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Hypertrophic Stimuli Induce Transforming Growth Factor-,61 Expression in Rat
Ventricular Myocytes
Nobuyuki Takahashi, Angelino Calderone, Nicholas J. Izzo, Jr., Tiina M. Miki, James D. Marsh, and Wilson S. Colucci
Cardiovascular Division, Departments of Medicine, Brigham and Women's Hospital and Harvard Medical School,
Boston, Massachusetts 02115

Abstract

Transforming growth factor-s, (TGF-fl1) is a peptide
growth factor that may play a role in the myocardial re-
sponse to hypertrophic stimuli. However, the cellular distri-
bution, mechanism of induction, and source of increased
TGF-fi1 in response to hypertrophic stimuli are not known.
Wetested the hypothesis that the cardiac myocyte responds
to hypertrophic stimuli with the increased expression of
TGF-,31. In adult rat ventricular myocardium freshly disso-
ciated into myocyte and nonmyocyte cellular fractions, the
preponderance of TGF-p1 mRNAvisualized by Northern
hybridization was in the nonmyocyte fraction. Abdominal
aortic constriction (7 d) and subcutaneous norepinephrine
infusion (36 h) each caused ventricular hypertrophy associ-
ated with 3.1-fold and 3.8-fold increases, respectively, in
TGF-fl1 mRNAin the myocyte fraction, but had no effect
on the level of TGF-/31 mRNAin the nonmyocyte fraction.
In ventricular myocytes, norepinephrine likewise caused a
4.1-fold increase in TGF-fi1 mRNAassociated with an in-
crease in TGF-P bioactivity. This induction of TGF-f31
mRNAoccurred at norepinephrine concentrations as low
as 1 nMand was blocked by prazosin, but not propranolol.
NE did not increase the TGF-P1 mRNAlevel in nonmyo-
cytes, primarily fibroblasts, cultured from neonatal rat ven-
tricle. Thus, the cardiac myocyte responds to two hypertro-
phic stimuli, pressure overload and norepinephrine, with
the induction of TGF-81. These data support the view that
TGF-.81, released by myocytes and acting in an autocrine
and/or paracrine manner, is involved in myocardial remod-
eling by hypertrophic stimuli. (J. Clin. Invest. 1994.
94:1470-1476.) Key words: myocardium * growth factors .
hypertrophy - norepinephrine * a1-adrenergic receptors

Introduction

Transforming growth factor-PI (TGF-P3) plays an important
role in the regulation of growth, differentiation, and repair in a
wide variety of cells and tissues (1-3). In the heart, TGF-/1
is expressed at high levels during development (3, 4). There is
also evidence that TGF-P1 is induced in hypertrophied myocar-
dium following myocardial infarction (5, 6), pressure overload
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(7), or the infusion of norepinephrine (NE) (8). Moreover, in
vitro observations indicate that TGF-f3l can cause the induction
of a fetal gene program in cardiac myocytes (9) and the stimula-
tion of collagen production by fibroblasts ( 10), two characteris-
tic features of myocardial hypertrophy ( 11 ). It is therefore pos-
sible that TGF-f 1 plays a role in the myocardial remodeling
process induced by hypertrophic stimuli.

An AP-1 site regulates transcription of TGF-P/3 (12), and
may thus couple TGF-1, expression to hypertrophic stimuli,
such as cell stretch (13) and NE (14), that can inducefos and
jun. However, a mechanism by which TGF-f,3 expression may
be upregulated in response to such stimuli has not been eluci-
dated. Furthermore, although TGF-P1 mRNAand protein can
be demonstrated in ventricular myocardium, the localization
and cellular source of TGF-,f1 in the heart have been controver-
sial (15-17), and no information is available regarding the
cellular origin of TGF-,31 in hypertrophied myocardium.

The cardiac myocyte is oriented circumferentially in the
ventricular chamber, and is thus a good candidate for detecting
changes in myocardial wall stress caused by hemodynamic stim-
uli. In addition, cardiac myocytes express a1-adrenergic recep-
tors that have been shown in vitro to mediate myocyte hypertro-
phy and fetal gene expression in response to NE (14, 18). To
test the hypothesis that hypertrophic stimuli upregulate TGF-
,fh expression in cardiac myocytes, we studied the effects of
two hypertrophic stimuli, abdominal aortic constriction and NE
infusion, on TGF-f31 mRNAexpression in the myocyte and
nonmyocyte cell fractions from freshly dissociated adult rat
ventricular myocardium. The expression of mRNAfor prepro-
atrial natriuretic factor (ANF)' was determined in parallel to
serve as a marker for fetal gene induction by the hypertrophic
stimuli (9). To elucidate further the mechanism of TGF-,81
induction, we assessed the effect of NE on TGF-/31 mRNAin
myocytes and nonmyocytes cultured from neonatal rat ventricle.

Methods

Drug infusions. Male 200-225 g Sprague-Dawley rats (Charles River
Labs., Wilmington, MA) received subcutaneous infusion of drugs using
Alzet osmotic minipumps (model 1003D; Alza Corp., Palo Alto, CA)
implanted subcutaneously on the back slightly posterior to the scapulae.
Minipumps delivered l-norepinephrine bitartrate (NE) in ascorbic acid
(2 mg/ml) at a mean flow rate of 1 0l/h to deliver NE at a rate of 500
/ig/kg per h for 36 h. Sham-infused animals received ascorbic acid
alone at a flow rate of 1 sl/h for 36 h. The subcutaneous infusion of
NE at a rate of 100 ug/kg per h has been shown to increase systolic
blood pressure by 30-40 mmHg(19).

Aortic constriction. Male (200-225 g) Sprague-Dawley rats
(Charles River Labs.) were anesthetized with sodium pentobarbital (50

1. Abbreviations used in this paper: ANF, atrial natriuretic factor; PKC,
protein kinase C.
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mg/kg). A suprarenal aortic constriction was established with a ligature,
using a 21-gauge needle to establish the diameter of the constriction
(20). Sham-operated animals had placement of a loosely tied ligature
at the same location.

Isolation of myocyte and nonmyocyte enriched fractions from adult
ventricular myocardium. Myocyte and nonmyocyte-enriched fractions
of adult ventricular myocardium were isolated by a modification of the
technique of Claycomb and Palazzo (21), as described in detail pre-
viously (22). Briefly, rats were anesthetized with ether and the heart
was rapidly excised, transferred to a nominally Ca2 -free solution, and
perfused in a retrograde fashion through the aorta by the Langendorff
technique. The heart was first perfused for 5 min with Krebs-Henseleit
bicarbonate buffer containing 1.2 mMMgSO4, 1.25 mMCaCI2, 1.2
mMKH2PO4, 25 mMNaHCO3, and 11 mMglucose, gassed with 95%
02/5%CO2, and equilibrated to pH 7.4 at 370C, with an osmolality of
287 mosm/liter. Next, the heart was perfused with Ca2+-free Krebs-
Henseleit buffer until spontaneous beating stopped, at which time 0.05%
collagenase (Worthington Biochem. Corp., Freehold, NJ) and 0.03%
hyaluronidase (Sigma Chemical Co., St. Louis, MO) were added to the
Ca2+-free Krebs-Henseleit buffer (enzyme buffer I) for an additional
20 min. The atria and great vessels were then removed, and the re-
maining ventricular tissue was minced to < 1 mmin enzyme buffer I
containing 0.02 mg/ml trypsin (Sigma Chemical Co.) and deoxyribonu-
clease type II (Worthington Biochem. Corp.), and incubated in a shaking
water bath (37°C) for 15 min. The tissue was then filtered through a
200-Mm nylon mesh gauze, centrifuged at 500 rpm for 2 min, and
resuspended in wash media ( 1:1 DME:Ca2+-free Krebs-Henseleit
buffer with 10% FBS). The pellet contained the myocyte-rich fraction,
and the supernatant contained the myocyte-depleted fraction. The myo-
cyte-enriched pellet was resuspended in wash media, washed three times
with wash media, layered gently over a cushion of 6% bovine serum
albumin and sedimented for 20 min. The myocytes in the sedimented
pellet were then resuspended in denaturing solution for mRNAprepara-
tion (see below). This method has been shown to yield a myocyte-rich
fraction consisting of > 95% myocytes (22). The myocyte-depleted
supernatant was spun again at 1500 rpm for 5 min. The supernatant
from this spin was discarded, and the pellet (nonmyocyte fraction) was
resuspended in denaturing solution for mRNApreparation (see below).

Cultured neonatal rat ventricular myocytes and nonmyocytes. Neo-
natal rat ventricular myocytes were isolated by a modification of the
technique of Kasten (23), as previously described (22). Briefly, hearts
were removed from 2-d-old neonatal rats anesthetized with ether and
killed by decapitation. Ventricular tissues were digested with 0. 1% tryp-
sin (Worthington Biochem. Corp.) in Hanks' balanced salt solution
(Gibco Laboratories, Grand Island, NY) overnight at 4°C. Ventricular
cells were then recovered by repeated digestions of the tissue in 10 ml
of 0. 1%collagenase in Hanks' solution. The supernatants collected from
each digestion were first centrifuged at 1000 rpm for 3 min (4°C).
The pellets were resuspended in ice cold Hanks' solution, pooled and
centrifuged at 1000 rpm for 4 min (4°C). Cells were resuspended in
DMEcontaining 7% FBS and preplated in T75 flasks (Corning Inc.,
Corning, NY) for 75 min twice to enrich for myocytes and decrease
contamination by nonmuscle cells. Nonadherent cells were then plated
at a density of 1,000 cells/mm2 in 60-mm dishes. After 24 h, the culture
medium was changed to serum-free medium containing insulin (5 ug/
ml), transferrin (5 pg/ml), and sodium selenite (5 ng/ml), and all
experiments were performed 24 h later.

Cultures of neonatal rat ventricular non-myocytes were prepared as
described by Sadoshima et al. (24), except that cells were maintained
in DMEcontaining 7% FBS until they become confluent, when the
medium was changed to the same serum-free medium described for
myocytes. All experiments were performed after 24 h in serum-free
medium. These cultures consist predominantly of fibroblasts (24).

Northern hybridization. Cells were resuspended in denaturing solu-
tion (4 Mguanidium thiocyanate, 25 mMNa citrate, 0.5% N-laurylsar-
cosine, 0.1 M/-mercaptoethanol, pH 7.0). Total RNAwas isolated by
a modification of the technique of Chomczynski and Sacchi (25). RNA
was denatured with formaldehyde and formamide, and separated by size

by electrophoresis on a 1.3% agarose/4% formaldehyde gel (15 mg total
RNA/lane). RNA was transferred to nylon membranes (Genescreen
Plus, DuPont, Boston, MA) by capillary transfer and crosslinked by
UV Stratalinker 1800 (Stratagene, La Jolla, CA). Full-length cDNA
probes for TGF-/,1 and ANF were labeled with [32P] dCTP (DuPont)
to a specific activity of 1-2 x 106 cpm/ng cDNA by the random
heximer priming method, and hybridized to nylon blots overnight at
420C, as previously described (26). Hybridized blots were washed twice
(15 min, room temperature) with 300 mMNaCl/30 mMtrisodium
citrate (pH 7.0) and 0.1I% SDS, and twice ( 15 min, 60'C) with 30 mM
NaCl/3 mMtrisodium citrate (pH 7.0) and 0.1% SDS. The relative
amount of mRNAper lane was determined by exposing the washed
blots to Kodak XARfilm with an intensifying screen at -70'C (2 h-
overnight), and measuring the density of the exposed film with a laser
densitometer (Ultroscan 2202; LKB, Browmay, Sweden). The sizes of
the hybridized species were estimated using the 18S and 28S ribosomal
RNAbands as standards. After the analysis of TGF-/31 and ANFmRNA,
blots were reprobed with a 32P-labeled oligonucleotide complementary
to 18S ribosomal RNA, washed and autoradiographed as described pre-
viously (26). All levels of mRNAreported in this manuscript are nor-
malized to the level of 18S ribosomal RNA to correct for potential
differences in the amount of RNAloaded and transferred.

TGF-,6 bioassay. The bioactivity of TGF-, was assayed by de-
termining the inhibition of DNAsynthesis in mink lung epithelial cells
(27). CCL-64 mink lung epithelial cells were maintained in a high
glucose formulation of DMEsupplemented with 10% FBS (37°C, 5%
C02) . Subconfluent cells were suspended by exposure to trypsin, resus-
pended in DMEwith 10% FBS, pelleted at 250 g for 10 min, washed
once with 10 ml of assay buffer (DME supplemented with 0.2% FBS
and 10 mMHepes, pH 7.4), resuspended in assay buffer and seeded at
a density of 5 x 104 cells per 0.5 ml in 24-well plastic dishes (Costar,
Cambridge, MA). After I h, conditioned medium or TGF-,lS (Genzyme
Corp., Cambridge, MA), diluted in assay buffer, was added to each
well in a volume of 0.5 ml. After 22 h, cells were pulsed with 2 yCi
of [3H]thymidine (60-80 Ci/mmol, DuPont) for 2 h. Cells were fixed
with ice-cold 5% TCA and lysed with 0.5 ml of 0.4N NaOHat room
temperature for 30 min.

Conditioned medium was obtained from myocyte cultures exposed
to NE (1 ,IM) or vehicle (ascorbic acid) for 24 h. The volume of
conditioned medium was adjusted to fall within the linear range of the
standard curve. TGF-/3 is normally secreted in a latent form that is
biologically inactive (28). To activate latent TGF-0, conditioned me-
dium was adjusted to pH 1.5 with HCl, incubated for 1 h at room
temperature, neutralized with NaOH, and immediately added to assay
plates (29). To determine the specificity of the bioassay for TGF-,6, a
purified IgG fraction of mouse monoclonal TGF-/31, -,62, -/03 antibody
(Genzyme Corp.) or control mouse IgG (Sigma Chemical Co.) was
preincubated with conditioned medium (1 h, 22°C) before addition of
the medium to the mink lung epithelial cells (30).

Data analysis. All data are presented as the mean±SEMStatistical
analysis was performed by Student's t test or Student-Newman-Keuls
test with one way analysis of variance, as appropriate. A P value less
than 0.05 was considered significant.

Results

Effect of NE infusion on TGF-/3, mRNAexpression in adult rat
ventricular myocardium. NE infusion for 36 h had no effect on
body weight (sham-infused, 206±10 g; NE-infused, 198±13
g), but increased heart weight from 0.80±0.11 g to 0.94+0.08
g such that the heart weight/body weight ratio increased by

- 27%, from 3.9±0.3 to 4.9±0.2 mg/g (P < 0.05, n = 3).
In ventricular myocardium from sham-infused rats, the

TGF-,61 cDNAhybridized to a single band at 2.4 kb. In ventricu-
lar myocardium from two NE-infused rats, the level of TGF-
/il mRNAincreased by 35 and 56% relative to sham-infused
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Figure 1. A representative
northern hybridization depicting
the effect of norepinephrine
(NE; 500 dig/kg/h in 0.2%

iUSS4IPS 1P4' i- TGFP1 ascorbic acid) or sham (S; 0.2%
ascorbic acid) infusion for 36 h
on the levels of TGF-,61 and
ANFmRNAin the myocyte and

l- ANF nonmyocyte fractions of freshly
dissociated adult rat ventricular
myocardium. The cDNAs for
TGF-/31 and ANF hybridized to

_ - 8S bands at 2.4 and 0.9 kb, respec-__ _ < ~~~18SSW WE tively. The filter was also hy-
bridized with an oligonucleotide

S NE S NE complementary to 18S rRNA
(18S) to correct for differences

Myocytes Nonmyocytes in loading.

rats (data not shown). In both myocardium and cultured cells,
additional transcripts of - 1.9 and 1.6 kb were frequently visu-
alized (6), albeit at a much lower intensity than the 2.4-kb
signal. The intensity of these smaller transcripts generally paral-
leled that of the 2.4-kb transcript (for example, see Fig. 5).
ANFmRNA,which was faintly visualized in myocardium from
sham-infused rats, was markedly induced (- 10-fold) in myo-
cardium from animals infused with NE (data not shown).

To clarify the cellular source of ventricular TGF-,f1 mRNA,
ventricular myocardium was dissociated into myocyte and non-
myocyte enriched fractions. In sham-infused rats, TGF-PI3
mRNA,although visualized in both fractions, was 5.9+0.7-fold
more abundant in nonmyocytes vs. myocytes (P < 0.001; n =
5) (Figs. 1 and 2 A). In NE-infused animals, the level of TGF-
PI3 mRNAwas increased 3.8±0.4-fold in the myocyte fraction
(P < 0.001 vs. sham-infused; n = 5), but was unchanged in
the nonmyocyte fraction (1.3±0.3-fold; P = NS; n = 5) (Figs.

1 and 2 B). In cells from sham-infused rats, ANFmRNAwas
faintly detectable in the myocyte fraction, and was not detect-
able or only faintly detectable in the nonmyocyte fraction (Fig.
1). In cells from NE-infused animals, ANF mRNAwas in-
creased 17.5±3.6-fold in the myocyte fraction, and was not
induced in the nonmyocyte fraction (Fig. 1).

Effect of abdominal aortic constriction on myocardial TGF-
,[3 mRNAexpression. Abdominal aortic constriction for 1 wk
resulted in an - 33% increase in the heart weight/body weight
ratio from 3.3+±0.1 to 4.4±0.1 (P < 0.001; n = 6 for controls
and n = 8 for aortic constriction). In rats with aortic constric-
tion, the level of TGF-,B, mRNAin the myocyte fraction was
increased 3.1±0.6-fold (P < 0.05; n = 3) compared to sham-
operated animals, but was unchanged in the nonmyocyte frac-
tion (Figs. 3 and 4).

Effect of NE on TGF-,31 mRNAin cultured neonatal rat
myocytes and nonmyocytes. The experiments with freshly disso-
ciated myocardium suggested that NE induces TGF-,61 in ven-
tricular myocytes. To confirm that NE can induce TGF-[3
mRNAin cardiac myocytes, cultured neonatal rat ventricular
myocytes were exposed to NE (1 tM) for 24 h. NE caused a
4.1±0.8-fold increase in the level of TGF-/,h mRNA(P < 0.05;
n = 4), associated with a 3.9+1.2-fold increase in ANFmRNA
level (Figs. 5 and 6). The induction of TGF-,61 mRNAwas
detectable within 2 h, sustained for at least 24 h (data not
shown), and occurred with a NE threshold of 1 nM (Fig. 5).
To elucidate the adrenergic receptor pathway involved, myo-
cytes were incubated with NE in combination with prazosin (1
,uM) or propranolol (2 ,uM). Prazosin inhibited the NE-induced
increase in TGF-,61 mRNAby 75±6% (P < 0.05; n = 4),
whereas propranolol had no effect (Fig. 6).

To determine whether NE can induce TGF-/31 mRNAin
cardiac nonmyocytes, neonatal rat cardiac nonmyocytes were
exposed to NE (1 ,uM) or angiotensin II (100 nM) for 24 h.
TGF-3il mRNAwas readily visualized in control cells (Fig. 7).
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Figure 2. (A) Relative levels of
TGF-f31 mRNAin myocyte vs.
nonmyocyte fractions from adult
rat ventricle. The mean data from
5 experiments are expressed rela-
tive to the level of TGF-/,3 mRNA
in the myocyte fraction, and are
normalized to the level of 18S
rRNA determined by Northern hy-
bridization (23). *P < 0.05 vs.
myocytes. (B) Effect of norepi-
nephrine (NE) infusion on the
level of TGF-P,3 mRNAin myo-
cyte and nonmyocyte fractions.
Data for each cell fraction are ex-
pressed relative to the levels in
sham-infused (Sham) animals,
and are the mean of 5 experi-
ments. *P < 0.05 vs. sham-in-
fused animals.
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Figure 3. Northern hybridization showing the effect of a 7-d abdominal
aortic constriction (AC) as compared to sham-operation (S) on the
expression of TGF-P,3 mRNAin myocyte and nonmyocyte fractions of
freshly dissociated adult rat ventricular myocardium.

-. TGF-pl
t.5..

Figure 5. Northern hy-
bridization showing the
concentration-depen-
dent induction of TGF-,B1
and ANFmRNAsin cul-

go - _ ANF tured neonatal rat ven-
tricular myocytes ex-
posed to either vehicle
(ascorbic acid, 100 1M)

4UNW 1-8S rRNA or norepinephrine (NE)
for 24 h. The cDNA for

04. 010' 'O' TGF-/31 hybridized
NE tm,

strongly to a 2.4-kb tran-
script. Smaller tran-

scripts at approximately 1.6 and 1.9 kb were frequently visualized, and
generally paralleled the 2.4-kb transcript in intensity.

Although angiotensin II induced TGF-/3l mRNAby approxi-
mately twofold, NE had no effect (+20±30%; P = NS; n
= 3).

Effect of NEon TGF-f3 bioactivity in myocyte-conditioned
medium. To determine whether the induction of TGF-,61 mRNA
is associated with an increase in TGF-,8 activity, conditioned
medium from cultured neonatal myocytes treated with vehicle
or NEwas applied to mink lung epithelial cells on assay plates
(27). Conditioned medium (diluted 1:20) from myocytes
treated with vehicle or NE had no detectable TGF-P activity
(P = NS; n = 2). However, in many cell types TGF-,B is
expressed in an inactive form which is activated by cell surface/
interstitial enzymes (28). This latent TGF-,B can be activated
by acidification (29). After activation of latent TGF-,/ by acidi-
fication, conditioned medium from both vehicle- and NE-treated
myocytes demonstrated marked TGF-/3 bioactivity, and NE
treatment caused a further significant increase (P < 0.001; n
= 7) in TGF-/3 activity compared to vehicle-treated cells (Fig.
8 A). The addition of a TGF-f3-neutralizing antibody (100 ,ug/
ml) abolished TGF-P bioactivity in acid-activated conditioned
media (diluted 1:100) from NE-treated myocytes (Fig. 8 B).

Discussion

The major new finding of this study is that two types of hyper-
trophic stimuli, pressure overload and NE, each induced the
expression of TGF-,61 mRNAin cardiac myocytes. Although the
preponderance of basal TGF-/3I mRNAin adult rat ventricular
myocardium was localized in the nonmyocyte cell fraction
which consists primarily of fibroblasts and endothelial cells
(16), pressure overload and NE infusion induced 3.1-fold and
3.8-fold increases, respectively, in TGF-,61 mRNAexpression
in the myocyte fraction, but had no effect on the level of expres-

sion in the nonmyocyte fraction.
In cultured neonatal rat ventricular myocytes, NE likewise

induced a 4.1-fold increase in TGF-,61 mRNAlevel that was

associated with a significant increase in TGF-,B bioactivity. The
induction of TGF-PB by NEwas evident at nanomolar concen-

trations and was abolished by the a1-adrenergic receptor selec-
tive antagonist prazosin. Thus, the induction of TGF-,61 by NE
can be mediated by an a1-adrenergic receptor located on the
cardiac myocyte, and does not require a change in hemodynamic
load.

*

Sham AC Sham AC
Myocytes Non-myocytes

Figure 4. Effect of a 7-d aortic constriction (AC) on TGF-P,3 mRNA
level in myocyte and nonmyocyte fractions depicted in Fig. 3. Data for
each cell fraction are expressed relative to the levels in sham-operated
animals (Sham), and are the mean of 3 experiments. *P < 0.05 vs.

sham operated.
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Figure 6. Effects of a1-adrenergic receptor selective- (prazosin, 1 qM)
and ,3-adrenergic receptor selective- (propranolol, 2 IM) antagonists
on the induction of TGF-,61 mRNAby norepinephrine (NE, 1 uM) in
cultured neonatal rat ventricular myocytes. Data are expressed relative
to vehicle-treated cultures, and are the means of 4 experiments. *P
< 0.05 vs. vehicle; 5P < 0.05 vs. NE and NE + propranolol.
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Figure 7. Northern hybridization
showing the effect of exposure to
norepinephrine (NE; 1 IM, 24 h),

TGF-p1l angiotensin II (All; 100 nM, 24
h) and ascorbic acid (vehicle for
NE; 100 yM, 24 h) on the expres-
sion of TGF-,/1 mRNAin ventric-
ular nonmyocytes, consisting pre-

_ AWAW 1 8S rRNA dominantly of fibroblasts. NE did
not induce TGF-f31 mRNA,

00 , whereas All caused an approxi-
0 mately twofold increase. Similar

-0 results were obtained in two addi-
tc0t tional experiments.

Increased TGF-Pf mRNAexpression has been observed pre-
viously in whole ventricular myocardium following aortic con-
striction (7), norepinephrine infusion (8), and in the nonin-
farcted portion of the ventricle after myocardial infarction (5,
6, 17). Our report is, to our knowledge, the first to implicate
the cardiac myocyte as the source of increased TGF-,61 mRNA
in response to hypertrophic stimuli. Since the large majority of
TGF-f, mRNAin the myocardium is located in nonmyocytes,
it is particularly striking that only myocytes responded to these
hypertrophic stimuli with the induction of TGF-pi.

Two potential mechanisms may account for the induction
of TGF-/i3 in cardiac myocytes. First, both aortic constriction
and NE infusion cause an increase in myocardial wall stress,
which might serve as a mechanical stimulus for TGF-,61 induc-
tion (13). The coupling between mechanical stress and TGF-
#I3 induction may involve increased levels of circulating angio-

tensin, induction of cardiac angiotensin synthesis and/or release
from myocytes (24, 31-33). Second, since NE can induce
TGF-/31 in cultured myocytes, activation of a1-adrenergic recep-
tors on the cardiac myocyte, per se, may be a sufficient stimulus
for the induction of TGF-611 in the NE-infused animals. In cul-
tured cardiac myocytes, NE (34), angiotensin (32), and linear
stretch (13, 35) all cause phosphoinositide turnover and pre-
sumably activate protein kinase C (PKC). Since an AP-1 con-
sensus region has been identified in the promoter region of the
TGF-f,3 gene (12), activation of PKC may contribute to the
induction of TGF-,61 by NE and/or pressure overload.

Cardiac fibroblasts may play an important role in the myo-
cardial remodeling to hypertrophic stimuli, both by the synthesis
of interstitial matrix components such as collagen (10) and by
the elaboration of growth factors (36). NEdid not induce TGF-
#I mRNAin cultured cardiac nonmyocytes, which consist pre-
dominantly of fibroblasts (24). Since angiotensin, presumably
acting via an AP-1 site, induced TGF-,f3 mRNAin cultured
nonmyocytes, the failure of NE to induce TGF-/31 mRNAin
these cells most likely reflects the absence of an appropriate a-
adrenergic receptor subtype and/or coupling to the induction
of fos/jun. Our findings do, however, raise the possibility that
the induction of TGF-,B, in cardiac myocytes may contribute
to myocardial remodeling via a paracrine action on cardiac
fibroblasts.

Interpretation of the dissociated myocardium experiments
depends on the ability to separate myocytes and nonmyocytes.
Previous work using this technique, or minor modifications
thereof, indicates that the myocyte fraction has < 5%contami-
nation by nonmyocytes (22). Since nonmyocytes are a major
source of TGF-,B mRNAboth in myocardium (as shown here)

(%) (%) Figure 8. (A) Effect of norepinephrine
140 - 140 (NE; 1 tM, 24 h) on TGF-3 bioactivity
A B in the conditioned medium (diluted

Cu
T 1:20) from cultured neonatal rat ven-

120 - 120 tricular myocytes. TGF-P bioactivity isSU] <expressed as the inhibition of [3H]
0 T thymidine uptake in mink lung epithe-

N-i _* lial cells (27). In the absence of acidi-
100 100Z 100 e 1; 100fication, no bioactivity was observed.

C)~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~......... With acidification, there was significant
80 L * ESW00h] 80 L 1000 it00000000000000000001 bioactivity in the conditioned medium
80 _8 0-eeeeeeeS from vehicle-treated myocytes, and a

O)r**llllll01 T 1S000 further significant increase in activity in
Cj ~~~~~~~~~~~~~~~~~~~~~~~conditionedmedium from NE-treated

60 60 cells. Data are normalized to the activ-
QC) ity in growth medium not conditioned

by myocytes, and represent 2 (nonacid-
4Q ~~~~~~~~~~~~~~~~~~~~~~~~~ified)or 7 (acidified) observations. *JPE40 _ssss.._E40_-: sif

< 0.05 vs. nonacidified conditioned
1... _ges see _emediumfrom vehicle-treated myocytes;
'20-9 >Slltl1 _ w 20P < 0.001 vs. acidified conditioned~20-2
_o I * [gESSSS:D * t < p _ q1mediumfrom vehicle-treated myocytes.

(B) Effect of anti-TGF-/3 antibody
(TGF-P Ab) on the growth inhibitory

0 0 effect of acidified-conditioned medium
Vehicle NE Vehicle NE NE NE NE (diluted 1:00) from NE-treated myo-

+ +
cts G- b(0 ~/l blAcidification () Acidification (I) IgG TGF-[ Ab cytes. TGF-f Ab (100 sg/mi) abol-
ished the growth inhibitory effect of
conditioned medium from NE-treated

myocytes, whereas control mouse IgG (100 ag/ml) had no effect. Data are normalized to the activity in growth medium not conditioned by
myocytes with or without an equivalent amount of IgG or TGF-P Ab. *P < 0.05 vs. conditioned medium from NE-treated myocytes with or
without IgG.

1474 N. Takahashi, A. Calderone, N. J. Izzo, T. M. Maki, J. D. Marsh, and W. S. Colucci



and in culture (37), it is possible that even a small contamina-
tion of the myocyte fraction by nonmyocytes is important. How-
ever, it is unlikely that our observations are due to nonmyocytes
contaminating the myocyte fraction, since basal TGF-,61 mRNA
expression in the nonmyocyte fraction failed to increase with
either hypertrophic stimulus, and NE failed to induce TGF-,31 in
cultured fibroblasts. It is also possible that hypertrophic stimuli
increase the nonmyocyte contamination of our preparation.
However, based on the relative abundance of TGF-,61 mRNAin
myocytes and nonmyocytes, nonmyocyte contamination would
have to increase to approximately 70% to account for the four-
fold increase in TGF-,61 mRNAthat was observed in the myo-
cyte fraction. Finally, we cannot exclude the possibility that the
dissociation procedure, which has been shown to induce early
response genes such as fos TGF-,61, (38), contributed to our
observations. However, the induction of TGF-,61 in cultured
myocytes and the lack of induction in the nonmyocyte fraction
in vitro argue against this possibility.

In summary, we have shown that the cardiac myocyte re-
sponds to hypertrophic stimuli with the induction of TGF-/31,
both in vivo and in vitro. The functional significance of these
observations remains to be established. The TGF-,61 released
from cultured myocytes in response to NE was latent. Thus, it
is unlikely that TGF-,61 contributes to the effects of NE in
this in vitro system. However, proteinases capable of activating
TGF-,3 may be present in the cardiac interstitium (39), and
might activate TGF-,f released from myocytes in vivo. If this
were the case, TGF-,B1 might act in an autocrine and/or para-
crine manner to affect the phenotype, growth and/or function
of neighboring cardiac cells (40), including myocytes, fibro-
blasts and microvascular endothelial cells. However, it is also
possible that the induction of TGF-,f1 mRNAin cardiac myo-
cytes is merely a marker for myocyte stress, akin to the induc-
tion of certain fetal genes, and does not necessarily have func-
tional significance. In either case, our data suggest that the
cardiac myocyte plays a primary role in detecting hypertrophic
stimuli.
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