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• A mitogen-activated protein kinase 
is involved in contractile responses 
of rat heart and aorta to 
oc-adrenoceptor agonists and 
endothelin 





MAPK-DEPENDENT CONTRACTILE RESPONSES 

In t roduc t ion 

The family of mitogen-activated protein kinases 
(MAPK) comprises several subfamilies of 
serine/threonine kinases which are designated 
ERK, SAPK/JNK and p38. They play a central 
signalling role in a variety of cellular processes 
including growth, differentiation and proliferation 
(Seger and Krebs, 1995; Bokemeyer et al., 1996). 
While it was originally believed that MAPK 
pathways are primarily activated by receptors with 
intrinsic tyrosine kinase activity, it is now clear that 
G-protein coupled receptors may also activate 
them, as has been shown e.g. in cardiomyocytes 
and vascular smooth muscle cells for the a,-
adrenoceptor (Clerck et al., 1994; Koch et al., 1 994; 
Delia Rocca et al., 1997) and for endothelin 
receptors (Wang et al., 1992 and 1994). The 
activation of the MAPK pathway by a-adrenoceptor 
agonists and endothelin-1 has primarily been 
associated with cellular growth regulation. In 
contrast, the positive inotropic and vasoconstrictor 
effects of a,-adrenoceptor agonists and endothelin-
1 are thought to involve phosphoinositide hydrolysis 
and a subsequent Ca2+ mobilization by inositol 
trisphosphate and activation of protein kinase C 
(PKC) by diacylglycerol, which can be accompanied 
by enhanced Ca2+ influx from the extracellular 
space and by Ca2* sensitization of the 
myofilaments (for review see Ruffolo and Hieble, 
1994). Prompted by a report on the involvement of 

MAPK in the vasoconstrictor responses to 
serotonin (Watts, 1996) we have investigated a 
possible role of MAPK in the inotropic and 
vasoconstrictor actions of a,-adrenoceptor agonists 
and endothelin-1 in isolated rat left atria and 
thoracic aorta. We have investigated in particular a 
potential role for the ERK and p38 members of the 
MAPK family, since specific inhibitors of these 
pathways, i.e. PD98059 (Dudley et al., 1995 and 
SB 203580 (Gould et al., 1995), respectively, are 
available. Furthermore we have studied a possible 
involvement of PKC in MAPK activation. 

Materials and Methods 

MAPK immunoblotting 
Since the activation of MAPK relies on its tyrosine 
phosporylation, we have assessed the activity of 
ERK and p38 as reflected by the degree of their 
tyrosine phosphorylation using commercially 
available, epitope-specific anti-phosphotyrosine 
antibodies. Five min. after adding methoxamine 
(300 LlM), or 10 min. after adding endothelin-1 (50 
nM), the atrial and aortic preparations were freeze 
clamped and stored at -80°C until use. The tissues 
were homogenized with a Mikro-Dismembrator U 
(Braun, Melsunge, Germany). The homogenates 
were boiled for 5 min., centrifuged at 14,000 g for 5 
min. and 20 uj aliquots of the supernatants from 
each experiment were loaded in parallel on two 
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CHAPTER 6 

sodium dodecylsulphate gels. They were separated 
by electrophoresis (22 uA, 2 h), and the separated 
proteins were transferred to nitrocellulose 
membranes by electroblotting (40 V overnight). The 
resulting blots were incubated for 2 h according to 
manufacturer instructions either with an antiserum 
recognizing total ERK or p38, or an antiserum 
specific for their tyrosine-phosphorylated forms. 
Subsequently, the blots were washed 4 times for 10 
min. each in 80 ml washing buffer (150 mM NaCI, 
0.1% Tween-20, 50 mM Tris, pH 7.4 at 25°C) and 
then incubated with a secondary antibody (anti-
rabbit horseradish peroxidase-linked IgG) for 1 h. 
Following another 4 washes with buffer, detection 
was carried out by chemiluminescence according to 
manufacturer instructions. The resulting 
autoradiographs were analyzed by quantitative two-
dimensional densitometry using commercially 
available software (Herolab, Wiesloch, Germany). 
Two-dimensional band intensity of the tyrosin-
phosphorylated MAPK was expressed relative to 
that of total MAPK on a parallel blot handled 
identically. The ratio for the control sample (i.e. no 
stimulator present) was taken as 100%, and the 
corresponding samples with stimulator were 
expressed as % of control. 

placed in a Tyrode's solution of the following 
composition (in mM): NaCI 119; KCl 4.5; MgCI2 0.5; 
CaCI2 2.5; glucose 11; Tris 30 at pH 7.5 at room 
temperature; and the medium was bubbled with 
100% oxygen. The isolated left atria were 
suspended in water jacketed organ baths (kept at 
37°C and gassed with 100% oxygen) filled with 5 ml 
Tyrode's solution (pH adjusted to 7.5 at 37°C), and 
connected with a silk thread to an isometric force 
transducer. The atria were paced with a field 
stimulator (Hugo Sachs Electronic, Germany) at a 
frequency of 3 Hz. The isometric force of 
contraction was recorded on a Maclab/8e data 
acquisition system (ADInstruments, Australia). The 
resting tension was adjusted to 5 mN and the atria 
were allowed to equilibrate for at least 45 min. At 20 
min. intervals the medium was exchanged against 
fresh buffer. 

The MAPK kinase inhibitor PD98059 (1 mM) and 
the p38 inhibitor SB203580 (2 \iM) were added 45 
min. prior to the addition of single concentrations of 
the agonist. The agonist concentrations were 
chosen to represent maximally effective 
concentrations as determined previously in 
concentration response experiments (Peters et al., 
1997). 

Atrial contraction studies 
Male Wistar rats (Iffa Credo, Les Oncins, France) 
weighing 240-300 g were sacrificed by stunning and 
decapitation. The hearts were removed quickly and 

Thoracic aorta contraction studies 
After heparinization (500 I.U., given IP) rats were 
sacrificed by decapitation. The thoracic aorta was 
excised and placed in an oxygenated Tyrode's 
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MAPK-DEPENDENT CONTRACTILE RESPONSES 

solution at room temperature and cleaned of 
superficial fat and loose connective tissue, care 
being taken not to stretch the vessel or to damage 
the endothelium. Aortic ring segments 
(approximately 5 mm long) were mounted between 
two triangular stainless steel hooks in water-
jacketed (37 °C) organ baths containing a Tyrode's 
solution of the following composition (mM): NaCI 
136; KCL 2.5; MgCI2 0.5; CaCI2 1.8; NaH2P04 0.42 
and NaHCOj 11.9. The medium was continuously 
gassed with a mixture of 95% 0 2 and 5% C 0 2 (pH 
7.4). The isometric tension was recorded on a 
Maclab/8e data acquisition system 
(ADInstruments, Australia) via isometric force 
transducers. The resting tension was adjusted to 10 
mN and the aortae were allowed to equilibrate for at 
least 60 min. At 30 min. intervals the medium was 
exchanged against fresh buffer. After the 
equilibration period, the aortae were exposed three 
times to a depolarizing 40 mM K+-solution for 5 
min. with 15 min. intervals. Inhibitors of MARK 
pathways were added 45 min. prior to the addition 
of the agonists. 

Statistics 
Data are expressed as means ± SEM. Statistical 
significance was determined by one-sample f-tets 
(immunoblots analysis), two-tailed, unpaired r-tests 
(comparison of two groups), or one-way analysis of 
variance followed by Bonferroni-corrected t-tests 
(comparison of multiple groups) as indicated. 

P values <0.05 were considered to be statistically 
significant. 

Chemicals 
(-)-lsoprenaline bitartrate, methoxamine HCl, L-
phenylephrine HCl, verapamil HCl, and phorbol 12-
myristate 13-acetate (PMA) were purchased from 
Sigma Chemical (St Louis, MO, USA). PD98059 
(2'-amino-3'-methoxyflavone) and SB203580 ([4-
(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-
pyridyl) 1 H-imidazole) were obtained from Alexis 
Corp. (Nottingham, UK). Endothelin-1 was 
purchased from Saxon Biochemicals (Hannover, 
Germany). PMA, PD98059 and SB203580 were 
dissolved in 99% DMSO and subsequently diluted in 
buffer; the final DMSO concentration in 
the assay never exceeded 0.2%. 

MAPK immunoblotting 
ERK and p38 activation were assessed after 5 and 
10 min. of stimulation with methoxamine and 
endothelin-1, respectively (figure 1). These time 
points were chosen to reflect the different times 
required to reach maximal tension development with 
the two agonists. In the atrium methoxamine caused 
a significant activation of ERK, while the activation 
of p38 was weaker and did not reach statistical 
significance with the given number of experiments 
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i Figure 1 

(f igure 1). In the aorta methoxamine also caused a 

stat ist ical ly signif icant act ivat ion of ERK. Al though 

the effect of methoxamine on p38 was larger, it 

barely missed stat ist ical signif icance wi th the given 

number of experiments (P = 0 .0621 , f igure 1). 

Endothelin-1 caused a marked act ivat ion of ERK in 

atr ia, but due to large data scat ter this barely 

missed stat ist ical signif icance (P = 0.0787, f igure 

1). In contrast , the ef fect of endothelin-1 on p38 in 

atria was smaller but stat ist ical ly signif icant (f igure 

1). In aor ta endothe l in-1 caused s ign i f icant 

st imulat ion of ERK and p38, wi th the latter being 

much larger than the former (f igure 1 ). 

Atrial contraction studies 

The basal force of contract ion of the atria was 8.9 ± 

0.7 mN (n = 12). Methoxamine (300 u.M) increased 

the contract i le force by 1.78 ± 0.17 mN (n = 4). 

P D 9 8 0 5 9 (1 m M ) inhib i ted th is increase by 

approximately 66% (P<0 .05 ) , while SB203580 was 

wi thout signif icant effect f igure 2). The inotropic 

0 J 

isoprenaline methoxamine endothelin-1 

Activation of the mitogen-

activated protein kinases (MAPK) 

ERK and p3ß in atr ium and aorta 

by methoxamine ( 3 0 0 uM) and 

endothelin-1 (50 nM). MAPK 

activation was aesesed by 

immunoblotting with epitope-

specific anti-phosphotyrosine 

antibodies. Samples in the 

presence and absence of agonist 

were measured side-by-side. Data 

in the presence of agonists were 

expressed as % over those in i ts 

absence. *F<0.05 vs. controi in a 

one-sample t-test (n = 5-S>). 

< Figure 2 

Maximal inotropic responses to 

3 0 pM isoprenaline, 3 0 0 pM 

methoxamine, and 5 0 nM 

endothelin-1 in isolated ra t left 

atr ia in the absence or presence 

of of 1 mM PD9Ô059 or 2 uM 

SB2035Ô0 . Inhibitors were 

added to the medium 45 min. 

before agonist addition. 

* f < 0 . 0 5 relative t o vehicle 

(n = 4 -6 ) . 
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Figure 3 • 

Effect of PD9Ö059 (1 mM) and 

SÖ2035&0 (2 uM) on the 

contraction of rat thoracic aorta 

elicited by increasing 
concentrations of methoxamine 

(left panel) or 5 0 uM 

phenylephrine (right panel). 

Inhibitors were added to the 

medium 45 min. before the 

addition of the agonist. 

*P<0.05 relative t o vehicle 

(n = 4-6). 

Figure 4 »• 

Effect of PD9Ô059 (1 mM) on the 

maximum contractile response to 
50 nM endothelin-1 in isolated rat 

thoracic aor ta in the absence or 

presence of 1 uM verapamil. 

*P<0.05 vs. data in the absence 

of PD9Ô059 (n = 4-6) . 
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response to 50 nM endothelin-1 (2.07 ± 0.32 m N , 

n = 5) was also markedly inhibited by PD98059 but 

not by SB203580 (Figure 2). In contrast , neither 

PD98059 nor SB203580 signif icantly af fected the 

inotropic response to 30 \\M isoprenaline (3.47 ± 

0.69 m N , n = 6, f igure 2). 

Thoracic aorta contraction studies 

In iso lated rat aor ta methoxamine caused a 

concentrat ion-dependent vasoconstr ict ion wi th an 

E of 7.52 ± 0.78 mN and a pEC 5 0 of 5.20 ± 0.06 

max •31-J 

(n = 6, f igure 3). PD98059 (1 mM) reduced the 

maximal response to methoxamine to 1.97 ± 0.77 

mN (n = 4, P < 0 . 0 5 ) , and therefore a pEC 5 0 value 

could no longer be rel iably ca lcu la ted in the 

presence of PD98059 ( f igure 3) . In cont ras t , 

SB203580 (2 U.M) did not signif icantly af fect the 

maximal responses to methoxamine but caused a 

small but stat ist ical ly signif icant reduction of the 

10-

6-

< 

i vehicle 
i + FD9S059 

control verapamil 
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pEC 5 0 to of 4.84 ± 0.16 (n = 4, P < 0 . 0 5 , f igure 3). 

The vasocons t r i c to r response to 50 ( iM 

phenylephrine was also inhibited by PD98059 but 

not by SB203580 (f igure 3). 

Endothelin-1 (50 nM) enhanced aort ic contract ion 

by 6.14 ± 0.91 rt iN, n = 6 (f igure 4). In contrast to 

the observa t ions w i th the a , -ad renocep to r 

agon is ts , P D 9 8 0 5 9 caused only a ve ry weak 

inhib i t ion of endo the l in -1 -s t imu la ted aor t ic 

con t rac t i on , wh ich did not reach s ta t is t i ca l 

signif icance (figure 4). SB203580 did not cause any 

inhibit ion of endothel in-1- induced contract ion of rat 

aorta (6.04 ± 0.69 ml\ l , n = 6). The calc ium-entry 

blocker verapamil (1 u.M) did not signif icantly affect 

the contract i le response to endothe l in-1, but in the 

presence of verapami l PD98059 s ign i f icant ly 

reduced the contract i le response to endothelin-1 by 

approximately 50% (figure 4). The vasoconstr ic tor 

action of 20 (xM P M A developed continuously wi th 

t ime. Therefore, all measurements for PMA were 

done 45 min. af ter its addit ion. PD98059 reduced 

signif icantly the contract i le effect of P M A by more 

than 50%, whi le SB203580 had not ef fect. On the 

other hand, neither PD98059 nor SB203580 did 

influence the KCI-induced contract ions (figure 5). 

Act ivat ion of many G-protein-coupled receptors can 

act ivate M A P K cascades in a variety of cell types 

and t issues. This has been shown e.g. wi th a-

adrenoceptor agonists (Clerck et al., 1994; Koch et 

al., 1994; Delia Rocca et al., 1997), endothelin-1 

i Figure 5 

Effect of PD9S059 (1 mM) and 

5ÖZ035&0 (2 uM) on the 

contraction of rat thoracic aorta 

elicited by the phorbol ester PMA 

(20 uM; left panel) or KCl (40 mM; 

right panel). KCI-induced 

contraction is expressed as % of 

KCI-induced contraction before the 

addition of inhibitors. 

Vasoconstriction was measured 

4 5 min. af ter PMA addition and 5 

min. af ter KCl addition. Inhibitors 

were added to the medium 4 5 min. 

prior t o PMA addition. 

*P<0.05 relative t o vehicle 

(n = 4-S). 
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(Koide et al., 1992; Yoshimasa et al., 1992), 
angiotensin II (Butcher et al., 1993; Molloy et al., 
1 993), serotonin (Watts, 1 996), muscarinic receptor 
agonists (Wotta et al., 1998) and vasopressin 
(Granot et al., 1993). Although the mechanism of 
MAPK activation is not fully understood, it may 
involve activation of Ras possibly via ßy- and/or Gq0L 

G-protein subunits coupled to the corresponding 
receptors (Koch et al., 1994; Delia Rocca et al., 
1 997) and/or activation of c-Raf-1 by protein kinase 
C (Ueda et al., 1996). Other possible pathways by 
which MAPK pathways can be activated by G-
protein-coupled receptors might involve PI 3-
kinases (Lopez-llasaca et al., 1997; Thomason et 
al., 1994) and/or 12-lipoxygenase pathway 
products (Wen et al., 1996). 
Most previous studies on a functional role of MAPK 
activation by a,-adrenoceptor agonists or 
endothelin-1 were performed with cultured cells and 
have focussed on the hypertrophic actions of these 
agonists. In the heart and vasculature the positive 
inotropic and contractile actions of a,-adrenoceptor 
agonists and endothelin-1 is believed to be 
mediated by a G-protein-dependent activation of 
phospholipase C and subsequent phosphoinositide 
turnover and PKC activation. In addition, a,-
adrenoceptors and endothelin-1 receptors may 
couple to L-type calcium channels in some tissues 
(for review see Ruffolo and Hieble, 1994). In this 
study we have investigated a possible role of MAPK 
activation in the inotropic and vasoconstrictor 

actions of these agonists. 
Our immunoblotting experiments revealed that the 
oCj-adrenoceptor agonist methoxamine and 
endothelin-1 can activate ERK and p38 not only in 
cultured cells but also in isolated intact rat atria and 
aorta. While this effect did not reach statistical 
significance in all cases, it is in good agreement with 
previous reports on ERK activation in cultured 
neonatal rat cardiomyocytes (Clerck et al., 1994; 
Thorburn, 1994; Thorburn and Thorburn, 1994; 
Gillespie-Brown et al., 1995) and vascular smooth 
muscle cells (Khalil and Morgan, 1993; Hu et al., 
1996; Xu et al., 1996). There are fewer data 
available on p38 activation by a,-adrenoceptor 
agonists and endothelin-1 but this has been shown 
to occur e.g. in hepatocytes (Spector et al., 1997) 
or in transfected rat-1 fibroblasts (Alexandrov et al., 
1998) or COS cells (Aquilla et al., 1996). Taken 
together these data indicate that a,-adrenoceptors 
and endothelin receptors can activate ERK and p38 
forms of MAPK in rat myocardium and vasculature. 
Our further experiments were designed to 
determine whether, apart from growth stimulating 
effects, ERK and p38 activation are involved in the 
contractile responses to a,-adrenoceptor agonists 
and to endothelin-1. The p38 inhibitor SB203580, in 
a concentration which markedly suppresses p38 
activation (Alexandrov et al., 1998) did not inhibit 
inotropic or vasoconstrictor responses to any of the 
agonists used in our study including isoprenaline in 
heart and PMA and KCl in aorta. Therefore, our 
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data suggest that p38 is not involved in the 
mediation of cardiac contractility or 
vasoconstriction. Its potential physiological roles in 
cardiac and vascular function remain to be 
determined. 
Our experiments on the physiological role of ERK 
activation in cardiac and aortic contraction rely on 
the specific MAPK kinase inhibitor PD98059 
(Dudley et al., 1995). While we have used this 
inhibitor in a fairly high concentration, it did not 
interfere with contraction non-specifically in our 
study since it did not block the responses to 
isoprenaline in the heart or to KCl in the aorta. 
PD98059 substantially inhibited the inotropic 
responses to methoxamine and endothelin-1 in the 
rat atrium, indicating that ERK-dependent pathways 
are involved not only in the hypertrophic (see 
above) but also in the inotropic effects of a,-
adrenoceptor and endothelin receptor stimulation. 
In contrast, PD98059 did not inhibit the inotropic 
responses to the ß-adrenoceptor agonist 
isoprenaline. These data demonstrate that the ß-
adrenoceptor-mediated inotropic effects in contrast 
to the a-adrenoceptor and endothelin-receptor-
mediated actions, do not involve a PD98059-
sensitive MAPK. This finding is in accordance with 
previous reports that ß-adrenoceptors do not couple 
to the MAPK pathways in most cell-types 
(Bouloumie et al., 1994; Sadoshima et al., 1995). 
Since ^-adrenoceptors and endothelin receptors 
act via pertussis toxin-insensitive G-proteins, 

presumably of the Gq type, while ß-adrenoceptors 
act via G-proteins of the Gs family, we speculate 
that ERK pathways specifically are involved in G -
but not Gs-mediated inotropy in rat heart. 
PD98059 also inhibited the contractile responses to 
a,-adrenoceptor stimulation in the isolated thoracic 
aorta. Since PKC can activate the ERK-pathway, 
most likely at the level of Raf (Delia Rocca et al., 
1997; Force et al., 1996; Kolch et al., 1993; Sozeri 
et al., 1992), it is not surprising that PD98059 also 
inhibited the response to the PKC stimulator PMA. 
Thus, the a,-adrenoceptor mediated and the PKC-
mediated vasoconstriction in the rat aorta appear to 
be ERK-dependent. Similarly, the contractile 
response to serotonin in endothelium denuded rat 
aorta, mesenteric and tail arteries is at least 
partially ERK-dependent (Watts, 1996; Florian and 
watts, 1998). The vasoconstriction in response to 
endothelin-1 involves extracellular calcium-
dependent and -independent components (for 
review see Rubanyi and Pollokoff, 1994). In our 
study PD98059 inhibited the vasoconstrictor 
response to endothelin-1 only in the presence, but 
not in the absence, of the calcium entry blocker 
verapamil. This indicates that ERK is involved in the 
part of vascular excitation-contraction coupling 
which relies on intracellular calcium but not in that 
which relies on the influx of extracellular calcium. 
Accordingly, PD98059 also did not inhibit KCI-
induced contraction of rat aorta, which fully relies on 
the influx of extracellular calcium. 
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If the inhibition of cardiac and vascular contraction 
does not primarily involve a reduced calcium influx, 
other sites of action should be considered. For 
example Adam et al. (1995) have shown that ERK 
can phosphorylate and thereby inhibit the thin 
filament protein h-caldesmon, a smooth muscle-
specific actin-binding protein. Since h-caldesmon is 
a potent inhibitor of actomyosin ATPase activity, its 
phosphorylation by ERK may release inhibition from 
myosin and thereby enhance contraction. 
Accordingly, a preliminary report on smooth muscle 
cells isolated from ferret aorta describes that 
contraction independent of extracellular calcium is 
accompanied by caldesmon phosphorylation. In 
these experiments PD98059 concomitantly inhibits 
agonist-stimulated caldesmon phosphorylation and 
contraction (Dessy et al., 1998). Whether these 
concomitant effects indeed represent a cause-
effect relationship and whether analogous pathways 
explain the ERK-dependent inotropic effects, 
remains to be investigated. For example it was 
reported very recently that a,-adrenoceptor 
stimulation of Na-K-2CI-cotransport in rat heart is 

also ERK-dependent (Andersen et al., 1998). An 
additional mechanism which should be considered 
include an ERK-induced phosphorylation and 
activation of cytosolic phospholipase A2, which also 
can result in vasoconstriction (Lin et al., 1993). 
Taken together we conclude that stimulation of rat 
atrial and aortic a,-adrenoceptors and endothelin 
receptors activates ERK and p38 isoforms of 
MAPK. While the physiological role of p38 
activation remains elusive, ERK activation appears 
to be involved in the inotropic and vasoconstrictor 
actions of both receptor systems. Thus, MAPK 
cascades are involved not only in cardiovascular 
growth control but also in acute cardiac and 
vascular contractile responses. The relative roles of 
the ERK and other pathways, e.g. the 
phospholipase C signalling cascade, and their 
possible interactions in causing contraction remains 
to be elucidated. 

(This work was supported in part by a grant from 
the Deutsche Forschungsgemeinschaft, He 
1320/9-1). 
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