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Abstract

 

We have recently reported that the Ca

 

2

 

1

 

-binding protein

 

S100

 

b

 

 was induced in rat heart after infarction and forced
expression of S100

 

b

 

 in neonatal rat cardiac myocyte cul-
tures inhibited 

 

a

 

1

 

-adrenergic induction of 

 

b

 

 myosin heavy
chain (MHC) and skeletal 

 

a

 

-actin (skACT). We now extend
this work by showing that S100

 

b

 

 is induced in hearts of hu-
man subjects after myocardial infarction. Furthermore, to
determine whether overexpression of S100

 

b

 

 was sufficient
to inhibit in vivo hypertrophy, transgenic mice containing
multiple copies of the human gene under the control of its
own promoter, and CD1 control mice were treated with
norepinephrine (NE) (1.5 mg/kg) or vehicle, intraperito-
neally twice daily for 15 d. In CD1, NE produced an in-
crease in left ventricular/body weight ratio, ventricular wall
thickness, induction of skACT, atrial natriuretic factor,

 

b

 

MHC, and downregulation of 

 

a

 

MHC. In transgenic mice,
NE induced S100

 

b

 

 transgene mRNA and protein, but pro-
voked neither hypertrophy nor regulated cardiac-specific
gene expression. NE induced hypertrophy in cultured CD1
but not S100

 

b

 

 transgenic myocytes, confirming that the ef-
fects of S100

 

b

 

 on cardiac mass reflected myocyte-specific
responses. These transgenic studies complement in vitro
data and support the hypothesis that S100

 

b

 

 acts as an in-
trinsic negative regulator of the myocardial hypertrophic

 

response. (

 

J. Clin. Invest. 

 

1998. 102:1609–1616.) Key words:
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Introduction

 

The adult cardiac myocyte is terminally differentiated and has
lost the ability to proliferate. Therefore, the myocardium
adapts to increasing workloads through hypertrophy of indi-
vidual cells in response to hormonal, paracrine, and mechani-
cal signals (1–2). Whereas this process is initially compensa-

tory, it can progress to irreversible enlargement and dilatation
of the ventricle culminating in heart failure (3).

Myocyte hypertrophy is accompanied by a program of fetal
gene re-expression including the embryonic 

 

b

 

-myosin heavy

 

chain (MHC),

 

1

 

 the skeletal isoform of 

 

a

 

-actin (skACT), and
atrial natriuretic factor (ANF) (2, 4, 5). This response can be
reproduced in vitro in cultured neonatal cardiac myocytes by
treatment with a number of trophic effectors including peptide
growth factors and 

 

a

 

1

 

-adrenergic agonists (6–14).
Negative modulators of the hypertrophic response are es-

sential to maintain a balance between compensatory hypertro-
phy and unchecked progression. We have recently identified
the first likely candidate for a negative intrinsic modulator of
the myocardial hypertrophic response. This modulator, a brain

 

Ca

 

2

 

1

 

-binding protein, S100

 

b

 

, was found to be induced in rat
heart after experimental myocardial infarction and was shown
in transfection studies to inhibit the 

 

a

 

1

 

-adrenergic and anoxic-
mediated induction of 

 

b

 

MHC and skACT in cultured cardiac
myocytes (15). Consistent with previous data (16–19), this inhi-
bition involved the interruption by S100

 

b

 

 of the protein kinase
C (PKC)-signaling pathway in a Ca

 

2

 

1

 

-dependent manner.
In the present communication, we have extended this work

by showing that S100

 

b

 

 is induced in the heart of human sub-
jects after myocardial infarction. In addition, the availability of
a transgenic mouse model (20), in which human S100

 

b

 

 is over-
expressed, has allowed us to examine the consequences of this
overexpression on the response of the myocardium to hyper-
trophic 

 

a

 

1

 

-adrenergic stimulation in vivo. In agreement with
our previous in vitro results (15), we report that the hyper-
trophic response is blunted by induction of S100

 

b

 

 in transgenic
mice, as expected for a negative modulating influence of ele-
vated levels of this regulatory molecule.

 

Methods

 

Transgenic mice. 

 

S100

 

b

 

 transgenic mice containing multiple copies
(approximately eight) of the human S100

 

b

 

 gene under the control of
its own promoter were derived on a CD1 background as previously
described (20). Transgenic and control CD1-mice (Charles River, St.
Constant, Quebec, Canada) were housed in microisolators. Testing
was performed at 8 wk of age.

 

Induction of experimental hypertrophy.

 

Norepinephrine (NE) (1.5
mg/kg) was injected intraperitoneally in ascorbic acid saline twice
daily for 15 d. This treatment schedule produces hypertrophy without
necrosis (21). Control injections consisted of vehicle alone. The four
treatment groups (17 mice per group) included transgenic or control
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CD1 mice injected with either NE or vehicle above. Fluid intake and
body weight were monitored daily during treatment.

 

Monitoring of systolic blood pressure and heart rate. 

 

On day 16,
1 h after treatment with either NE or vehicle, systolic blood pressure
and heart rate were measured using an indirect mouse tail blood pres-
sure system (Harvard Apparatus, South Natick, Massachusetts) ac-
cording to the instructions supplied by the manufacturer. In brief,
mice were placed in restrainers with tails exposed 15–30 min before
taking readings. A tail cuff and pulse sensor were applied to the tail
and after a 15-min warming period to stimulate vasodilation, heart
rate and systolic blood pressure readings were taken.

 

Echocardiographic assessment of cardiac hypertrophy and func-
tion.

 

Four animals in each group underwent transthoracic echocar-
diography, before time of death, using a 12-mHz probe (Hewlett
Packard, Mississauga, Ontario, Canada). End-diatolic and end-sys-
tolic diameters, end-diastolic interventricular and posterior wall
thickness, and left ventricular percent fractional shortening were
measured at the level of the papillary muscles and recorded as the
consensus of two blinded observers (J.N. Tsoporis and T.G. Parker)
with interobserver variability of 

 

,

 

 10%.

 

Harvesting of cardiac tissue.

 

On day 16, after treatment with NE
or vehicle as outlined above, eight mice from each group were killed
to harvest fresh cardiac tissue, and three mice were killed to obtain
fixed cardiac tissue. To harvest fresh cardiac tissue, the mice were
killed by opening the chest cavity under chloroform anaesthesia and
arresting the heart in diastole by a retrograde injection of 1 mmol/li-
ter KCl through a cannulated aorta. The heart was rapidly excised,
the great vessels and atria removed, and the ventricle immersed in
ice-cold DEPC-PBS. Of the 14 samples of freshly harvested cardiac
tissue, 8 were used for measurement of cardiac hypertrophy and 6 for
RNA and protein isolation. To fix cardiac tissue, a similar technique
was used as previously described for vessels (22). Briefly, the heart
was perfused at a constant pressure (50 mm Hg) with oxygenated
Krebs solution (pH 7.4, 37

 

8

 

C) for 10 min at 37

 

8

 

C via an aortic cathe-
ter, followed by 20 min of 2.5% glutaraldehyde in 0.03 M phosphate
buffer and 15 min of phosphate buffer wash. After initial fixation by
perfusion, the heart was excised and further fixed by immersion in
2.5% glutaraldehyde for an additional 48 h at 4

 

8

 

C.

 

Morphometric measurement of cardiac hypertrophy. 

 

For fresh
cardiac tissue, the left and right ventricles were weighed and a central
full-thickness slice of the wall of the left ventricle was obtained by
two transverse cuts at levels corresponding to the one-third and two-
thirds of the length of the ventricle (23). This midventricular slice was
used for measurement of left ventricular wall thickness by light mi-
croscopy, using a calibrated ocular lens as described previously (23).
Fixed cardiac tissue was divided into two equal blocks by a central
cross-sectional cut perpendicular to the long axis of the heart. Each
block was dehydrated and embedded in paraffin. Sections (5 

 

m

 

m)
were stained with hematoxylin and eosin and examined microscopi-
cally as previously described (24).

 

Ribonuclease protection assay.

 

RNA was isolated from mouse
and human tissues by a one-step acid guanidinium phenol method
(25). RNase protection assays to determine steady-state levels of
S100

 

b

 

 mRNA, skACT mRNA, ANF mRNA, 

 

b

 

MHC/

 

a

 

MHC mRNAs,
and glyceraldehyde-3 phosphate dehydrogenase (GAPDH) mRNA
were performed by modifying published conditions (26). Antisense
riboprobes for mouse skACT (a gift from Dr. L.K. Karns, Laboratory
of Molecular Neuro-Oncology, University of Virginia Health Sci-
ences, Charlottesville, VA), mouse/rat ANF (27), mouse/rat 

 

b

 

MHC/

 

a

 

MHC (28) (a gift from Dr. C.S. Long, Division of Cardiology and
Research, Veterans Affairs Medical Center, San Francisco, CA) and
GAPDH (Ambion, Austin, TX) were labeled with [

 

a

 

 

 

32

 

-P] UTP (800
Ci/mmol, Amersham, Oakville, Ontario) by in vitro transcription
with T7 (skACT, 

 

b

 

MHC/

 

a

 

MHC, GAPDH) or SP6 (ANF, GAPDH)
RNA polymerase of appropriate RNA synthesis vectors. The 

 

32

 

P-UTP-
labeled S100

 

b

 

 antisense riboprobe was derived from pKN3 (20) by in
vitro transcription with T3 RNA polymerase. The S100

 

b

 

, skACT,
ANF, 

 

b

 

MHC/

 

a

 

MHC, and GAPDH probes (2 ng, 10

 

6 

 

dpm) were hy-

 

bridized with 25 ng (S100

 

b

 

) or 15 ng (skACT, ANF, 

 

b

 

MHC/

 

a

 

MHC,
GAPDH) of total RNA from mouse or human tissues, or net tRNA,
for 18 h at 45

 

8

 

C and RNase-resistant hybrids were recovered using a
commercial kit (Ambion), analyzed on 8 M urea, 6% polyacrylamide
sequencing gels, and visualized by autoradiography.

 

Western blotting. 

 

Mouse hearts were obtained as described,
heart lysates were prepared from frozen heart powder, and Western
blotting for detection of S100

 

b

 

 protein was performed as described
previously (20). Briefly, aliquots of extracts containing 75 

 

m

 

g of total
protein or samples of purified bovine S100 protein (1 or 10 ng) were
dissociated and subjected to electrophoresis in 15% sodium dodecyl
sulfate-polyacrylamide slab gels under reducing conditions. The pro-
teins were transferred electrophoretically to membranes (PVDF; Mil-
lipore Corp., Milford, MA) and the blots were incubated with anti-
S100 protein monoclonal antibody G12.B8 (a generous gift from Dr.
B. Boss, Salk Institute for Biological Studies, La Jolla, CA) at a 1:2,000
dilution followed by peroxidase-conjugated rabbit anti–mouse Ig an-
tibody (Dako, Carpinteria, CA) at a 1:10,000 solution. The blots were
developed using enhanced chemiluminescence (Pierce, Rockford, IL)
and exposed to X-ray film (Biomax; Kodak, Rochester, NY).

 

Cardiac myocyte cultures. 

 

Neonatal cardiac myocytes were iso-
lated from the ventricles of 2-d-old control CD1 and S100

 

b

 

 transgenic
mice and established in primary culture essentially as previously de-
scribed for neonatal rat cardiac myocytes with 

 

, 

 

5% contaminating
fibroblasts (6, 8, 9, 13, 15). The cells were seeded in medium supple-
mented with 10% FBS. The next day, the cultures were changed to
serum-free medium supplement with 0.1 mM bromodeoxyuridine, 1
mg/ml BSA, and 10 

 

m

 

g/ml (each) transferrin and insulin. Cell num-
bers and myocyte size were determined after a 3-d treatment with ei-
ther 5% FBS, or 20 

 

m

 

M NE or phenylephrine (PE) in 100 

 

m

 

M ascor-
bic acid. Control cultures were treated with vehicle alone. Cell
numbers were determined by counting cells in randomly selected mi-
croscopic fields (6). Cell size was quantified by continuous labeling
with 

 

14

 

C-phenylalanine as previously described (6). There were at
least three cell culture dishes in each group. There was no change in
the number of cells after treatment of cultures with any agent.

 

Immunoperoxidase staining. 

 

Archival blocks of formalin-fixed,
paraffin-embedded cardiac tissue from subjects deceased after myo-
cardial infarction (8 patients) and control subjects (14 patients) were
obtained through the Department of Pathology, The Toronto Hospi-
tal. Rabbit anti-S100 protein antiserum, specific for S100

 

b

 

, was puri-
fied by affinity chromatography on a column of bovine brain S100
protein coupled to CNBr-activated Sepharose. The column was
extensively washed with PBS and the antibody eluted with 100 mM
sodium citrate, pH 3.0, and neutralized with 1.0 M Tris. Immunoper-
oxidase staining was performed as described (29) using a primary
anti-S100

 

b

 

 antibody at a 1:4,000 dilution. Stained sections were read
by two pathologists (H.J. Kahn and J.W. Butany) blinded to the diag-
nosis, and staining intensity was graded semi-quantitatively by con-
sensus as mild (

 

1

 

), moderate (

 

11

 

), or severe (

 

111

 

).

 

Statistical analysis. 

 

Treated/control ratios were tested for devia-
tion from unity by calculation of confidence limits. Mean values were
compared by analysis of variance, followed by Student-Newman-
Keuls test with Bonferroni correction for multiple comparisons, with
significance defined as 

 

P

 

 

 

,

 

 0.05.

 

Results

 

Induction of S100

 

b

 

 in the heart of human subjects after myocar-
dial infarction. 

 

Immunoperoxidase staining of normal human
myocardium from a control subject with anti-S100

 

b

 

 antibody
showed an absence of staining of cardiac myocytes and only
Schwann cells in a nerve bundle staining positively (Fig. 1 

 

B

 

).
This is consistent with the previously reported (29) selective
expression of S100

 

b

 

 in astrocytes and Schwann cells in the cen-
tral and peripheral nervous systems, respectively. In contrast,
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cardiac myocytes in the myocardium of a subject deceased af-
ter myocardial infarction were stained positively with the anti-
S100

 

b

 

 antibody (Fig. 1 

 

A

 

). In 8 subjects (7 males, 1 female)
with myocardial infarction (mean age 66.5 yr, range 59–85 yr),
intense S100

 

b

 

 staining (

 

111

 

) was apparent in the majority of
myocytes in the peri-infarct region of healed infarcts (

 

.

 

 3-mo-
old) in 7/8. One subject with acute infarction 1 wk before death
had only mild (

 

1

 

) staining in peri-infarction myocytes. Stain-
ing was less intense to absent in all patients in myocardium re-
mote from the infarcted territory such as the right ventricular
free wall. Myocyte staining was absent in 14 control subjects
(9 males, 5 females, mean age 62.9 yr, range 16–87 yr) includ-
ing 7 with malignant disease, 2 with intracranial pathology,
2 with chronic pulmonary disease, and 1 each with sepsis, rup-
tured aortic aneurysm, and post abdominal surgery. Two of
the control subjects with no myocyte staining had coronary ar-
tery disease in the absence of myocardial infarction.

 

Induction of S100

 

b

 

 in transgenic mice.

 

Multiple copies of
the human S100

 

b

 

 gene under the control of its own promoter
confers copy number-dependent high basal expression exclu-
sively in glial cells of the central and peripheral nervous system
in transgenic mice (20). Basal expression is not seen in cardiac
myocytes (Fig. 2). After treatment with NE, the induction of
the human S100

 

b

 

 transgene in ventricular myocardium is
shown at the mRNA and protein levels based on RNase pro-
tection (Fig. 2 

 

A

 

) and Western blotting analyses (Fig. 2 

 

B

 

), re-
spectively. There was no induction of the endogenous mouse
S100

 

b

 

 protein in control CD1 mice treated with NE (Fig. 2 

 

B

 

).

 

NE increases systolic blood pressure and heart rate in CD1
and transgenic (TG) mice. In CD-1 and TG mice, similar sys-
tolic blood pressures (10663 mmHg and 10263 mmHg, re-
spectively) and heart rates (28669 bpm and 29867 bpm, re-
spectively) were observed at baseline. NE increased systolic
blood pressure z 25% in both CD-1 and TG animals (12762
mmHg and 12462 mmHg, respectively, P , 0.05 relative to
control, n 5 4) and heart rate z 12% (34164 bpm and 33569
bpm, respectively, P , 0.05 relative to control, n 5 4).

Absence of cardiac hypertrophy in response to NE in S100b
transgenic mice. S100b TG animals had lower body weights
than CD1 control animals (28.6860.90 g versus 33.3060.44 g,
P , 0.05, n 5 8). Fluid intake was unchanged in any group
over two weeks of treatment with NE or vehicle, and NE

produced no significant increase in body weight. Similarly,
postmortem morphometry (Fig 3.) demonstrated that vehicle-
treated TG mice had a slightly lower mean wall thickness com-
pared to CD1 controls (0.9560.021 mm versus 1.06860.032
mm, P , 0.05) but equivalent left ventricular weight to body
weight ratio (3.24960.106 g/kg versus 3.11560.063 g/kg). NE
significantly increased left ventricular weight to body weight
ratio by an average of 21% (Fig. 3 A), and wall thickness (Fig.
3 B) by 31% in CD1 compared with vehicle alone (both P ,
0.05). Treatment of S100b transgenic mice with NE did not re-
sult in any statistically significant changes in left ventricular
weight to body weight ratio or wall thickness in comparison
with vehicle control (Figs. 3 and 4 A). Treatment with NE also
increased right ventricular weight only in CD1 mice (data not
shown).

Echocardiography demonstrated the development of con-
centric left ventricular hypertrophy in CD1 with significant in-
creases in septal and posterior wall thickness in the absence of
alterations in left ventricular diastolic diameter (Table I; Fig.
4 B). TG animals demonstrated no significant changes in sep-
tal or posterior wall thickness. The relatively smaller wall thick-
nesses demonstrated by echocardiography in vivo highlight

Figure 1. Induction of S100b in myocardial infarc-
tion. Sections of formalin-fixed paraffin-embed-
ded heart tissue from a human subject deceased 
after myocardial infarction (A) or a non-cardiac 
cause (B) were stained with a polyclonal antibody 
specific for S100b using the immunoperoxidase re-
action. A shows diffuse positive immunostaining 
of cardiac myocytes for S100b with accentuation 
of Schwann cells in a nerve twig running parallel 
to a blood vessel (arrowhead) 3500. B shows ab-
sence of staining of myocytes; arrowhead indicates 
staining of Schwann cells in a nerve bundle.

Table I. Echocardiographic Measures in Control and 
Treated Mice

CD1 TG

Control NE Control NE

IVSWT* 0.8160.02 1.2060.10* 0.7560.03 0.7760.02
PWT 0.7560.03 1.1060.02* 0.7160.02 0.7660.03
EDD 3.8560.05 3.6260.10 3.5560.07 3.4860.04
ESD 2.1960.06 2.0060.07 2.0360.06 2.0360.06
FS (%) 43.162.3 44.462.6 42.662.8 43.361.7

*IVSWT indicates interventricular septal wall thickness; PWT, poste-
rior wall thickness; EDD and ESD, end-diastolic and end-systolic diam-
eter, respectively, all in millimeters (means6SEM); FS, left ventricular
percent fractional shortening; TG, S100b transgenic animals; NE, norepi-
nephrine treatment. *P , 0.05 compared to vehicle control, n 5 4 in all
groups.
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limitations in the assessment of wall thickness in even freshly
isolated postmortem hearts. Echocardiography is also less sub-
ject to variations in sectioning and alterations in perfusion-
fixed sections (Fig. 4). In addition this non-invasive in vivo as-
sessment demonstrated comparable normal baseline systolic
function in CD1 and TG animals as measured by left ventricu-
lar percent fractional shortening with preservation of function
in both groups after NE treatment.

Absence of induction of fetal genes by NE in the heart of
S100b transgenic mice. In agreement with previously pub-
lished data (20, 31, 32), adult mouse myocardium demon-

strated absent ANF expression, low basal skACT and bMHC
expression, and high basal level aMHC expression. Treatment
of control CD1 mice with NE resulted in an induction of
ANF, an increase in skACT and bMHC, and a decrease in
aMHC expression in myocardium (Fig. 5). These results are
in agreement with the previously described program of fetal
gene induction associated with experimental myocyte hypertro-
phy in response to a1-adrenergic stimulation in both in vitro
(6, 34, 35, 36) and in vivo (37) models. In contrast, there was
no induction of skACT, bMHC, or ANF, and no downregula-
tion of aMHC in the myocardium of S100b transgenic mice

Figure 2. Analysis of the human S100b transgene expression in CD1 
and transgenic (TG) mice. CD1 and TG mice were killed after 15 d of 
norepineprine (NE) (1.5 mg/kg, intraperitoneally, twice daily) or di-
luent (ascorbic acid saline) treatment. (A) Steady state levels of hu-
man S100b, and mouse GAPDH mRNAs were determined by RNase 
protection. Protected fragments specific for S100b (210 bp), and 
GAPDH (355 bp) mRNAs are indicated in composite figures depict-
ing results of a representative experiment using RNA from NE or ve-
hicle-treated mice hearts, human brain, and tRNA. (B) Western blot-
ting was performed on heart extracts. The primary antibody used was 
mouse monoclonal anti-S100b protein antibody, followed by rabbit 
anti–mouse Ig antibody and 125I-labeled protein A. The position of 
migration of S100b protein (Mr 10k) is indicated in a representative 
blot. Purified bovine S100b protein is used as a quantitative control.

Figure 3. Norepinephrine (NE) induction of left ventricular hyper-
trophy is inhibited in S100b transgenic (TG) mice. 8-wk-old S100b 
transgenic (TG) and age-matched CD1 mice were treated with NE 
(1.5 mg/kg intraperitoneally) or diluent (ascorbic acid saline) twice 
daily for 15 d. Bars are the mean6SEM of left ventricular weight to 
body weight ratios (g/kg) (A) and left ventricular wall thickness (mm) 
(B). *P , 0.05 versus CD1 control, n 5 8/group.
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after treatment with NE (Fig. 5). The lack of repression of
aMHC in TG animals treated with NE demonstrates that
these animals do not exhibit a non-specific block to cardiac-
specific transcription but rather an inhibition of a more com-
plex hypertrophic phenotype.

Absence of the a1-adrenergic hypertrophic response in myo-
cyte primary cultures from S100b transgenic mice. To examine
the direct action of a1-adrenergic agonists on cardiac myo-
cytes, primary myocyte cultures were established from hearts
of neonatal control CD1 and S100b transgenic mice. In agree-
ment with previously published data in rodent myocyte cul-

tures (6, 36), treatment of control CD1 murine myocyte cul-
tures with NE or PE induced hypertrophy manifested by a
1.3-fold increase in myocyte protein (Fig. 6). This is the first
demonstration of a1-induced murine myocyte hypertrophy. In
contrast, these a1-adrenergic agonists did not induce hypertro-

Figure 4. Lack of hypertrophy in S100b transgenic (TG) mice treated 
with norepinephrine (NE). (A) Photomicrograph depicting perfu-
sion-fixed mid-level left and right ventricular transverse slices in CD1 
and TG mice treated with vehicle (Control) or NE for 15 d; (B) 
M-mode echocardiography depicting representative midventricular 
images over a minimum of two cardiac cycles imaging the interven-
tricular septum (IVS), left ventricular cavity (LV), and left ventricu-
lar posterior wall (PW). CD1 tracings were recorded at a speed of 100 
mm/s and TG tracings at 50 mm/s at the same depth setting and scale.

Figure 5. Norepinephrine (NE) induction of (A) atrial natriuretic 
factor (ANF), (B) skeletal a-actin (skACT), and (C) induction of 
bMHC and downregulation of aMHC mRNAs is inhibited in trans-
genic (TG) mice. CD1 and TG mice were killed after 15 d of NE (1.5 
mg/kg, intraperitoneally, twice daily) or diluent treatment (Control). 
Steady state levels of mouse skACT, ANF, bMHC, aMHC, and 
GAPDH mRNAs were determined by RNase protection. Protected 
fragments specific for skACT (450 bp), ANF (600 bp), bMHC (218 
bp), aMHC (175 bp) and GAPDH (355 or 383 bp) mRNAs are indi-
cated in composite figures depicting results of a representative exper-
iment using RNA from NE or vehicle-treated mice hearts, neonatal 
mouse hearts, and RNA prepared from a rat heart 35 d after coro-
nary artery ligation (cor. art. lig.) or tRNA.
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phy in primary myocyte cultures derived from S100b trans-
genic mice (Fig. 6). This was not due to the incapacity of these
cells to respond to alternate hypertrophic stimuli as primary
myocyte cultures from both control CD1 and S100b transgenic
mice responded to 5% FBS treatment with a 2.5-fold increase
in protein content (Fig. 6). Analogous to the in vivo response
(Fig. 2), cultured TG myocytes exhibit no basal transgene ex-
pression with induction of the human transgene within 24 h by
a1-adrenergic agonists, whereas wild-type myocytes exhibit no
endogenous S100b expression at baseline or during the time
frame of these experiments (data not shown).

Discussion

We have previously suggested that intrinsic negative modula-
tors of the cardiac hypertrophic response tempered the action
of trophic effectors that sustain this response in animal models
of acute pressure overload and experimental myocardial in-
farction (15). Intriguingly, the first likely candidate for a nega-
tive modulator was identified as S100b, a Ca21-binding 10-kD
protein, which is normally expressed as a dimer in brain astro-
cytes and Schwann cells of the peripheral nervous system (38).
The corresponding cardiac-specific isoform S100a is expressed
as a dimer in cardiac myocytes which normally do not express
S100b (38). We reported (15) a delayed induction of S100b in
surviving rat myocardium after experimental myocardial in-
farction resulting from coronary artery ligation. This induction

of S100b coincided with the downregulation of skACT, one of
the fetal genes re-expressed in the context of the hypertrophic
response triggered by the myocardial infarction (15). An indi-
cation of a possible underlying biochemical pathway modu-
lated by S100b was obtained experimentally in cultured neo-
natal rat cardiac myocytes. In this in vitro model system, the
hypertrophic response can be reproduced by treatment with a
number of effectors including a1-adrenergic agonists. Using a
co-transfection strategy, we demonstrated that human S100b
inhibited the a1-adrenergic induction of the skACT and
bMHC promoters mediated by b-protein kinase C (15). This
prototypical pathway is an integral part of the program of fetal
gene re-expression associated with the hypertrophic response.

In the present communication, we have extended these ob-
servations on a possible participation of human S100b in a
negative feedback regulatory pathway modulating the hyper-
trophic response. First, we showed that S100b expression was
detected in human cardiac muscle fibers after myocardial in-
farction (Fig. 1). Expression was highest in surviving peri-
infarction myocytes in the setting of fully healed infarction
with less expression in acute infarction or in myocytes remote
to the infarct. This is in agreement with our previous observa-
tion in a rat coronary artery ligation model in which S100b ex-
pression was not seen acutely but appeared at day 7 to 14 and
peaked at 7 wk after infarction. Second, we used a transgenic
mouse model in which human S100b is overexpressed in pro-
portion to transgene dosage (20) to examine the involvement
of S100b in cardiac hypertrophy induced by the a1-adrenergic
agonist NE.

As described previously in several mammalian species (21,
39, 40, 41), treatment with NE induced concentric hypertrophy
in control CD1 mice, manifested by a 21% increase of left ven-
tricular to body weight ratio (Fig. 3 A) and 31% increase in
wall thickness (Fig. 3 B and Fig. 4, A and B). These increases
are comparable with those seen in other experimental murine
models of cardiac hypertrophy, including pressure overload in
response to microsurgical banding of the aortic or pulmonary
arteries (33, 34). The cardiac hypertrophy induced by NE in
normal CD1 mice was accompanied by an induction of ANF,
skACT, bMHC, and repression of aMHC (Fig. 5). These obser-
vations are in agreement with the previously reported program
of fetal gene induction associated with the hypertrophic re-
sponse in cardiac myocytes as a consequence of treatment with
a1-adrenergic agonists in other model systems (6, 34, 35, 36).

The induction of human S100b in the myocardium of
S100b transgenic mice in response to NE treatment (Fig. 2, A
and B) and the concomitant absence of the cardiac hyper-
trophic response in these mice (Figs. 3–5) satisfy the following
two criteria required to implicate this protein as an intrinsic
negative feedback modulator of this response. First, the action
of an intrinsic negative feedback modulator must be somehow
triggered by the same positive effectors that sustain the re-
sponse. Second, increased levels of the negative modulator (as
in the case of human S100b in the transgenic mice) should
blunt the response in comparison with controls.

Induction of human S100b in transgenic mice by NE is also
consistent with our previous suggestion that the observed in-
duction of S100b in the myocardium of human subjects with
chronic lung disease is mediated by elevated circulating levels
of catecholamines (30). Our inability to detect the induction of
the endogenous mouse S100b gene by NE may be due to a
limit of detection which is overcome by multiple copies of the

Figure 6. Inhibition of a1-adrenergic myocyte growth in S100b trans-
genic–cultured neonatal mouse myocytes (TG). Cardiac myocytes 
from TG and CD1 animals were treated with either norepinephrine 
(NE) (20 mM), phenylephrine (PE) (20 mM), or 5% serum. Incorpo-
ration of [14C]phenylalanine into newly synthesized protein after 72 h 
was determined. Values are the mean6SEM from five separate ex-
periments normalized to protein incorporation in vehicle control. 
*P , 0.05 versus control.
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transgene in the case of human S100b. Thus, the lack of induc-
tion of cardiac hypertrophy and the associated pattern of car-
diac-specific gene expression by NE in S100b transgenic ani-
mals should be viewed in the context of concomitant inducible
forced expression of S100b in myocardium. Transgenic ani-
mals, lacking basal S100b expression, exhibit a normal pattern
of skACT, MHC, and ANF expression. Unlike the recently
described Gaq-overexpressing mice (42), echocardiography
demonstrates normal systolic ventricular function in these ani-
mals at baseline with no decompensation of function after
trophic stimulation (Table I). Thus, blunting of increases in
wall thickness in TG animals does not reflect the presence of
myocardial failure or development of ventricular dilation.

The above results in transgenic mice suggest that the global
blunting of cardiac hypertrophy in response to NE by elevated
levels of human S100b is a reflection of the absence of the hy-
pertrophic response in individual myocytes. To confirm this
possibility, we established primary myocyte cultures from neo-
natal hearts of control CD1 and S100b transgenic mice. Pri-
mary cultures from control CD1 mice responded to a1-adren-
ergic treatment with NE or PE with a 1.3-fold increase in
myocyte protein (Fig. 6). However, a similar hypertrophic re-
sponse was not seen in primary myocyte cultures derived from
S100b transgenic mice (Fig. 6). The direct demonstration that
these cells did not respond normally to a hypertrophic stimulus
also extends our previous observations in cultured rat myo-
cytes. Specifically, the use of the endogenous hypertrophic re-
sponse as the endpoint in the present cultured model system
complements the previously demonstrated inhibition by S100b
of the induction of the skACT and bMHC promoters in co-
transfection experiments, which was used as surrogate marker
of the hypertrophic response (15).

Whereas we have previously provided experimental evi-
dence that S100b inhibits the b-PKC signaling pathway in car-
diac myocytes (15), the exact molecular mechanisms through
which S100b modulates the hypertrophic response remain to
be defined. In this respect both S100a and S100b have been in-
dependently implicated in the regulation of intracellular path-
ways in cardiac myocytes (15, 43). We suggest that the newly
induced S100b is part of an intrinsic countervailing pathway
that attenuates the hypertrophic response, which, in its chronic
state, can lead to ventricular dysfunction and heart failure.
This regulatory function of S100b could be exerted as a ho-
modimer or a heterodimer with the endogenous S100a sub-
unit. In fact, a significant reduction in S100a in left ventricular
specimens of patients with heart failure has recently been re-
ported (44). This raises the possibility that the inverse regula-
tion of expression of these two proteins in cardiac disease
could be part of a reciprocal compensatory mechanism.

Acknowledgments

We thank Karen Aitken, Farida Jeejeeboy, Chris McMahon, Hardat
Lalla, Dave Richardson (Centre for Cardiovascular Research, The
Toronto Hospital), and Kevin Kwok (Department of Pathology,
Women’s College Hospital, Toronto) for their excellent technical
support.

This work was supported by the Medical Research Council and
the Heart and Stroke Foundation of Canada. J. Tsoporis was sup-
ported by a postdoctoral fellowship from the Centre for Cardiovascu-
lar Research of the University of Toronto. All animal experiments
conformed with protocols approved by The Toronto Hospital Animal
Care Committee.

References

1. Morgan, H.E., and K.M. Baker. 1991. Cardiac hypertrophy: mechanical,
neural, and endocrine dependence. Circulation. 83:13–25.

2. Chien, K.R., H. Zhu, K.U. Knowlton, W. Miller-Hance, M. van Bilsen,
T.X. O’Brien, and S. Evans. 1993. Transcriptional regulation during cardiac
growth and development. Annu. Rev. Physiol. 55:77–95.

3. Katz, A.M. 1990. Is heart failure an abnormality of myocardial cell
growth? Cardiology. 77:346–356.

4. Parker, T.G., and M.D. Schneider. 1991. Growth factors, proto-onco-
genes, and plasticity of the cardiac phenotype. Annu. Rev. Physiol. 53:179–200.

5. Parker, T.G. 1993. Molecular biology of cardiac growth and hypertrophy.
Herz. 18:245–255.

6. Simpson, P.C. 1985. Stimulation of hypertrophy of cultured neonatal rat
heart cells through an a1-adrenergic receptor and induction of beating through
an a1- and b1-adrenergic receptor interaction. Circ. Res. 56:884–894.

7. Bishopric, N.H., P.C. Simpson, and C.P. Ordahl. 1987. Induction of the
skeletal a-actin gene in a1-adrenoceptor-mediated hypertrophy of rat cardiac
myocytes. J. Clin. Invest. 80:1194–1199.

8. Parker, T.G., S.E. Packer, and M.D. Schneider. 1990. Peptide growth fac-
tors can provoke “fetal” contractile protein gene expression in rat cardiac myo-
cytes. J. Clin. Invest. 85:507–514.

9. Parker, T.G., K.-L. Chow, R.J. Schwartz, and M.D. Scheider. 1990. Dif-
ferential regulation of skeletal a-actin transcription in cardiac muscle by two fi-
broblast growth factors. Proc. Natl. Acad. Sci. USA. 87:7066–7070.

10. Waspe, L.E., C.P. Ordahl, and P.C. Simpson. 1990. The cardiac b-myo-
sin heavy chain isogene is induced selectively in a1-adrenergic receptor-stimu-
lated hypertrophy of cultured rat heart myocytes. J. Clin. Invest. 85:1206–1214.

11. Dunnmon, P., K. Iwaki, S. Henderson, A. Sen, and K.R. Chien. 1990.
Phorbol esters induce immediate-early genes and stimulate cardiac gene tran-
scription in neonatal rat myocardial cells. J. Mol. Cell Cardiol. 22:901–910.

12. Chien, K.R., K.U. Knowlton, H. Zhu, and S. Chien. 1991. Regulation of
cardiac gene expression during myocardial growth and hypertrophy: molecular
studies of an adaptive physiologic response. FASEB (Fed. Am. Soc. Exp. Biol.)
J. 5:3037–3046.

13. Parker, T.G., K.-L. Chow, R.J. Schwartz, and M.D. Schneider. 1992.
Positive and negative control of the skeletal a-actin promoter in cardiac muscle.
J. Biol. Chem. 267:3343–3350.

14. Shubeita, H.E., E.A. Martinson, M. Van Bilsen, K.R. Chien, and J.H.
Brown. 1992. Transcriptional activation of the cardiac myosin light chain 2 and
atrial natriuretic factor genes by protein kinase C in neonatal rat ventricular
myocytes. Proc. Natl. Acad. Sci. USA. 89:1305–1309.

15. Tsoporis, J.N., A. Marks, H.J. Kahn, J.W. Butany, P.P. Liu, D. O’Han-
lon, and T.G. Parker. 1997. S100b inhibits a1-adrenergic induction of the hyper-
trophic phenotype in cardiac myocytes. J. Biol. Chem. 272:31915–31921.

16. Albert, K.A., W.C.-S. Wu, A.C. Nairn, and P. Greengard. 1984. Inhibi-
tion by calmodulin of a calcium/phospholipid-dependent protein phosphoryla-
tion. Proc. Natl. Acad. Sci. USA. 81:3622–3625.

17. Baudier, J., C. Delphin, D. Grunwald, S. Khochbin, and J.J. Lawrence.
1992. Characterization of the tumour suppressor protein p53 as a protein kinase
C substrate and a S100b-binding protein. Proc. Natl. Acad. Sci. USA. 89:11627–
11631.

18. Baudier, J., D. Mochly-Rosen, A. Newton, S.H. Lee, D.E.J. Kochland,
and R.D. Cole. 1987. Comparison of S100b protein with calmodulin: interac-
tions with melittin and microtuble-associated tau proteins and inhibition of
phosphorylation of tau proteins by protein kinase C. Biochemistry. 26:2886–
2893.

19. Sheu, F.-S., F.C. Azmitia, D.R. Marshak, P. Parker, and A. Routten-
berg. 1994. Glial-derived S100b protein selectively inhibits recombinant beta
protein kinase C (PKC) phosphorylation of neuron-specific protein F1/GAP43.
Mol. Brain Res. 21:62–66.

20. Friend, W.C., S. Clapoff, C. Landry, L.E. Becker, D. O’Hanlon, R.J. Al-
lore, I.R. Brown, A. Marks, J. Roder, and R.J. Dunn. 1992. Cell-specific expres-
sion of high levels of human S100b in transgenic mouse brain is dependent on
gene dosage. J. Neurosci. 12:4337–4346.

21. Marino, T.A., M. Cassidy, D.R. Marino, N.L. Carson, and S. Houser.
1991. Norepinephrine-induced cardiac hypertrophy of the cat heart. Anat. Rec.
229:505–510.

22. Lee, R.M.K.W. 1985. Preparation methods and morphometric measure-
ments of blood vessels in hypertension. Prog. Appl. Microcirc. 8:129–134.

23. Tsoporis, J.N., and F.H.H. Leenen. 1988. Effects of arterial vasodilators
on cardiac hypertrophy and sympathetic activity in rats. Hypertension. 11:376–
386.

24. Orenstein, T.L., T.G. Parker, J.W. Butany, J.M. Goodman, F. Dawood,
W.-H. Wen, L. Wee, T. Martino, P.R. McLaughlin, and P.P. Liu. 1995. Favor-
able left ventricular remodeling following large myocardial infarction by exer-
cise training. Effect on left ventricular morphology and gene expression. J. Clin.
Invest. 96:858–866.

25. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isola-
tion by acid guanidium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156–159.

26. Rokosh, G.D., B.A. Bailley, A.F.R. Stewart, L.R. Karns, C.S. Long, and



1616 Tsoporis et al.

P.C. Simpson. 1994. Distribution of a1c-adrenergic receptor mRNA in adult rat
tissues by RNAse protection assay and comparison with a1b and a1d. Biochem.
Biophys. Res. Commun. 200:1177–1184.

27. Zirin, R.A., J.H. Condra, R.A.F. Dixon, N.G. Seidah, M. Chretien, M.
Nemer, M. Chamberland, and J. Drouin. 1984. Molecular cloning and charac-
terization of DNA sequences encoding rat and human atrial natriuretic factors.
Proc. Natl. Acad. Sci. USA. 81:6325–6329.

28. Palmer, J.N., W.E. Hartogenesis, M. Patten, F.D. Fortuin, and C.S.
Long. 1995. Interleukin-1b induces cardiac myocyte growth but inhibits cardiac
fibroblast proliferation in culture. J. Clin. Invest. 95:2555–2564

29. D’Amato, G., H.J. Kahn, J. Butany, and M.D. Silver. 1992. Altered dis-
tribution of desmin filaments in hypertrophic cardiomyopathy: an immunohis-
tochemical study. Mod. Pathol. 5:165–168.

30. Kahn, H.J., R. Baumal, L.J. Van Eldik, R.J. Dunn, and A. Marks. 1991.
Immunoreactivity of S100b in heart, skeletal muscle and kidney in chronic lung
disease: possible induction by cAMP. Mod. Pathol. 4:698–701.

31. Robbins, R.J., and J.L. Swain. 1992. C-myc protooncogene modulates
cardiac hypertrophic growth in transgenic mice. Am. J. Physiol. 262:H590–
H597.

32. Rockman, H.A., R.S. Ross, A.N. Harris, K.U. Knowlton, M.E. Stein-
helper, L.J. Field, J. Ross, Jr., and K.R. Chien. 1991. Segregation of atrial-spe-
cific and inducible expression of an atrial natriuretic factor transgene in an in
vivo murine model of cardiac hypertrophy. Proc. Natl. Acad. Sci. USA. 88:
8277–8281.

33. Rockman, H.A., S. Ono, R.S. Ross, L.R. Jones, M. Karimi, V. Bhar-
gava, J. Ross, Jr., and K.R. Chien. 1994. Molecular and physiological alterations
in murine ventricular dysfunction. Proc. Natl. Acad. Sci. USA. 91:2694–2698.

34. Kariya, K., L.R. Karns, and P.C. Simpson. 1990. Expression of a consti-
tutively activated mutant of the b-isozyme of protein kinase C in cardiac myo-
cytes stimulates the promoter of the b-myosin heavy chain isogene. J. Biol.
Chem. 266:10023–10026.

35. Karns, L.R., K. Kariya, and P.C. Simpson. 1995. M-CAT, CArG, and

Sp1 elements are required for a1-adrenergic induction of the skeletal a-actin
promoter during cardiac myocyte hypertrophy. Transcriptional enhancer fac-
tor-1 and protein kinase C as conserved transducers of the fetal program in car-
diac growth. J. Biol. Chem. 270:410–417.

36. Knowlton, K.U., E. Baracchimi, R.S. Ross, A.N. Harris, S.A. Hender-
son, S.M. Evans C. Glembotski, and K.R. Chien. 1993. Co-regulation of the
atrial natriuretic factor and cardiac myosin light chain-2 genes during a-adren-
ergic stimulation of neonatal rat ventricular cells. J. Biol. Chem. 266:7759–7768.

37. Milano, C.A., P.C. Dolber, H.A. Rockman, R.A. Bond, M.E. Venable,
L.F. Allen, and R.J. Lefkowitz. 1994. Myocardial expression of a constitutively
active a1B-adrenergic receptor in transgenic mice induces cardiac hypertrophy.
Proc. Natl. Acad. Sci. USA. 91:10109–10113.

38. Zimmer, D.B., and L.J. Van Eldik. 1987. Tissue distribution of rat
S100a and S100b and S100-binding proteins. Am. J. Physiol. 252:C285–C289.

39. Gans, J.H., and M.R. Carter. 1970. Norepinephrine-induced cardiac hy-
pertrophy in dogs. Life Sci. 9:731–740.

40. Laks, M.M., F. Morady, and H.J.C. Swan. 1973. Myocardial hypertrophy
produced by chronic infusion of subhypertensive doses of norepinephrine in the
dog. Chest. 64:75–78.

41. Newling, R.P., P.J. Fletcher, M. Contis, and J. Shaw. 1989. Noradrena-
line and cardiac hypertrophy in the rat: changes in morphology, blood pressure,
and ventricular performance. J. Hypertens. 7:561–567.

42. Sakata, Y., B.D. Hoit, S.B. Liggett, R.A. Walsh, and G.W. Dorn II.
1998. Decompensation of pressure-overload hypertrophy in Gaq-overexpress-
ing mice. Circulation. 97:1488–1495.

43. Heierhorst, J., B. Kobe, S.C. Feil, M.W. Parker, G.M. Benian, K.R.
Weiss, and B.E. Kemp. 1996. Ca21/S100 regulation of giant protein kinases. Na-
ture. 380:636–639.

44. Remppis, A., T. Greten, B.W. Schafer, P. Hunziker, P. Erne, H.A. Ka-
tus, and C.W. Heizman. 1996. Altered expression of the Ca11-binding protein
S100a1 in human cardiomyopathy. Biochim. Biophys. Acta. 1313:253–257.


