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1 Adrenoreceptor agonists induce a hypertrophic phenotype in vitro and in vivo. To investigate the
molecular remodeling in chronic cardiac hypertrophy we infused adult male mice with vehicle,
isoproterenol, phenylephrine or both agonists for 3, 7 or 14 days.

2 All drugs increased cardiac mass. After minipump removal cardiac mass regressed to control
levels within 7 days after PE and ISO treatment whereas ISO+PE treated hearts were incompletely
regressed.

3 ANF and b-MHC, but not a-MHC, expression were increased by agonists at all time points.
GATA-4, Nkx-2.5, Egr-1, c-jun and c-fos expression were increased after 3, 7 and 14 days of
treatment. Expression was greatest after ISO+PE44ISO4PE4vehicle infusion suggesting a
synergistic e�ect of adrenoreceptor stimulation and indicating a greater e�ect of b- than a-adrenergic
action in vivo.

4 After PE or ISO drug withdrawal the HW/BW was normal and Egr-1, c-jun, c-fos and GATA-4,
but not Nkx2.5, expression dropped to control levels. HW/BW regression was incomplete after
ISO+PE and elevated levels of Egr-1, c-jun and Nkx2.5 expression remained.

5 A hydralazine-mediated reduction in blood pressure had no e�ect on the agonist-induced cardiac
hypertrophy or gene expression.

6 In conclusion, we found that continued agonist stimulation, and not blood pressure, is
responsible for the maintained increase in gene expression. Further, we found the decrease in gene
expression in the regression after drug withdrawal was gene speci®c.
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Abbreviations: ANF, atrial natriuretic factor; a-MHC, alpha-myosin heavy chain; b-MHC, beta-myosin heavy chain; cyclic
AMP, cyclic adenosine monophosphate; Egr-1, early growth response gene 1; HL, hydralazine; HW/BW, heart
weight in mg divided by body weight in grams; NE, norepinephrine; PBS, phosphate bu�ered saline; PCR,
polymerase chain reaction; PE, phenylephrine; ISO, isoproterenol; PKA, phosphorylase kinase A; PKC,
phosphorylase kinase C; ISO+PE, isoproterenol plus phenylephrine; RT±PCR, reverse transcription followed
by the polymerase chain reaction

Introduction

Cardiomyocyte hypertrophy is the fundamental adaptation of
this terminally di�erentiated cell type to stress. Despite the

diverse stimuli that lead to cardiac hypertrophy, there is a
prototypical ®nal molecular response of cardiomyocytes to a
hypertrophic signal that involves an increase in cell size and
protein synthesis, enhanced sarcomeric organization and

activation of foetal genes that were repressed or shut o�
during development (reviewed in Schneider & Parker, 1993;
van Bilsen & Chien, 1993; Pollak, 1995).

In a number of pathophysiological conditions leading to
cardiac hypertrophy, the activity of the sympathetic nervous
system is enhanced. The myocardium contains a1- and b1-
adrenoreceptors (Kolbilka, 1993) that respond to norepinephr-
ine (NE), a primarily a1- and b1-receptor agonist (Ostman-
Smith, 1981). Within hours of in vivo activation of
adrenoreceptors there is a transient increase in some

transcription factors such as c-jun, junB, early growth response
gene 1 (Egr-1), c-fos and c-myc (Soonpaa & Field, 1994; Brand

et al., 1993; Boluyt et al., 1995; Zierhut & Zimmer, 1989;
reviewed in Pollak, 1995). These proteins are downstream
targets of various signal transduction pathways and are
thought to play an important role in the signal transduction

pathways leading to cardiac hypertrophy (Hannan & West,
1991). Supporting this notion is that atrial natriuretic factor
(ANF), a-myosin heavy chain (a-MHC) and several growth

factor promoters, such as platelet derived growth factor, and
other genes normally increased in cardiac hypertrophy
(reviewed in Schneider & Parker, 1993; van Bilsen & Chien,

1993; Lee et al., 1988), are targets for transcription factors such
as Fos and Jun (Kovacic-Milicojevic et al., 1996) and Egr-1
(Khachigian & Collins, 1997). Although they may be
important for cardiac hypertrophy, ablation of the FOS, JUN

or EGR-1 genes does not lead to abnormalities in cardiac
development (Wang et al., 1992; Johnson et al., 1993; Lee et
al., 1995) suggesting either that they are not absolutely

necessary for cardiac gene expression or that redundant
functions can mediate in their absence.
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The cardiac-speci®c transcription factors, GATA-4 and
Nkx-2.5, play important roles in cardiac development and
may also be important in hypertrophy. Expression of

GATA-4 is restricted to the heart and gonads and
GATA-4 knockout mice die by 9.5 days postcoitum with
profound defects in ventral morphogenesis (Arceci et al.,
1993; Kuo et al., 1997; Molkentin et al., 1997). The GATA

motif (5'-AGATAA-3') is present in the promoter regions of
a-MHC (Molkentin et al., 1994), cardiac troponin C (Ip et
al., 1994), atrial and ventricular myosin light-chain 1

(Kurabayashi et al., 1990). GATA-4 is thought to form
complexes with other transcription factors, such as AP-1,
NF-AT3 and Nkx2.5 to activate foetal cardiac genes

(Herzig et al., 1997; Durocher et al., 1997; Molkentin et
al., 1998). During development expression of Nkx-2.5
precedes that of other known cardiac-speci®c genes, and

mice with a targeted disruption of the Nkx-2.5 gene show
arrested heart development at the looping stage and die in
utero (Lyons et al., 1995). In addition to its interaction with
GATA-4, Nkx-2.5 serves as a positive acting accessory

factor for serum response factor and together, Nkx-2.5 and
the serum response factor, provides strong transcriptional
activation of the cardiac a-actin promoter (Chen et al.,

1996; Sepulveda et al., 1998).
At least three successive steps occur in the genesis of

adaptive cardiac hypertrophy. First, a greater work-load is

placed on the heart. Second, there are intermediate links
through which the extra work triggers events at the level of
the cardiac muscle cell that leads, third, to the biochemical

and structural changes inducing growth. The immediate
biochemical alterations occurring within the myocardial cell
in response to adaptive hypertrophy have been extensively
studied; however, most experiments examined the role of

transcriptions and growth factor expression within a few
hours of the activating stimulus with little attention placed
on the role of these factors at later times. The purpose of

our study is to examine the role of the immediate early
genes (c-fos, c-jun and Egr-1) as well as the role of the
speci®c cardiac genes (GATA-4 and Nkx-2.5) in the

induction, maintenance and regression of cardiac hyper-
trophy induced by adrenoreceptor agonists in adult male
mice. To discriminate the contribution of the two families
of adrenoreceptors to hypertrophy development in vivo, we

administered phenylephrine (PE, a speci®c a1-agonist),
isoproterenol (ISO, a non-selective b-agonist) or both
(ISO+PE) to mice. To distinguish between the role of the

agonists and the role of haemodynamic factors in cardiac
hypertrophy, we investigated the e�ects of co-administration
of hydralazine (HL), an antihypertensive drug, on induced

cardiac hypertrophy and the e�ects of the blood pressure
reduction on gene expression in comparison to drug
withdrawal.

Methods

L-Ascorbic acid, isoproterenol (ISO), phenylephrine (PE), and
hydralazine (HL) were purchased from Sigma.

Mouse Egr-1 cDNA, GenBank/EMBL J04089, and mouse

c-jun cDNA, GenBank/EMBL J04115 were purchased from
ATCC. c-Fos cDNA was a gift from Dr John Hiscott LDI/
JGH, Montreal, Canada. ANF cDNA and Tubulin primer

sequences were gifts from Dr Mona Nemer, IRCM, Montreal,
Canada. Tubulin, Nkx-2.5 and GATA-4 cDNAs were
generated by PCR, cloned into pBlueScript, and con®rmed
by sequencing.

Animal manipulation

Experimental studies were conducted in male C57B1/6 mice

(22 ± 26 g) according to the regulations of the Canadian
Council of Animal Care and Animal Care Committee of the
Lady Davis Institute for Medical Research. Agonists,
dissolved in phosphate bu�ered saline (PBS) containing

0.5 mM ascorbic acid, were administered by continuous
subcutaneous infusion for 3, 7 or 14 days via osmotic mini-
pumps (model 2001 or 2002, Alza, Palo Alto, CA, U.S.A.).

These pumps delivered ISO (30 mg kg71 day71) or PE
(29 mg kg71 day71) or the combination ISO+PE
(30 mg+29 mg kg71 day71). Control animals received

vehicle loaded mini-pumps and were also treated for 3, 7,
or 14 days. Mini-pumps were implanted into mice anaes-
thetized with 0.015 ml per g body weight of 2.5% avertin

(tribromoethanol in tert-amyl-alcohol, Aldrich) in 16PBS
injected intraperitoneally. Anaesthesia was monitored using a
toe pinch. Mini-pumps were implanted dorsally through a
small 0.5 cm incision and the wound closed with Michel clips.

Animals were housed in groups and given food and water ad
libitum.

To explore the regression of cardiac hypertrophy, control

and treated mice were anaesthetized as above and the mini-
pumps removed 7 days after their implantation. The hearts
were analysed after 7 days of recovery.

To examine the e�ect of an antihypertensive agent on
induced cardiac hypertrophy, HL was added to the drinking
water to achieve a dose of 82 mg day71 to animals harbouring

vehicle, ISO, PE or ISO+PE loaded mini-pumps as described
above. The control group received tap water and vehicle or
agonists as described above.

Haemodynamic evaluation in intact anaesthetized mice

Mice were anaesthetized as described above using 0.012 ml

Avertin per gram body weight, placed supine on a
thermostatically controlled 378C table and a tracheal tube
introduced. A PE-50 ¯ame-stretched cannula was introduced

through a cervical incision into the right carotid artery.
After 20 min of equilibration, arterial systolic and diastolic
blood pressures as well as heart rate were recorded on
magnetic tape for 12 min. This record was low-pass ®ltered

at 40 Hz and digitized at 96 Hz with 12 bit resolution. Drug
and vehicle-treated animals were always studied simulta-
neously.

Heart to body weight ratios

Animals were killed by cervical dislocation. The mice were
weighed, and their hearts were excised, rinsed in PBS, blotted
on ®lter paper and weighed. Heart weight to body weight

(HW/BW) ratios were calculated and are expressed as
mg gm71.

RNA preparation and analysis

RNA from ventricular tissue was extracted using the
guanidium thiocyanate-cesium chloride centrifugation method

(Chirgwin et al., 1979). The RNA pellets were resuspended in
diethylpyrocarbonate-treated water, digested with RQ1
RNase-free DNase (Pharmacia Biotech), and treated with

proteinase K (Sigma). The RNA concentration was spectro-
photometrically determined at 260 nm.

Reverse transcription coupled to polymerase chain reac-
tions (RT±PCR) were performed using 3 mg of total RNA.
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PCR for all genes analysed was performed on at least three
independent RT reactions for each sample. The ®rst strand
cDNA was synthesized using random primers and Super-

Script II RNase H7 Reverse Transcriptase (Gibco BRL).
When the reverse transcriptase was omitted, RNA samples
did not generate ampli®ed bands on PCR analyses indicating
the absence of contaminating DNA (data not shown). Reverse

transcription (RT) reactions proceeded according to instruc-
tions from the manufacturer. Ten per cent of the ®rst strand
reaction was used for polymerase chain reaction (PCR) using

gene-speci®c primers, 200 mM of each of the four deoxynucleo-
tide triphosphates (Pharmacia Biotech) and 1 U of Taq DNA
polymerase. PCR reactions were optimized with respect to

Mg2+ concentration, and annealing temperature. Positive
control reactions contained genomic DNA as the substrate
and negative control reactions contained all reagents except

cDNA. These parameters, as well as primer sequences and the
size of the ampli®ed DNA fragments are given in Table 1. To
verify that the PCR reactions were in the linear range of the
assay, RT ±PCR was performed using [a-32P]-dCTP incorpora-

tion in the PCR for all genes examined (Figure 1A and B).
One mCi of [a-32P]-dCTP was added per PCR reaction and
after the indicated cycle, 10 ml of the PCR product was

harvested, electrophoresed through agarose gel, transferred to
Gene Screen Plus membrane using the alkaline method and
exposed to X-ray ®lm (Figure 1A). Suitably exposed X-ray

®lms were scanned and the area under the peak quantitated
(Figure 1B). PCR reactions were linear to 30 cycles. All PCRs
were performed for 25 cycles, 20 ± 40 ml of the PCR mix

electrophoresed through an agarose gel, stained with ethidium
bromide, photographed and transferred to membranes.
Membranes were prehybridized in 1% SDS/10% dextran
sulphate/1 M sodium chloride at 658C for 4 h, hybridized in

the same bu�er with radioactive gene-speci®c cDNA probes
overnight, washed, and exposed to X-ray ®lm for 2 ± 10 min.
Densitometry of suitably exposed X-ray ®lm was performed

using a HP ScanJet 5100C and HP Precision Scan software
(Hewlett Packard). The areas under the peaks were quantitated
using ScionImage Release Beta 3 Software (National Institutes

of Health).

Histological analysis

Heart sections from half of the vehicle or treated mice were

examined histologically. Horizontal slices of mid-ventricle
heart were ®xed by immersion in neutral bu�ered formalin,
processed routinely, and embedded in para�n. Sections were
cut at 4 microns, stained with hematoxylin-eosin or Mason's

trichrome then examined in a blinded fashion by light
microscopy.

Statistical analysis

All values are expressed as mean+s.e.mean. Comparisons

among three or more groups were made by one-way ANOVA
followed by Dunnetts' modi®ed t-test. A value of P50.05 was
considered statistically signi®cant.

Results

Adrenergic induction of cardiac hypertrophy

Stimulation of a- and/or b-adrenoreceptors resulted in a

signi®cant increase in the HW/BW in all groups of agonist-
treated animals (Table 2). The body weight of the agonist or
saline-treated mice did not di�er by more than 10% throughout

the time course. The HW/BWof vehicle-treated animals did not
change throughout the time course studied. When compared to
vehicle treated animals the HW/BW of PE-treated (P50.05),

ISO-treated (P50.01) and ISO+PE-treated (P50.01) animals
were signi®cantly increased after 3 or 7 days of treatment. After
14 days of continuous infusion, the cardiac mass was
signi®cantly increased (P50.01) only in the ISO-treated and

ISO+PE-treated groups when compared to control animals.
There was no statistical di�erence between the HW/BW of the
PE-treated mice when compared to the ISO-treated mice at any

time point. ISO+PE-treated mice were signi®cantly larger than
PE-treated mice on day 3 and day 7 (P50.05) and day 14
(P50.01). ISO+PE-treated mice were signi®cantly larger than

the ISO-treated mice only on day 14 (P50.05). Once enlarged

Table 1 PCR conditions

Genes Primer sequences
MgCl2
(mM)

Annealing
temperature (8C)

Calculated size of
PCR products (bp)

Tubulin TCCATCCACGTCGGCCAGGCT
GTAGGGCTCAACCACAGCAGT

2.0 61 539

ANF GAGAGACGGCAGTGCTTCTAGGC
CGTGACACACCACAAGGGCTTAGG

2.0 53 265

a-MHC CAGAAGTAGAGGAGGCAGTACAGG
CCTGGCCTTGTAGGCC

2.0 59 431

b-MHC GACGAGGCAGAGCAGATCGC
GGGCTTCACAGGCATCCTTAGGG

3.0 59 348

Egr-1 TTTGCCTCCGTTCCACCTGC
TGCCAACTTGATGGTCATGCGC

1.5 58 483

c-fos TGTTGTTCCTAGTGACACC
ACATTCAGACCACCTCG

3.0 52 357

c-jun CTGCATGGACCTAACATTCG
GCTTTCACCCTAGTATATTGGG

2.0 52 521

Nkx-2.5 ATGCCTATGGCTACAACGC
ACTCACTTTAATGGGAAGAGGG

1.5 57 578

GATA-4 GCACAGCCTGCCTGGACG
GCTGCTGCTGCTGCTAGTGG

1.5 57 490
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on day 3 the HW/BW did not increase or decrease signi®cantly
with continued treatment, regardless of the stimulus.

Reversal of induced-cardiac hypertrophy

To study the regression of induced-cardiac hypertrophy, mice
were continually infused with vehicle, ISO, PE or ISO+PE for

7 days (7+) then the pumps were removed and the animals
allowed to recover for 7 days before sacri®ce, (7+/77) (Table
2). The HW/BW decreased within 7 days after drug withdrawal

in all treated animals. The HW/BW ratio of ISO-alone and PE-
alone treated mice was similar to the ratio found in vehicle-
treated control mice. In ISO+PE-treated mice the HW/BW

ratio after recovery was decreased signi®cantly compared to the
HW/BW ratio found in ISO+PE-treated mice for 7 or 14 days,
but was still slightly higher when compared to the HW/BW

ratio found in vehicle-treated mice (P50.05).

Histological analysis

After examination of multiple heart sections stained with H&E
or with Mason's trichrome, we did not ®nd areas of ®brosis in

the left ventricles of control or PE-treated mice (Figure 2A). A
single focus of ®brosis was found in the heart of a single ISO-
treated mouse (data not shown). In comparison, multiple

patches of ®brosis were noted in all animals treated with
ISO+PE, in both short and long term experiments (Figure
2B). Pericardial in¯ammation was noted in one mouse treated
with ISO-alone and in two mice treated with PE-alone.

E�ect of antihypertensive compound on induced cardiac
hypertrophy

We next studied the correlation between high blood pressure
and cardiac hypertrophy induced by adrenoreceptor agonists.

To reduce blood pressure, we used HL, an arterial vasodilator
known to reduce blood pressure in rats (Reddy et al., 1996).
During the 7 days of infusion with vehicle or drug, animals of

each treatment type were separated in two groups, one group
were supplied ad libitum with hydralazine supplemented
drinking water (with HL) and the second group were supplied
with regular drinking water (without HL).

We found that the mean arterial blood pressure of a- and b-
agonist treated animals was higher compared to vehicle-treated

Figure 1 RT±PCR and [a-32P]-dCTP incorporation. One mCi of [a-32P]-dCTP was added to the PCR portion of the normal RT±
PCR as described in Methods. (A) After the indicated cycle, an aliquot of the PCR product was harvested, electrophoresed through
an agarose gel, transferred to membrane, and exposed to X-ray ®lm. (B) The suitably exposed X-ray ®lms were scanned and area
under the peak quanti®ed as described in Methods.

Table 2 Comparison of induced and reversal cardiac hypertrophy by di�erent adrenergic agonists

Duration of infusion (days) Recovery (days)
Treatment 3 7 14 7

Control 4.86+0.24
(n=8)

4.87+0.34
(n=13)

4.87+0.16
(n=5)

4.86+0.28
(n=7)

PE 5.25+0.32*
(8%, n=4)

5.30+0.36*
(9%, n=7)

5.08+0.24
(n=5)

5.15+0.15
(n=4)

ISO 6.22+0.62^
(28%, n=10)

6.0+0.38^
(23%, n=12)

5.52+0.38^
(13%, n=6)

5.05+0.26
(n=7)

ISO-PE 6.63+0.58^
(36%, n=4)

6.60+0.59^
(36%, n=8)

6.85+0.47^
(41%, n=4)

5.33+0.18*
(9.7%, n=4)

Cardiac hypertrophy is determined by the ration heart weight to body weight (mg g71). Values are means+s.d.; n, number of mice
infused. The increase in cardiac mass is in bold. All comparisons were made using ANOVA. ^P50.01 and *P50.05 signi®cantly
di�erent compared to control.
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animals and that treatment with HL led to a signi®cant
decrease (P50.05) in mean blood pressure for all animals
(Table 3). Control mice treated with HL for 7 days had a lower

blood pressure and a 17% increase in heart rate compared to
untreated control animals which did not receive HL. This
result was expected as HL is known to increase heart rate in
normotensive and hypertensive rats and humans (Mitchell et

al., 1996). We also found ISO-, PE- and ISO+PE-treated
animals had a higher heart rate compared to vehicle-treated
animals. The heart rate increase induced by ISO+PE-

treatment was intermediate between the heart rate increase
induced by PE- or ISO-treatment (Table 3) and not
signi®cantly di�erent from the ISO- or PE-treated mice. The

ISO-treated mice heart rate was signi®cantly greater (P50.01)
than the heart rate of the PE-treated mice. The addition of HL
induced a signi®cant decrease (P50.05) in heart rate in PE-,

ISO- and ISO+PE-treated animals. The decrease in heart rate
in ISO-treated mice did not reach control levels (Table 3) and
was signi®cantly greater than that of the PE- (P50.01) or
ISO+PE-treated mice (P50.01). The HW/BW ratio of the

agonist-treated mice did not change after HL treatment, except

for ISO-treated animals whose HW/BW signi®cantly increased
(P50.05) after co-treatment with HL.

Gene expression in induced cardiac hypertrophy

We analysed the expression of ANF, a-MHC, b-MHC,
GATA-4, and Nkx-2.5, and the expression of the immediate

early genes, Egr-1, c-jun and c-fos, in vehicle, ISO-, PE- and
ISO+PE-treated mice by RT±PCR as previously described
(Saadane et al., 1999). We chose tubulin expression as a

control of gene expression to minimize loading di�erences
(Saadane et al., 1999; Grepin et al., 1994).

Analysis of myosin isoform expression and induction of
ANF

Stimulation of adrenoreceptors did not a�ect the expres-
sion of a-MHC. However, adrenoreceptor stimulation
induced the expression of b-MHC. PE-alone and ISO-
alone induced b-MHC (P50.05 and P50.01) after 3, 7

and 14 days of infusion (Figure 3A and C). ISO+PE

Figure 2 Histology of hearts. (A) Normal left ventricular myocardium from saline control treated mouse. (B) Multiple foci of
myocardial ®brosis (arrow) in a mouse treated concurrently with ISO+PE. Sections were stained with hematoxylin and eosin
(bar=150 mm).

Table 3 E�ect of hydralazine on induced cardiac hypertrophy

Treatment for 7 days
Control PE ISO ISO+PE

Parameters WO (n=4) W (n=4) WO (n=5) W (n=3) WO (n=3) W (n=4) WO (n=5) W (n=3)

HW/BW
(mg g71)

4.7+0.1 4.7+0.5 5.2+0.3* 5.2+0.4 5.7+0.6* 6.7+0.3{ 6.4+0.6* 6.3+0.5

Blood pressure
(mmHg)

67.4+9.1 52.8+3.6{ 109.1+5.8* 72.4+11.6{ 106.5+3.5* 62.9+5.2{ 113.0+3.2* 63.5+5.0{

Heart rate
(beats min71)

429+72 501+30{ 668+45* 510+38{ 846+26* 753+43{ 765+50* 508+70{

Values are means+s.d. HW, heart weight; BW, body weight; WO, without hydralazine (82 mg L71); W, with hydralazine; PE,
phenylephrine (29 mg kg71 day71); ISO, isoproterenol (30 mg kg71 day71). Di�erent groups were compared using ANOVA.
*Comparison between control and treated mice (signi®cantly di�erent P50.05). {Comparison between treated mice without HL versus
treated mice in combination with HL (signi®cantly di�erent P50.05).
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infusion led to the largest increase in b-MHC expression
(P50.01) (Figure 3C). This induction was ®rst detectable
after 3 days of infusion and continued to increase after 7

and 14 days of infusion (respectively 4.7, 8.5 and 21 fold,
Figure 3C). We found that the stimulation of PE-alone or
ISO-alone resulted in an increase in ANF expression
(P50.05) (Figure 3A). The induction of ANF gene

expression was modest in ISO- and in PE-treated mice
after 3, 7 or 14 days of continuous administration.
However, animals that received a combination of ISO+PE

had a higher increase in ANF expression, and this
induction increased with time of infusion (respectively
2.2, 3 and 4.5 fold, Figure 3C).

After removal of PE- or ISO-loaded pumps the HW/BW
ratio was reduced to control levels (Table 2) as was expression
of ANF and b-MHC (Figure 3B). However, after removal of

the ISO+PE-loaded pumps HW/BW although reduced was
still elevated in comparison to control samples (P50.05).
Expression of ANF and b-MHC remained increased after
removal of the ISO+PE loaded pumps. Treatment with HL in

combination with the adrenoreceptor agonists had no

signi®cant a�ect on the induced up-regulation of ANF or b-
MHC (Figure 3D and E).

Activation of immediate early genes

Egr-1 expression was induced after 3 days of infusion in the
ISO-, PE- and ISO+PE-treated animals. The combination of

ISO+PE induced the highest expression, ISO-alone mediated
an intermediate increase and PE-alone the smallest increase
when compared to vehicle-treated samples (Figure 4A). The

maximum Egr-1 induction was reached after 3 days of
ISO+PE-infusion (P50.05) (5 fold) and remained high in 7
and 14 day treated animals (P50.01) (Figure 4C). PE-or

ISO-treated mice showed no c-jun induction after 3, 7 or 1
day (Figure 4A). In ISO+PE-treated animals, c-jun
induction was evident but not of signi®cance until after 7

day treatment and reached signi®cance only after 14 days
treatment (4 fold, P50.05) (Figure 4C). Upregulation of c-
fos was induced in all groups of treated animals. However,
the infusion with ISO+PE exhibited a remarkable increase of

c-fos expression. This induction was maintained after 3, 7

Figure 3 Speci®c cardiac gene expression in induced cardiac hypertrophy by adrenoreceptor stimulation. (A) Time course. (B)
Reversal of induced cardiac hypertrophy. (C) ANF, b-MHC and a-MHC expression throughout the time course and regression. (D
and E) E�ect of hydralazine. cDNA prepared from RNA extracted from individual hearts of all control and treated animals
described in Tables 2 and 3 were ampli®ed by RT±PCR using the conditions shown in Table 1. PCR product, 20 ± 40 ml, was
electrophoresed through agarose gel and transferred to membrane. Membranes were hybridized with radioactive gene-speci®c cDNA
probes. Data for gene expression are expressed in arbitrary densitometric units normalized to Tubulin and are plotted in relation to
control expression levels (control=1). The bar graphs represent compilation of triplicate series of RT±PCR reactions from all
animals in Tables 2 and 3. A P50.05 is denoted by an asterisk and a P50.01 is denoted by a ®lled diamond.
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and 14 day treatment and was respectively 34, 31 and 35 fold
compared to c-fos expression in control animals (P50.01)

(Figure 4C). After removal of PE- or ISO-loaded pumps the
HW/BW ratio was reduced to control levels (Table 2) as was
expression of Egr-1, c-jun, c-fos (Figure 4B). Expression of
Egr-1 and c-jun remained increased after removal of the

ISO+PE loaded pumps. Egr-1, c-jun and c-fos (Figure 4D
and E) expression was una�ected by the reduction in blood
pressure.

Induction of GATA-4 and Nkx-2.5 genes

Stimulation of a- and b-adrenoreceptors induced overexpres-
sion of GATA-4 and Nkx-2.5 in all treated animals (Figure
5A). A high level of Nkx-2.5 was found after 3, 7 and 14 days

of ISO+PE induction. ISO-treatment initially caused a slight
increase (3 fold) that became more evident after 7 and 14 days
infusion (respectively 25 and 33.8 fold). Similarly, PE-
treatment led to a slight increase at 3 days (4.7 fold) that was

further increased at 7 days and 14 days (respectively 33 and 35
fold). Nkx2.5 expression, regardless of the initiating stimulus,
decreased signi®cantly after drug withdrawal, but remained 7

times higher when compared to control (Figure 5B). When

GATA-4 was measured stimulation by ISO, PE and ISO+PE
was equal and no synergism was evident when single versus

both agonists were present (P50.01) (Figure 5C). GATA-4
expression dropped from 10 fold to 7 fold after 7 and 14 day
infusion, respectively. ISO+PE induced a massive upregula-
tion of Nkx-2.5 expression with an average increase of 40 fold

after 3 days of infusion (P50.01). GATA-4 expression was at
the control level after removal of the ISO+PE loaded pumps.
GATA-4 and Nkx-2.5 (Figure 5D and E) expression was

una�ected by the reduction in blood pressure.

Discussion

Stimulation of adrenoreceptors in mice induces an
increase in cardiac mass una�ected by a reduction in
afterload

Hypertrophy can result from pressure overload with increased

wall stress, volume overload or catecholamine activation. Our
study shows that the long term stimulation of a1- and/or b-
adrenoreceptors induces a cardiac hypertrophy in adult male

mice. ISO is a non-selective b-agonist acting primarily via the

Figure 4 Immediate early gene expression in induced cardiac hypertrophy by adrenoreceptor stimulation. (A) Time course. (B)
Reversal of induced cardiac hypertrophy. (C) Egr-1, c-jun and c-fos expression throughout the time course and regression. (D and
E) E�ect of hydralazine. (For the conditions see legend of Figure 3).
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PKA pathway to up-regulate cyclic AMP and PE is a selective
a1 agonist acting primarily via the PKC pathway through

changes in Ca2+, phospholipids and diacylglycerol (Kobilka,
1993). We found the cardiac hypertrophy most pronounced
when both a1- and b-adrenoreceptors are activated suggesting

synergism when both PKA and PKC pathways are induced.
ISO+PE-induced cardiac hypertrophy is more pronounced
(P50.05) than PE-induced cardiac hypertrophy throughout
the time course studied whereas ISO-induced and ISO+PE-

induced hypertrophy are not signi®cantly di�erent. A similar
e�ect was seen in young piglets exposed to NE, an a1-agonist,
a strong b1 agonist and weak activator of b2-adrenoreceptors,
when compared to ISO or PE (Kolbilka, 1993; Buu et al., 1993;
Cassidy et al., 1997). In this porcine study NE4ISO4PE on
their measured indices of contractility and circulatory

function. Thus, it appears that activation of the PKA pathway,
rather than the PKC pathway is of more consequence in the in
vivo generation of cardiac hypertrophy.

The extent of ISO-induced cardiac hypertrophy as
measured by the heart to body weight ratio, did not decrease
signi®cantly within the time course. When both a- and b-
adrenoreceptors are stimulated, as in the ISO+PE-treated

mice, the increased cardiac mass is maintained throughout the
time course. In a similar study, that also used osmotic
minipumps to deliver the drugs, the HW/BW remained

elevated in NE-treated versus saline-treated rats even when a

reduced positive response to acutely given NE was detected
(Laycock et al., 1995). The reduced acute response was

attributed to a reduction in the number of b-adrenoreceptors
in the NE-treated group. Downregulation of b1-adrenorecep-
tors was also shown in transgenic rats harbouring the mouse

Ren-2d gene and in spontaneously hypertensive rats (Bohm et
al., 1994; 1995). Although not proven, it is likely that a
reduction in b-adrenoreceptors may have occurred in the ISO-
and/or ISO+PE-treated animals despite the maintenance of

an elevated HW/BW.
In our study, treatment with ISO, PE or ISO+PE

increased mean arterial blood pressure to about the same

level. Because the mice had been treated with the
adrenergic agonists continuously for 7 days it is unlikely
that any of the immediate acting pressure control

mechanisms are operable (Guyton, 1992). We found that
a reduction in mean arterial blood pressure by HL did not
prevent the agonist-induced increase in cardiac mass.

Similar results were found in ISO-induced cardiac hyper-
trophy (Golomb et al., 1994), in spontaneously hypertensive
rat (Mitchell et al., 1996) or pressure overload rats (Susic et
al., 1996). Thus, it appears that a reduction of blood

pressure to a near normal level is insu�cient to reduce
ventricle weight in the presence of a second stimulus for
hypertrophy, such as an excess of catecholamine. We and

others have found that ISO-induced cardiac hypertrophy

Figure 5 Nkx-2.5 and GATA-4 expression in induced cardiac hypertrophy by adrenoreceptor stimulation. (A) Time course. (B)
Reversal of induced cardiac hypertrophy. (C) Nkx-2.5 and GATA-4 expression throughout the time course and regression. (D and
E) E�ect of hydralazine. (For the conditions see legend of Figure 3).
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could be prevented by co-treatment with propranolol (b-
adrenoreceptor antagonist) (Boluyt et al., 1995 and data
not shown). We found that when the mini-pumps were

removed a decrease in the HW/BW ratio to normal or
approaching normal for all agonists occurred. These
®ndings indicate that the maintenance of cardiac hyper-
trophy, although linked, is not solely dependent on

afterload, but may be in¯uenced by catecholamine excess.
Further, these studies show that reversal of the hypertrophy
can only be achieved by blockage or removal of agonist

action suggesting that the catecholamine-induced hyper-
trophy results independent of agonist e�ects on blood
pressure.

Concomitant with the agonist-induced increase in blood
pressure was an increase in heart rate with the highest heart
rate in ISO4ISO+PE4PE-treated mice. The increases in

heart rate do not correlate with the increase in HW/BW or
gene expression changes. The higher rate (P50.01) in ISO-
treated versus PE-treated mice was expected because of the
known chronotropic e�ect of ISO acting on the b1-receptors in
the myocardium and the increase in heart rate associated with
constitutive expression of b2-adrenergic receptors in transgenic
mice (Rockman et al., 1997; Milano et al., 1994). The heart

rate in the ISO- versus ISO+PE-treated mice without HL was
similar indicating no or undetectable e�ect of additional PE
when ISO was infused. The heart rate increase in control mice

treated with HL was expected because unopposed HL is
known to cause an increase in heart rate in humans. Treatment
with HL reduced the heart rate in PE and ISO+PE-treated

mice to control levels, but was unable to reduce the heart rate
to normal in ISO-treated mice. This is similar to the decrease in
blood pressure, but not heart rate, found after captopril
treatment of NE-induced hypertrophy in rats (Laycock et al.,

1996). Our data suggest that unloading the heart is not
su�cient to cause a reduction in heart rate if b-receptors alone
are stimulated.

ANF and b-MHC induction

In agreement with most models of in vivo cardiac hypertrophy
(reviewed in Schneider & Parker, 1993; van Bilsen & Chien,
1993; Pollak, 1995; Boluyt et al., 1995), our study shows
induction of ANF by ISO, PE and ISO+PE, with the most

pronounced induction by ISO+PE. Indeed, upregulation of
ANF and b-MHC gene expression is a highly conserved event
in ventricular hypertrophy both in vitro and in vivo in virtually

all animals examined. We found ANF induction is closely
correlated with cardiac mass increases, is maintained while
agonists are present and further that ANF is decreased during

reversal of cardiac hypertrophy. ANF with its vasodilator
e�ect is thought to play a role in reducing haemodynamic load
imposed on the heart and ANF knockout mice had a

signi®cantly increased blood pressure when compared to
control littermates (John et al., 1995). However, we did not
®nd lower arterial blood pressures in agonist-treated groups
with the highest ANF levels suggesting that the higher ANF is

insu�cient to counteract the catecholamine action. Upregula-
tion of b-MHC also correlated with cardiac mass increases,
persists in the chronic phase of hypertrophy and is decreased

after drug withdrawal. In physiological terms, the over-
expression of the foetal isoforms may be a bene®cial long-
term adaptation to haemodynamic overload because b-MHC

is thought to be bioenergetically more e�cient than the adult
isoform (Argentin et al., 1994). In our study, b-MHC
expression is upregulated, but no change was detectable in
a-MHC expression.

Neither ANF nor b-MHC expression decreased after an
HL-mediated reduction of afterload in the PE- or ISO+PE-
treated mice. Co-treatment of ISO-alone plus HL reduced the

amount of b-MHC in comparison with PE-alone, but this level
was still higher than in control mice. b-MHC expression was
unaltered in pressure over-loaded rats treated with HL (Ardati
& Nemer, 1993). These data suggest that upregulation of ANF

or b-MHC levels is not closely tied to blood pressure, but
rather is linked to agonist action, contractility and/or heart
rate. In contrast, expression of a-MHC appears to be

una�ected by either agonist action or the reduction in
afterload caused by HL co-treatment. This is contradictory
to ®ndings in rats where a-MHC usually decreases in concert

with an increase in b-MHC expression to result in a reversal of
the a-MHC/b-MHC ratio (Schneider & Parker, 1993). We
found a reduction in ANF and b-MHC, again without a

change in a-MHC expression, only when the agonists were
eliminated by removal of the minipumps. This result indicates
that adjustments to a pre-treatment pattern of gene expression
can only occur after agonist action on the heart itself is

eliminated. These data suggest that control of a-MHC and b-
MHC expression is di�erent in mice compared to rats and that,
whereas ANF and b-MHC are regulatable by agonists and

blood pressure in mice, a-MHC expression is refractory.

Immediate early and muscle-speci®c transcription factor
gene induction

Many studies have examined transient induction of transcrip-

tion factors in the initiation of hypertrophy (Brand et al.,
1993; Hannan & West, 1991; Schneider & Parker, 1993), but
none of these studies examined their role in hypertrophy
maintenance and regression. The present study shows that

agonist-induced cardiac hypertrophy is accompanied by a
continued high level of expression of c-fos, Egr-1, and, to a
lower extent, c-jun. Thus, the data suggests that immediate

early genes can be activated by both a- or b-adrenoreceptor,
that activation of a- or b-agonists results in the highest levels
in vivo and that the level of the immediate early genes is

maintained by continuous infusion. The induction of their
gene expression is well correlated with the extent of cardiac
hypertrophy.

By comparing the pattern of expression after agonist

stimulation, we observed that in adult cardiac hypertrophy,
ISO, and to a lesser extent PE, induced c-fos and Egr-1, and
that in ISO-PE-treatment the increase in c-jun, c-fos and Egr-1

expression was synergistic. The synergistic induction of Egr-1
and c-fos expression in our model suggests that both PKA and
PKC pathways are involved in their induction. In other studies

using aortic constriction to produce an acute pressure
overload, c-fos induction was coupled to increases in cyclic
AMP content and PKA activity in addition to a rise in PKC

activity (Osaki et al., 1997) further implicating activation of
both pathways in c-fos gene regulation in heart. In vitro
binding of c-fos/c-jun heterodimers to ANF gene sequences
has already been shown and it was suggested that the

heterodimer plays a role in the regulation of ANF gene
transcription in vivo (Rauscher et al., 1988; Rosenzweig et al.,
1991; Barka et al., 1987). Correlation of the continued increase

in ANF, parallel to increases in c-fos and c-jun expression,
further implicates AP-1 activity in the maintenance of the high
levels of ANF.

Egr-1 is a transcription factor that binds to a conserved GC-
rich element found in such genes as ANF and a-MHC, and
competes with Sp1 for DNA binding (Gashler & Sukhatme,
1995; Huang et al., 1997). We had previously found Egr-1
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increased in every hypertrophied heart examined in our
transgenic line expressing polyomavirus large T-antigen in
heart (Holder et al., 1995). In the present study Egr-1

expression was increased primarily in ISO+PE and ISO-
treated mice, with the smallest increase in PE-treated mice, at
all times examined. Our results must be di�erentiated from the
results of experiments performed by Brand et al. (1993) and

Iwaki et al. (1990). Brand et al. (1993) treated isolated rat
hearts for only 30 min to 1 h with ISO, PE or NE and found
that PE and NE, but not ISO induced Egr-1 expression. The

short time period of his experiments and the lack of a vascular
component are likely to be signi®cant di�erences a�ecting the
outcome of the two studies. Iwaki et al. (1990) found Egr-1

upregulated in neonatal rat cardiomyocytes only after PE
stimulation. However, signi®cant di�erences exist between the
gene expression in neonate versus adult cardiomyocytes and

indicate that simple transfer of results from the neonatal
cultures to adult heart can be problematic (Kitsis & Leinwand,
1992). Thus, di�erences may exist between the response of
mouse and rat to adrenoreceptor stimulation and/or between

cardiac hypertrophy induced by short stimulation (0.5 ± 1 h)
compared to cardiac hypertrophy induced by longer stimula-
tion (3 ± 14 days) or between neonatal cardiomyocyte culture in

vitro and adult heart in vivo. Gupta et al. (1991) found Egr-1
regulated expression of a-MHC in neonatal rat cardiomyo-
cytes. It is unclear if this activity is also present in adulthood as

we found no change in a-MHC expression when Egr-1 levels
were increased. This suggests either that Egr-1 does not control
a-MHC expression in the adult or that other elements negate

any Egr-1-mediated increase with no observable change in a-
MHC expression as the end-result. Supporting the idea that
Egr-1 does not control a-MHC expression was the ®nding of
beating cardiomyocytes in di�erentiated embryonic stem cells

de®cient of Egr-1 and that adult mice lacking Egr-1 have
apparent normal heart architecture (Lee et al., 1995).

The function of sustained expression of c-fos, c-jun and

Egr-1 in heart pathology is unknown. It has been suggested
that high levels of c-fos, c-jun and Egr-1 in terminally
di�erentiated cells is correlated with growth arrest, progression

and maintenance of the di�erentiation program (Gandarillas
& Watt, 1995; Lord et al., 1993; Panterne et al., 1992; Liu et
al., 1998; reviewed in Liebermann & Ho�man, 1998). In
support of this idea, mice containing a fos-lacZ transgene show

high levels of fos-driven lacZ in the most di�erentiated cells of
the epidermis, hair follicle and epiphyseal plate with sustained
expression preceding cell death (Smeyne et al., 1993). In

another study high levels of c-fos induced growth inhibition of
keratinocyte cell lines and increased their sensitivity to
apoptosis (Mils et al., 1997). These studies suggest a

correlation between high c-fos expression and bone and
keratinocyte di�erentiation. However, overexpression of c-fos
in transgenic mice led to dysregulation of bone growth and

high expression in other tissues, including heart, led to no overt
phenotype (Ruther et al., 1989; Bachiller and Ruther, 1990).
Mice null for c-fos expression are viable, form a normal
epidermis and did not form malignant papillomas when

stimulated (Saez et al., 1995). Egr-1 de®cient mice are also
viable and display no obvious phenotype except for female
infertility (Lee et al., 1995). Thus, the available transgenic and

null expression results are in contrast to in vitro data. It may be
that the other members of the Fos, Jun and Egr-1 families are
able to overcome the defects in the transgene and null

mutations. Adult cardiomyocytes have not been shown to
proliferate to any great extent so it is unlikely that sustained
expression of these genes is linked to increased proliferation in
heart. It is more likely that, sustained expression of c-fos, c-jun

and Egr-1 is involved in cardiomyocyte di�erentiation and/or
apoptosis.

We show, for the ®rst time, that the induction of Nkx-2.5

and GATA-4 can be produced by adrenereceptor stimulation
with the highest increase seen when both a- and b-
adrenoreceptors are stimulated. We suspect that GATA-4
expression can be equally initiated and maintained by either

PKA or PKC activated mechanisms because GATA-4
expression was similar regardless of agonist stimulus and no
synergism was detected if both pathways were activated

simultaneously. High levels of Nkx-2.5 were found initially
when both PKA and PKC pathways were activated in the
ISO+PE-treated mice, but at later times Nkx2.5 was increased

after 7 days of PE- or ISO-stimulation and this high level was
maintained after 14 days. This indicates that co-stimulation by
ISO and PE may serve to accelerate the time course for

initiation of the high level of Nkx-2.5. The upregulation of
GATA-4 and Nkx2.5 in our models of cardiac hypertrophy
combined with its upregulation in aortic constriction and
pressure overload, suggests that in increase in these genes may

be a general feature of cardiac hypertrophy. They most likely
play a role in initiating and maintaining the process of cardiac
hypertrophy by activating cardiac promoters (Chen et al.,

1996; Grepin et al., 1994; Durocher et al., 1996; Sepulveda et
al., 1998).

Regression

Drug withdrawal after PE- or ISO-treatments is accom-

panied by a signi®cant decrease in ANF, b-MHC, Egr-1, c-
fos, c-jun and GATA-4 expression and a decrease in the
HW/BW ratio to control levels. This implies that whereas
continued expression of these genes is found when agonists

are present once the heart has regressed to its normal weight
maintenance of their expression is not required. Support for
the notion that agonist stimulation is the important

stimulant for their elevated expression is that when the
agonist-treated animals were given HL and blood pressure
was normalized the expression of these genes remained

increased.
Heart regression was incomplete after ISO+PE stimulation

as the HW/BW ratio remained elevated. In these hearts, ANF,
b-MHC, Egr-1, c-jun, but not c-fos or GATA-4 remained

elevated. This result suggests that Egr-1 and c-jun may be
required for complete regression of heart weight to occur
whereas continued expression of c-fos or GATA-4 is not

necessary. Interestingly, GATA-4 and Nkx2.5 expression is
very di�erent after drug withdrawal. Nkx2.5 expression,
although decreased, persists in the withdrawal after drug

treatment regardless of the initiating stimulus and regardless of
whether the HW/BW indicates complete or incomplete
regression. In contrast, GATA-4 was decreased even when

the HW/BW indicated incomplete regression. The implication
is that regression might be a dynamic process that requires the
expression of a subset of transcription factors. Further, the
data also suggests that although HW/BW ratios and

determination of ANF or b-MHC levels might indicate that
complete regression has occurred considerable molecular
changes might still be underway that require speci®c

transcription factors.

Conclusions

Recognition of the central role that transcription regulatory
genes play in gene expression led us to search for speci®c gene
expression changes in the hypertrophying heart. How the
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di�erent transcription factors involved in cardiogenesis
operate in the entire regulatory cascade of cardiac hypertrophy
has yet to be fully delineated. We found that Egr-1, c-fos, c-

jun, Nkx2.5 and GATA-4 are upregulated in chronic-induced
cardiac hypertrophy, that the induction is not transient, but
persists through the time course. We found that Egr-1, c-fos, c-
jun, Nkx2.5 and GATA-4 expression does not decrease when

the blood pressure is reduced suggesting that direct drug action
of adrenoreceptor agonists on cardiomyocyte is more
important in inducing gene expression than afterload

reduction. Regression after drug withdrawal appears to be an
active process that requires a subset of speci®c transcription
factors. To investigate the role of c-fos and Egr-1 in response

to hypertrophic stimuli and to dissect the mechanism of
cardiac hypertrophy, we are extending our study to include
NGFI-A7/7 (null mutant mice for Egr-1 gene) (Lee et al.,

1995) and/or c-fos7/7 (null mutant mice for c-fos gene) (Wang
et al., 1992) as subjects for these in vivo models.

We are grateful to David Ajikobi for helping us to measure the
arterial blood pressure and heart rate in mice, Dr William Cupples
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the Medical Research Council of Canada (MT-13111) and the Heart
and Stroke Foundation of Quebec to L. Chalifour.
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