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Abstract

The extracellular signal-regulated kinases 1/2 (ERK1/2) are activated in cardiomyocytes by Gq protein-coupled receptors and are

associated with induction of hypertrophy. Here, we demonstrate that, in primary cardiomyocyte cultures, ERK1/2 were also significantly

activated by platelet-derived growth factor (PDGF), epidermal growth factor (EGF) or fibroblast growth factor (FGF), but insulin, insulin-like

growth factor 1 (IGF-1) and nerve growth factor (NGF) had relatively minor effects. PDGF, EGF or FGF increased cardiomyocyte size via

ERK1/2, whereas insulin, IGF-1 or NGF had no effect suggesting minimum thresholds/durations of ERK1/2 signaling are required for the

morphological changes associated with hypertrophy. Peptide growth factors are widely accepted to activate phospholipase C g1 (PLCg1) and

protein kinase C (PKC). In cardiomyocytes, only PDGF stimulated tyrosine phosphorylation of PLCg1 and nPKCy. Furthermore, activation

of ERK1/2 by PDGF, but not EGF, required PKC activity. In contrast, EGF substantially increased Ras.GTP with rapid activation of c-Raf,

whereas stimulation of Ras.GTP loading by PDGF was minimal and activation of c-Raf was delayed. Our data provide clear evidence for

differential coupling of PDGF and EGF receptors to the ERK1/2 cascade, and indicate that a minimum threshold/duration of ERK1/2

signaling is required for the development of cardiomyocyte hypertrophy.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Ventricular cardiomyocytes withdraw from the cell cycle

in the perinatal period becoming terminally differentiated. In

the adult heart, ventricular cardiomyocytes respond to an

increase in workload with a hypertrophic growth response

associated with changes in morphology (increases in cell

size and myofibrillar content) and gene expression [includ-

ing re-expression of genes which are normally expressed

only early in development (e.g. atrial natriuretic factor)] [1].

The mechanisms associated with hypertrophy have been

investigated over many years. It is probable that locally

released neurohumoral factors stimulate the cardiomyo-
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cytes, initiating intracellular signaling pathways which elicit

cardiomyocyte hypertrophy [2]. Principal factors appear to

be those which primarily stimulate Gq protein-coupled

receptors (GqPCRs) and include endothelin-1 (ET-1) and a-

adrenergic agonists. Consequently, much research has

focused on the intracellular signaling pathways activated

by GqPCR agonists in cardiomyocytes.

As in other systems, ET-1 stimulates phospholipase Ch
(PLCh) activity in cardiomyocytes resulting in the hydrolysis

of phosphatidylinositol 4,5 bisphosphate to produce inositol

1,4,5 trisphosphate [3] and diacylglycerol (DAG) [4]. There

is consequent activation of DAG-responsive novel protein

kinase C (PKC) isoforms, nPKCy and nPKCq, as measured

by their translocation from the soluble to the particulate

fraction of the cell [5]. These and other data implicate PKC

activity in cardiomyocyte hypertrophy [2]. GqPCR agonists

also activate mitogen-activated protein kinases (MAPKs) in
(2006) 225 – 235
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cardiomyocytes in a PKC-dependent manner [2]. The three

best-characterised MAPKs [extracellular signal-regulated

kinases 1/2 (ERK1/2), the c-Jun N-terminal kinases and

p38-MAPKs] are all implicated in cardiomyocyte hyper-

trophy, although ERK1/2 are particularly strongly implicated

in the response [6]. Although most studies of intracellular

signaling in cardiomyocyte hypertrophy have examined the

response to GqPCR agonists, cardiomyocytes also respond to

peptide growth factors which activate receptor protein

tyrosine kinases (RPTKs). Thus, acidic fibroblast growth

factor (aFGF) activates ERK1/2 in neonatal rat cardiomyo-

cytes, the upstream MAPK kinases (MKK1/2) and the

MAPK kinase kinase c-Raf [7,8]. Other peptide growth

factors including epidermal growth factor (EGF [9]), platelet-

derived growth factor (PDGF [10]), and insulin-like growth

factor 1 (IGF-1 [11]) also activate ERK1/2 in cardiomyo-

cytes, and it is generally accepted that such agonists promote

cardiomyocyte hypertrophy.

The mechanisms by which RPTKs activate ERK1/2 in

proliferating cells have been investigated extensively [12].

In essence, growth factors activate their RPTK leading to

phosphorylation of the receptor and/or a docking protein.

Grb2 is recruited to the receptor complex and is associated

with Sos (a guanine nucleotide exchange factor for the small

G protein Ras) which is brought into the vicinity of Ras. Ras

becomes activated and recruits c-Raf to the membrane for

activation, initiating the ERK1/2 cascade. Tyrosine phos-

phorylation of RPTKs and/or adapter molecules also leads

to the activation of other pathways including phosphoinosi-

tide 3-kinase (PI3K) and PLCg. PI3K activity leads to

activation of protein kinase B (PKB, also known as Akt),

whereas PLCg hydrolyses phosphatidylinositol 4,5 bisphos-

phate presumably leading to activation of DAG-responsive

PKC isoforms. The activation of ERK1/2, PKB/Akt and

PLCg by IGF-1, PDGF, EGF and FGF have all been

reported in a variety of different cell types [11,13–16], but

the overall response of cardiomyocytes has not been

examined. Since, in other cells, the duration and intensity

of activation of, for example, the ERK1/2 cascade, can

influence such global responses as proliferation vs. differ-

entiation [17], the precise wiring of the pathways and

relative activation of different components is likely to have a

significant impact on cardiomyocyte function. Here, we

demonstrate that the degree of ERK1/2 activation is an

important factor in the development of cardiomyocyte

hypertrophy, and illustrate that PDGF signaling to the

ERK1/2 cascade differs substantially from that of other

growth factors.
2. Materials and methods

2.1. Cardiomyocyte cultures

Ventricular myocytes, prepared from 1–2 day Sprague–

Dawley rats, were plated at 4�106 cells/60 mm dish (18 h)
[18]. Serum was withdrawn (24 h). To examine the role of

PKC, myocytes were pretreated with PMA (1 AM, 24 h) or

GF109203X (10 AM, 15 min). Agonists (PDGF AB, 20 ng/

ml; aFGF, 20 ng/ml; IGF-1, 75 ng/ml; insulin, 50 mU/ml;

NGF, 50 ng/ml; ET-1, 100 nM; PMA, 1 AM) were added to

the medium. Peptide growth factors and PMA were from

Sigma Aldrich Chemical Co. Human Actrapid insulin was

from Nova Nordisk Pharmaceuticals Limited. GF109203X

was from Alexis.

2.2. Activation of signaling pathways

Total myocyte extracts were prepared, and phosphory-

lated/total ERK1/2 or PKB were analysed by immunoblot-

ting as described [19], using phosphospecific or total ERK1/

2 or PKB polyclonal antibodies (Cell Signaling, 1/1000).

ERK1/2 activity was measured by in-gel protein kinase

assays with myelin basic protein (Upstate) as substrate [5].

Hydrolysis of phosphatidylinositols was measured as

described [3].

To assess tyrosine phosphorylation of PLCg1 or PKCy,
cells (4�106) were scraped into Buffer A [20 mM Tris–

HCl (pH 7.4), 2 mM EDTA, 100 mM KCl, 5 mM NaF,

0.2 mM Na3VO4, 2 AM microcystin, 10% (v/v) glycerol,

1% (v/v) Triton X-100, 0.5% (v/v) 2-mercaptoethanol, 10

mM benzamidine, 0.2 mM leupeptin, 0.01 mM trans-

epoxy succinyl-l-leucylamido-(4-guanidino)butane, 0.3

mM phenylmethylsulphonyl fluoride] and centrifuged

(10,000�g, 5 min). The supernatants were incubated (1

h, 4 -C) with monoclonal anti-phosphotyrosine antibodies

(PY99; 2 Ag) prebound to Protein G-Sepharose. Immu-

noprecipitates were washed, resuspended in 15 Al buffer

A and boiled with 0.33 M Tris–HCl pH 6.8, 10% (w/v)

SDS, 13% (v/v) glycerol, 133 mM dithiothreitol (15 Al).
Samples were immunoblotted using 8% (w/v) polyacryla-

mide gels and polyclonal primary antibodies to PKCy (1/

400) or PLCg1 (1/200). Antibodies were from Santa Cruz

Biotechnology Inc.

The activity of immunoprecipitated c-Raf was assayed as

described [20] using 0.2 Ag GST-MKK1 as substrate.

Samples were immunoblotted with antibodies to phosphory-

lated MKK1/2 (Cell Signaling, 1/1000) or total c-Raf (1/

1000). Ras.GTP was affinity purified as described [21] and

immunoblotted with monoclonal antibodies for total Ras (1/

500), K-Ras (1/200) or N-Ras (1/100), or polyclonal

antibodies for H-Ras (1/200). Antibodies to total Ras

(R02120) or c-Raf (R19120) were from BD Biosciences.

Antibodies to H-Ras (C20), K-Ras (F234) or N-Ras (F155)

were from Santa Cruz Biotechnology Inc.

For all immunoblotting, monoclonal antibodies were

amplified with rabbit anti-mouse immunoglobulin secon-

dary antibodies, and detected with HRP-conjugated

tertiary antibodies, whereas polyclonal antibodies were

detected with HRP-conjugated secondary antibodies.

Secondary/tertiary antibodies were from Dako. Bands

were detected by enhanced chemiluminescence (Santa
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Cruz Biotechnology Inc.). Scanning densitometry (Image-

master 1D calibrated with Kodak photographic step tablet

no. 2; Amersham Biosciences) was used for semi-

quantitative analysis of immunoblot data and in-gel kinase

assays.
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Fig. 1. Activation of ERK1/2 by peptide growth factors in cardiomyocytes. Myoc

(C) for the times indicated, or exposed to the indicated agonists for 5 (D, E)

phosphorylated (upper images) or total (lower images) ERK1/2. (E) ERK1/2 acti

basic protein as substrate. Bands were analysed by scanning densitometry (lower

experiments.
2.3. Immunostaining and planimetry

Myocytes were plated (105 cells/well, 18 h) in Permanox

four-well chamber slides precoated with gelatin and laminin

[22]. Serum was withdrawn (24 h) and myocytes were
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or 60 (F) min. (A–D and F) Myocyte extracts were immunoblotted for

vity in myocyte extracts was measured by in-gel kinase assay with myelin

panels). Results are meansTS.E. for 3 (A–C, F) or 4 (D, E) independent
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exposed (24 h) to agonists in the absence or presence of

U0126 (10 AM). Following immunostaining with antibodies

to h-myosin heavy chain (Vector Laboratories) as described

[22], digital planimetry was used to measure cardiomyocyte

area (Scion Image Beta 4.02, Scion Corporation USA).

>150 myocytes were measured for each condition in each

experiment. Results were normalised to the mean area of

control cells for each experiment. Statistical analysis (one-

way ANOVA with Tukey’s multiple comparison test) was

with GraphPad Prism.
3. Results

3.1. Activation of ERK1/2 and PKB/Akt by peptide growth

factors in cardiomyocytes

We investigated the activation of ERK1/2 by growth

factors [PDGF AB, EGF or IGF-1; maximally effective

concentrations (data not shown)] in cardiomyocytes for
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Fig. 2. Activation of PKB/Akt by peptide growth factors in cardiomyocytes. Myoc

(C) for the times indicated, or exposed to the indicated agonists for 5 min (D). Pr
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comparison with the response to ET-1 or PMA (a phorbol

ester which activates DAG-responsive PKC isoforms

directly). PDGF, EGF or IGF-1 promoted a rapid (maximal

within 3–5 min) increase in phosphorylation (activation) of

ERK1/2 as assessed by immunoblotting with phosphospe-

cific antibodies (Fig. 1A–C). However, the subsequent

kinetics differed. The increase in phospho-ERK1/2 in

response to PDGF declined substantially at 10–20 min,

although levels remained elevated for at least 60 min (Fig.

1A). In response to EGF, there was a gradual decline in

phospho-ERK1/2 from ¨10 to 60 min, although levels

remained above basal even at 60 min (Fig. 1B). In contrast,

the response to IGF-1 was clearly transient and levels of

phospho-ERK1/2 returned to basal within 30 min (Fig. 1C).

The degrees of stimulation of ERK1/2 by PDGF, EGF,

IGF-1 and NGF were compared directly with those induced

by aFGF, insulin, ET-1 and PMA by immunoblotting with

phosphospecific antibodies (Fig. 1D and F) or using in-gel

protein kinase assays with myelin basic protein as substrate

to measure activity directly (Fig. 1E). The response was
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examined at 5 min (the time at which maximal activation

was seen by all agonists) in order to compare the degree of

activation, and at 60 min to gauge the sustainability of the

response. At 5 min, using in-gel kinase assays (Fig. 1E), the

degree of ERK1/2 activation was such that ET-1 or PMA

promoted an approximately similar response (29- to 35-fold

for ERK1; 37- to 40-fold for ERK2) which was greater than

that induced by PDGF, EGF or FGF (21- to 25-fold for

ERK1; 24- to 32-fold for ERK2), each of which induced a

similar degree of ERK1/2 activation. The response to

PDGF, EGF or FGF was greater than that induced by

insulin (¨6-fold for ERK1; ¨12-fold for ERK2) and the

weakest activation of ERK1/2 was observed with IGF-1 or

NGF (¨3-fold for ERK1; ¨6-fold for ERK2). This was

supported by calibrated densitometry of the phospho-ERK1/

2 immunoblots (Fig. 1D). Phosphorylated ERK2 has

reduced mobility with SDS-PAGE and the active form is

observed as a band of higher relative molecular mass on

total ERK2 immunoblots. The proportion of this form of

ERK2 correlated directly with the phospho-ERK1/2 blots

and in-gel kinase assays (Fig. 1D and E). At 60 min, the

increase in ERK1/2 phosphorylation had declined substan-

tially for all agonists (Fig. 1F). However, the degree of

phosphorylation of ERK1/2 remained above basal levels for

PMA, ET-1, PDGF, EGF or FGF (6- to 10-fold), but not

insulin, IGF-1 or NGF (Fig. 1F). The activation of ERK1/2

by insulin, IGF-1 or NGF is therefore not only to a lesser

degree than that induced by the other agonists, but the

response is also not as sustained.

Since growth factors, particularly insulin and IGF-1,

stimulate PI3K and activate PKB/Akt, we examined and

compared the phosphorylation of PKB/Akt by the various

stimuli by immunoblotting with phosphospecific antibodies

to each of the two sites required for activity (Thr308 and

Ser473 for mouse PKBa). PDGF, EGF or IGF-1 promoted a

rapid (1–3 min) increase in phosphorylation of PKB/Akt on

Thr308 and Ser473 (Fig. 2A–C). NGF did not induce any

significant increase in phosphorylation of PKB/Akt (results

not shown). The response to PDGF was sustained over at

least 60 min (Fig. 2A), whereas the response to EGF was

maximal at 5–10 min and then declined (Fig. 2B). The

response to IGF-1 was also maximal at 5–10 min and,

although there was subsequently some decline, levels of

phosphorylated PKB/Akt remained elevated for at least 60

min (Fig. 2C). Direct comparison of the effects of different

growth factors, ET-1 or PMA on the phosphorylation of

PKB/Akt at 5 min (the time at which maximal activation

was seen by all agonists which signal through PKB/Akt)

revealed that insulin had the greatest effect on PKB/Akt

phosphorylation (Fig. 2D). The response to insulin was

greater than that induced by PDGF, EGF or FGF which all

promoted a similar degree of phosphorylation of PKB/Akt

and this was greater than the response to NGF (Fig. 2D).

Consistent with previous studies [23], there was minimal

effect of ET-1 on the phosphorylation of PKB/Akt and PMA

had no measurable effect. These experiments confirm the
efficacy of insulin and IGF-1 despite the minimal activation

of ERK1/2 (Fig. 1).

3.2. Differential activation of phospholipase C and PKCd
by RPTKs

PDGF, EGF and IGF-1 receptors all have the potential to

activate PLCg leading to hydrolysis of phosphatidylinositol

4,5 bisphosphate to produce DAG and inositol 1,4,5

trisphosphate [11,14,16]. We examined the stimulation of

PLC by these growth factors in cardiomyocytes pre-labelled

with [3H]inositol. Production of total [3H]inositol phos-

phates (InsPs, as a measure of PLC activity) was measured.

PDGF promoted a gradual increase in [3H]InsPs from 1 to 3

min which was approximately linear over at least 15 min

(Fig. 3A). Surprisingly, of the growth factors studied, only

PDGF promoted phosphoinositide hydrolysis (Fig. 3B).

However, the response to PDGF was less than that induced

by ET-1 which, acting through its GqPCR, stimulates PLCh
isoforms [24]. There was no change in production of

[3H]InsPs in unstimulated cells during the assay period (data

not shown).

PLCg isoforms (PLCg1 and PLCg2) are activated by

tyrosine phosphorylation [24]. To examine this in cardio-

myocytes, phosphotyrosine-containing proteins were immu-

noprecipitated and then immunoblotted for PLCg1/2. PDGF

potently and rapidly (from ¨1 min) promoted tyrosine

phosphorylation of PLCg1 (Fig. 4A). EGF and, to an even
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lesser extent, aFGF marginally increased tyrosine phosphor-

ylation of PLCg1, but IGF-1, insulin, ET-1 or PMA had no

effect (Fig. 4B). No tyrosine phosphorylated PLCg2 was

detected in phosphotyrosine immunoprecipitates from cells

exposed to any agonist studied, although PLCg2 was

identified in total cardiomyocyte extracts (data not shown).

Of the two products of PLC activity, DAG is the

established physiological activator of classical (a, h, and
g) and novel (y, q, D, u) PKCs [25]. By binding to DAG,

these PKCs translocate from the soluble to the particulate

fraction of the cell. This translocation is commonly used to

assess c/nPKC activation. cPKCa, nPKCy and nPKCe all

translocate to the particulate fraction of cardiomyocytes in

response to PMA (which mimics DAG) [2]. Although PLCg

was activated in cardiomyocytes exposed to PDGF (Fig.

4A) with an associated increase in phosphoinositide

hydrolysis (Fig. 3), translocation of cPKCa, nPKCy or

nPKCq was not detected in cardiomyocytes following

stimulation with PDGF (data not shown). However, PKCs

are also regulated by reversible phosphorylation and

nPKCy, in particular, is regulated by tyrosine phosphor-

ylation [26]. To examine this, immunoprecipitated phos-

photyrosine-containing proteins from cardiomyocytes were

immunoblotted for nPKCy. PDGF promoted a rapid (within
1–3 min) and substantial increase in tyrosine phosphor-

ylation of nPKCy which was maximal at 3–5 min and

declined to basal levels after ¨30 min (Fig. 4C). The

response to PDGF was greater than that induced by PMA

(previously reported to increase tyrosine phosphorylation of

nPKCy [26]) or ET-1 (Fig. 4D). EGF, FGF, IGF-1 and

insulin had a minimal effect on tyrosine phosphorylation of

nPKCy in cardiomyocytes (Fig. 4D), consistent with the

negligible effects of these agonists on tyrosine phosphor-

ylation of PLCg1 (Fig. 4B) and on phosphoinositide

hydrolysis (Fig. 3B). Thus, in an endogenous setting in

primary cardiomyocytes, signaling through PLCg and

nPKCy by RPTKs is segregated.

3.3. Signaling to ERK1/2 by PDGF vs. EGF

In cardiomyocytes, activation of ERK1/2 by ET-1 is

PKC-dependent and is inhibited by selective pharmacolog-

ical inhibitors or by prolonged treatment with PMA to

downregulate c/nPKCs [2]. As expected, given that there

was no indication of activation of PLCg or nPKCy (Fig. 4),

the activation of ERK1/2 [assessed by immunoblotting with

phosphospecific antibodies (Fig. 5A) or in-gel protein

kinase assays (Fig. 5B)] by EGF was not inhibited by the
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PKC inhibitor, GF109203X (10 AM) or by pretreatment (24

h) with 1 AM PMA to downregulate c/nPKCs (Fig. 5).

However, either treatment suppressed the activation of

ERK1/2 by PDGF (Fig. 5). As indicated above, the active

form of ERK2 is observed as a band of higher relative

molecular mass on total ERK2 immunoblots. The propor-
tion of this form of ERK2 correlated directly with the

phospho-ERK1/2 blots and the in-gel kinase assays. It is

therefore clear that, although PDGF and EGF induce similar

activation of ERK1/2, the wiring of the pathway is different.

The ERK1/2 cascade is a three-tiered cascade in which

Raf phosphorylates and activates MKK1/2 which, in turn,

phosphorylate and activate ERK1/2 [2]. We compared the

activation of c-Raf by PDGF and EGF. As expected, since

both agonists are equipotent in activating ERK1/2 (Fig. 1),

PDGF or EGF activated c-Raf to a similar degree (maximal

at ¨3 min) (Fig. 6A and B). However, the activation of c-

Raf by EGF was apparent within 1 min of stimulation when

there was no detectable activation by PDGF at this time.

This suggested that the coupling from Ras to c-Raf may be

different. The activation (GTP-loading) of total Ras iso-

forms (Fig. 6C) and specific activation of H-Ras (Fig. 6D),

K-Ras (Fig. 6E) or N-Ras (Fig. 6F) was examined.

Surprisingly, given that there has been no previous

indication of differential coupling of RPTKs to Ras and

the ERK1/2 cascade, the stimulation of total Ras.GTP or of

GTP-loading of the individual Ras isoforms by PDGF was

minimal and substantially less than that induced by EGF.

Thus, in cardiomyocytes in which endogenous receptors are

signaling through endogenous intermediates, coupling of

PDGF to the ERK1/2 cascade differs markedly from that of

EGF, with less activation of Ras isoforms but a requirement

for PKC activity.

3.4. Effects of growth factors on cardiomyocyte morphology

The ERK1/2 cascade is required for cardiomyocyte

hypertrophy induced by GqPCR agonists although activa-

tion of ERK1/2 alone may not be sufficient for the full

response [2]. We determined whether activation of ERK1/2

by different peptide growth factors [given that the degree

and time course of ERK1/2 activation differs between them

(Fig. 1)] is sufficient for the morphological changes

associated with myocyte hypertrophy. Cardiomyocytes were

exposed to growth factors or ET-1 for 24 h in the absence or

presence of 10 AM U0126 (which inhibits MKK1/2) and the

morphology examined following immunostaining for h-
myosin heavy chain (Fig. 7). Consistent with previous

studies [19,27], ET-1 promoted changes in cardiomyocyte

morphology associated with hypertrophy (increases in cell

size, increased cell–cell contacts and increased immunos-

taining for myofibrillar proteins) and the response was

attenuated by U0126 (Fig. 7B and F). EGF (Fig. 7C), PDGF

(Fig. 7D) or aFGF (Fig. 7J), which substantially activated

the ERK1/2 cascade (Fig. 1), also promoted the morpho-

logical changes associated with cardiomyocyte hypertrophy

with a significant increase in cell area (Fig. 7M). U0126

abolished the morphological changes induced by EGF or

PDGF (Fig. 7G, H and N). Although insulin, IGF-1 or NGF

activated ERK1/2 to a degree, this appeared insufficient to

promote the morphological changes associated with cardi-

omyocyte hypertrophy (Fig. 7K, L and M). Our data are
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consistent with the concept that there is a minimum

threshold and/or duration of ERK1/2 signaling required to

promote cardiomyocyte hypertrophy.
4. Discussion

Over many years, many studies have examined the

intracellular signaling pathways which are activated by

peptide growth factor receptors. The approaches are often

based on an appropriate cell line (e.g. one which readily
responds to the stimulus and can be readily grown in tissue

culture) and, more recently, usually involve interventionist

procedures such as overexpression of receptors or signaling

intermediates which may be mutated into constitutively

activated or dominant-negative forms. Such approaches are

highly relevant for disease states such as cancer in which

this scenario occurs. However, any overexpression system

undoubtedly disrupts the stoichiometry of signaling compo-

nents within the cell, potentially leading to inappropriate

interactions and crosstalk. Furthermore, the wiring of

intracellular signaling in a proliferating cell in culture may



A E

B F

C G

D H

Control

aFGF

Insulin

IGF-1

I

J

K

L

Control

EGF

PDGF

ET-1 ET-1 + U0126

U0126

EGF + U0126

PDGF + U0126

0.8

1.0

1.2

1.4

C
on

tr
ol

E
T

-1

P
D

G
F

F
G

F

E
G

F

In
su

lin

IG
F

N
G

F

*
* * *

M

C
o

n
tr

o
l

U
0

1
2

6

E
T

-1

U
0

1
2

6
/E

T
-1

P
D

G
F

U
0

1
2

6
/P

D
G

F

E
G

F

U
0

1
2

6
/E

G
F

   
   

   
   

C
el

l a
re

a 
(r

el
at

iv
e 

to
 c

on
tr

ol
 m

ea
n)

0.8

1.0

1.2

1.4

* *

#

N

   
   

   
   

C
el

l a
re

a 
(r

el
at

iv
e 

to
 c

on
tr

ol
 m

ea
n)
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not necessarily be representative of ‘‘normal’’ cells in the

body which are not necessarily continually dividing.

For a highly specialised cell such as a terminally differ-

entiated cardiomyocyte, it is likely that the signaling is very

specific. Our data clearly indicate that this is the case. Thus,

although PDGF, EGF and aFGF all activated the ERK1/2

cascade to a similar degree (Fig. 1D and E), only PDGF

significantly stimulated tyrosine phosphorylation of

PLCg1 (Fig. 4B) with an associated increase in phosphoi-

nositide-PLC activity (Fig. 3B) and tyrosine phosphoryla-

tion of nPKCy (Fig. 4D). Furthermore, the activation of

ERK1/2 by PDGF, but not EGF or FGF, required PKC

activity (Fig. 5; [7]) and did not correlate with Ras

activation (Fig. 6).

In other cells, PDGF, EGF or FGF can all activate

PLCg1 [13,15,16] potentially leading to production of

DAG and activation of DAG-responsive PKCs. The reason

for specific signaling from PDGF (rather than EGF or

FGF) receptors to PLCg1 in cardiomyocytes is not

immediately obvious, but compartmentalisation of signal-

ing components (which may be specific for the cardio-

myocyte) is likely to be a factor. It should be noted that

the cardiomyocytes used in this study were primary,

terminally differentiated cells which were largely unmani-

pulated, so it is likely that the signaling is more

representative of the situation in vivo than cells in which

signaling elements are altered. Although, in non-myocytes,

there seems limited evidence that IGF-1 or insulin

stimulate PLCg, it has been reported that PLCg1 is

tyrosine phosphorylated in cardiomyocytes in response to

IGF-1 [11] and that IGF-1 stimulates the production of

InsP3 [28]. Our data are entirely inconsistent with these

studies since we never observe any significant increase in

tyrosine phosphorylation of PLCg1 or phosphoinositide

hydrolysis in cardiomyocytes exposed to IGF-1 (Fig. 3B).

This is difficult to explain given that the same cell culture

system was used. An obvious difference is the source of

IGF-1, but both studies used recombinant peptides.

Stimulation of cardiomyocytes with GqPCR agonists

such as ET-1 or bradykinin is associated with PLC activity

and activation of nPKCy or nPKCq (as measured by their

transient translocation to the particulate fraction of the cell)

[5,22]. Although PDGF stimulated PLC activity in cardio-

myocytes (Fig. 3), we consistently failed to detect any

translocation of PKC isoforms to the particulate fraction of

the cell (data not shown). However, we did observe an

increase in tyrosine phosphorylation of nPKCy (Fig. 4C)

suggesting that there was activation of this (and possibly

other) DAG-responsive PKC isoform in response to PDGF.

The apparent lack of translocation of PKCs to the membrane

may reflect the difference in time course of activation. Thus,

PDGF promoted a much slower (detected at 1–3 min) and

more gradual accumulation of InsPs (Fig. 3A) and InsP3
(data not shown) compared with ET-1 or bradykinin which

induce a very rapid peak of InsP3 release (maximal at ¨15

s) [3]. Assuming that, as with ET-1 or bradykinin, any
translocation is transient, the gradual release of DAG in

response to PDGF may be insufficient for global trans-

location of PKC isoforms to be detected.

One aspect of the PDGF response in cardiomyocytes of

particular interest is the delay in activation of c-Raf relative

to activation by EGF (Fig. 6A and B) and the relatively poor

activation of Ras isoforms (Fig. 6C–F). Although the small

degree of Ras.GTP-loading induced by PDGF may be

sufficient for c-Raf activation, given that EGF substantially

activates c-Raf at 1 min with no activation by PDGF,

whereas the degree of activation by the two agonists at 3

min is similar, it is possible that a second input links PKC

directly to c-Raf. In any case, signaling from the receptor to

c-Raf clearly differs for PDGF and EGF, with the PDGF

receptor apparently requiring a signal from PKC to Ras and/

or c-Raf rather than a direct signal via the established route

of Grb2/Sos. The reduced degree of Ras activation by

PDGF presumably has consequences for signaling via other

Ras-interacting proteins such as Ral.GDS or PI3K, although

this remains to be investigated.

The data in this study address issues relating to the

wiring of intracellular signaling pathways, but also have

considerable bearing on the role(s) of the pathways in

hypertrophic growth of cardiomyocytes. Our data are

consistent with previous studies implicating the ERK1/2

cascade in the hypertrophic response [2], since (as has been

shown previously for GqPCR signaling to hypertrophy [27])

inhibition of this pathway suppresses the morphological

changes associated with cardiomyocyte hypertrophy (Fig.

7). However, whereas ET-1, FGF, PDGF or EGF promote

substantial activation of ERK1/2 and induce an increase in

cardiomyocyte size, IGF-1 or insulin are less potent at

activating this pathway and did not cause the morphological

changes associated with hypertrophy (Figs. 1 and 7). This

suggests that, although ERK1/2 can promote cardiomyocyte

growth, the degree and/or duration of activation may dictate

the overall response. Alternatively, an additional input from

other pathways may be required.

As expected, IGF-1 and insulin (and the other growth

factors) potently activated PKB/Akt confirming that the

pathway is operative in cardiomyocytes (Fig. 2). Other

studies have suggested that IGF-1 induces hypertrophic

growth in cardiomyocytes [29], potentially through PKB/

Akt signaling to inhibit GSK3 activity [30]. Consistent with

this, IGF-1 or insulin both promote changes in protein

turnover, overexpression of PKB/Akt in transgenic mice

results in enlarged hearts, and inhibition of the pathway

suppresses cardiomyocyte growth [31,32]. However, the

interpretation of the results probably depends on the

question posed in the study. The PKB/Akt pathway is

clearly cytoprotective and regulates protein synthesis in all

systems studied including cardiomyocytes [32]. It is there-

fore perhaps not surprising that inhibiting the pathway

suppresses cardiac hypertrophy, or that long-term over-

expression of PKB/Akt in the context of a transgenic mouse

causes an increase in protein content and cell size. Whether
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or not IGF-1 or insulin promotes the full hypertrophic

response is still open to debate. Our data indicate that, at

least in the short term (24 h), acute activation of PKB/Akt

by IGF-1 or insulin is in itself insufficient to induce the

morphological changes associated with cardiomyocyte

hypertrophy. It is possible that the hypertrophic changes

would become apparent over a longer period of time, which

could account for the apparent discrepancy between this and

other studies. However, serum starvation of cardiomyocytes

over the longer time period predisposes the cells to

apoptosis and may result in a degree of cell shrinkage. In

this situation, it must be considered that the control baseline

may have changed and the measurement may not be of

hypertrophy per se, but of the cytoprotective and anabolic

effects of insulin and IGF-1.
Acknowledgement

This work was funded by the British Heart Foundation.
References

[1] G.W. Dorn, J. Robbins, P.H. Sugden, Circ. Res. 92 (2003) 1171.

[2] P.H. Sugden, A. Clerk, J. Mol. Med. 76 (1998) 725.

[3] A. Clerk, P.H. Sugden, J. Mol. Cell. Cardiol. 29 (1997) 1593.

[4] H.E. Shubeita, P.M. McDonough, A.N. Harris, K.U. Knowlton, C.C.

Glembotski, J.H. Brown, K.R. Chien, J. Biol. Chem. 265 (1990)

20555.

[5] A. Clerk, M.A. Bogoyevitch, M.B. Andersson, P.H. Sugden, J. Biol.

Chem. 269 (1994) 32848.

[6] P.H. Sugden, Ann. Med. 33 (2001) 611.

[7] M.A. Bogoyevitch, P.E. Glennon, M.B. Andersson, A. Clerk, A.

Lazou, C.J. Marshall, P.J. Parker, P.H. Sugden, J. Biol. Chem. 269

(1994) 1110.

[8] M.A. Bogoyevitch, C.J. Marshall, P.H. Sugden, J. Biol. Chem. 270

(1995) 26303.
[9] S.B. Quintaje, M. Rebsamen, D.J. Church, M.B. Vallotton, U. Lang, J.

Mol. Cell. Cardiol. 30 (1998) 933.

[10] M. Takenaka, H. Matsuno, A. Ishisaki, K. Nakajima, K. Hirade, M.

Takei, E. Yasuda, S. Akamatsu, N. Yoshimi, K. Kato, O. Kozawa, J.

Cell. Biochem. 91 (2004) 316.

[11] R. Foncea, M. Andersson, A. Ketterman, V. Blakesley, M. Sapag-

Hagar, P.H. Sugden, D. LeRoith, S. Lavandero, J. Biol. Chem. 272

(1997) 19115.

[12] J. Schlessinger, Cell 103 (2000) 211.

[13] C.J. Powers, S.W. McLeskey, A. Wellstein, Endocr.-Relat. Cancer 7

(2000) 165.

[14] D.J. Withers, M. White, Endocrinology 141 (2000) 917.

[15] R.N. Jorissen, F. Walker, N. Pouliot, T.P.J. Garrett, C.W. Ward, A.W.

Burgess, Exp. Cell Res. 284 (2003) 31.

[16] M. Tallquist, A. Kazlauskas, Cytokine Growth Factor Rev. 15 (2004)

205.

[17] P.P. Roux, J. Blenis, Microbiol. Mol. Biol. Rev. 68 (2004) 320.

[18] M.A. Bogoyevitch, A. Clerk, P.H. Sugden, Biochem. J. 309 (1995)

437.

[19] A. Clerk, A. Michael, P.H. Sugden, J. Cell Biol. 142 (1998) 523.

[20] A. Clerk, F.H. Pham, S.J. Fuller, E. Sahai, K. Aktories, R.M. Marais,

C.J. Marshall, P.H. Sugden, Mol. Cell. Biol. 21 (2001) 1173.

[21] A. Chiloeches, H.F. Paterson, R.M. Marais, A. Clerk, C.J. Marshall,

P.H. Sugden, J. Biol. Chem. 274 (1999) 19762.

[22] A. Clerk, J. Gillespie-Brown, S.J. Fuller, P.H. Sugden, Biochem. J.

317 (1996) 109.

[23] F.H. Pham, S.M. Cole, A. Clerk, Adv. Enzyme Regul. 41 (2001) 73.

[24] S.G. Rhee, Annu. Rev. Biochem. 70 (2001) 281.

[25] P.J. Parker, J. Murray-Rust, J. Cell. Sci. 117 (2004) 131.

[26] S.F. Steinberg, Biochem. J. 384 (2004) 449.

[27] T.L. Yue, J.-L. Gu, C. Wang, A.D. Reith, J.C. Lee, R.C. Mirabile, R.

Kreutz, Y. Wang, B. Maleeff, A.A. Parsons, E.H. Ohlstein, J. Biol.

Chem. 275 (2000) 37895.

[28] C. Ibarra, M. Estrada, L. Carrasco, M. Chiong, J.L. Liberona, C.

Cardenas, G. Diaz-Araya, E. Jaimovich, S. Lavandero, J. Biol. Chem.

279 (2004) 7554.

[29] H. Ito, M. Hiroe, Y. Hirata, M. Tsujino, S. Adachi, M. Shichiri, A.

Koike, A. Nogami, F. Marumo, Circulation 87 (1993) 1715.

[30] S.E. Hardt, J. Sadoshima, Circ. Res. 90 (2002) 1055.

[31] P.H. Sugden, S.J. Fuller, Biochem. J. 273 (1991) 21.

[32] P.H. Sugden, Circ. Res. 93 (2003) 1179.


	Peptide growth factors signal differentially through protein kinase C to extracellular signal-regulated kinases in neonatal cardiomyocytes
	Introduction
	Materials and methods
	Cardiomyocyte cultures
	Activation of signaling pathways
	Immunostaining and planimetry

	Results
	Activation of ERK1/2 and PKB/Akt by peptide growth factors in cardiomyocytes
	Differential activation of phospholipase C and PKCdelta by RPTKs
	Signaling to ERK1/2 by PDGF vs. EGF
	Effects of growth factors on cardiomyocyte morphology

	Discussion
	Acknowledgement
	References


