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Chronic activation of extracellular-signal-regulated protein kinases by
phenylephrine is required to elicit a hypertrophic response in cardiac

myocytes
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Extracellular-signal-regulated protein kinases (ERKs) are acti-
vated rapidly and transiently in response to phenylephrine (PE)
and endothelin-1 (ET-1) in cardiac myocytes, but whether this is
linked to the subsequent development of the hypertrophic
phenotype remains equivocal. To investigate this, we examined
the dependence of the hypertrophic response on the length of
exposure to PE in neonatal myocyte cultures. In addition to the
initial transient activation of ERKs (maximum at 5-10 min), PE
(10 uM) induced a second, more prolonged peak of activity
several hours later. The activity of a transfected atrial natriuretic
factor—luciferase reporter gene was increased 10- to 24-fold by
PE. This response was inhibited by the o, -antagonist prazosin
(100 nM) and by U0126 (10 xuM) and PD184352 (1 xM), inhibi-
tors of ERK activation, irrespective of whether these were added
before or up to 24 h after the addition of PE. Prazosin had no

effect on ET-1 (50 nM)-stimulated atrial natriuretic factor—
luciferase activity. Protein synthesis was enhanced by 35469,
by PE, and this was blocked by prazosin added 1 h after the
addition of PE, but decreased only by half when added 8 h after
PE. Similarly, PE (48 h) increased myocyte area by 49 9%, and this
was prevented by prazosin added 1 h after PE, but decreased
only by half when added at 24 h. These results demonstrate that
prolonged exposure to PE is required to elicit alterations in gene
expression, protein synthesis and cell size, characteristic of
hypertrophied myocytes, and they confirm that the initial peak
of ERK activity is insufficient to trigger hypertrophic responses.

Key words: extracellular signal-regulated kinase, gene expres-
sion, myocyte hypertrophy.

INTRODUCTION

Isolated cardiac myocyte preparations respond to a variety of
hormones and growth factors by recapitulating many of the
characteristics of hypertrophy in vivo, including increased myo-
cyte size, enhanced RNA and protein synthesis and the re-
expression of certain foetal genes such as atrial natriuretic factor
(ANF) (reviewed in [1-3]). Hypertrophic agonists identified
by these responses include G-protein-coupled receptor agonists
[,-adrenergic agents, endothelin-1 (ET-1) and angiotensin II],
growth factors (insulin-like growth factor 1, leukaemic inhibitory
factor, fibroblast growth factors) and cytokines such as inter-
leukin-14. Recent efforts by numerous research laboratories have
attempted to identify the intracellular signalling pathways
through which the hypertrophic response is established. Given
the plethora of agents that can induce a hypertrophic response in
cardiac myocytes, it is not surprising that no signalling pathway
has emerged as the key event and it is likely that different
pathways assume primary importance under different conditions.

Of the intracellular signalling pathways proposed to be linked
to the development of cardiac hypertrophy, much evidence
supports a role for one or more of the mitogen-activated protein
kinase (MAPK) cascades (reviewed in [4]). The MAPKSs consist
of three main subfamilies: the extracellular-signal-regulated
protein kinases (ERKSs), the c-Jun N-terminal kinases and
p38MAPKs. Whereas the ERKs are primarily activated by
G-protein-coupled receptor agonists and growth factors, maxi-
mum activation of the c-Jun N-terminal kinases and p38MAPKs
is by cellular stresses such as ischaemia/reperfusion, osmotic

shock and inhibitors of protein synthesis and, hence, these
are collectively known as the stress-activated protein kinases.
Although numerous studies have indicated an important role for
the stress-activated protein kinases in the development of
myocyte hypertrophy [5—11], the role of ERKs in the development
of hypertrophy has been rather more equivocal. Several studies
have demonstrated that constitutively overexpressed active
components of the ERK cascade are capable of inducing
morphological and transcriptional features of hypertrophy such
as increased cell size, ANF expression and sarcomerogenesis in
vitro [12-15]. It has also been shown that overexpression of the
ERK upstream kinase, MAPK/ERK kinase (MEK) 1, induces a
compensated hypertrophy in transgenic mice [15]. Furthermore,
the hypertrophic response to phenylephrine (PE) can be pre-
vented by the use of an ERK antisense [16] or by the inhibition
of MEK with U0126 or Raf (an MEK kinase) with SB-386023
[17]. However, other studies have shown that the MEK inhibitor
PD98059 does not prevent PE-induced hypertrophy [18] and
that ATP and carbachol can induce ERK activation but not a
hypertrophic response in cardiac myocytes [19]. Part of the
controversy undoubtedly derives from the different models and
techniques used and from the particular hypertrophic end point
studied.

If ERK activation is an important part of the hypertrophic
response, one aspect remains unclear. Previous studies have
shown that after the addition of hypertrophic agonists such as
PE and ET-1, ERK activation is rapid and transient, with a
maximum activity after 5-10 min and a decrease in activity back
to baseline by approx. 1 h [20,21]. For the protein kinase C-
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kinase B; X-gal, 5-bromo-4-chloro-3-indoyl-g-galactopyranoside.
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activating phorbol ester, PMA, ERK activity remains longer but
returns to basal levels within 3 h [21]. Thus the relationship
between this rapid and transient increase in ERK activity and the
various aspects of the hypertrophic response, which take many
hours or days to develop, is uncertain. One possibility is that the
rapid induction of ERK activity acts as a trigger to initiate the
hypertrophic response and, once activated, the triggering re-
sponse is no longer necessary. In the present study, we have
examined this possibility by blocking the hypertrophic stimulus
at different times after initiation and determining the effect on
the subsequent hypertrophic response. Our studies indicate that
the initial peak of ERK activity is insufficient to elicit a
hypertrophic response but that a continuing ability to activate
ERK is required for hypertrophy to develop. We also provide
evidence for a second peak of ERK activity after the addition of
PE which may more closely correlate with the hypertrophic
phenotype.

EXPERIMENTAL
Materials

Sprague—Dawley rats were obtained from Harlan U.K. (Bicester,
Oxon, U.K.). All laboratory chemicals were purchased from
Sigma (Poole, Dorset, U.K.), VWR International (Lutterworth,
Leics., U.K.), Calbiochem (Nottingham, U.K.) or Life Tech-
nologies (Paisley, Renfrewshire, Scotland, U.K.), unless other-
wise stated. Collagenase was from Worthington (distributed by
Lorne Laboratories, Reading, Berks., U.K.). PD184352 was
obtained from Professor Philip Cohen (MRC Protein Phosphory-
lation Unit, University of Dundee, Dundee, U.K.).

Preparation and culture of neonatal rat ventricular myocytes

Myocytes were prepared from the ventricles of 1- to 3-day-old
rats as described previously [12,22], using pre-plating to reduce
contaminating non-myocytes. Cells were plated on to gelatin-
coated 60 mm dishes at a concentration of 4 x 10° cells in 4 ml for
Western blotting or 1 x 10 cells in 4 ml for transfections. Protein
synthesis experiments were conducted in 35 mm dishes with
1.3x10% cells in 2 ml of medium. In one set of experiments,
myocytes were purified by discontinuous Percoll density-gradient
centrifugation, which produces cultures in which > 959, of the
cells are myocytes [23]. Myocytes were incubated at 37 °C in a
humidified atmosphere of 59, CO,,.

Transfections

Myocytes were plated overnight and the medium changed to
maintenance medium (Dulbecco’s modified Eagle’s medium/
Medium 199 in a 4: 1 ratio) with horse serum added to 4 9,. After
3—4 h, myocytes were transfected with 5 ug of pANF638LAS'-
luciferase (ANF-LUX) reporter plasmid [24] and 2 pg of pON249
[25], a p-galactosidase (f-gal) control plasmid, as described
previously [10]. Plasmids were purified by poly(ethylene glycol)
precipitation [26]. After overnight transfection, the cells were
washed once with 10 9, (v/v) horse serum in maintenance medium
and then washed twice with maintenance medium before in-
cubation in the presence or absence of agonists and antagonists
at times and concentrations as indicated in the text and Figure
legends. After a further 48 h, the cells were harvested and
assayed for LUX and f-gal as described previously [12], except
that LUX quantification was performed using a TD-20/20
Luminometer.
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Western blotting

Myocytes (4 x 10¢ cells/60 mm dish) were incubated overnight in
the maintenance medium and were then exposed to agonists and
antagonists at concentrations and for times as indicated in the
Figure legends before extraction. Myocytes were washed twice
in PBS and then scraped into 150 ul of extraction buffer
[12.5 mM Tris, 2.5 mM EGTA, 1 mM EDTA and 50 mM NaF
(pH 7.6)], containing 5 mM dithiothreitol, 19, Triton X-100
and the following protease inhibitors: 200 xM leupeptin,
10 uM  trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane
(E64), 120 uM pepstatin A and 300 xM PMSF. Samples were
transferred to an Eppendorf tube, homogenized and the cell
debris removed by centrifugation (10000 rev./min for 5 min at
4 °C). The supernatant was removed, 5 xl was used for Bradford
protein assay [27] and the remainder was boiled with 0.33 vol. of
sample buffer [109%, (w/v) SDS/139%, (v/v) glycerol/300 mM
Tris (pH 6.8)/130 mM dithiothreitol /0.2 9, Bromophenol Blue).
Samples containing equal amounts of protein were separated
by SDS/PAGE [69%, (w/v) acrylamide stacking gel and 109,
resolving gel] and electroblotted on to a PVDF membrane. Total
ERK and phospho-ERK were detected in parallel blots using
antibodies from Cell Signaling Technology (catalogue nos. 9101S
and 9102) used at 1:1000 dilution. After incubation with a
horseradish peroxidase-linked secondary antibody, bands were
detected using a chemiluminescence method and exposure to
Hyperfilm (Amersham International). The bands on the film
were determined quantitatively by laser densitometry.

Protein synthesis measurements

Myocytes (1.3 x 10° cells/35 mm dish) were incubated in 2 ml of
maintenance medium to which agonists/antagonists were added
at times and concentrations as indicated in the Figure legends.
Measurement of the rate of protein synthesis was then initiated
by the addition of [*H]phenylalanine to give a final specific radio-
activity of 570-970 d.p.m./nmol of L-phenylalanine (variation
between experiments). Myocytes were then incubated for a
further 24 h before the dishes were rinsed three times with PBS
and were then incubated on ice for 20 min with 1 ml of 109,
(w/v) trichloroacetic acid. The cells were then scraped from the
dish and transferred with a further 1 ml trichloroacetic acid wash
to a glass tube. As a carrier protein, 50 xl of 10 9%, (w/v) BSA was
added. Precipitated protein was collected by centrifugation in a
bench-top centrifuge (1000 rev./min for 5 min at 4 °C) and the
pellet was washed four times with 59, trichloroacetic acid. The
final pellet was dissolved by the addition of 20 ul of 1 M NaOH
and 1 ml of NCS tissue solubilizer (Amersham International).
The mixture was then transferred to a scintillation vial with 8 ml
of scintillant and counted.

Determination of cell size

Myocytes, plated at a density of 1 x 10 cells/dish, were trans-
fected as described above and incubated with or without agonist
for 48 h. The cells were washed twice with PBS and then fixed in
49, (v/v) formaldehyde in PBS. The fixed cells were incubated
with 5-bromo-4-chloro-3-indoyl-f-galactopyranoside (X-gal)
solution [2.5 mM X-gal, 5mM K, Fe(CN),, 5SmM K,Fe(CN),
and 2 mM MgCl, in PBS]. After incubation at 37 °C to allow the
colour to develop, transfected (blue) cells were imaged using a
video hardcopier attached to an inverted microscope. A graticule
was used to record the image size. Pictures of 32 randomly
selected cells were taken from each dish and the cell area was
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measured using VIDS 3 software after tracing the cell outline
into a computer.

Statistical analysis

Data are presented as means+S.E.M. for the number of in-
dependent experiments shown in the Figure legends. Data were
analysed by paired or unpaired Student’s ¢ test as appropriate,
with P < 0.05 considered to be statistically significant.

RESULTS
Time course of ERK activation in cardiac myocytes

As has been documented previously (e.g. [19,20]), PE induced a
rapid and transient activation of ERK1 and ERK2, with a peak
of activity at 5-10 min and a return to basal levels within 1 h
(Figure 1). Continuing the time course up to 24 h, we noted a
second peak of ERK activity that appeared several hours after
the first and was more prolonged. However, the time of onset
and the intensity of this second peak were quite variable between
myocyte preparations, as is reflected by the large error bars on
the pooled data. Indeed, in some myocyte preparations, no
discernible second peak was observed. The second peak of ERK
activity was also peculiar to PE, since we have not observed such
a peak in response to ET-1, which is equally as effective as PE in
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Figure 1 Extended time course of ERK activation after PE stimulation

After overnight incubation in the absence of serum and agonists, PE was added to a final
concentration of 10 xM and cell extracts were prepared at the times indicated thereafter.
Parallel Western blots were performed with equal amounts of total protein in each lane. ERK
activity was determined by dividing the individual phospho-ERK bands by the equivalent total
ERK band and expressing this relative to the control in the absence of PE. The data are
means + S.E.M. for three independent experiments. It should be noted that, because of the
restrictions of size, samples 0—1 and 2—24 h were run on separate gels but were exposed on
to the same photographic film. The image presented is a montage of the two, which explains
the slight change in continuity between the 1 and 2 h samples. The control (0 h) sample was
also run on the 2—24 h blot (results not shown) and used for its quantification.
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Figure 2 Time course of ERK activation in Percoll-purified myocytes

Myocytes were purified by Percoll gradient centrifugation as described in the Experimental
section. After overnight incubation in the absence of serum and agonists, PE was added to a
final concentration of 10 «M and cell extracts were prepared at the times indicated thereafter.
Parallel Western blots were performed with equal amounts of total protein in each lane. The fold
induction, shown below the phospho-ERK blot, was derived by dividing total (p42 and p44)
phospho-ERK by total ERK and expressing this relative to the control in the absence of PE
(time 0). The experiment was repeated and similar results were obtained.

inducing acute ERK activation (results not shown). There was
no significant change in total ERK protein throughout the 24 h
time course.

The variability of the second peak of ERK activity in response
to PE caused us to wonder whether it might be due to ERK
activation in the population of non-myocyte cells that escape the
pre-plating protocol, possibly associated with a particular phase
of the cell cycle in these dividing cells. To test this possibility,
myocytes were purified by Percoll density-gradient centrifuga-
tion, a procedure that results in highly purified myocytes [23].
Treatment of these Percoll-purified myocytes with PE initiated a
biphasic response (Figure 2) similar to that in the less-homo-
geneous myocyte preparation (Figure 1). Thus the second peak
of ERK activity is myocytic in origin.

Previously, it has been shown that treatment of cardiac
myocytes with 5 uM ATP induces ERK activation but does not
induce a hypertrophic response in these cells [19]. In the light of
our observations mentioned above, we considered whether this
might reflect a difference in the ERK activation profile compared
with PE and, therefore, we compared the time courses of
ERK activation in response to 10 uM PE and 5uM ATP
(Figure 3). Whereas ATP and PE induced similar early peaks of
ERK activity, only PE induced a significant second peak of ERK
activity. Thus this second peak of ERK activity may be more
crucial to the hypertrophic response than the first peak.

Inhibition of PE-induced ANF-LUX expression by prazosin, U0126
and PD184352

Treatment of cardiac myocytes with the o, -adrenergic antagonist,
prazosin, induced a dose-dependent decrease in ANF-LUX
expression in response to 10 uM PE (Figure 4A). Activation of
ANF-LUX was decreased from 24.8-fold in the absence of
prazosin to 3.3-fold in the presence of 100 nM prazosin. Thus
inhibition was approx. 90 9, complete at 100 nM prazosin and
additional increases in concentration did not reduce PE-induced
ANF-LUX expression further (3.4-fold at 1 uM prazosin). As a
control for the specificity of prazosin, we examined its effects on
ET-1-induced ANF-LUX expression. ET-1 induced a 14.3-fold
increase in ANF-LUX expression and this was completely
unaffected by prazosin at concentrations from 1 to 300 nM
(Figure 4A). However, 1 uM prazosin decreased ET-1-stimulated
ANF-LUX expression by about one-third. Hence, a concen-
tration of 100 nM prazosin was chosen to provide selective and
maximal inhibition of PE-induced ANF-LUX expression.

To establish whether 100 nM prazosin was effective in suppres-
sing PE-induced activation of ERKSs, myocytes were incubated
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Figure 3 Comparison of the effects of PE and ATP on ERK activation

After overnight incubation in the absence of serum and agonists, myocytes were treated with
10 «M PE or 50 xM ATP for the indicated time period before extraction. Western blotting was
performed as described in the Experimental section. Total phospho-ERK was divided by total
ERK and expressed relative to the control in the absence of agonist. The data are
means + S.E.M. for three independent experiments.

with 10 uM PE for 10 min after 10 min preincubation in the
presence or absence of 100 nM prazosin (Figure 4B). As expected,
prazosin inhibited ERK activation by PE but did not affect ERK
activation in response to ET-1. Ethanol, the vehicle for prazosin,
had no effect on ERK activation. To determine how rapidly
100 nM prazosin was capable of suppressing PE-induced ac-
tivation of ERKs, myocytes were stimulated with 10 M PE for
10 min and prazosin was added at different times throughout this
period. When prazosin was added co-incidentally with PE, ERK
activation was completely suppressed (Figure 4C). Even when
added 1 min after PE, prazosin was capable of almost completely
suppressing PE-induced activation of ERKs. However, when
cells were exposed to PE for 2 min or more before prazosin
addition, little effect of prazosin was observed. These results
demonstrate that 100 nM prazosin is capable of suppressing
rapidly and completely the ERK activation by 10 uM PE.
Furthermore, 100 nM prazosin is specific since it does not inhibit
ERK activation or ANF-LUX expression in response to ET-1.
The efficacy of the MEK inhibitor U0126 in inhibiting ERK
activation was also established (Figure 4D). ERK activity in the
presence of PE or H,0, was abolished by U0126 but was
unaffected by the inactive analogue U0124 or by the phosphoino-
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Figure 4 Effects of prazosin on PE- and ET-1-induced ANF-LUX expression
and ERK activation in cardiac myocytes

(R) Dose—response curve for the effect of prazosin (Prz) on ANF-LUX expression. Myocytes
were transfected with 5 pg of ANF-LUX and 2 g of £-gal control plasmid as described
in the Experimental section. Individual dishes were then treated with prazosin at the
concentrations shown for 30 min before further incubation for 48 h in the presence or absence
of 10 M PE or 50 nM ET-1. Results are from a single experiment performed in duplicate and
are expressed as ANF-LUX/3-gal ratios relative to controls performed in the absence of agonist
or antagonist. (B) Effect of prazosin on ERK activation. Myocytes were pretreated for 10 min
with prazosin (100 nM), ethanol (EtOH) or were left untreated before the addition of PE (10 M)
or ET-1 (50 nM), as indicated. ERK activity was assessed after a further 10 min. Results are from
a single experiment which was repeated and similar results were obtained. (C) Time dependence
of prazosin addition. Myocytes were incubated with PE (10 xM) for the indicated time period
before the addition of prazosin (to 100 nM). ERK activation was assessed at 10 min after the
initial PE addition. (D) Effect of U0126 on ERK activation. Myocytes were pretreated for 15 min
with 10 zeM LY294002 (LY), 10 M U0124 (124) or 10 M U0126 (126) or were left untreated
() before the addition of PE or H,0,, as indicated. After a further 5 min, myocytes were
extracted and assayed for phospho-ERK, total ERK and phospho-PKB.

sitide 3-kinase inhibitor LY?294002. Selectivity of U0126 was
determined by examining protein kinase B (PKB) phosphory-
lation. Neither U0126 nor U0124 altered PKB phosphorylation,
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Figure 5 Time-dependent effects of prazosin and U0126 on PE-induced
ANF-LUX expression in cardiac myocytes

Myocytes were transfected with 5 pg of ANF-LUX and 2 ug of S-gal control plasmid as
described in the Experimental section. Individual dishes were then treated with 10 «M PE (zero
time) or left untreated, as indicated. Prazosin (100 nM, top panel), U0126 (10 «M, middle
panel) or U0124 (10 M, bottom panel) were added 15 min before (—15 min) or 1, 8 or 24 h
after treatment with PE. Cells incubated in the absence of inhibitor are indicated (—). Myocytes
were incubated for a period of 48 h after the addition of PE, and results are expressed as ANF-
LUX/f-gal ratios relative to controls performed in the absence of agonist or antagonist from
five separate experiments. *P < 0.005, TP < 0.01 versus PE in the absence of inhibitor.

whereas LY294002 blocked PKB phosphorylation in the presence
of PE and decreased it in the presence of H,O,.

To establish whether a short-term exposure to PE (which is
capable of fully activating ERKSs) is sufficient to trigger a
hypertrophic response, myocytes were incubated for 48 h with
PE, with addition of prazosin at different times (Figure 5, upper
panel). In this series of experiments, PE induced a 20.8 + 3.3-fold
activation of ANF-LUX expression (P < 0.005) and, as before,
prior treatment with prazosin almost completely prevented the
response to PE. Interestingly, a similar degree of inhibition of
ANF-LUX expression was observed when prazosin was intro-
duced at 1, 8 or 24 h after PE had been added. Thus the
stimulation of ANF-LUX expression by PE requires a constant
input from the a,-adrenergic receptor and there appears to be no
trigger response or accumulated signalling memory.

Activation of the ERK pathway is not the only intracellular
route through which PE may induce its hypertrophic effects. To
establish more specifically whether constant signalling through
the ERK pathway is necessary to mediate the hypertrophic
response to PE, the MEK inhibitor U0126 was used (Figure 5,
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Figure 6 Inhibition of PE-induced ERK activation and ANF-LUX expression
in cardiac myocytes by PD184352

(R) Effect of PD184352 on ERK activation. Myocytes were pretreated for 10 min with PD184352
(1 M), U0124 (10 pM), U0126 (10 M) or DMSO or were left untreated (—) before the
addition of PE (10 xM), as indicated. ERK activity was assessed after a further 5 min by
Western blotting. Results are from a single experiment. p-, phospho-; t-, total-. (B) Effect of
PD184352 on ANF-LUX expression. Myocytes were transfected with 5 pg of ANF-LUX and
2 pg of p-gal control plasmid as described in the Experimental section. Individual dishes were
then treated with DMSO (0.1%), PD184352 (1 xM), U0126 (10 M) or U0124 (10 zM) for
15 min before the addition of PE as indicated. Myocytes were incubated for a further 48 h before
assay. Results are expressed as ANF-LUX/-gal ratios relative to DMSO controls and are the
means for two separate experiments.

middle panel). Like prazosin, treatment of cells with U0126
inhibited the stimulation of ANF-LUX expression by PE, and
the extent of inhibition was similar whether U0126 was added
before or up to 24 h after the addition of PE. As a control for the
effects of U0126, we examined the effects of U0124, an analogue
of U0126, which does not interfere with MEK activity (Figure 5,
bottom panel). U0124 had no effect on the ability of PE to
stimulate ANF-LUX expression, irrespective of the time of its
addition. Thus these experiments clearly demonstrate the need
for continual ERK activity for the stimulation of ANF-LUX
expression by PE.

In addition to specific effects on the activation of genes such as
ANF that are indicative of a hypertrophic response, PE elicits a
much lesser, but general, up-regulation of transcription and
translation [28]. Notably, although the effects of prazosin
and U0126 on ANF-LUX expression were similar, U0126 had a
lesser effect when compared with prazosin on the expression of
the co-transfected f-gal control plasmid. Thus, in this series
of experiments, PE stimulated £-gal expression to 205+ 13 9, of
control (P < 0.005), and this was decreased to 116+209,
(P < 0.01) by prazosin but remained at 172+129%, (P < 0.01
versus prazosin) in the presence of U0126. The control compound
U0124 did not affect PE-stimulated /S-gal expression (216 + 30 9%,).
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Figure 7  Prazosin inhibits myocyte protein synthesis in response to PE but
not PMA

Myocytes were incubated in the presence or absence of 10 #M PE or 1 xM PMA before the
addition of prazosin to a final concentration of 100 nM at the indicated times. After the addition
of prazosin at 8 h, [*H]phenylalanine was added to each dish, which was then incubated for
a further 24 h before harvesting and assay for protein-bound [*H], as described in the
Experimental section. Results are expressed relative to the controls and are the means + S.E.M.
for four myocyte preparations. n.s., not significant.

This result suggests that the general effects of PE on transcrip-
tion/translation are less dependent on ERK activity when
compared with the specific effects such as induction of ANF
expression.

Although U0126 has traditionally been used as an inhibitor of
the ERK1/2 kinase MEK-1, activation of ERKS5 by epidermal
growth factor (EGF) in PC12 and HeLa cells is also inhibited by
U0126 with similar potency [29,30]. Since the MEK-5-ERKS
pathway can induce a hypertrophic response in cardiac myocytes,
including the induction of ANF expression [31], it was possible
that our effects of U0126 were mediated through ERKS5 inhibition
rather than, or in addition to, inhibition of ERK 1. To investigate
this possibility, we used another compound, PD184352, at a
concentration (1 xM) that inhibits ERK1/2 activation but does
not affect ERK 5 activation [30]. At this concentration, PD184352
was as effective as 10 xM UO0126 in inhibiting PE-induced
ERK1/2 activation (Figure 6A) and ANF-LUX expression
(Figure 6B), indicating that the effects we have observed most
likely involve MEK-1-ERK1/2 rather than MEK-5-ERKS.

Effect of timed prazosin addition on PE-induced protein synthesis

To determine whether short-term stimulation of myocytes with
PE is sufficient to elicit an increase in the rate of protein
synthesis, myocytes were treated with PE and prazosin, added
1 h or 8 h later. Protein synthesis was measured by determining
[*H]phenylalanine incorporation over the 24 h period following
8 h of PE stimulation (i.e. immediately after the later addition of
prazosin) (Figure 7). Addition of 10 uM PE alone increased
protein synthesis by 35+69,. This response was completely
blocked by the addition of 100 nM prazosin, added 1 h after PE.
If, however, prazosin was added after 8§ h, PE-stimulated protein
synthesis was inhibited by approx. 509, (17489, increase). In
contrast, stimulation of protein synthesis by the phorbol ester
PMA was unaffected by the addition of prazosin at 1 h, demon-
strating that there were no non-specific effects of prazosin on
protein synthesis. These results show that continual exposure to
PE is required to elicit its maximal effects on protein synthesis,
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Figure 8 |Initial ERK activity is insufficient to stimulate an increase in
myocyte size

Myocytes were transfected with 5 pg of ANF-LUX and 2 ug of S-gal control plasmid as
described in the Experimental section. After overnight incubation without serum, myocytes were
incubated in the presence or absence of 10 «M PE for a further 48 h with addition of prazosin
to 100 nM at the indicated times. Cells were fixed and stained with X-gal and the areas of 32
randomly selected transfected cells were quantified as described in the Experimental section.

but that there are important events that occur during the first few
hours of PE stimulation that give rise to long-term effects on
protein synthesis.

Effect of timed prazosin addition on PE-induced increases in cell
size

Another aspect of the hypertrophic response to PE in cardiac
myocytes is increased cell size. Myocytes exposed to 10 M PE
for 48 h exhibited a 499, increase in cell area (Figure 8).
Treatment with 100 nM prazosin at 1 h completely prevented the
response to PE, whereas treatment with prazosin after 24 h
reduced the increase in myocyte area to 24 9%,. This was still a
significant increase, but also a significant decrease from PE
alone. These results show that brief exposure to PE is insufficient
to increase cell area, in accord with the observation that protein
synthesis is not stimulated under these conditions.

DISCUSSION

The objective of the studies reported here was to determine
whether a brief exposure to PE, sufficient to activate the ERK
cascade fully, was capable of inducing a hypertrophic response in
cardiac myocytes. Previous studies have reported that hyper-
trophic agonists induce a rapid, but transient, activation of
ERKs, with a maximum response at 5-10 min [19-21,32]. Given
that not all agonists that activate ERKs induce a hypertrophic
response [19] and that hypertrophic responses occur over a more
prolonged time course, the relationship of this early peak of ERK
activity to hypertrophy is not easily established. In most of
the studies, we chose to use prazosin to inhibit the response to PE
for two main reasons. First, PE activates multiple intracellular
signalling pathways downstream from the «,-adrenergic receptor
and not just the ERK pathway. Secondly, the lack of non-specific
or toxic effects could be checked by retention of the response to
other hypertrophic agonists.
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In conducting a prolonged time course, we observed a second
and much more delayed peak of ERK activity in response to PE
(Figures 1-3). The time of onset, intensity and duration of this
second peak varied much more when compared with the first
peak and did not always coincide with the time points chosen in
particular experiments, making it difficult to study. This may be
one explanation for the failure to observe a second peak of ERK
activity in response to PE in the study by Post et al. [19], who
examined no time point between 6 and 18 h and conducted the
time course study only twice. The extent of activation of ERKs
in the acute phase after PE addition was also modest in their
experiments (approx. 2.5-fold), rendering the observation of a
second, more diffuse peak difficult. Other possible discrepancies
between their study and ours include the use of a 10-fold higher
PE concentration in their experiments, which might induce a
more profound receptor down-regulation, and different assays
for ERK activation. In the present study, we used Western
blotting with antibodies specific to the dually phosphorylated
forms of ERK to assess its activity, whereas in the study by Post
et al. [19] ERK activity was measured directly using an in-gel
assay with myelin basic protein as substrate. Thus it is possible,
at least formally, although we consider it very unlikely, that the
second peak we observed represents ERK that is dually phos-
phorylated but inactive.

A further disparity between the present study and that of Post
et al. [19] is that we observed attenuation of PE-induced ANF-
LUX expression after MEK-1 inhibition, whereas Post et al. did
not. This is probably due to the efficacy and selectivity of the
inhibitors used, since we have also failed to observe any inhibitory
effect of PD98059, the inhibitor used in the study by Post et al.
[19], on ANF-LUX induction (results not shown). However,
interpretation of the effects of PD98059 is complicated by the
observation that it has profound effects on basal ANF-LUX
expression. In our experiments, basal ANF-LUX expression
could be induced up to 7-fold by PD98059 in some instances, and
there is evidence of a 2-fold activation of basal activity in
the study by Post et al. [19]. The two inhibitors used in the present
study, U0126 and PD184352, do not activate basal ANF-LUX
expression (Figure 6), and, since they produce similar degrees of
inhibition of PE-induced ANF-LUX expression, we are confident
that ERK1/2 activation is an important component of this
response. However, we imply no criticism of the Post et al. study,
since these inhibitors were unavailable at the time of their study
and their conclusions were also supported by the use of dominant-
negative ERK1/2 constructs.

The use of inhibitors (U0126, SB-386023) has implicated the
ERK cascade in PE- and ET-1-induced increases in cell size,
sarcomeric organization and ANF expression [17]. However, in
those studies the acute and chronic effects of ERK activation
were not investigated because the inhibitors were added before
agonist challenge. In the present study, we added U0126 and
prazosin at various times after the addition of PE to discriminate
between the importance of short- and long-term ERK activation.
Our results, together with those of Post et al. [19], clearly
demonstrate that transient ERK activation alone is insufficient
to elicit a hypertrophic response. However, given that U0126
blocks ANF expression even when added long after the initial
peak of ERK activity has subsided, the implication is that there
is an ongoing requirement for ERK activation, at least in this
aspect of the hypertrophic response. From our observation that
PE induces a second, albeit variable, peak of ERK activity, we
speculate that it is this activity, perhaps in addition to the initial
peak, that is required for the hypertrophic response. Although
this agrees with the observation that ATP does not produce this
second peak (Figure 3) and is not a hypertrophic agonist [19], we

failed to detect such a second peak of ERK activity with ET-1
both in the present study and in previous work [32]. However, it
would be difficult to detect a modest increase in ERK activity
that might manifest itself over a prolonged time.

The conclusion to be drawn from our results and those of
others is that ERK activation plays an important role in the
establishment of the hypertrophic response. The initial peak of
ERK activity is not sufficient to initiate a hypertrophic response
but may, nevertheless, be necessary. Moreover, it is probable
that different aspects of the hypertrophic response may be more
or less dependent on acute or chronic ERK activation and this
may also vary with particular agonists. For example, PE activates
ANF expression to a greater extent than does ET-1 (see e.g.
Figure 4A) and this correlates with the observation that PE, but
not ET-1, induces chronic ERK activation. On the other hand,
ET-1 is more potent than PE in inducing c-jun transcription,
which is also ERK-dependent [33]. Since c-jun is an immediate-
early gene, its regulation is likely to be dependent on acute ERK
activation, for which ET-1 is at least as effective as PE. Another
example is PMA, which activates protein synthesis at least as
well as PE (Figure 6) but is less effective in inducing ANF
expression. PMA induces a more sustained initial peak of ERK
activity when compared with either PE or ET-1 [34].

The biphasic nature of ERK activation has been observed in
other cell types (see e.g. [35]) and the timing and intensity of
ERK activation appears to be a critical determinant of cell fate
[36,37]. Thus stimulation of endogenous EGF receptors induces
transient ERK activation and proliferation in PC12 cells, whereas
overexpression of the EGF receptor and subsequent agonist
challenge leads to sustained ERK activation and differentiation
[38]. In contrast, stimulation of PC12 cells with nerve growth
factor leads to sustained ERK activation and differentiation.
However, PC12 cell lines, which have decreased receptor number
and which do not differentiate in response to nerve growth factor
can be selected and these are found to exhibit only transient ERK
activation [39]. It is also clear that the relationship between
ERK activation and growth response is dependent on tissue type,
an additional complexity, because in fibroblasts sustained ERK
activation is associated with proliferation and not differentiation
[40-42]. The differential response to transient versus sustained
ERK activation may reflect compartmentalization of the signal,
since evidence from PCI12 cells suggests that sustained activation
of ERKs is required for their translocation to the nucleus
[36,38,43]. However, it is clear from other studies [44] that
transient ERK activation can induce very rapid nuclear re-
sponses, such as the phosphorylation of ternary complex factor
and subsequent c-fos transcription. Moreover, transient ERK
activation has been shown to be necessary and sufficient for c-Fos
protein expression in Rat-1 fibroblasts, whereas sustained ERK
activation is required for the induction of some other activator
protein 1 family members [45]. In terms of the hypertrophic
response, the exact role of ERK is still not clear, but one possible
model is that both immediate-early genes that are dependent on
transient ERK activation and delayed gene expression dependent
on sustained ERK activation are required.

In addition to characteristic changes in gene expression (such
as ANF and c-jun), the hypertrophic response is accompanied by
a general up-regulation of transcription/translation, resulting in
increased ribosome number, enhanced protein synthesis and
greater cell size. Results of our experiments during the present
study indicate that these more global aspects of the hypertrophic
response are less dependent on ongoing ERK activation than is
ANF expression. Thus addition of prazosin after 8 or 24 h
exposure to PE only inhibited subsequent increases in protein
synthesis and cell size respectively by about half, compared with
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a very much greater inhibition of ANF expression. Also, in
transfection experiments, the co-transfected constitutively active
p-gal reporter gene, whose expression is a crude measure of
general transcription/translation, was much less affected by
U0126 than by prazosin, implying less dependence on ERK
activation. This conclusion is in agreement with a previous study
[28] using effector mutants of V12Hras, which suggested that
global effects on transcription may be mediated through non-
ERK-dependent pathways.

The exact significance of the second peak of ERK activity in
cardiac myocytes is difficult to ascertain, because it is not possible
to eliminate the first peak but retain the second peak. Also, it
seems clear that this second peak of ERK activity is not a
uniform response to stimulation by hypertrophic agonists, since
we have not observed such a response to ET-1. However, it is
difficult to reconcile the ERK dependence of ET-1-stimulated
hypertrophy [17] with the lack of a prolonged effect of ET-1 on
ERK activity, since transient ERK activation is clearly insuffi-
cient to initiate a hypertrophic response. Probably, at least the
observed basal levels of ERK activity are required for hy-
pertrophic responses to be elicited. It is noteworthy, in passing,
that biphasic ERK activation in cardiac myocytes with a less
intense, but more prolonged, second peak of ERK activity has
been reported recently in response to oxidative stress [46]. Thus
it is possible that the extent to which hypertrophic agonists
promote chronic ERK activation in cardiac myocytes may be
related to the degree of oxidative stress that they induce.

In summary, we have demonstrated that exposure of neonatal
rat myocytes to PE leads to a biphasic activation of ERKs with
a rapid and short-lived acute response and a more protracted but
delayed secondary response. The initial peak of ERK activity is
insufficient on its own to elicit a hypertrophic phenotype but may
contribute to it by priming the system. The second peak of ERK
activity in response to PE may contribute to the hypertrophic
response, and probably has a particular role in the stimulation of
gene expression. The extent to which this second peak of ERK
activity is observed in response to different agonists may con-
tribute to the variations in activation of the different aspects of
the hypertrophic response.

This work was supported by the British Heart Foundation (grant no. PG/98131 to
S.J.F.). We thank Amanda Nercessian for preparation of the myocytes.

REFERENCES

1 Chien, K. R., Knowlton, K. U., Zhu, H. and Chien, S. (1991) Regulation of cardiac
gene expression during myocardial growth and hypertrophy: molecular studies of an
adaptive physiologic response. FASEB J. 5, 3037-3046

2 Hefti, M. A, Harder, B. A., Eppenberger, H. M. and Schaub, M. C. (1997) Signaling
pathways in cardiac myocyte hypertrophy. J. Mol. Cell. Cardiol. 29, 2873—2892

3 Sugden, P. H. (1999) Signaling in myocardial hypertrophy: life after calcineurin?
Girc. Res. 84, 633—646

4 Clerk, A. and Sugden, P. H. (1999) Activation of protein kinase cascades in the heart
by hypertrophic G-protein-coupled receptor agonists. Am. J. Cardiol. 83, 64H—69H

5 Bogoyevitch, M. A., Gillespie-Brown, J., Ketterman, A. J., Fuller, S. J., Ben-Levy, R.,
Ashworth, A, Marshall, C. J. and Sugden, P. H. (1996) Stimulation of the stress-
activated mitogen-activated protein kinase subfamilies in perfused heart. Girc. Res.
79, 162173

6 Wang, Y., Su, B, Sah, V. P., Brown, J. H., Han, J. and Chien, K. R. (1998) Cardiac
hypertrophy induced by mitogen-activated protein kinase kinase 7, a specific activator
for ¢-Jun NH,-terminal kinase in ventricular muscle cells. J. Biol. Chem. 273,
5423-5426

7 Ramirez, M. T., Sah, V. P., Zhao, X. L., Hunter, J. J., Chien, K. R. and Brown, J. H.
(1997) The MEKK—JNK pathway is stimulated by «-adrenergic receptor and ras
activation and is associated with /n vitro and /n vivo cardiac hypertrophy. J. Biol.
Chem. 272, 14057—14061

8 Choukroun, G., Hajjar, R., Kyriakis, J. M., Bonventre, J. V., Rosenzweig, A. and
Force, T. (1998) Role of the stress-activated protein kinases in endothelin-induced
cardiomyocyte hypertrophy. J. Clin. Invest. 102, 1311-1320

© 2003 Biochemical Society

20

21

22

23

24

25

26

27

28

Choukroun, G., Hajjar, R., Fry, S., del Monte, F., Haqg, S., Guerrero, J. L., Picard, M.,
Rosenzweig, A. and Force, T. (1999) Regulation of cardiac hypertrophy /n vivo by the
stress-activated protein kinases/c-Jun NH,-terminal kinases. J. Clin. Invest. 104,
391-398

Finn, S. G., Dickens, M. and Fuller, S. J. (2001) c-Jun N-terminal kinase-interacting
protein 1 inhibits gene expression in response to hypertrophic agonists in neonatal
rat ventricular myocytes. Biochem. J. 358, 489—495

Zechner, D., Thuerauf, D. J., Hanford, D. S., McDonough, P. M. and Glembotski, C. C.
(1997) A role for the p38 mitogen-activated protein kinase pathway in myocardial cell
growth, sarcomeric organization, and cardiac-specific gene expression. J. Gell Biol.
139, 115127

Gillespie-Brown, J., Fuller, S. J., Bogoyevitch, M. A., Cowley, S. and Sugden, P. H.
(1995) The mitogen-activated protein kinase kinase MEK1 stimulates a pattern of
gene expression typical of the hypertrophic phenotype in rat ventricular
cardiomyocytes. J. Biol. Chem. 270, 28092—28096

Thorburn, J., McMahon, M. and Thorburn, A. (1994) Raf-1 kinase activity is
necessary and sufficient for gene expression changes but not sufficient for cellular
morphology changes associated with cardiac myocyte hypertrophy. J. Biol. Chem.
269, 30580-30586

Ueyama, T., Kawashima, S., Sakoda, T., Rikitake, Y., Ishida, T., Kawai, M.,
Yamashita, T., Ishido, S., Hotta, H. and Yokoyama, M. (2000) Requirement of
activation of the extracellular signal-regulated kinase cascade in myocardial cell
hypertrophy. J. Mol. Cell. Cardiol. 32, 947-960

Bueno, 0. F., De Windt, L. J., Tymitz, K. M., Witt, S. A., Kimball, T. R., Klevitsky, R.,
Hewett, T. E., Jones, S. P., Lefer, D. J., Peng, C. F. et al. (2000) The MEK1-ERK1/2
signaling pathway promotes compensated cardiac hypertrophy in transgenic mice.
EMBO J. 19, 6341-6350

Glennon, P. E., Kaddoura, S., Sale, E. M., Sale, G. J., Fuller, S. J. and Sugden, P. H.
(1996) Depletion of mitogen-activated protein kinase using an antisense
oligodeoxynucleotide approach down regulates the phenylephrine-induced hypertrophic
response in rat cardiac myocytes. Girc. Res. 78, 954—961

Yue, T. L, Gu, J. L, Wang, C., Reith, A. D., Lee, J. C., Mirabile, R. C., Kreutz, R.,
Wang, Y., Maleeff, B., Parsons, A. A. et al. (2000) Extracellular signal-regulated
kinase plays an essential role in hypertrophic agonists, endothelin-1 and
phenylephrine-induced cardiomyocyte hypertrophy. J. Biol. Chem. 275, 37895-37901
Aoki, H., Richmond, M., Izumo, S. and Sadoshima, J. (2000) Specific role of the
extracellular signal-regulated kinase pathway in angiotensin Il-induced cardiac
hypertrophy /n vitro. Biochem. J. 347, 275—284

Post, G. R., Goldstein, D., Thuerauf, D. J., Glembotski, C. C. and Brown, J. H. (1996)
Dissociation of p44 and p42 mitogen-activated protein kinase activation from receptor-
induced hypertrophy in neonatal rat ventricular myocytes. J. Biol. Chem. 271,
84528457

Bogoyevitch, M. A., Glennon, P. E. and Sugden, P. H. (1993) Endothelin-1, phorbol
esters and phenylephrine stimulate MAP kinase activities in ventricular
cardiomyocytes. FEBS Lett. 317, 271-275

Bogoyevitch, M. A., Glennon, P. E., Andersson, M. B., Clerk, A., Lazou, A.,

Marshall, C. J., Parker, P. J. and Sugden, P. H. (1994) Endothelin-1 and fibroblast
growth factors stimulate the mitogen-activated protein kinase signaling cascade in
cardiac myocytes. The potential role of the cascade in the integration of two signaling
pathways leading to myocyte hypertrophy. J. Biol. Chem. 269, 1110-1119

Fuller, S. J., Davies, E. L., Gillespie-Brown, J., Sun, H. and Tonks, N. K. (1997)
Mitogen-activated protein kinase phosphatase-1 inhibits the stimulation of gene
expression by hypertrophic agonists in cardiac myocytes. Biochem. J. 323, 313-319
Iwaki, K., Sukhatme, V. P., Shubeita, H. E. and Chien, K. R. (1990) «- and
f-adrenergic stimulation induces distinct patterns of immediate early gene
expression in neonatal rat myocardial cells. fos/jun expression is associated with
sarcomere assembly; £gr-1 induction is primarily an oc,-mediated response.

J. Biol. Chem. 265, 1380913817

Knowlton, K. U., Baracchini, E., Ross, R. S., Harris, A. N., Henderson, S. A.,

Evans, S. M., Glembotski, C. C. and Chien, K. R. (1991) Co-regulation of the atrial
natriuretic factor and cardiac myosin light chain-2 genes during a-adrenergic
stimulation of neonatal rat ventricular cells. Identification of c¢is sequences within an
embryonic and a constitutive contractile protein gene which mediate inducible
expression. J. Biol. Chem. 266, 7759—7768

Cherrington, J. M. and Mocarski, E. S. (1989) Human cytomegalovirus iel
transactivates the o« promoter-enhancer via an 18-base-pair repeat element. J. Virol.
63, 1435-1440

Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular Cloning: a Laboratory
Manual, 2nd edn, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY
Bradford, M. M. (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein—dye binding. Anal.
Biochem. 72, 248—254

Fuller, S. J., Finn, S. G., Downward, J. and Sugden, P. H. (1998) Point mutations in
the effector domain of oncogenic HRas induces differential activation of gene
expression in cardiac myocytes. Biochem. J. 335, 241246



Extracellular signal-regulated kinases and cardiac myocyte hypertrophy 79

29 Kamakura, S., Moriguchi, T. and Nishida, E. (1999) Activation of the protein kinase
ERK5/BMK1 by receptor tyrosine kinases. Identification and characterization of a
signaling pathway to the nucleus. J. Biol. Chem. 274, 2656326571

30 Mody, N., Leitch, J., Armstrong, C., Dixon, J. and Cohen, P. (2001) Effects of MAP
kinase cascade inhibitors on the MKK5/ERK5 pathway. FEBS Lett. 502, 21—24

31 Nicol, R. L, Frey, N., Pearson, G., Cobb, M., Richardson, J. and Olson, E. N. (2001)
Activated MEK5 induces serial assembly of sarcomeres and eccentric cardiac
hypertrophy. EMBO J. 20, 27572767

32 Clerk, A, Gillespie-Brown, J., Fuller, S. J. and Sugden, P. H. (1996) Stimulation of
phosphatidylinositol hydrolysis, protein kinase C translocation and mitogen-activated
protein kinase activity by bradykinin in rat ventricular myocytes: dissociation from the
hypertrophic response. Biochem. J. 317, 109-118

33 Clerk, A, Kemp, T. J., Harrison, J. G., Mullen, A. J., Barton, P. J. and Sugden, P. H.
(2002) Upregulation of c-jun mRNA in cardiac myocytes requires the extracellular
signal-regulated kinase cascade, but c-Jun N-terminal kinases are required for
efficient upregulation of c-Jun protein. Biochem. J. 368, 101—110

34 Andersson, M. B., Ketterman, A. J. and Bogoyevitch, M. A. (1998) Differential
regulation of parallel mitogen-activated protein kinases in cardiac myocytes revealed
by phosphatase inhibition. Biochem. Biophys. Res. Commun. 251, 328—333

35 Gurjar, M. V., Deleon, J., Sharma, R. V. and Bhalla, R. C. (2001) Role of reactive
oxygen species in IL-14-stimulated sustained ERK activation and MMP-9 induction.
Am. J. Physiol. Heart Circ. Physiol. 281, H2568—-H2574

36 Traverse, S., Gomez, N., Paterson, H., Marshall, C. and Cohen, P. (1992) Sustained
activation of the mitogen-activated protein (MAP) kinase cascade may be required for
differentiation of PC12 cells. Comparison of the effects of nerve growth factor and
epidermal growth factor. Biochem. J. 288, 351355

37 Marshall, C. J. (1995) Specificity of receptor tyrosine kinase signaling: transient
versus sustained extracellular signal-regulated kinase activation. Cell (Cambridge,
Mass.) 80, 179-185

Received 4 September 2002/20 December 2002; accepted 6 January 2003
Published as BJ Immediate Publication 6 January 2003, DOI 10.1042/BJ20021395

38

39

40

4

42

43

44

45

46

Traverse, S., Seedorf, K., Paterson, H., Marshall, C. J., Cohen, P. and Ullrich, A.
(1994) EGF triggers neuronal differentiation of PC12 cells that overexpress the EGF
receptor. Curr. Biol. 4, 694—701

Schlessinger, J. and Bar-Sagi, D. (1994) Activation of Ras and other signaling
pathways by receptor tyrosine kinases. Cold Spring Harbor Symp. Quant. Biol. 59,
173180

Cowley, S., Paterson, H., Kemp, P. and Marshall, C. J. (1994) Activation of MAP
kinase kinase is necessary and sufficient for PC12 differentiation and for
transformation of NIH 3T3 cells. Cell (Cambridge, Mass.) 77, 841-852

Mansour, S. J., Matten, W. T., Hermann, A. S., Candia, J. M., Rong, S., Fukasawa, K.,
Vande Woude, G. F. and Ahn, N. G. (1994) Transformation of mammalian cells by
constitutively active MAP kinase kinase. Science 265, 966—970

Meloche, S., Seuwen, K., Pages, G. and Pouyssegur, J. (1992) Biphasic and
synergistic activation of p44mapk (ERK1) by growth factors: correlation between late
phase activation and mitogenicity. Mol. Endocrinol. 6, 845—854

Nguyen, T. T., Scimeca, J. C., Filloux, C., Peraldi, P., Carpentier, J. L. and

van Obberghen, E. (1993) Co-regulation of the mitogen-activated protein kinase,
extracellular signal-regulated kinase 1, and the 90-kDa ribosomal S6 kinase in PC12
cells. Distinct effects of the neurotrophic factor, nerve growth factor, and the
mitogenic factor, epidermal growth factor. J. Biol. Chem. 268, 9803—9810

Hipskind, R. A., Baccarini, M. and Nordheim, A. (1994) Transient activation of RAF-1,
MEK, and ERK2 coincides kinetically with ternary complex factor phosphorylation and
immediate-early gene promoter activity /n vivo. Mol. Cell. Biol. 14, 6219—6231

Cook, S. J., Aziz, N. and McMahon, M. (1999) The repertoire of fos and jun proteins
expressed during the G, phase of the cell cycle is determined by the duration of
mitogen-activated protein kinase activation. Mol. Cell. Biol. 19, 330—341

Fukuzawa, J., Nishihira, J., Hasebe, N., Haneda, T., Osaki, J., Saito, T., Nomura, T.,
Fujino, T., Wakamiya, N. and Kikuchi, K. (2002) Contribution of macrophage
migration inhibitory factor to extracellular signal-regulated kinase activation by
oxidative stress in cardiomyocytes. J. Biol. Chem. 277, 24889—-24895

© 2003 Biochemical Society



