK (Rouse et al., 1994). After electrophoresis, SDS wad0 mmolt!l Hepes, pH 8.0, 2mmat! DTT, 10mmolt?
removed from the gels by washing in 20% (v/v) propan-2-oMgCl> (two incubations for 30min each) and then further
in 50 mmol 1 Tris-HCI, pH 8.0 (& 30 min). The propan-2-ol incubated for 3h withyf32P]ATP (46.2%10*Bq per gel) in
was removed by washing in 50 mndi ITris-HCI, pH 8.0, 5ml of 40mmolt! Hepes, pH 8.0, 0.5mmofi EGTA,
5mmol ! 2-mercaptoethanol & 30min). Proteins were 10mmolt!l MgCly, 50umoll-1 ATP, 0.1umoll-1 c-AMP
denatured in 6 mott guanidine-HCI, 50 mmott Tris-HCI,  dependent protein kinase inhibitor (PKI). The reaction was
pH 8.0, 5mmolt! 2-mercaptoethanol (two incubations for stopped and gels were washed with 1% (w/v) disodium
30min each) and then renatured in 50 mmblTris-HCI  pyrophosphate, 5% (w/v) trichloroacetic acid. The gels were
(pH 8.0), 5mmoltl 2-mercaptoethanol, 0.04% (v/v) Tween dried onto 3MM Whatman chromatography paper and
40 (incubation sequencex BOmin, < 1h, 1x 18, X 30 min,  autoradiographed. In-gel kinase activities were quantified by
4°C). The gels were equilibrated to room temperature withaser scanning densitometry.
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Fig. 2. Time course of the effect of excessive NaCl concentration upon p38-MAPK phosphorylation in the amphibian hearsppi)d38e

MAPK was detected in extracts (10§ of protein) from control hearts (C), hearts perfused with 0.5thsebirbitol for 15min (S), or hearts
perfused with excess of NaCl (206 mmdlfinal concentration) in bicarbonate-buffered saline for various time periods. (Aii) Total p38-MAPK
levels in identical samples, as a control for loading. (Aiii) Phospho-p38-MAPK was also detected in extragsofld®tein) from hearts
reperfused with normal buffer after a 2 min perfusion with excess of NaCl. The western blots shown are representativedefptmderit
experiments. Molecular mass markers (kDa) are shown to the right. (B,C) Densitometric analysis of phospho-p38-MAPK basrds by las
scanning. The results are means.em. for three independent experiments. Asterisks indicate values significantly different from control
values; P<0.001, **P<0.01.

Immunolocalisation of phospho-p38-MAPK and atrial  incubated with primary antibody specific for human ANP
natriuretic peptide (1-28) diluted in 3% BSA (w/v) in TBST (overnight, 4 °C).

At the end of the perfusions, atria were removed andll sections were immunostained by the alkaline phosphatase
ventricles immersed in Uvasol/isopentane pre-cooled in liquidhethod using a Kwik kit, according to the manufacturer’'s
N2, then stored at —80°C. Tissues were sectioned with iastructions. The alkaline phosphatase label was visualised by
cryostat at a thickness of 5gf, fixed with ice-cold acetone exposing the sections to Fast Red chromogen and nuclei were
(10 min, room temperature), and specimens stored at —30 €@unterstained with Haematoxylin. Slides were mounted,
until use. Alternatively, ventricles were fixed in 10% examined with a Zeiss Axioplan microscope equipped with
(v/iv) formaldehyde, dehydrated, embedded in paraffifNomarski filter and photographed with a Kodak Elite chrome
and sectioned at a thickness of a8 Prior to 100 film.
immunohistochemical staining, they were deparaffinised in
xylene and rehydrated in graded alcohol. Tissue sections were Statistical evaluations
washed in TBST and non-specific binding sites blocked with Western blots shown are representative of at least three
3% (w/v) bovine serum albumin (BSA) in TBST (1h, roomindependent experiments. Each data point represents the
temperature). Cryo-sections were incubated with primarynean +s.e.m. of samples from at least three separate hearts
antibody specific for phospho-p38-MAPK according to theperfused under the respective conditions. Comparisons
method previously described (Aggeli et al., 2001b), andetween control and treatments were performed using
paraffin-embedded sections for the ANP immunolocalisatiorstudent’s paired-test. A value 0fP<0.05 was considered to
pattern, according to the manufacturer’s instructions. Cryobe statistically significant. p38-MAPK activation in ‘control’
sections were processed in parallel with the same antibody hearts was set at 1, and the stimulated p38-MAPK activation
order to obtain comparable patterns that would reveal thia treated hearts was expressed as fold activation over
localisation of both p38-MAPK and ANP. Sections were‘control’ hearts.
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Fig. 3. Time course of the effect of excessive KCI concentration upon p38-MAPK phosphorylation in the amphibian heart pt#a) &8ss

MAPK was detected in extracts (10§ of protein) from control hearts (C), hearts perfused with 0.5theblrbitol for 15min (S), or hearts
perfused with 16 mmott KCI in bicarbonate-buffered saline. (Aii) Phospho-p38-MAPK was also detected in extractey(fé@m hearts
perfused for 30 s with excess of KCI and reperfused with normal bicarbonate-buffered saline. (Aiii) Total p38-MAPK levetsevtze ith

identical samples as a control for loading. The western blots shown are representative of three independent experimdatsmikdecu
markers (kDa) are shown to the right. (B,C) Densitometric analysis of phospho-p38-MAPK bands by laser scanning. Values aare means
s.E.M. for three independent experiments performed with similar results. Asterisks indicate values significantly different fobwaboesr

*P<0.001, **P<0.01,*P<0.05.

Results MAPK at 2min (by approximately 8+0.2-fold, relative to

We have previously established that 0.5mbldorbitol  controls). The kinase phosphorylation levels remained
potently activates two isoforms of amphibian heart p38<considerably elevated over a 30 min perfusion (approximately
MAPK (Aggeli et al., 2001a). Following a perfusion for 3.1+0.2-fold, relative to controls), and returned to control
15 min with this hypertonic buffer, we examined the effect ofvalues by 45min (Fig. 2Ai,B). Reperfusion with normal
reperfusion with normal bicarbonate-buffered saline, foricarbonate-buffered saline, following a 2 min perfusion period
periods of 5-45min. The results clearly showed that p38with this hypertonic excess NaCl, resulted in the gradual
MAPK phosphorylation by 0.5 mat} sorbitol was reversible decrease of p38-MAPK phosphorylation, which reached basal
(Fig. 1Ai,B). Interestingly, a reperfusion period of 5min with levels within 5min (Fig. 2Aiii,C). Fig. 2Aii shows that there
normal buffer almost doubled the activation levels of thewere no changes in the total cellular pool of p38-MAPK during
kinase (by approximately 21.7+0.4-fold relative to control),the time course of the experiment, and therefore provides a
with phosphorylation then showing a progressive declinegontrol for protein loading under these conditions.
reaching control values after a period of 45min (Fig. 1). Another condition tested, excess of 0.1% (w/v) KCI
Equivalent protein loading was confirmed by probing identica(16 mmol ! final concentration), rapidly increased p38-
samples with an antibody recognising total p38-MAPK levelsMAPK phosphorylation to maximal values after 30s
(Fig. 1Aii). This also confirmed that the kinase expression digapproximately 4+0.1-fold increase, relative to controls). The
not change during this relatively prolonged treatment. osmolarity of the perfusate is slightly increased under these

To determine the time course of the effect of extracellulaconditions, which principally affect the highly conserved
osmolarity on the phosphorylation of p38-MAPK, frog heartsconcentration of [K], an important intracellular electrolyte.
were perfused with various hypertonic solutions for variousA second peak of phosphorylation was observed at 5min
time periods from 30s to 45min. Excess of 0.6 % (w/v) NaC[approximately 3+0.1-fold increase, relative to controls), with
(206 mmolt? final concentration) maximally activated p38- a progressive decline thereafter (Fig. 3Ai,B). Reperfusion with
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Fig. 4. Effect of SB 203580 on p38-MAPK activation
by hyperosmotic stress. SB 203580uol 1) was
added after a 15min equilibration period and was
present throughout the experiment. Phosphorylated

(Ai) and total (Aii) p38-MAPK levels were assayed in extracts (i@f protein) from control hearts, as well as from hearts perfused under
the various hyperosmotic conditions indicated, in the absence () or presence (+) of the inhibitor. The western blotsrsposgearative of

three independent experiments performed with similar findings. Molecular mass markers (kDa) are shown to the right. (B) tBensitome
analysis of phospho-p38-MAPK bands by laser scanning. Values are means. for three independent experiments. *Value significantly

different from control valueR<0.001).
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Fig. 5. Time course of the effect of thermal stress
upon p38-MAPK phosphorylation in the amphibian
heart. Phosphorylated p38-MAPK was detected in
extracts (10Qug of protein) from control hearts

perfused at 25°C (C), hearts perfused with 0.5 madrbitol for 15min at 25°C (S), or hearts perfused at 15°C (Ai) or 42°C (Aii) for the
indicated times. (Aiii) Total p38-MAPK levels detected in samples from control hearts perfused at 25°C (C) or hearts pd&d€efbiathe
indicated times, as a pcontrol for loading. The western blots shown are representative of three independent experimeatsmdssecul
markers (kDa) are shown to the right. (B,C) Densitometric analysis of phospho-p38-MAPK bands by laser scanning. Valuesiss&.mean
for three independent experiments performed with similar results. Values significantly different from controls are inde&t&d;, *

** P<0.01,¥P<0.001.
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normal bicarbonate-buffered saline, following a 30s perfusiol A

period with excessive KCI, resulted in the gradual decrease

p38-MAPK phosphorylation levels, which reached basa P38 - .

values at 15min (Fig. 3Aii,C). Equal protein loading was = 325kDa
verified by immunoblot analysis using an antibody for total C 0T

levels of p38-MAPK (independent of phosphorylation state’
(Fig. 3Aiii). Hypotonicity [net 0.6 % NaCl (w/v)] had no effect
on the phosphorylation of p38-MAPK (data not shown).

The specific p38-MAPK inhibitor, SB 203580, has been
extensively used to demonstrate the direct involvement ¢
this kinase in the transduction of particular physiologically
stressful signals. In the present study, SB 203580nd I-1)
completely blocked the kinase activation by all the treatment
mentioned above (Fig. 4Ai,B). SB 203580ufhol I-1) alone C H T
had a minor effect on the kinase phosphorylation levels, whicii S _
was accounted for when evaluating the inhibitor effect on p3¢Fi9: 6. P38-MAPK activity in response to hyperosmolarity (NaCl

P . : . . 206 mmolt! for 2min) and hyperthermia (42°C for 30s) in the
MAPK activation. Equivalent protein loading was confirmed . ) Iy
by probing identica? samplespwith an antigody recognisin(perfused amphibian heart. (A) The kinase activity was assayed by the

total p38-MAPK levels (Fig. 4Aii). ‘in-gel kinase method in extracts (30 of protein) from control

. . hearts (C), hearts perfused with hypertonic medium (H) or perfused
Cold stress as well as heat stress activated p38-MAPK ingt increased temperature (T), as described in the Materials and

time-dependent manner. Hypothermia (15°C) induced \ethods. A typical autoradiogram is shown, representative of at least
relatively moderate phosphorylation of the kinase, which wathree independent experiments. The molecular mass marker (kDa) is
maximal at 15min (approximately 4+0.5-fold increase,shown to the right. (B) Densitometric analysis of phospho-p38-
relative to control hearts perfused at 25°C) and decreastMAPK bands by laser scanning. Values are meass.u. for three
thereafter (Fig. 5Ai,B). In contrast, hyperthermia (42 °C)independent experiments performed with similar results. Asterisks
induced a biphasic response of this kinase. In particulaindicate values significantly different from control valueB<®.001,
there was a rapid maximal phosphorylation of p38-MAPK** P<0.01.
(approximately 7.5+0.5-fold increase, relative to control
hearts perfused at 25 °C), after 30 s, while a second maximuwith the chromogen alone (data not shown). In specimens
(approximately 7.6+0.4-fold increase, relative to controlfrom hearts perfused with 0.5 motisorbitol for 15 min (Fig.
hearts perfused at 25°C) was detected after 5miid, S), excessive NaCl (206 mmot)for 2 min (Fig. 7, NaCl),
(Fig. 5Aii,C). p38-MAPK phosphorylation reached control or excessive KCl (16 mmot}) for 30s (Fig. 7, KCI),
values at 60min (Fig. 5Aii,C). Fig. 5Aiii shows that thereimmunoreactivity staining was observed within the
were no changes in the total cellular pool of p38-MAPK andytoplasm as well as in the perinuclear region. A similar
is therefore a control for protein loading under theséemmunoreactivity pattern was detected in specimens from
conditions. hearts perfused under these conditions and then reperfused
p38-MAPK activity was also examined using in-gel kinasewith normal buffer for 5min (Fig. 7, S/Rep) or 30s (Fig. 7,
assays, with MAPKAPK2 being the substrate phosphorylateddaCl/Rep and KCI/Rep, respectively). In particular,
Our results clearly showed that hyperosmotic stress (NaGherinuclear clustering of deposits indicating phospho-p38-
206 mmolt1 for 2min), as well as hyperthermic stress (42 °CMAPK immunoproducts was more intense in specimens from
for 30s), not only induced the phosphorylation (hencéhearts subjected to sorbitol treatment (Fig. 7, S), while in the
activation) but also a considerable increase of p38-MAPKase of excessive NaCl or KCIl, most immunoproducts
activity (4.6+0.5- or 5x0.3-fold, respectively), relative to detected were scattered throughout the cytoplasm (Fig. 7,
controls (Fig. 6A,B). NaCl, KCI). No immunoreactivity was detected in hearts
Upon activation by mechanical overload, amphibian heamerfused with 0.5 mott sorbitol for 15 min, in the presence
p38-MAPK immunoreactive complexes are localised widelyof 1pumoll-1 SB 203580 (Fig. 7, S+SB).
in the cytoplasm as well as around the elongated myocyte ANP is a peptide hormone involved in osmoregulation, and
nuclei (Aggeli et al.,, 2001b). In order to investigateits localisation pattern was examined in respective sections
the localisation pattern of the activated kinasefrom osmotically stressed amphibian hearts. We used an
immunohistochemically, under conditions of osmotic stressantibody detecting the human (1-28) biologically active form
frog hearts were perfused with hypertonic medium, in thef the peptide. Immunohistochemical studies were done on
absence or presence of the specific inhibitor SB 20358paraffin-embedded sections (Fig. 8A) as well as in cryo-
(Lumol 7Y, then sectioned and processed using amsections (Fig. 8B), as described in Materials and methods. In
antibody specific for the phosphorylated p38-MAPK. Nospecimens from hearts perfused with 0.5 mbsbrbitol for
immunoreactivity was detected in control hearts (Fig. 7C) o5 min (Fig. 8, S), excessive NaCl (206 mnmd) Ifor 2 min
in specimens incubated either with the secondary antibody ¢Fig. 8, NaCl), or excessive KCI (16 mmol) for 30s
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o
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Fig. 7. Immunohistochemical localisation of
phosphorylated p38-MAPK in the ventricle
of isolated amphibian heart perfused unde]
various hyperosmotic conditions. Heart
were perfused under normal conditions (C)
with 0.5mol? sorbitol in the presence of @
1pmol -1 SB203580 (S+SB), or subjected [
to diverse forms of osmotic stress such
as 0.5molt! sorbitol for 15min (S), #
0.5mol ! sorbitol (15min) followed by
reperfusion (5min) (S/Rep), 206 mmol|
NaCl for 2min (NaCl), 206 mmott NaCl &
(2min) followed by reperfusion (30s) &
(NaCl/Rep), 16 mmoHL KClI for 30s (KCI), |
16mmoltl KCI (30s) followed by

reperfusion (30s) (KCl/Rep). After the
removal of atria, ventricles were
cryosectioned longitudinally and fixed with fEes
ice-cold acetone. Specimens were incubategi &
with phospho-p38-MAPK antibody (1:200
dilution) and counterstained  with |
Haematoxylin. The figure shows
representative  photographs from threefis
independent experiments performed withf#

similar results. Immunoreaction deposits are;
visualised with Fast Red chromogen. Bar,&
20pm.

C

(Fig. 8, KCI), the antibody producec
discreet and specific granular patter
ANP immunoreactivity staining. Tt
ANP-immunoproducts observed w«
localised in the perinuclear regi
but also widely dispersed in t
cytoplasm. Osmotically stressed he
contained a significant amount
immunoreactivity compared
control ones. Interestingly, SB2035
(1umol I abolished the ANP immunoreactivity stimulated Among the various signal transduction pathways involved in
by 0.5molt?® sorbitol (Fig. 8, S+SB). In specimens from the responses to environmental stress, MAPKs have been
control hearts (Fig. 8, C), as well as in sections incubateshown to play a significant role (Kyriakis and Avruch, 1996;
only with the secondary antibody (Fig.8, NC), noKarin, 1998; Schaeffer and Weber, 1999). In particular, p38-
immunoreactivity was detected. MAPK has been characterised as the principal stress kinase
responsive to fluctuations in ambient osmolality and
temperature (Zhang and Cohen, 1996; Kultz, 1997; Gon et al.,
Discussion 1998). In the present study, we have investigated the possible
Ectotherms modulate their metabolic demands according tavolvement of p38-MAPK in the response of the amphibian
the status of their environment. These changes in metaboleart to osmotic and thermal stresses.
demands require compensatory changes in cardiac outputAll three hyperosmotic stress signals tested (0.5moll
(Nagai and Iriki, 1984). Heart muscle has been shown to beorbitol, 206 mmot! NaCl and 16 mmoH KCI) caused
osmotically sensitive to the tonicity of its surrounding bathingapid and reversible p38-MAPK phosphorylation (hence
solutions (Roos, 1986; Houser and Freeman, 1979), with aactivation). Perfusion with 0.5 matisorbitol, a known p38-
electrophysiological behaviour that is also profoundly affectedMAPK activator, had a considerable sustained effect on
by temperature (Gennser, 1990). Therefore, the amphibighe kinase phosphorylation levels (Aggeli et al., 2001a).
heart constitutes an intriguing candidate experimental systeExcess NaCl (206 mmat}) caused a less robust response
for studying the effects of environmental stress on multipleand excess KCI (16 mmoi)) a moderate one. The
aspects of physiology at the cellular and molecular leveloncentrations of the compounds used were chosen to reflect
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Fig. 8. ANP immunolocalisation in the ventricle A
of isolated amphibian heart perfused unde
various hyperosmotic conditions. Hearts were =+

perfused under normal conditions (C) or® -
subjected to various forms of hyperosmotic
stress such as 0.5 motlsorbitol for 15min in
the absence (S) or presence ofinioll-1
SB203580 (S+SB), 206 mmaotNaCl for 2 min
(NaCl) and 16mmott KCI for 30s (KCI), o
respectively. (A) Paraffin- or (B) cryo-sections gs
were incubated with an antibody specific for
human ANP (1-28) (1:500 dilution) and
counterstained with Haematoxylin. In sections
incubated only with secondary antibody
(negative control, NC) no immunoreactivity
was detected. The figure shows representative
photographs from three independent
experiments performed with similar results. ==
Immunoreaction deposits are visualised with "’
Fast Red chromogen. Bar, [201. Lo ®

their normal values in this particu
experimental model. Sorbitol, as well
excess NaCl, caused a consider
increase in perfusate osmolality (osm
stress). On the other hand, excess
actually represents a concentral
imbalance of the specific electroly
Quite surprisingly, the effect of sorbitol
the kinase phosphorylation levels v
doubled after a 5min reperfusion per
with normal bicarbonate-buffered sal
and was sustained for 30 min (Fig. 1).
contrast, the increased kinase activa
levels induced by perfusion with exci
NaCl or KCI rapidly decreased a
reached control values after a 5 or 15
reperfusion period with norm
bicarbonate-buffered saline, respecti
(Figs 2, 3).

Since any disturbance of intracellular and extracellulansmotically active compounds tested constitute electrolytes
osmolarity is paralleled by alterations of cell volume (Lang ethat are familiar to the cellular physiology of the experimental
al., 1998), the role of the latter should be considered in ordenodel studied, thereby leading to more moderate effects.
to elucidate the possible physiological significance of théNevertheless, a common characteristic of all interventions
diverse responses observed. In stressful situations, cells restoreestigated was the immediate phosphorylation of p38-
their conserved ionic milieu, chiefly by adjusting the levels oMAPK, which temporally coincided with the activation
compatible osmolytes (Somero and Yancey, 1997), to providef volume-regulatory proteins (O’Neil and Klein, 1992;
environments ‘compatible’ for macromolecular structure andd’Donnell et al., 1995). This observation is consistent with the
function (Brown, 1976). Amphibians in particular, facingidea that p38 activation is directly related to the initial cell
water stress, possess a solute-adaptation strategy capablaasponse to osmotic shock. Our results fit with several studies
allowing the organism to cope with wide ranges of cyclicwhich have shown that osmotic shock results in marked
water stress, using polyhydric alcohols-polyols (principallyphosphorylation of MAPK family members in several types of
glycerol), various amino acids and urea, as osmolytes (Browmammalian cells, including vascular endothelial cells (Duzgan
1976; Katz et al., 1984). The considerable effect of sorbitol oet al., 2000), fibroblasts (Krump et al., 1997), intestinal cells
p38-MAPK activation compared to that of NaCl and KCI could(Matsuda et al., 1995), renal medullary cells (Zhang and
be because sorbitol is not the principal osmolyte for amphibia@ohen, 1996), astrocytes, neutrophils and glial cells (Sinning
species (Yancey et al, 1982), whereas the other twet al., 1997).
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Furthermore, SB 203580 imol I-Y) was found to abolish by atria of various animal species. In frogs, immunoreactive
p38-MAPK phosphorylation induced by the variousatrial natriuretic peptide (ANP) is detected in both atrial and
hyperosmotic stresses tested (Fig.4). Among the severaéntricular cardiac myocytes (Mifune et al., 1996). Since
isoforms of the kinase that have been identified (Zervos et almportant sequence homologies between the C-terminal regions
1995; Li et al., 1996; Goedert et al., 1997; Kumar et al., 1997npf mammalian and amphibian ANP have been suggested by
only two (@ and 1) are strongly inhibited by SB 203580 several investigators (Netchitailo et al., 1987; Gilles et al., 1990;
(Goedert et al., 1997; Kumar et al., 1997). Although it was noBruno and Coviello, 1992), an antibody specific for human
possible to determine whether any specific p38-MAPK isoformrANP (1-28) was used to detect the presence of this hormone in
is activated under the conditions examined in this study, owsmotically stresseldana ridibundahearts. The enhanced ANP
results demonstrate the possibility that these two isoforms ammunolocalisation pattern observed (Fig. 8) is in accordance
the ones detected in the isolated perfuRatha ridibunda  with previous studies reporting an increase in ANP secretion by
heart, responsive to hyperosmotic stress stimulation ardcreased extracellular osmolality in rat atria, with ANP release
equally sensitive to this specific inhibitor. being stimulated regardless of the added solute (Gibbs, 1987).

Hypotonic stress had no effect on p38-MAPK activation.The mechanism by which increased osmolality enhances ANP
Our results corroborate those of Sadoshima et al. (1996), whielease, however, remains obscure.
observed that in rat cardiac myocytes p38-MAPK was not Since hyperosmotic stress was also found to induce p38-
activated by hypo-osmolar conditions, although Tilly et alMAPK phosphorylation in the isolated perfused amphibian
(1996) have reported that hypo-osmotic stress activated p3Beart (Fig. 7), our findings indicate a possible involvement of
MAPK in a human intestine cell line. It is unknown how cellsboth p38-MAPK and ANP in the regulation of the biochemical
initially sense low osmolarity and convert it into intracellularevents triggered under such stressful stimini vivo.
signals, as this signalling mechanism is distinct from that oFurthermore, the complete inhibition byihol -1 SB203580
hyperosmolar stress in mammalian cells (Sadoshima et abf both p38-MAPK phosphorylation and ANP accumulation
1996). in hearts perfused with 0.5motl sorbitol supports the

Osmolarity regulation is profoundly affected by suggestion that these processes may be linked.
temperature variation, particularly in ectotherms, so we
examined the effect of thermal stress (hypothermia and The present study was supported by grants from the Special
hyperthermia) on p38-MAPK activation. Hyperthermia Research Account of the University of Athens (70/4/3435 and
(42°C) induced p38-MAPK activation in an immediate 70/4/3287) and from the Empeirikio Foundation, Athens,
(maximum at 30s), sustained (over 30 min) and considerabl@reece. We gratefully acknowledge Prof. M. R. Issidorides
(approximately 7.5-fold, relative to controls) way, whereas theand Dr M. Chrysanthou-Piterou for advice and helpful
effect of hypothermia was not so intense (Fig. 5). Cardiadiscussions on immunohistochemical studies. We also wish to
activity of ectotherms is known to be relatively resistant toexpress our appreciation to Prof. P. H. Sugden (Imperial
low temperatures (Gennser et al., 1990; Rocha and BrancGpllege, London, UK) for providing the MAPKAPK2
1998), which act directly on pacemaker cells, but alssubstrate. I.-K.A. was a recipient of a State Scholarships
influence cardiovascular nerves and reflexes (Courtice, 199@®oundation fellowship.

Thus, the moderate response of p38-MAPK to hypothermia
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