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Ca2� signaling plays a central role in cardiac contractility and adaptation to increased hemodynamic
demand. We have generated mice with a targeted deletion of the S100A1 gene coding for the major cardiac
isoform of the large multigenic S100 family of EF hand Ca2�-binding proteins. S100A1�/� mice have normal
cardiac function under baseline conditions but have significantly reduced contraction rate and relaxation rate
responses to �-adrenergic stimulation that are associated with a reduced Ca2� sensitivity. In S100A1�/� mice,
basal left-ventricular contractility deteriorated following 3-week pressure overload by thoracic aorta constric-
tion despite a normal adaptive hypertrophy. Surprisingly, heterozygotes also had an impaired response to
acute �-adrenergic stimulation but maintained normal contractility in response to chronic pressure overload
that coincided with S100A1 upregulation to wild-type levels. In contrast to other genetic models with impaired
cardiac contractility, loss of S100A1 did not lead to cardiac hypertrophy or dilation in aged mice. The data
demonstrate that high S100A1 protein levels are essential for the cardiac reserve and adaptation to acute and
chronic hemodynamic stress in vivo.

Transient elevations of intracellular Ca2� levels are a major
signaling mechanism in the regulation of eukaryotic cell func-
tions (5). These effects are mediated by Ca2� sensor proteins
that contain specific Ca2�-binding motifs such as EF hands
(e.g., calmodulin) or C2 domains (e.g., protein kinase C). The
largest subfamily of EF hand Ca2�-binding proteins is com-
prised of the S100 proteins, with 20 different genes identified in
the human genome (8, 40). S100 proteins are typically ho-
modimers of �10 kDa subunits, but heterodimerization adds
considerably to the complexity of this multiprotein family. The
majority of S100 genes are clustered on a 1.6-Mbp segment of
human chromosome 1 (1q21). This gene cluster as such is
conserved on murine chromosome 3, although the mouse S100
genes are arranged in a different linear order than in the
human genome (37). The S100 genes are expressed in a highly
tissue-specific and cell-type-specific manner. While S100A1
and S100B are widely distributed, with highest levels in cardi-
omyocytes and glial cells, respectively, others are more re-
stricted to certain cell types or tissues (8).

Most S100 proteins are thought to act intracellularly by
regulating effector proteins in a Ca2�-dependent manner anal-
ogous to calmodulin (8, 17). However, some S100 proteins
have extracellular functions as cytokines and chemokines by
activating the receptor for advanced glycosylation end prod-
ucts (20). Numerous intracellular target proteins and functions
have been proposed for S100 proteins based on studies in vitro.
For example, S100A1 was found to inhibit the phosphorylation

of cytoskeletal proteins (glial fibrillary acidic protein and tau)
and transcription factors (MyoD) by blocking phosphorylation
sites, to regulate assembly of microtubuli, actin filaments, and
intermediate filaments, and to regulate the activity of meta-
bolic enzymes (glycogen phosphorylase, phosphoglucomutase,
and aldolase), signaling enzymes (adenylate and guanylate cy-
clases), and basic helix-loop-helix transcription factors (2, 8,
40, 47). In addition, S100A1 can stimulate Ca2�-induced Ca2�

release from isolated sarcoplasmic reticulum (SR) vesicles
(14), directly increase the open probability (i.e., activation) of
reconstituted skeletal muscle ryanodine receptors (44), and
stimulate the catalytic activity of the invertebrate giant protein
kinase twitchin more than 1,000-fold (17).

Despite extensive in vitro studies since the initial identifica-
tion of S100 proteins almost 40 years ago (8), their physiolog-
ical functions have remained largely elusive. Gene-targeted
mouse models have been reported in two cases: S100A8�/� is
lethal, and the phenotype indicates a role for the protein in
preventing maternal rejection of the implanted embryo (34);
S100B�/� mice have no gross abnormal phenotype, but cul-
tured astrocytes show signs of altered Ca2� metabolism indic-
ative of a buffering function (46).

The S100A1 protein is most abundant in cardiomyocytes
(22, 25) and several S100 proteins have been circumstantially
linked to roles in heart disease (8). S100A1 is reduced in
end-stage heart failure (36), a clinical marker of ischemia (24),
and a possible target of cardioprotective drugs (32). S100B is
normally not expressed in the heart but is induced after myo-
cardial infarction in humans, and transgenic S100B overexpres-
sion has a cardioprotective effect in mice (45). Two other
cardiac S100 proteins, S100A4 and S100A11, are also upregu-
lated following chronic �-adrenergic stimulation of rat hearts
(21), but functional consequences are unknown.
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In order to gain insight into the physiological function of
S100A1, we have generated a mouse strain with a targeted
deletion of the S100A1 protein-coding sequence. Here we
show that S100A1 null mice have dramatically reduced re-
sponses to acute and chronic hemodynamic stress that are at
least in part caused by reduced cardiac Ca2� sensitivity. Nor-
mal contractility under baseline conditions and the absence of
spontaneous cardiomyopathy in S100A1 null mice indicate that
the protein has a specific function in the cardiac reserve re-
quired for adaptation to increased hemodynamic demand.
Moreover, we found a haploinsufficient phenotype for the re-
sponse to acute �-adrenergic stimulation in S100A1 heterozy-
gotes, indicating a surprisingly low degree of functional redun-
dancy in this large multigene family.

MATERIALS AND METHODS

Generation of S100A1 gene-targeted mice. The S100A1 gene was isolated from
a mouse 129Sv genomic DNA library (3) in the �-DASH II cloning vector by
hybridization of plaque lifts using a radiolabeled rat S100A1 cDNA probe (18).
Restriction fragments were subcloned into pBluescript vectors for mapping and
sequence analysis. The sequence of a continuous 5,065-bp segment encompass-
ing a 975-bp upstream regulatory sequence, three exons (with the protein coding
sequence contained in exons B and C), two introns, and an 800-bp downstream
sequence was determined.

The S100A1 targeting vector contained a 5� 1.6-kbp PstI-EcoRI fragment,

followed by the PGK-neo marker flanked by loxP sites, an engineered diagnostic
PvuII site, and a 3� 3.1-kbp ApaLI-BamHI fragment (Fig. 1A). Electroporated
W9.5 ES cell clones (3) containing a single targeted allele were identified by
Southern blot analysis using a 3� 700-bp BglII-PvuII probe located outside the
targeting vector (Fig. 1A), and correct 5� insertion was confirmed by PCR.
S100A1-targeted ES cells were microinjected into C57BL/6 blastocysts, and
chimera were crossed with a strain expressing Cre in the germ line (41) to delete
the PGK-neo cassette. S100A1�/� mice lacking the PGK-neo marker in the
targeted allele were selected for heterozygous crosses and have a mixed 129Sv-
C57BL/6 genetic background. Offspring were genotyped by Southern blotting of
PvuII-digested tail DNA with the BglII-PvuII probe indicated in Fig. 1A. Exper-
iments were approved by Baker Institute and St. Vincent’s Hospital animal ethics
committees.

Mouse cardiology. For cardiac catheterizations (9), mice were anesthetized by
intraperitoneal (i.p.) injection with a mixture of pentobarbitone (8 mg/100 g of
body weight) and atropine (0.12 mg/100 g) and placed on a heating pad. A 1.4-F
Millar catheter (Millar Instrument Co.), with the frequency response flat to 10
kHz, was inserted into the right main carotid artery and advanced into the left
ventricle. Left-ventricular pressure and maximal rates of its increase and decay
(dP/dtmax and dP/dtmin) were recorded, and heart rates were derived from pulse
signals.

For thoracic aorta constrictions (TAC), mice were anesthetized by i.p. injec-
tion with a mixture of ketamine (8 mg/100 g), xylazine (2 mg/100 g), atropine
(0.06 mg/100 g), and the pain reliever carprofen (Zenecarp; 0.1 mg/100 g).
Animals were intubated via the larynx and ventilated (tide volume, 0.5 ml at 100
strokes/min). After midline incisions at the sternum, aortas were dissected be-
tween the right innominate and the left carotid arteries and constricted by 60 to
70% to a lumen size of 0.4 mm (9, 38). Sham-operated mice were subjected to
similar surgery except for the constriction of the aorta. Three weeks after TAC,

FIG. 1. Generation and analysis of S100A1-targeted mice. (A) Map of the murine S100A1 gene, targeting vector, and targeted allele after
Cre/LoxP recombination. Boxes and bold letters indicate exons, with protein-coding sequences shown in black. Selected restriction enzyme
cleavage sites are indicated: B, BglII; BH, BamHI; E, EcoRI; P, PvuII. �, loxP. (B) Southern blot genotyping of a litter of an S100A1 heterozygous
cross. WT, wild-type allele; MUT, mutant allele. (C) Immunoblot analysis of tissue extracts from S100A1�/� mice and wild-type littermates. Two
S100A1 exposures and an actin loading control are shown. (D) Immunohistochemistry of wild-type and mutant left ventricles. The localization of
S100A1 is indicated by the brown color.
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the increment of systolic arterial pressures proximal to the constriction site was
similar among the three genotypes (data not shown), implying an equal degree of
pressure overload.

For perfusion experiments (11), mice were anesthetized with pentobarbitone
(8 mg/100 g, i.p.) and heparinized (20 U/100 g, i.p.). Ascending aortas were
cannulated with a metal cannula made from a 23-gauge needle, and heart
perfusions in situ were started within 2 to 3 min of opening the chest with
Krebs-Henseleit solution (145 mM Na�, 4 mM K�, 1.05 mM Mg2�, 155 mM
Cl�, 25 mM HCO3

�, 0.5 mM PO4
3�, 11 mM glucose, 27 �M EDTA; gassed with

95% O2–5% CO2, pH 7.4, 37°C) at a constant coronary flow rate (3 ml/min)
delivered by a peristaltic pump. Ca2� was infused into the perfusate through a
three-way connector. Pulmonary vessels were tied, resulting in an isolated but
filled left ventricle allowing the use of a 1.4-F Millar microtip pressure transducer
catheter for measurement of the ventricular pressure and its first derivatives
(dP/dt) by placing the catheter in the left-ventricular cavity via the apex.

Transthoracic echocardiography was performed with a Hewlett-Packard Sonos
5500 ultrasound machine with a 15 MHz linear transducer as described previ-
ously (10). Mice were anesthetized (6 mg of ketamine/100 g, 1.2 mg of xylazine/
100 g, 0.06 mg of atropine/100 g) and placed on a heating pad. After a short-axis
two-dimensional image of the left ventricle was obtained at a level close to the
papillary muscles, a two-dimensional guided M-mode trace crossing the anterior
and posterior wall was recorded at a sweep speed of 100 mm/s. Measurements of
M-mode tracings using the leading-edge technique were averaged from 2 cardiac
cycles. Following determination of baseline parameters, mice were injected i.p.
with 0.5 �g of isoproterenol/100 g as a bolus, and echo images were acquired 5
min after the injection. In separate experiments, baseline parameters were also
determined in unanesthetized conscious mice.

After the completion of the functional measurements, mice were euthanized
by pentobarbitone overdose. Hearts were immersed in saline on ice, and ventri-
cles and atria were dissected and weighed. Unless stated otherwise, all experi-
ments were performed on 5-month-old animals.

Results are expressed as means 	 standard errors. For parametric data,
between-group comparisons were made by using analysis of variance followed by
an unpaired Student t test. A P value of 
0.05 was considered significant.

Immunoblots and RNA blots. Tissue samples were ground to a fine powder
under liquid N2 using a mortar and pestle and lysed in protein buffer (20 mM
HEPES [pH 7.4], 1 mM EGTA, 5 mM magnesium acetate, 1 mM dithiothreitol,
protease inhibitor cocktail [Sigma], 1% Triton X-100, 5 mM sodium pyrophos-
phate, 50 sodium fluoride) or RNeasy buffer (Qiagen). Protein extracts were
separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis,
transferred onto polyvinylidene difluoride membranes, and probed with antibod-
ies against actin (Chemicon), calmodulin (Upstate Biotechnology), desmin (San-
ta Cruz Biotechnology), phospholamban (PLB) and phosho-Ser16-PLB (Re-
search Diagnostics), S100A1 (19), sarcoendoplasmic reticulum Ca2� ATPase 2a
(SERCA-2a; Santa Cruz Biotechnology), or vimentin (Santa Cruz Biotechnolo-
gy), followed by secondary peroxidase-conjugated antibodies and enhanced
chemiluminescence reagents (Amersham Pharmacia). Left-ventricular total
RNA was isolated with RNeasy kits (Qiagen), and 0.5 �g per sample was
transferred onto GeneScreen Plus membranes (NEN) with a slot blot apparatus
(Bio-Rad), hybridized with 32P-labeled probes using standard conditions, and
analyzed by using phosphorimaging and Molecular Dynamics software.

Histology, immunohistochemistry, and electron microscopy. Hearts were fixed
in 10% formalin in phosphate-buffered saline and embedded in paraffin for serial
sections. Sections (5 �m) were stained with hematoxylin-eosin or 0.1% picro-
sirius red for determining collagen content and myocyte cross-sectional area.
Picrosirius red-stained sections collected at the ventricular equator were used for
measuring myocyte transverse cross-sectional areas. Seven or eight fields were
randomly chosen, 8 to 10 cells per field were measured, and the average for 60
to 70 cells was used.

For immunohistochemistry, paraformaldehyde-fixed tissue sections were
probed with the S100A1 antibody and peroxidase-conjugated anti-rabbit anti-
bodies, developed with diaminobenzidine, and counterstained with hematoxylin.

Protein kinase and receptor density assays. Mouse hearts were perfused in
situ for 13 min to wash out endogenous �-agonists, with inclusion of 1 �M
isoproterenol during the last 3 min in the stimulated group. Hearts were snap-
frozen in liquid N2, and left-ventricular protein extracts were prepared in 10
volumes of protein buffer. Extracts were diluted twofold in kinase buffer (20 mM
Tris [pH 7.4], 10 mM magnesium acetate, 0.1 mM dithiothreitol, 0.05% Tween
20, 0.4 mM ATP, 0.25 �Ci [�-32P]ATP [specific activity, 3,000 Ci/mmol; Amer-
sham]/�l), reactions were started by addition of 10 �M cyclic AMP (cAMP),
mixtures were incubated at 30°C for 5 min, and reactions were terminated by the
addition of 25 mM EDTA. Samples were boiled in SDS sample buffer and
separated in 5 to 18% polyacrylamide gradient gels. Gels were stained with

Coomassie brilliant blue, destained, dried under vacuum, and analyzed by phos-
phorimaging (Molecular Dynamics).

Left-ventricular �-adrenoceptor densities were measured by incubating myo-
cardial membrane proteins with 100 pM [125I](�)-iodocyanopindalol (2,200 Ci/
mmol; NEN) for 1 h in the presence of 10�10 to 10�4 M L-isoproterenol (Sigma),
followed by rapid filtration through Whatman GF/C filters and gamma counting
of dried filters. The data were analyzed with the Allfit program.

Nucleotide sequence accession number. The sequence of the continuous
5,065-bp segment determined here has been deposited in GenBank with acces-
sion number AF368423.

RESULTS

Generation of S100A1 gene-targeted mice. The S100A1 gene
was isolated from a mouse 129Sv genomic DNA library and
contains three exons with the entire protein coding sequence
contained in exons B and C (Fig. 1A). A targeting vector was
designed to delete the entire S100A1 protein-coding sequence
from the targeted allele by homologous recombination (Fig.
1A). Chimeric animals generated from S100A1�/� embryonic
stem cell clones were bred with transgenic mice expressing the
Cre recombinase in germ line cells (41) for deletion of the
loxP-flanked selectable neomycin marker in order to avoid
potential epigenetic effects resulting from the PGK-neomycin
cassette (33) (Fig. 1A). Heterozygote crosses resulted in off-
spring with all three genotypes (Fig. 1B) in approximately
Mendelian proportions (73 S100A1�/�, 125 S100A1�/�, 79
S100A1�/�), indicating that the S100A1 protein is not essential
for embryonic development. S100A1�/� mice and heterozy-
gotes had no overt gross phenotypic alterations, and no in-
creased morbidity and mortality was observed in animals up to
16 months of age.

Immunoblot analysis using an S100A1-specific antibody
demonstrated the absence of S100A1 protein in S100A1�/�

mice in all tissues where it is normally expressed in wild-type
animals (Fig. 1C). A shorter exposure of the same blot con-
firmed that it is expressed at the highest levels in the heart (Fig.
1C). Immunohistochemical analyses showed that S100A1 is
highly expressed in wild-type cardiomyocytes and is not appar-
ent in other cell types of the same sections and, again, dem-
onstrated the absence of the protein in S100A1�/� mice (Fig.
1D). S100A1 staining intensity was highest in the left ventricle
and decreased according to compartmental workloads, with
progressively lower levels in the order of left atrium, right
ventricle, and right atrium (data not shown). Using quantita-
tive immunoblots of heart extracts from 2-month-old animals,
we estimate that the total S100A1 concentration in wild-type
hearts is �5 �M (data not shown). Corrected for nonmuscular
tissue and lower expression in other compartments, this indi-
cates that the normal S100A1 concentration in left-ventricular
cardiomyocytes is in excess of 10 �M. S100A1 levels in het-
erozygotes under basal conditions were approximately half of
the wild-type levels in 2-, 5-, and 16-month-old animals (data
not shown). Based on RNA blots, there was no compensatory
upregulation of S100B, S100A4, or S100A11 levels (i.e., the
other S100 isoforms previously linked to cardiac functions) in
S100A1 null or heterozygous mice (data not shown).

Reduced contractile responses to acute �-adrenergic stim-
ulation in S100A1 null and heterozygous mice. The high
S100A1 levels in the heart prompted us to search for a cardiac
phenotype in S100A1-deficient mice. Despite the loss of
S100A1, cardiac morphology was histologically normal in
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S100A1 null and heterozygous animals (Fig. 1D and data not
shown). To explore if S100A1 is required for normal cardiac
function in vivo, we performed an echocardiographic analysis
on S100A1 null mice and wild-type littermates (Table 1). In
these experiments, both anesthetized and conscious S100A1
null mice had similar heart rates but slightly reduced left-
ventricular fractional shortening rates compared to wild-type
mice. Interestingly, fractional shortening in anesthetized
S100A1 null mice injected with the �-adrenergic agonist iso-
proterenol was significantly reduced compared to that in sim-
ilarly treated wild-type mice, indicating that S100A1 may be
particularly important in the inotropic response to �-adrener-
gic stimulation.

To more accurately assess this possibility, we placed micro-
catheters in the left ventricles of another group of 10 anesthe-
tized animals per genotype for intravital pressure measure-
ments. Under baseline conditions, all mice had similar heart
rates (Fig. 2A), left-ventricular systolic pressures (Fig. 2B), and
maximal left-ventricular contraction rates (dP/dtmax) (Fig. 2C)
and relaxation rates (dP/dtmin) (Fig. 2D), indicating an essen-
tially normal cardiac function at rest in S100A1 null and het-
erozygous mice. To test if S100A1 is indeed involved in the
response to acute hemodynamic stress, the mice were then
intravenously injected with increasing doses of the �-adrener-
gic agonist isoproterenol. While all mice had a normal chro-
notropic response to �-adrenergic stimulation with �30% in-
creased heart rates (Fig. 2A), the left-ventricular systolic
pressure increase was almost completely abolished in
S100A1�/� mice, in contrast to a doubling of left-ventricular
systolic pressure in the wild type (Fig. 2B). Further analyses
revealed that the abolished pressure response in S100A1�/�

mice was associated with severely impaired left-ventricular
maximal contraction rates (inotropic response; dP/dtmax) (Fig.
2D) and relaxation rates (lusitropic response; dP/dtmin) (Fig.
2D) in response to �-adrenergic stimulation, relative to the
wild type. Surprisingly, the left-ventricular pressure and ino-
tropic and lusitropic responses were also impaired in S100A1
heterozygotes to an extent similar to that in S100A1 null mice
(Fig. 2), demonstrating that high S100A1 levels are essential
for the cardiac reserve in response to acute hemodynamic
stress in vivo.

Considering the normal chronotropic response to �-adren-

ergic stimulation as an internal control, it is extremely unlikely
that the reduced contractile responses in S100A1 null and
heterozygous mice merely represent different sensitivities to
the anesthetics. The fact that S100A1 null mice also have
significantly reduced left-ventricular fractional shortening in
response to isoproterenol stimulation compared to the wild
type under conditions where heart rates are similar to those of
conscious animals (Table 1) indicates that the reduced con-
tractile response is indeed physiologically relevant. Finally, the
more dramatic contractile impairment of S100A1-deficient
mice in the catheter experiments (which measure isovolumic
and isometric contractility of the left ventricle while the valves
are closed) than in the echocardiography (where fractional
shortening measures muscle shortening under isotonic condi-
tions after opening of the aortic valve) indicates that S100A1 is
more critical for isometric than isotonic force production in the
heart.

Reduced Ca2� sensitivity in perfused S100A1�/� hearts.
�-Adrenergic agonists activate adenyl cyclase and stimulate
cAMP-dependent protein kinase (cAPK)-dependent phos-
phorylation of PLB, resulting in enhanced systolic force gen-
eration by indirectly increasing Ca2� release from the SR dur-
ing cardiac contraction-relaxation cycles (26). Based on Ca2�/
S100A1-dependent stimulation of adenylate cyclase (13) and
the manifold effects of S100 proteins on protein phosphoryla-
tion in vitro (8), defective �-adrenergic signaling could be a
possible mechanism involved in the S100A1 null phenotype.
We therefore analyzed if S100A1-deficient cardiomyocytes
could actually respond to �-adrenergic stimulation. In these
experiments, total left-ventricular �-adrenoceptor densities
were similar among the three S100A1 genotypes (Fig. 3A).
Likewise, immunoblots using a phosphospecific antibody re-

FIG. 2. �-Adrenergic cardiac response in intact animals measured
with a microcatheter placed in the left ventricle. (A) Heart rates;
(B) left-ventricular systolic pressure (LVSP); (C) maximal contraction
rates (dP/dtmax, in thousands); (D) maximal relaxation rates (dP/dtmin,
in thousands). Isoproterenol was intravenously given as a bolus as
indicated. ��, P 
 0.001 versus the wild type.

TABLE 1. Echocardiography of S100A1 null and wild-type mice
(n � 10 per group)a

Group Heart rate
(beats/min)

LVEDd
(mm)

LVEDs
(mm) FS (%)

Wild type
KXA 417 	 17 3.5 	 0.2 2.2 	 0.2 38 	 3
KXA � isoproterenol 621 	 12 2.8 	 0.1 0.9 	 0.1 69 	 2
Conscious 648 	 30 2.8 	 0.1 1.2 	 0.1 60 	 3

S100A1 null
KXA 384 	 15 3.6 	 0.2 2.4 	 0.2 32 	 2
KXA � isoproterenol 594 	 13 2.8 	 0.1 1.1 	 0.1 62 	 2b

Conscious 601 	 28 3.1 	 0.1 1.5 	 0.1 52 	 4

a LVEDd, left-ventricular end diastolic diameter; LVEDs, left-ventricular end
systolic diameter; FS, fractional shortening {FS � [(LVEDd � LVEDs)/
LVEDd] � 100}; KXA, ketamine-xylazine-atropine anesthetized. Data are
means 	 standard errors.

b P 
 0.05 versus the wild-type value.
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vealed that PLB phosphorylation in intact isoproterenol-per-
fused hearts was undiminished in S100A1 gene-targeted mice
relative to that in wild-type littermates (Fig. 3B). Similar re-
sults were obtained in back-phosphorylation assays, where ex-
tracts from isoproterenol-perfused and control hearts were
subjected to in vitro protein kinase assays. Back-phosphoryla-
tion assays provide an indirect readout for physiological phos-

phorylation states, as residues already phosphorylated in vivo
cannot be radiolabeled during the subsequent in vitro kinase
reaction (27, 35). The autoradiograph in Fig. 3C shows that
pretreatment with isoproterenol blocked the cAMP-dependent
in vitro phosphorylation of PLB to the same extent (�65%
reduction) in all genotypes. Similar results were also obtained
for troponin I (�65% reduction) and myosin-binding protein
C (80% reduction), the other major physiological cardiac
cAPK substrates, whose phosphorylation is involved in modu-
lating the sarcomeric Ca2� sensitivity in response to �-adren-
ergic stimulation (16, 23).

As these data indicated that �-adrenergic signaling pathways
are unaffected in S100A1�/� hearts, we tested if the impaired
inotropic and lusitropic responses could be due to a reduced
Ca2� sensitivity. For this purpose, mouse hearts were perfused
in situ with various Ca2� concentrations (Fig. 4). In these
experiments, S100A1�/� hearts again had a significantly re-
duced inotropic response to increased Ca2� concentrations
compared to hearts from wild-type littermates (Fig. 4A). While
the lusitropic Ca2� response was also reduced in S100A1 null
mice (Fig. 4B), this was statistically not significant (P � 0.054).
In Ca2� perfusion experiments, potential defects in Ca2� re-
lease from the SR are expected to be compensated by in-
creased Ca2� influx via sarcolemmal voltage-dependent Ca2�

channels. This experiment therefore indicates that the reduced
force generation in S100A1 null mice is at least in part due to
a molecular defect in a terminal aspect of excitation-contrac-
tion coupling, possibly at the level of the sarcomere.

Reduced basal contractile function following chronic pres-
sure overload in S100A1 null mice. To test if reduced contrac-
tile function of S100A1�/� and S100A1�/� hearts leads to an
exacerbation of the phenotype in response to chronic hemo-
dynamic stress, TAC were performed surgically to increase
left-ventricular afterload (8 to 10 animals per genotype; 5
months of age). In contrast to sham operations, chronic pres-
sure overload by TAC for 3 weeks resulted in a normal adap-
tive hypertrophy in all mice with increased left ventricle masses
(Fig. 5A) and �10-fold upregulation of left-ventricular atrial
natriuretic factor (ANF) mRNA levels as a molecular hyper-
trophy marker (38) (Fig. 5B). However, despite the normal
hypertrophic response, in S100A1�/� mice TAC caused a
marked functional depression of basal left-ventricular contrac-
tility (dP/dtmax) and relaxation (dP/dtmin) rates relative to

FIG. 3. Normal �-adrenergic pathway in S100A1-deficient mice.
(A) �-Adrenoceptor (�AR) densities in left-ventricle membrane pro-
tein preparations. (B) Isoproterenol-induced phosphorylation of PLB.
Results from two animals per genotype are shown. Hearts were per-
fused in situ with or without 1 �M isoproterenol, and protein extracts
of left ventricles were analyzed with a phospho-Ser16-specific antibody.
The lower panel shows a similarly loaded blot analyzed for total PLB
as a loading control. (C) Autoradiograph of a representative back-
phosphorylation assay. Left-ventricle protein extracts from control (�)
or isoproterenol-stimulated (�) hearts were subjected to in vitro phos-
phorylation assays with or without cAMP addition and separated by
SDS–5 to 18% polyacrylamide gel electrophoresis. Positions of mass
standards are indicated on the left (in kilodaltons). MyBP-C, myosin-
binding protein C; Tn-I, troponin I.

FIG. 4. Inotropic (A) and lusitropic (B) responses in hearts per-
fused in situ with various Ca2� concentrations. ��, P 
 0.001 versus
wild type. n � 7 per genotype; values are in thousands.
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sham-operated controls (Fig. 6A and B). In contrast, TAC
resulted in a compensatory inotropic and lusitropic enhance-
ment of left-ventricular function in wild-type littermates and,
surprisingly, in heterozygotes (Fig. 6A and B).

To identify a basis for the apparent S100A1 haploinsuffi-
ciency for the acute response to �-adrenergic stimulation (Fig.
2B to D) but not for the adaptive response to chronic pressure
overload (Fig. 6A and B), we compared S100A1 protein levels
in sham-operated mice and TAC-treated mice. Surprisingly,
this analysis revealed that S100A1 protein levels in heterozy-
gotes were upregulated from approximately half of wild-type
levels in the control group (three animals per genotype) to
levels equal to those in the wild type (in five of six animals) in
the TAC-treated group (Fig. 6C). In contrast, levels of calmod-
ulin, another EF hand Ca2�-binding protein, were essentially
identical in all animals. Additional immunoblots revealed that
there were no systematic differences in desmin (as a cardio-
myocyte marker) and vimentin (as a fibroblast marker) levels
between the different genotypes in either the sham- or TAC-
treated group. This indicates that the contractile dysfunction in
S100A1�/� mice is not caused by cardiomyocyte loss or in-
creased fibrosis and was supported by picrosirius red histo-
chemistry of a limited number of left ventricles (n � 4 to 6),
which revealed similar percentages of interstitial collage in all
three genotypes (data not shown). Likewise, there were also no
changes in SERCA-2a or PLB levels between the different
genotypes in the sham- or TAC-treated groups (Fig. 6D), dem-
onstrating that the contractile deficit in S100A1 null mice is not
simply the result of an altered SERCA-2/PLB ratio.

Cardiac function in aged S100A1 gene-targeted mice. Re-
duced left-ventricular contractile function in other mouse ge-
netic models leads to activation of initially compensatory car-
diomyocyte remodeling processes which ultimately become
maladaptive and result in chronic hypertrophic or dilated car-
diomyopathies and heart failure (1, 4, 7, 28, 39, 42). We there-
fore investigated if S100A1 deficiency leads to an age-related
cardiomyopathy in our mice. While maximal left-ventricular
inotropic and lusitropic rates further declined in S100A1�/�

and S100A1�/� animals between 5 and 16 months of age, this
was less pronounced than the age-related decline in wild-type

FIG. 5. Left-ventricular hypertrophy indicators. (A) Wet weights of
left ventricles normalized by tibia length from 5-month-old (sham and
TAC) and 16-month-old (aged) mice. (B) RNA blot analysis of left
ventricles using ANF and GAPDH cDNA probes. �, P 
 0.01 versus
the respective sham-operated group; †, P 
 0.05 versus the �/�
TAC-treated group.

FIG. 6. Functional response to chronic hemodynamic stress in-
duced by 3-week TAC compared to sham-operated littermates. (A and
B) Basal left-ventricular contractility (A) and relaxation (B) rates were
measured in microcatheterized intact animals. Values are in thou-
sands. (C) Immunoblot analysis of heart extracts of sham-operated and
TAC-treated mice, probed with the antibodies indicated on the left.
CaM, calmodulin. (D) SERCA-2a and PLB levels in sham- and TAC-
treated wild-type and S100A1 null mice. ��, P 
 0.001 versus wild type
and heterozygotes.
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littermates (Fig. 7A and B). However, left-ventricle and heart
weights (Fig. 5A and data not shown), left-ventricular ANF
mRNA levels (Fig. 5B), and cardiomyocyte cross-sectional ar-
eas (Fig. 7C) were normal in 16-month-old S100A1 mutant
mice. Likewise, a long-term echocardiographic study of 10
animals per genotype revealed normal diastolic left-ventricular
diameters (Fig. 7D) and wall thicknesses (Fig. 7E) in S100A1
null and heterozygous mice from 10 weeks to 15 months of age.
Taken together, these results demonstrate that the reduced
contractile function by itself does not lead to a spontaneous
hypertrophic or dilated pathology under basal conditions in
S100A1 mutant mice.

DISCUSSION

Ca2� ions are essential for cardiomyocyte contractions by
binding to the sarcomeric EF hand protein troponin-C, which
alleviates its inhibition of actomyosin interactions and allows
movement of the myosin-containing thick filaments along ac-
tin-containing thin filaments (recently reviewed in references
4, 26, and 42). Cardiac contraction-relaxation cycles are initi-
ated by activation of plasma-membrane voltage-dependent L-
type Ca2� channels, which in turn stimulates the massive re-
lease of Ca2� from the SR into the cytoplasm by the ryanodine
receptors (SR Ca2� release channels). Contractions are termi-
nated and relaxation occurs following the reuptake of Ca2�

into the SR via the SR Ca2� pump SERCA-2. �-Adrenergic

stimulation leads to enhanced sarcomeric force production by
synchronizing Ca2� release by ryanodine receptors (43) and by
cAPK-dependent phosphorylation of the SERCA-2 inhibitor
PLB (26). This increases relaxation rates by enhancing Ca2�

reuptake into the SR and has a positive inotropic effect by
increasing the Ca2� pool available for subsequent release cy-
cles. Ca2� also plays a crucial role in regulating cardiomyocyte
growth. Tonic increases in diastolic Ca2� levels as a result of
chronically increased workloads or biomechanical impairment
of contractile function stimulate cardiomyocyte hypertrophy in
a pathway dependent on the protein phosphatase calcineurin
and the transcription factor NF-AT3/GATA4 (4, 30, 42), which
can be genetically attenuated by increasing SR Ca2� reuptake
through PLB elimination (29).

The data presented here show that the S100A1 Ca2�-bind-
ing protein has important cardiac functions in vivo by regulat-
ing the extent of enhanced contractility in response to acute
inotropic stimulation (Fig. 2) and the functional adaptation to
chronic hemodynamic stress (Fig. 6). Haploinsufficiency for
the acute �-adrenergic response (Fig. 2), but normal functional
adaptation to chronic pressure overload in heterozygotes that
correlates with a compensatory S100A1 upregulation (Fig. 6),
indicates that remarkably high S100A1 levels in left-ventricular
cardiomyocytes are necessary for normal heart function. Our
data are fully consistent with a recent report (31) that adeno-
virus-mediated overexpression of S100A1 enhances contractil-
ity in isolated rabbit cardiomyocytes and engineered rat heart
tissue. This supports the notion that the phenotype reported
here is the genuine consequence of S100A1 deletion rather
than the result of secondary changes, e.g., compensatory up-
regulation of other members of the S100 gene family. Like
many other proteins, S100A1 levels are severely reduced in
end-stage cardiac failure (36). Given the results of our study
that high S100A1 levels are required for maximal cardiac con-
tractility, it may therefore be speculated that reduced S100A1
levels contribute to the functional deterioration in human car-
diomyopathies. To address this issue in the future, it will
clearly be important to analyze the impact of S100A1 deletion
or overexpression on contractility in established experimental
cardiomyopathy models.

In contrast to other mouse mutants with impaired cardiac
function, the S100A1 deletion phenotype model is to our
knowledge the only genetic model where a cardiac contractile
dysfunction (Fig. 2, 4, and 6) does not automatically lead to
unprovoked age-dependent cardiomyopathic features under
baseline conditions (Fig. 5 and 7). This absence of a degener-
ative phenotype is most likely explained by the fact that
S100A1 null mice have a largely normal hemodynamic function
at rest. Taken together, the pairing of normal baseline cardiac
function and absence of age-related cardiomyopathies with
impaired adaptation to acute and chronic hemodynamic stress
in S100A1 null mice therefore demonstrates that the S100A1
protein has a specific function in the cardiac reserve. It is clear
that the phenotype described here reflects specific effector
functions of S100A1 and not simply Ca2�-buffering functions,
as the latter would be expected to result in higher cytoplasmic
Ca2� levels in mutant animals with concomitantly increased
inotropic responses and an enhanced calcineurin-dependent
hypertrophic response.

Numerous in vitro S100A1 targets have previously been

FIG. 7. Cardiac parameters in aged mice. (A and B) Basal and
isoproterenol (2 ng)-stimulated inotropic (A) rates and lusitropic
(B) rates in 16-month-old versus 5-month-old mice. Values are in
thousands. (C) Left-ventricular cardiomyocyte cross-sectional areas in
16-month-old mice. (D) Left-ventricle end diastolic diameters
(LVEDD) in groups of 10 mice per genotype from 10 weeks to 16
months of age. (E) Anterior wall diastolic thicknesses (AWDTh) in the
same groups of animals shown in panel D. Posterior wall thicknesses
were similar to those shown here (data not shown). �, P 
 0.05 versus
wild type.
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identified that could theoretically be involved in the S100A1
null phenotype. However, the normal cardiac baseline function
and histology in S100A1 null mice indicate that cytoskeletal
targets such as tubulin polymerization (8) or desmin filament
assembly (15) are unlikely to be regulated by S100A1 in vivo.
Moreover, although desmin deletions cause decreased force
production and slower relaxation, null and point mutations
result in cardiomyopathies (6, 28) in contrast to our mice.
Likewise, efficient PLB phosphorylation as a downstream tar-
get of the �-adrenergic pathway in S100A1 null mice (Fig. 3)
rules out Ca2�/S100A1 effects on adenylate cyclase (13) as a
major in vivo target. An interesting in vitro target in the con-
text of the S100A1 deficiency phenotype is the skeletal muscle
ryanodine receptor (44). Assuming that Ca2�/S100A1 would
similarly increase the open probability of the structurally dis-
tinct cardiac ryanodine receptor isoform, this could provide an
explanation for the inotropic defect, but not the lusitropic
defect, in S100A1 null mice. However, the reduced inotropic
response of S100A1�/� hearts in Ca2� perfusion experiments
(Fig. 4), where increased Ca2� influx through L-type Ca2�

channels can compensate for reduced SR Ca2� release, sug-
gests that the S100A1 protein has a more downstream role in
excitation-contraction coupling, possibly by modulating the
sarcomeric Ca2� sensitivity. The goal of future studies will be
to identify the molecular targets that are affected by reduced
S100A1 levels and contribute to the phenotype. This may also
answer the question of why such high S100A1 levels are re-
quired for normal function (such that reduced levels in het-
erozygotes are insufficient for the acute stress response), which
could reflect either low-affinity interactions with its targets or
high cellular concentrations of S100A1 effectors.

The upregulation of left-ventricular S100A1 levels in het-
erozygotes in response to chronic afterload increase (Fig. 6C)
is reminiscent of the right ventricular upregulation of S100A1
in normal pigs in response to pulmonary hypertension (12). In
contrast to the porcine model, relative left-ventricular S100A1
levels were not upregulated in response to TAC in our wild-
type mice (Fig. 6C). This apparent discrepancy can be recon-
ciled by the consideration that S100A1 levels are much lower in
the right ventricle than in the left ventricle, possibly reflecting
lower physiological workloads, and indicates that left-ventric-
ular S100A1 is preset at the maximal required level for the
cardiac reserve in wild-type animals. The S100A1 gene con-
tains several cAMP response elements (25) that could mediate
transcriptional upregulation in response to chronic hemody-
namic stress as a result of increased �-adrenergic stimulation.
However, the mechanism by which this affects left-ventricular
S100A1 levels in heterozygotes but not in the wild type remains
an enigma. In this context, it will be interesting to determine if
chronic �-adrenergic stimulation (by chronic isoproterenol ap-
plication from implanted minipumps or by crossing the S100A1
deletion with cardiac �-adrenoceptor overexpressing trans-
genic mice) is sufficient to upregulate S100A1 levels in het-
erozygotes.

Genetic analyses of protein functions are often hampered
by functional redundancy in multigene families. In this regard,
the cardiac phenotype in mice lacking the S100A1 gene and
haploinsufficiency for the acute �-adrenergic response are re-
markable for a representative of a multigene family with 20
members. These data indicate that there is little functional

redundancy among S100 proteins in the adult heart. S100A1 is
highly expressed in the embryonic heart, suggesting a potential
function in cardiac development (25). While our data demon-
strate that S100A1 is not essential, it will be interesting to
determine if there are compensatory mechanisms involving
other S100 genes that substitute for the loss of S100A1 during
cardiac development.
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