
932

Regulation of Mitogen-Activated Protein Kinase
Cascade in Adult Rat Heart Preparations In Vitro

Antigone Lazou, Marie A. Bogoyevitch, Angela Clerk, Stephen J. Fuller,
Christopher J. Marshall, Peter H. Sugden

Abstract The regulation of mitogen-activated protein ki-
nase (MAPK) and MAPK kinase (MEK) was studied in
freshly isolated adult rat heart preparations. In contrast to the
situation in ventricular myocytes cultured from neonatal rat
hearts, stimulation of MAPK activity by 1 ,umol/L phorbol
12-myristate 13-acetate (PMA) was not consistently detect-
able in crude extracts. After fast protein liquid chromatogra-
phy, MAPK isoforms p42 IK and p44MAK and two peaks of
MEK were shown to be activated > 10-fold in perfused hearts
or ventricular myocytes exposed to 1 p.mol/L PMA for 5
minutes. The identities of MAPK or MEK were confirmed by
immunoblotting and, for MAPK, by the "in-gel" myelin basic
protein phosphorylation assay. In retrogradely perfused
hearts, high coronary perfusion pressure (120 mm Hg for 5
minutes), norepinephrine (50 ,umol/L for 5 minutes), or

I n vivo, the heart responds to a variety of neuro-
humoral and mechanical stimuli; one facet of the
response is the hypertrophy of muscle cells.' Myo-

cyte hypertrophy is characterized by the accumulation
of contractile proteins, induction of proto-oncogenes,
and transitions in the transcription of cardiac genes.1,2
Although the hypertrophic response has been well
characterized, relatively little is known concerning the
signaling mechanisms that link hypertrophic stimuli to
the end response.

In the heart, the hydrolysis of membrane phosphati-
dylinositols is stimulated by hypertrophic agents such as
endothelin (ET)3-5 or a1-adrenergic agonists,6'7 poten-
tially leading to the generation of at least two intracel-
lular signals, inositol 1,4,5-trisphosphate and diacylglyc-
erol.8 The former controls Ca2 movements within the
cell, whereas the latter is the physiological activator of
protein kinase C (PKC). Phosphatidylinositol hydrolysis
in the heart is also stimulated by mechanical interven-
tions that are potentially hypertrophic (eg, pressure
overload in perfused hearts910 or stretching cultured
neonatal myocytes"). The activation of PKC has been
demonstrated after stimulation of cardiac myocytes with
a1-adrenergic agonists, ET, or tumor-promoting phor-
bol esters12-17 or by stretch.18 Involvement of PKC in the
hypertrophic response is implied from experiments in
which phorbol 12-myristate 13-acetate (PMA) or its
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isoproterenol (50 ,umol/L for 5 minutes) stimulated MAPK
and MEK :2- to 5-fold. In isolated myocytes, endothelin 1
(100 nmol/L for 5 minutes) also stimulated MAPK, but
stimulation by norepinephrine or isoproterenol was difficult to
detect. Immunoblotting showed that the relative abundances
of MAPK and MEK protein in ventricles declined to <20% of
their postpartal abundances after 50 days. This may explain
the difficulties encountered in assaying the activity of MAPK
in crude extracts from adult hearts. We conclude that poten-
tially hypertrophic agonists and interventions stimulate the
MAPK cascade in adult rats and suggest that the MAPK
cascade may be an important intracellular signaling pathway in
this response. (Circ Res. 1994;75:932-941.)
Key Words * phorbol esters * endothelin * hypertension

*norepinephrine * isoproterenol

homologues12"14"16"9 or plasmids encoding constitutively
activated PKC15"20 have been shown to be hypertrophic
in cultured cells.
The downstream signaling events are not well under-

stood. From studies in noncardiac systems as well as in
the heart, the involvement of the mitogen-activated
protein kinase (MAPK, also known as extracellular
signal-regulated kinase [ERK]) cascade can be pro-
posed. This cascade is implicated in many cellular
growth responses and is activated by pathways coupled
to either phosphatidylinositol hydrolysis/PKC activation
or receptor protein tyrosine kinases. Mammalian
MAPKs were originally described as serine/threonine
protein kinases that are activated by various growth
factors or tumor promoters in cultured cells.21-24 They
are now thought to play a critical role in a protein kinase
cascade of signal transduction because they are known
to phosphorylate numerous other proteins/enzymes in-
volved in cellular regulation, thereby modulating their
functions/activities.25 Of particular relevance to cardiac
hypertrophy is that certain transcription factors (c-jun,
c-myc, and p62TCF) have been identified as substrates for
MAPK.25 The activation of MAPK involves phosphory-
lation at both a tyrosine and a threonine residue within
a conserved TEY motif in the enzyme.222326 The up-
stream activator of MAPK is MAPK kinase (MEK [for
MAPK (or ERK) kinase]), for which the only known
protein substrate is MAPK.22 MEK is a dual-specificity
protein kinase that phosphorylates MAPK on both
threonine and tyrosine within a conserved TEY motif.22
MEK is itself activated by a protein kinase by phosphor-
ylation on two serine residues.27'28 Current candidates
for this role in mammalian cells are the proto-oncogene
protein kinase c-Raf-129-3' and two other MEK kinases,
one of which was identified by screening for mammalian
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homologues of a yeast protein kinase32 and the other
identified by protein purification techniques.33

Recent findings using the model system of myocytes
cultured from neonatal rat heart ventricles have raised
the possibility that the MAPK cascade may be important
in the hypertrophic response of the heart. These cells
express at least two MAPK isoforms, p42 APK (ERK2)
and p44MAK (ERK1).34 Established hypertrophic ago-
nists such as ET-1, phenylephrine, PMA, and fibroblast
growth factors activate p42MAPK, p44MAPK, and MEK in
these cells.3435 In addition, MAPK is activated in re-
sponse to myocyte stretching.18,36 Although neonatal cells
respond in a hypertrophic (as opposed to a maturational)
manner to such interventions, these cells are distinct in a
variety of ways from myocytes in the intact adult heart. It
is the adult setting to which the clinical entity of "cardiac
hypertrophy" more specifically appertains. The present
study has assessed the activation of MAPK and MEK by
potential hypertrophic agonists/interventions in perfused
hearts and in cardiac myocytes freshly isolated from adult
rats. We conclude that the MAPK cascade is intact in the
adult heart.

Materials and Methods
Animals and Materials

Sources of rats and reagents have been described in detail
elsewhere.'735 Stock solutions of 50 mmol/L norepinephrine
or isoproterenol were freshly prepared in 1 mmol/L ascorbate.
A glutathione S-transferase (GST)-murine p421'K fusion
protein was expressed in Escherichia coli and was used without
further modification.37 Polyclonal antiserum 124 was raised in
rabbits against the peptide sequence KEKLKELIFEETAR
from the C-terminal region of murine p42?AlK.38 Although the
analogous sequence in p44MAK differs from this sequence by
two amino acids, some batches of this antiserum also recog-
nized p44MM¶38 Polyclonal antiserum 179 against a GST
fusion protein (expressed in E coli) containing the rabbit
MEK1 sequence39 was raised in rabbits.

Heart Preparations and Samples
Hearts from 250- to 300-g male Sprague-Dawley rats were

perfused retrogradely with Krebs-Henseleit bicarbonate-buff-
ered saline40 containing 10 mmol/L glucose at 37°C. Perfusion
pressures are given in the figure legends. Ventricular myocytes
were isolated by digestion of hearts with collagenase (Wor-
thington type I, 1 mg/mL) as described in detail previously.4'
Myocytes from a single heart were finally resuspended in
Krebs-Henseleit saline containing 20 mg/mL bovine serum
albumin (BSA) and 1 mmol/L Ca'4. When the activation of
MAPK and MEK was to be studied by fast protein liquid
chromatography (FPLC), myocytes were resuspended in a
volume of buffer equal to that of the settled cells (1.0 to 1.5
mL) before exposure to PMA for 5 minutes at 37°C. When
MAPK was to be studied by the "in-gel" myelin basic protein
(MBP) phosphorylation assay, myocytes prepared from a
single heart were resuspended to a final volume of 3 to 4 mL,
and 0.5-mL aliquots were incubated for 5 minutes with ago-
nists at 37°C. The cells were then centrifuged for 1 to 2 seconds
in an Eppendorf centrifuge and then washed once with
Krebs-Henseleit saline.

For the study of MAPK and MEK expression by immuno-
blotting, heart ventricles were removed from 1- to 50-day-old
rats and frozen in liquid N2. Samples of human ventricle were
from elective terminations or autopsy and were obtained
through Dr P.J.R. Barton (Department of Cardiothoracic Sur-
gery, National Heart and Lung Institute) as described earlier.42

Tissue Extraction
Perfused heart ventricles were "freeze-clamped" using alu-

minum tongs cooled in liquid N2 and pulverized under liquid
N2. For FPLC of MAPK and MEK, heart powder or cardiac
myocytes were resuspended in 5 vol ice-cold extraction buffer
containing 20 mmol/L p-glycerophosphate, 20 mmol/L NaF, 2
mmol/L EDTA, 0.2 mmol/L Na3VO4, 10 mmol/L benzami-
dine, 25 ,ug/mL leupeptin, 50 ,ug/mL phenylmethylsulfonyl
fluoride (PMSF), and 0.3% (vol/vol) 2-mercaptoethanol (pH
7.5). Extracts were centrifuged for 10 minutes at 10 000g and
4°C, and the supernatant fractions were retained. In some
cases when MAPK activity was assayed by in-gel MBP phos-
phorylation (see below), an equal volume of boiling sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) sample buffer (10% [wt/vol] SDS, 13% [vol/vol]
glycerol, 300 mmol/L Tris-HCl, 0.2% [wt/vol] bromophenol
blue, and 130 mmol/L dithiothreitol [pH 6.8]) was added to a
sample of supernatant fraction, followed by boiling for 5
minutes.
For immunoblotting of rat whole-heart extracts, powdered

hearts were resuspended at 00C to 4°C in 12 mmol/L Tris-HCl,
2 mmol/L EGTA, 1 mmol/L EDTA, 50 mmol/L NaF, 200
gmol/L leupeptin, 10,umol/L trans-epoxysuccinyl-L-leucylami-
do(4-guanidino)-butane, 120 ,umol/L pepstatin, S mmol/L
dithiothreitol, and 300 pmol/L PMSF (pH 7.4). Human heart
samples were provided in 1% (wt/vol) SDS. Samples were
prepared for SDS-PAGE as described above except that,
additionally, the DNA was sheared by repetitive passage
through a 25-gauge syringe needle.

Fast Protein Liquid Chromatography
Supernatant fractions (0.2 to 0.5 mL for MAPK, 0.1 to 0.5

mL for MEK) were applied to a Mono Q HR5/5 column
(Pharmacia) equilibrated with 50 mmol/L Tris-HCl, 2 mmol/L
EDTA, 2 mmol/L EGTA, 0.1% (vol/vol) 2-mercaptoethanol,
5% (vol/vol) glycerol, 0.03% (wt/vol) Brij 35, 0.3 mmol/L
Na3VO4, 1 mmol/L benzamidine, and 4 ,tg/mL leupeptin (final
pH 7.3) at 20°C (buffer A) and a flow rate of 1 mL/min. After
washing with 5 mL buffer A, proteins were eluted with a linear
gradient of NaCl (0 to 300 mmol/L) in buffer A, and fractions
(0.5 mL) were collected.

Assay of MAPK
MAPK was assayed by its ability to phosphorylate MBP at

30°C as described previously.34'35 The assay mixture contained,
at a final pH of 7.5 in a final volume of 50 AL, 15 mmol/L
,3-glycerophosphate, 0.28 mg/mL MBP, 50 mmol/L NaF, 2
mmol/L EDTA, 0.3 mmol/IL Na3V04, 2 ,umol/L cAMP-depen-
dent protein kinase inhibitory peptide (PKI, sequence TTY-
ADFIASGRTGRRNAIHD), and 10 mmol/L MgCl2/120
,umol/L [_'P]ATP (40 to 100 Ci/mol), with which the reaction
was initiated. Reactions were terminated by spotting 40 gL of
the mixture onto P81 phosphocellulose papers that were imme-
diately immersed in ice-cold 75 mmol/L H3P04. Papers were
washed (once for 5 minutes and three times for 20 minutes
each) in 75 mmol/L H3P04 and then counted in 10 mL Fluoran
HV. One unit of MAPK was that amount which catalyzed the
incorporation of 1 pmol phosphate into MBP per minute.
MAPK activity was also assayed by the in-gel MBP phos-

phorylation assay adapted from the method of Kameshita and
Fujisawa,43 as described in detail previously.34,35 The principle
behind this method is that denatured MBP kinases migrate
according to their apparent molecular masses by SDS-PAGE
in gels into which MBP has been covalently incorporated.
After renaturation, MBP kinases are identified by the covalent
incorporation of 32p from [y-32P]ATP into the MBP set in the
gel. Briefly, cell extracts or column fractions (50 jig total
protein loaded) were resolved in 10% (wt/vol) SDS-polyacryl-
amide gels formed in the presence of 0.5 mg/mL MBP. After
electrophoresis, the gel was washed with 20% (vol/vol) 2-pro-
panol in 50 mmol/L Tris-HCl (pH 8.0) and then with 5 mmol/L
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2-mercaptoethanol in 50 mmol/L Tris-HCI (pH 8.0). Proteins
were further denatured by washing the gel in 6 mol/L guani-
dine HCl in 50 mmol/L Tris-HCI (pH 8.0) and then renatured
by washing in 50 mmol/L Tris-HCI (pH 8.0) containing 0.04%
(vol/vol) Tween 40 and 5 mmol/L 2-mercaptoethanol at 4°C.
After preincubation of the gel at 20°C for 1 hour in 40 mmol/L
HEPES, 2 mmol/L dithiothreitol, and 10 mmol/L MgCl2 (pH
8.0), in-gel phosphorylation of MBP was performed in 40
mmol/L HEPES, 0.5 mmol/L EGTA, 10 mmol/L MgCl2, 2
,umol/L PKI, and 40 gzmol/L [y-32PIATP (5 ,aCi/mL, 25 gCi
per gel) (pH 8.0) at 20°C for 3 hours. After extensive washing
in 5% (wt/vol) trichloroacetic acid/1% (wt/vol) sodium pyro-
phosphate, gels were dried and autoradiographed. In-gel
phosphorylation of MBP was quantified by scanning autorad-
iograms of the gels. Because it relies on renaturation of
denatured proteins, which is unlikely ever to be complete, the
in-gel MBP phosphorylation assay cannot be used to compare
the activities of different MBP kinases (eg, p42`PK and
p44MAPK). However, changes in the activity of a given MBP
kinase can be examined.

Assay of MEK
MEK activity was assayed as described previously.35 Mono

Q fractions were sometimes diluted (usually fivefold) in buffer
B containing 50 mmol/L Tris-HCI, 0.1 mmol/L EGTA, 0.1
mmol/L Na3VO4, 1 mg/mL BSA, and 0.1% (vol/vol) 2-mer-
captoethanol (final pH adjusted to 7.5 at 20°C). Aliquots (10
gL) were incubated with a GST-murine p42MAI'K fusion pro-
tein (5 jrL at 0.05 mg/mL) in buffer A containing 0.04%
(wt/vol) Brij 35 and 0.5 gmol/L okadaic acid. Activation of
MAPK was then initiated by the addition of 5 gL of 80 mmol/L
magnesium acetate and 0.8 mmol/L unlabeled ATP. After 30
minutes at 30°C, 25 giL of 50 mmol/L Tris-HCl, 0.8 mg/mL
MBP, 0.1 mmol/L EGTA, 0.1 mmol/L Na3VO4, 2.25 gmol/L
PKI, and 2.25 gmol/L okadaic acid (final pH 7.5 at 20C) were
added. The MAPK reaction was then initiated with 5 g£L of 40
mmol/L magnesium acetate and 0.4 mmol/L ATP (0.5 gCi
[y-32P]ATP) and allowed to proceed for a further 30 minutes
at 30°C. The reaction was terminated by spotting 40 ,ltL of the
reaction mixture onto P81 paper and washing in H3P04 as
described above. The activity of endogenous MAPK in the
Mono 0 fractions was not sufficient to interfere with the assay
of MEK. One unit of MEK is defined as the amount that, in 1
minute of the preincubation in the presence of unlabeled ATP,
catalyzed the activation of exogenous GST-p42M`PK sufficient
to transfer 1 pmol of phosphate per minute from [y-32P]ATP
into MBP in the subsequent MAPK assay.

Immunoblot Analysis
Fractions from FPLC on Mono Q or whole-heart extracts

were subjected to SDS-PAGE in 10% (wt/vol) polyacrylamide
gels and immunoblotted as described in detail previous-
ly.'7'34'35 In some cases, fractions were concentrated -10-fold
with Amicon microconcentrators. Primary antibodies were
used at 1:1000 dilution. The secondary antibody (used at a
1:5000 dilution) was horseradish peroxidase-labeled donkey
anti-rabbit immunoglobulin. Bound antibody was detected by
the ECL Western blotting detection method (Amersham)
according to the manufacturer's instructions, with quantifica-
tion by laser densitometry when required.

Assay of Protein
Protein was measured by the Bradford assay" using Bio-

Rad reagents.

Statistical Methods and Data Handling
Statistical significance was tested by a two-tailed Student's t

test with a value of P<.05 being taken as significant. Areas
under chromatography profiles were measured by using the
INPLOT 4 program (GraphPad Software Inc).
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FIG 1. Fast protein liquid chromatography on Mono 0 columns
(Pharmacia) of mitogen-activated protein kinase (MAPK) in
hearts perfused with phorbol 12-myristate 13-acetate (PMA).
Control retrograde perfusions were carried out for 20 minutes at
60 mm Hg. When present, PMA was added at 15 minutes, and
perfusion was continued for a further 5 minutes. A, Graph shows
MAPK in supernatant fractions (0.2 mL applied to the column)
from control hearts (o) and hearts perfused with 1 gmol/L PMA
for 5 minutes (0) eluted from a Mono Q HR5/5 column by using
linear gradients of NaCI (0 to 300 mmol/L, dotted line); 0.5-mL
fractions were collected. MAPK activity was assayed as de-
scribed in "Materials and Methods." Only the portion of the
elution profile that revealed peaks of MAPK activity is shown.
Similar elution profiles were obtained with seven separate per-
fused-heart preparations. B, Samples of fractions in a different
Mono Q profile corresponding to two peak fractions from peak
(lanes 1 and 2) or peak 11 (lanes 3 and 4) were examined by the
"in-gel" myelin basic protein phosphorylation assay. The num-
bers to the right refer to the molecular masses (in kilodaltons) of
the marker proteins. C, MAPK peaks and 11 (lanes 1 and 2,
respectively) were immunoblotted with anti-p42MAPK antiserum
after sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. The numbers to the right refer to the molecular masses (in
kilodaltons) of the marker proteins.

Results
Activation of MAPK and MEK by PMA in
Perfused Hearts
PMA stimulates MAPK activity in cultured neonatal

rat ventricular myocytes, and this can be assayed di-
rectly in supernatant fractions of these cells using MBP
as the model substrate.3435 In contrast, when superna-
tant fractions from hearts perfused with PMA (1
tmol/L for 5 minutes) were used, activation of MBP
phosphorylation was low (-1.5-fold at best) and incon-
sistent. However, FPLC of supernatant fractions (0.2
mL) from PMA-perfused hearts on Mono Q (Fig 1A)
revealed two major peaks of MBP kinase activity eluting
at "--160 (peak I) and 220 (peak II) mmol/L NaCI. The
mean stimulation of each peak (calculated from areas
underneath the curves after subtraction of baseline
values) was >10-fold (n-7). Recovery of MBP kinase
activity following FPLC on Mono Q was typically
>600% compared with activity in crude extracts.
Three criteria were used to identify the peaks of MBP

kinase activity (Fig 1A) as MAPKs. First, the Mono Q
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FIG 2. Fast protein liquid chromatography on Mono Q columns
(Pharmacia) of mitogen-activated protein kinase kinase (MEK) in
hearts perfused with phorbol 12-myristate 13-acetate (PMA). Ret-
rograde perfusions were carried out as described in the legend to
Fig 1. A, Graph shows results of MEK activities in supernatant
fractions (0.1 mL applied to the column) from control hearts (in) and
hearts perfused with 1 gmol/L PMA for 5 minutes (i), eluted as
described from a Mono Q HR5/5 column by using linear gradients
of NaCI (0 to 300 mmol/L, dotted line); 0.5-mL fractions were
collected. Fractions were assayed for MEK as described in "Mate-
rials and Methods." Only the portion of the elution profile demon-
strating peaks of activity is shown. Similar elution profiles were
obtained with seven separate perfused-heart preparations. B, Frac-
tions containing MEK (lane 1, peak l; lane 2, leading region of peak
II; and lane 3, trailing region of peak 11) were pooled, concentrated,
and immunoblotted with anti-glutathione S-transferase-MEK1 an-
tiserum after sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. The numbers to the right refer to the molecular masses
(in kilodaltons) of the marker proteins.

elution profile is similar to that described for MAPK in
neonatal ventricular myocytes exposed to PMA.435
Second, when MBP kinase fractions were examined by
using the in-gel MBP phosphorylation assay, peak I and
peak II MBP kinase activities migrated at 42 and 44 kD,
respectively (Fig 1B). Third, immunoblot analysis of
Mono 0 fractions (Fig 1C) showed immunoreactive
bands at 42 kD (peak I) and 44 kD (peak II). Thus, by
analogy with earlier results,34,35 peak I is a p42 I'K and
peak II is a p44MAPK,
MEK in Mono Q fractions of supernatant fractions (0.1

mL loaded) of hearts perfused with 1 gmol/L PMA for 5

minutes was assayed by activation of GST-p42 IK (Fig
2A). Two peaks of MEK activity eluted at 70 and 130
mmol/L NaCl. The combined stimulation of MEK activi-
ties (calculated from the total areas under the curves) was
>10-fold (n=7). Fractions from Mono Q showing MEK
activity were pooled, concentrated, and immunoblotted
with antiserum against GST-MEK1. A single immunore-
active band of 46 kD was detected (Fig 2B).

Effects of High Coronary Perfusion Pressures on
MAPK and MEK Activities in Perfused Hearts

Because systemic hypertension may induce hypertro-
phy of ventricular myocytes in vivo, the effect of high

U)

-!4

c:

B

C-)

+i

4J

c.,

E:

40

30~~~~~~~~~~,3'

20
2<'.~~~~~~~'

0 0
20 25 30 35 40 45

Fraction number

15r

00

zDo m2

DO

c}1-3
a)
m2

0J W. 1us 0
10 15 20 25 30 35 40

Fraction number

FIG 3. Graphs showing results of fast protein liquid chromatog-
raphy on Mono Q columns (Pharmacia) of mitogen-activated
protein kinase (MAPK) and MAPK kinase (MEK) in hearts per-
fused at high coronary perfusion pressures. After a 15-minute
equilibration period at 60 mm Hg, hearts were perfused either at
60 mm Hg (control) or at 120 mm Hg (high coronary perfusion
pressure) for a further 5 minutes. MAPK (A) and MEK (B) in
supernatant fractions (0.3 mL applied to the column) from
control hearts (o, A; n, B) and hearts perfused at 120 mm Hg (e,
A; , B) were eluted and assayed as described in "Materials and
Methods" and in the legends to Figs 1 and 2. The dotted line
indicates the NaCI concentration. Similar elution profiles were
obtained with eight (MAPK) or four (MEK) separate perfused-
heart preparations.

(120 mm Hg) coronary perfusion pressure on MAPK
and MEK activities was studied in vitro. FPLC on Mono
Q of soluble fractions (0.3 mL loaded) of hearts per-
fused at high coronary pressures revealed two major
peaks of MAPK eluting at '160 and 220 mmol/L NaCI
(Fig 3A). By analogy with Fig 1 and by in-gel MBP
phosphorylation assays and immunoblotting (results not
shown), these correspond to p42MAPK and p44 AK iso-
forms. MAPK activities in Mono Q fractions from
perfusions carried out on each of 8 days were paired. As
calculated from the areas beneath the curves, high
coronary perfusion pressures stimulated p42M'`K from
37.3±7.8 to 74.9±15.0 arbitrary units (mean±SEM,
n=8, Pc.01 by paired t test). Although p44MIAK activity
was increased from 32.7±2.7 to 50.4+8.2 arbitrary units
(mean±SEM, n=8), this was not statistically significant
by paired t test. Stimulation of MEK activity by hyper-
tensive aortic pressure was also detected after FPLC on
Mono Q (Fig 3B). Two peaks of MEK activity eluted at
NaCI concentrations similar to those in Fig 2A. MEK
activity, calculated from the total area beneath the
curve, increased from 50.7±18.0 to 114.8±24.9 arbi-
trary units (mean±SEM, n=4, P<.01 by paired t test).
The activation of MAPK by high coronary perfusion

pressure detectable by FPLC on Mono Q (Fig 3A) was
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FIG 4. Effect of high coronary perfusion pressure on mitogen-
activated protein kinase (MAPK) assayed by "in-gel" myelin
basic protein phosphorylation. Hearts were perfused as de-
scribed in the legend to Fig 3, and MAPK in the supernatant
fractions was assayed by using the in-gel method (50 gg protein
loaded per lane) as described in "Materials and Methods."
Lanes are as follows: 1 and 2, high coronary perfusion pressure
(120 mm Hg, two separate hearts); 3 and 4, control pressure (60
mm Hg, two separate hearts). The numbers to the right refer to
the molecular masses (in kilodaltons) of the marker proteins. The
experiment was repeated with three further perfusions with
similar results.

small relative to that by PMA (Fig 1A). The in-gel MBP
phosphorylation assay was thus used to confirm results
from FPLC. p42'K activity was stimulated in soluble
fractions of hearts perfused at high coronary perfusion
pressures, as shown by the increased intensity of the
lowest band (Fig 4). As with FPLC on Mono Q,
activation of p44I'AK was less consistent, as shown by
inspection of the band at 44 kD running just ahead of
the 46-kD marker (Fig 4). As we have observed in
extracts of cultured neonatal ventricular myocytes,35
renaturable MBP kinase activities with molecular
masses in the 50- to 69-kD region (Fig 4) and in the
107-kD region (not shown) were also detected. These
activities were not stimulated by high coronary perfu-
sion pressure. The identities of these kinases are not
known, but as we have observed before,35 their activities
are not stimulated by agonists that stimulate p42P'K
and p44

Activation of MAPK and MEK by PMA in Freshly
Isolated Adult Ventricular Myocytes
The heart is heterogeneous in terms of its cell type,

containing cells other than cardiac myocytes (nervous
tissue, fibroblasts, endothelial cells, vascular smooth
muscle cells, etc). Activation of MAPK and MEK by
PMA was thus also studied in a more homogeneous cell
population, namely, freshly isolated ventricular myo-
cytes. Initial control experiments showed that there was
no decline in the content of immunoreactive p42MK
present in myocytes incubated at 37°C for 1 hour after
isolation (Fig 5A). This batch of antiserum did not
detect p44MAPK in crude extracts. Exposure of myocytes
to PMA (1 gmol/L) for 5 minutes during the hour
following their isolation caused phosphorylation of
p42MAPK, as demonstrated by its reduced mobility on
SDS-PAGE (Fig 5B). Although p44MAPK was not de-
tected by immunoblotting in this series of experiments
(Fig 5A and 5B), in-gel MBP phosphorylation assays
showed that activation of both p42MIK and p44MAVPK by
PMA did not decline over the hour following myocyte
isolation (Fig SC). These experiments demonstrate the
intracellular stability of MAPK protein and the stability
of its responsiveness to activation by PMA.

Activation of MAPK and MEK was also examined by
FPLC on Mono Q (Fig 6A). PMA activated two peaks
of MAPK or MEK (Fig 6A), eluting at similar NaCl
concentrations as in perfused hearts (Figs 1A and 2A).
Both peaks of MAPK and total activity of MEK showed
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FIG 5. Stability of mitogen-activated protein kinase (MAPK) in
ventricular myocytes after isolation. After isolation, myocytes were
preincubated at 37°C for the times shown and subsequently
prepared for sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. A, MAPK isoform p42MAPK was immunoblotted (50 gg
protein loaded per lane). B, Myocytes were exposed to phorbol
12-myristate 13-acetate (PMA, 1 gmol/L) in lanes marked "+" for
5 minutes at 37°C after preincubation, and p42MAPK was immuno-
blotted (50 jig total protein loaded per lane). PMA was omitted in
lanes marked "-." In the lane marked with an asterisk, norepi-
nephrine (50 gimol/L) replaced PMA. C, Myocytes were exposed
to 1 gzmol/L PMA in lanes marked "+" for 5 minutes at 37°C after
preincubation, and MAPK activity was assayed by "in-gel" myelin
basic protein phosphorylation (50 jig total protein loaded per
lane). PMA was omitted in lanes marked "-."

>10-fold increases in activity (calculated from areas
underneath the curves after subtraction of baseline
values) compared with control cells (n=3). Peaks of
MAPK or MEK activity were further characterized by
immunoblotting. Fractions corresponding to MAPK
peaks I and II were pooled, concentrated, and immu-
noblotted with anti-p42MIK antiserum. Peak I con-
tained bands at 42 and 44 kD, whereas peak II con-
tained a single immunoreactive band running at slightly
greater than 44 kD (Fig 6B). The probable explanation
for this is that inactive p44MAPK coelutes with active/
inactive p42MAPK in the peak I region. After phosphor-
ylation and activation, p44M/PK eluted at a higher NaCl
concentration on Mono Q and was retarded on SDS-
PAGE (compare with p42MIK in Fig 5B). MEK peaks I
and II were also pooled, concentrated, and immuno-
blotted with anti-GST-MEK1 antiserum (Fig 6C). A
single immunoreactive band was present at n45 kD.

Effects of Norepinephrine, Isoproterenol, Carbachol,
ET, and Insulin on MAPK and MEK Activities in
Perfused Hearts and Adult Ventricular Myocytes

In addition to PMA, a variety of other agonists
stimulate the MAPK cascade in cultured neonatal rat
ventricular myocytes. These include ET, phenylephrine,
and fibroblast growth factors.34'35 Norepinephrine, iso-
proterenol, and carbachol also stimulate MAPK and
MEK in these cells (M.A. Bogoyevitch, A. Clerk, and
P.H. Sugden, unpublished data). In-gel MBP phosphor-
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FIG 6. Fast protein liquid chromatography on Mono Q columns
(Pharmacia) of mitogen-activated protein kinase (MAPK) and
MAPK kinase (MEK) in freshly isolated ventricular myocytes
exposed to phorbol 12-myristate 13-acetate (PMA). Cells were
exposed to 1 gimol/L PMA for 5 minutes and lysed, and the
supernatant fractions (0.5 mL) were applied to a Mono 0 HR5/5
column. MAPK and MEK activities were eluted and assayed as
described in "Materials and Methods" and in the legends to Figs
1 and 2. A, Graph shows MAPK from control cells (o, solid line)
and MAPK and MEK from cells exposed to PMA (MAPK, ., solid
line; MEK, ., broken line). Fractions assayed for MEK activity
were diluted 1:5 with buffer B (see "Materials and Methods")
before assay. Endogenous MAPK activity was sufficiently low so
as not to interfere with the assay of MEK. Similar elution profiles
were obtained with three separate preparations of myocytes. B,
Fractions corresponding to MAPK peaks and in panel A were
pooled, concentrated, and immunoblotted with anti-p42MAPK an-
tiserum after sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). The numbers to the right refer to the
molecular masses (in kilodaltons) of the marker proteins. C,
Fractions corresponding to MEK peaks and 11 were pooled,
concentrated, and immunoblotted with anti-glutathione S-trans-
ferase-MEK1 antiserum after SDS-PAGE. The numbers to the
right refer to the molecular masses (in kilodaltons) of the marker
proteins.

ylation assays of the soluble fractions showed that
perfusion of hearts for 5 minutes with norepinephrine
(50 gmol/L) or isoproterenol (50 gmol/L) significantly
stimulated both p42I''K and p44MAPK by at least three-
fold, as shown by the intensities of the bands in the
42/44-kD region. Although carbachol (100 cmol/L)
stimulated MAPK activities slightly (Fig 7), this result
did not achieve statistical significance. As in Fig 4, other
renaturable MBP kinase activities with molecular
masses of >50 kD were also detectable, but their
activities were not consistently increased by agonists. In
addition, in two separate sets of perfusions, FPLC of
soluble fractions on Mono Q (not shown) confirmed
that norepinephrine (50 Mmol/L) or isoproterenol (50
gmol/L) stimulated p42M 'K, p44M K, and MEK by less
than fivefold, whereas carbachol (100 gmol/L) did not.
Activation was calculated from areas underneath the
curves after subtraction of baseline values. In a variety

of cell lines, insulin stimulates MAPK.45 However, per-
fusion of hearts with insulin (10 mU/mL) for 5, 10, or
120 minutes did not detectably activate MAPK or MEK.
Under these conditions, protein synthesis, glucose up-
take, and lactate output were stimulated appropriate-
ly,46 demonstrating that the insulin preparation used
was active (results not shown).

Because of its vasoconstrictor activity, it is not possi-
ble to perfuse hearts with ET-1. In soluble extracts of
freshly isolated ventricular myocytes exposed to ET-1
(100 nmol/L), activation (twofold to threefold) of
p42NJPK and p44MAPK was readily detected by in-gel MBP
phosphorylation assays, as shown by the intensities of
the bands in the 42/44-kD region (Fig 8). Activation was
not as great as with PMA (fourfold to fivefold, Fig 8). As
in Fig 4, other renaturable MBP kinase activities with
molecular masses of >50 kD were also detectable, but
their activities were not consistently increased by ago-
nists. In contrast to perfused hearts (Fig 7), we were
unable to demonstrate significant consistent activation
of either MAPK isoform by norepinephrine (eight sep-
arate preparations of myocytes, Fig 8B) or isoproterenol
(four separate preparations of myocytes, Fig 8B), al-
though, as is apparent from Fig 8A, activation by
norepinephrine was sometimes observed. Nor were we
able to detect any retardation of the immunoblotted
p42MAPK band after exposure of cells to norepinephrine
(Fig 5A). In agreement with results in perfused hearts
(Fig 7), carbachol did not stimulate MAPK (Fig 8).

Expression of MAPK and MEK Protein in Heart
During Postnatal Development in Rat and Human

Expression of MAPK protein during maturation was
investigated by immunoblotting. Relative abundance of
p42 l'K declined rapidly after birth in rat heart (Figs 9A
and lOA). Relative abundance of p44PIK (the minor band
above the major band in Fig 9A) also declined with age,
although quantification was more difficult because of the
lower signal strength. The lesser amounts of p44MAPK
detected in comparison with p42-l'K may simply represent
a lesser immunoreactivity of p44M lK with the anti-p42 APK
antiserum. Quantification of the expression of p42NMIK
protein showed that by 50 days after birth, the relative
abundance of p42 A'K protein had declined to < 15% of its
value at 1 to 3 days (P<.001, Fig lOA). Relative abun-
dance of MEK in rat ventricles also declined with age
(Figs 9B and lOB). At 50 days after birth, relative abun-
dance was <20% of its value at 1 to 3 days (Pc.005).
However, the fall in MEK abundance was less rapid than
of p42 l'K. At 10 days, the relative abundance of MEK
was 83±6% (mean+SEM, n=3) of its value at 1 day,
whereas for p42 l'K it was 39±13% (mean±SEM, n=3,
P<.05 versus ratio for MEK by unpaired t test). The
relative abundances of MAPK (Fig 9C) and MEK (Fig
9D) in the human heart fell after birth. The MAPK band
probably represents the human homologue of rat p42 A'K
because these proteins comigrated (results not shown).
Limited availability of material precluded a more thor-
ough analysis.

Discussion
Cardiac hypertrophy is an important physiological

adaptation to an increased demand for pressure-volume
work.' 47 It is also an important clinical entity. Thus, left
ventricular hypertrophy is an independent risk factor for
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FIG 7. Activation of mitogen-activated protein kinase (MAPK) in hearts perfused with agonists assayed by "in-gel" myelin basic protein
phosphorylation. A, Hearts were perfused at 60 mm Hg in the absence of agonists (control [CON], lane 1) or with 100 gmol/L carbachol
(CCH, lane 2), 50 gmol/L norepinephrine (NE, lane 3), or 50 jimol/L isoproterenol (ISO, lane 4). The in-gel assay (50 jg protein loaded
per lane) was carried out as described in "Materials and Methods." The numbers to the right refer to the molecular masses (in
kilodaitons) of the marker proteins. B, Bar graphs show results from autoradiograms quantified by laser-scanning densitometry. p42
MAPK and p44 MAPK are MAPK isoforms. Results are mean+-SEM (n=3). *P<.05; **P<.01.

sudden death or other events of a cardiovascular ori-
gin.48 Because the mammalian ventricular myocyte is a
terminally differentiated cell that largely loses its ability
to divide soon after birth, it adapts to increased work
load principally by hypertrophy as opposed to hyperpla-
sia. Normal maturational growth also involves an in-
crease in the size of the cardiac myocyte. However,
hypertrophy is quite distinct from maturational growth,
differing primarily at the level of gene expression.1
The transmembrane and intracellular signaling path-

ways that transmit the hypertrophic stimulus to the
nucleus and other organelles are not well understood
and may well be multifactorial. On the basis of experi-
ments in cultured neonatal rat ventricular myocytes, we
have suggested that the MAPK cascade may be one
such pathway.3435 However, neonatal ventricular myo-
cytes are not typical of the adult cells, and activation of
the MAPK cascade might be lost in the latter. Were this
to be the case, it would clearly be difficult to implicate
the MAPK cascade in the development of adult cardiac
hypertrophy. Thus, it is important to establish the
existence of the cascade in heart preparations from
adult animals and to show that the cascade is regulated
by agonists that are potentially hypertrophic.
MAPK activity can be assayed directly in crude

extracts of cultured neonatal ventricular myocytes by
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phosphorylation of MBP. A fourfold to fivefold activa-
tion of MAPK is observed on exposure of cells to 1
gmol/L PMA for 5 minutes.3435 Attempts to detect
stimulation of MBP phosphorylation by PMA and other
potentially hypertrophic agonists in crude extracts of
adult hearts were unsuccessful, so that the situation
clearly differs from cultured neonatal cells. However,
activation of p42 , p44 , and MEK could be
clearly demonstrated in extracts of adult rat hearts after
FPLC on Mono Q (Figs 1A and 2A). We confirmed that
myocytic MAPK and MEK were susceptible to activa-
tion by PMA by using isolated cells (Figs 5 and 6).

In intact rats, the imposition of a hypertensive pres-
sure overload on the heart (eg, by constriction of the
ascending aorta49) leads to the development of cardiac
hypertrophy. In humans, a leading cause of left ventric-
ular hypertrophy is systemic hypertension.47 It is still not
clear whether this is a direct effect of pressure or is
indirectly mediated by a neurohumoral pathway. By
attaching neonatal ventricular myocytes to a silicone
rubber sheet, a number of investigators have established
that deformation of the cells by stretching induces the
hypertrophic phenotype.1"'18,50,5' The mechanism may
involve the release of an autocrine/paracrine factor,'8
possibly angiotensin 11.52 Stretch activates a plethora of
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FIG 8. Activation of mitogen-activated protein kinase (MAPK) in isolated myocytes by agonists assayed by "in-gel" myelin basic protein
phosphorylation. A, Cells were incubated in the absence of agonists (control [CON], lane 1) or were incubated with 1 ,imol/L phorbol
12-myristate 13-acetate (PMA, lane 2), 100 nmol/L endothelin 1 (ET-1, lane 3), 50 gmol/L norepinephrine (NE, lane 4), 50 jimol/L
isoproterenol (ISO, lane 5), or 100 gmol/L carbachol (CCH, lane 6). The in-gel assay (50 igg protein per lane) was carried out as
described in "Materials and Methods." The numbers to the right refer to the molecular masses (in kilodaltons) of the marker proteins.
B, Bar graphs show results from autoradiograms quantified by laser-scanning densitometry. p42 MAPK and p44 MAPK are MAPK
isoforms. Results are mean±SEM (n=4 to 8). *P<.05; **P<.01.
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FIG 9. Immunoblotting of mitogen-activated protein kinase
(MAPK) and MAPK kinase (MEK) in heart ventricles during matu-
ration. Immunoblotting was carried out as described in "Materials
and Methods." A and B, MAPK (A) or MEK (B) immunoreactivity in
rat ventricles was assayed at 1 day (lane 1), 3 days (lane 2), 10 days
(lane 3), 17 days (lane 4), 26 days (lane 5), and 50 days (lane 6)
after birth. For the samples from <26-day-old rats, ventricles were
pooled from three to six littermates. Protein loading was 50 gg per
lane. C, MAPK immunoreactivity was assayed in human heart
samples after 12 weeks (lane 1), 14 weeks (lane 2), 17 weeks (lane
3), 24 weeks (lane 4), and 33 weeks (lane 5) in utero and after 15
days (lane 6) and 9 months (lane 7) after birth. Protein loading was
40 gg per lane. D, MEK immunoreactivity was assayed in human
heart samples after 33 weeks in utero (lane 1) and 9 months after
birth (lane 2). Protein loading was 40 1gg per lane. The numbers to
the right refer to the molecular masses (in kilodaltons) of the marker
proteins.

enzymes associated with signaling pathways including
phospholipases C and D (and possibly phospholipase
A2), p21 Ras, PKC, MAPK, ribosomal protein S6 ki-
nases, protein tyrosine kinases, and the cytochrome
P450 pathway of arachidonic acid metabolism.18,36
Therefore, it was of interest to investigate whether the
simple maneuver of acutely increasing coronary perfu-
sion pressure to a hypertensive value increased the
activities of MAPK cascade, since we know that this
increases the rate of phosphatidylinositol hydrolysis in
the perfused heart.10 FPLC of extracts on Mono Q (Fig
3) or in-gel MBP phosphorylation assays (Fig 4) showed
that high coronary perfusion pressure increased the
activities of p42MAPK and MEK, although increases were
small (approximately a doubling) compared with PMA.
Because MAPK is the only known protein substrate of
MEK,22 the activation of MEK is a strong indication of
a bona fide activation of the MAPK cascade.
Two interventions that consistently induce the hyper-

trophic response in cultured neonatal myocytes (in addi-
tion to PMA) are ET-1 and a1-adrenergic agonists.1"53 In
high-density cultures, /3-adrenergic agonists also induce a
hypertrophic response.54 In perfused hearts, norepineph-
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FIG 10. Graphs show relative abundance of mitogen-activated
protein kinase (MAPK) isoform p42MAPK and MAPK kinase (MEK)
in rat heart ventricles during maturation. Immunoblots of p42MAPK
(A) and MEK (B) were quantified by laser densitometry. Each
point represents the mean+SEM of three separate experiments.

rine or isoproterenol stimulate MAPK (Fig 7) and also
increase contractile activity. In contrast, no significant
activation could be detected in isolated noncontracting
myocytes (Fig 8) prepared under conditions that we have
shown to maintain both a1- and /3-adrenergic responsive-
ness (stimulation of phosphatidylinositol hydrolysis and
increase in cAMP concentrations, respectively). The fail-
ure of norepinephrine to stimulate MAPK strongly in
isolated adult myocytes represents a major difference from
cultured neonatal cells. The stimulation of MAPK by
adrenergic agonists in the perfused heart could be related
to their effects on contractile activity (as could the effect of
high coronary perfusion pressure). Alternatively, the re-
duction in the number of nonmyocytic cells or myocyte
density may be important. The latter is attractive because
adrenergic agonists may stimulate nonmyocytic cells to
produce myocyte growth factors.55

Although it is well established that isoproterenol
stimulates cAMP-dependent protein kinase in heart by
activating adenylyl cyclase, its activation of MAPK is a
novel observation. We have detected activation of
MAPK by isoproterenol in cultured neonatal myocytes,
and this seems to be related to Ca2 influx (M.A.
Bogoyevitch, A. Clerk, and P.H. Sugden, unpublished
data). Increases in intracellular Ca2` concentrations
stimulate MAPK in cultured fibroblasts and A431 car-
cinoma cells.56

It is difficult to assess the role of phosphatidylinositol
hydrolysis and PKC in the activation of MAPK in adult
myocytes. In freshly isolated adult cells, PMA activates
PKC-e (the principal PKC isoform detectable) as does
epinephrine and ET-1.17 Norepinephrine and ET-1 are
both powerful stimulators of phosphatidylinositol hy-
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drolysis5,57; however, at concentrations that maximally
stimulate phosphatidylinositol hydrolysis, only ET-1
(and not norepinephrine) significantly stimulated
MAPK in isolated myocytes (Fig 8). Carbachol is a
moderately effective stimulator of phosphatidylinositol
hydrolysis in adult myocytes6 but does not significantly
activate MAPK (Figs 7 and 8). These considerations
suggest that stimulation of phosphatidylinositol hydro-
lysis is not in itself sufficient to produce activation of
MAPK in adult cells.
The relative abundances of MAPK and MEK protein

fell after birth in rat ventricles (Fig 9A and 9B and Fig
10A and lOB). This may partly explain the difficulty in
detecting activation of MAPK in crude extracts of adult
heart preparations compared with cultured neonatal
ventricular myocytes. Preliminary FPLC on Mono Q or
by SDS-PAGE was necessary. These maneuvers pre-
sumably removed substances (protein phosphatases,
uncharacterized MAPK inhibitors) that interfere with
direct measurement.
Our general conclusion is that the MAPK cascade is

intact in adult heart preparations and is activated by
interventions (PMA, mechanical stretch, ET-1, and
adrenergic agonists) that may be involved in the induc-
tion of a hypertrophic phenotype.
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