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Abstract
Background—Hemodynamic load regulates myocardial function and gene expression. We
tested the hypothesis that afterload and preload despite similar average load result in different
phenotypes.

Methods and Results—Afterload and preload were compared in mice with transversal aortic
constriction (TAC) and aorto-caval shunt (Shunt). When compared to sham mice, six hours after
surgery, systolic wall stress (afterload) was increased in TAC (+40%, P<0.05), diastolic wall
stress (preload) was increased in Shunt (+277%, P<0.05) and TAC (+74%, P<0.05) and mean
total wall stress was similarly increased in TAC (69%) and Shunt (67%) (TAC vs. Shunt: not
significant (n.s.), each P<0.05 vs. Sham). At 1 week, left ventricular weight/tibia length was
significantly increased by 22% in TAC and 29% in Shunt (n.s. TAC vs. Shunt). After 24 hours and
1 week, calcium/calmodulin dependent protein kinase II (CaMKII) signaling was increased in
TAC. This resulted in altered calcium cycling, including increased L-type calcium current,
calcium transients, fractional SR release and calcium spark frequency. In Shunt, Akt
phosphorylation was increased. TAC was associated with inflammation, fibrosis and
cardiomyocyte apoptosis. The latter was significantly reduced in CaMKIIδ-KO TAC mice. 157
mRNAs and 13 microRNAs were differentially regulated in TAC vs. Shunt. After 8 weeks,
fractional shortening was lower and mortality higher in TAC

Conclusions—Afterload results in maladaptive fibrotic hypertrophy with CaMKII-dependent
altered calcium cycling and apoptosis. Preload is associated with Akt activation without fibrosis,
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little apoptosis, better function and lower mortality. This indicates that different loads result in
distinct phenotype differences which may require specific pharmacological interventions.
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Introduction
In the heart, hemodynamic load is a critical regulator of myocardial function, gene
expression and phenotype appearance.1 Specific structures involved in perception of
hemodynamic load have been identified and influencing or deleting these structures has
been associated with cardiac dysfunction and disease.2 Two types of load can be
differentiated. Preload builds up during diastolic filling and stretches cardiomyocytes. This
results in immediate recruitment of contractile units and increased cardiac performance
through the Frank-Starling mechanism. In addition, proteins such as titin and associated
molecules are stretched with subsequent effects on myocardial elasticity and gene
expression.3 Systolic force matching afterload is generated by each cardiomyocyte to
produce cardiac stroke work against vascular resistance. This is accomplished by the
contractile protein complex. During ejection preload declines and titin is unloaded. Both
preload and afterload influence load-dependent ion channels and intracellular ion
concentrations,4 which in turn may also influence cardiac function and gene expression.
From a hemodynamic point of view, afterload-mediated concentric hypertrophy was
considered beneficial because of stress compensation through increased wall thickness
according to the law of Laplace.5 In contrast, preload-mediated eccentric hypertrophy was
considered maladaptive because of uncompensated wall stress. However, cardiac geometry
and macroscopic phenotype are only one aspect. Myocardial hypertrophic phenotype, i.e. the
protein composition of the myocardium is another, and there is good evidence that the latter
may be more relevant regarding transition to heart failure.6

In previous studies in isolated muscle preparations we showed that preload and afterload
differentially regulate expression of fetal genes.7,8 The present study was performed to
compare differences in phenotypes, signalling and gene expression of preload and afterload
induced hypertrophy in vivo. Therefore we used the aorta-vena cava mouse fistula model
(Shunt) which generates volume overload and predominantly increased preload and the
transversal aortic constriction model (TAC) which generates pressure overload and reflects
increased afterload. Shunt and TAC were graded to match average load measured as average
left ventricular wall stress. Our data show that eccentric hypertrophy in Shunt is more
beneficial than concentric hypertrophy in TAC with increased inflammation, fibrosis and
cardiomyocyte apoptosis. Shunt is associated with Akt activation while TAC is associated
with altered calcium cycling and calcium/calmodulin-dependent protein kinase II
(CaMKII)9 activation.

Methods & Material
Only a short description of material and methods is given here. An expanded version can be
found in the online supplement.

Animal experiments and in vivo characterisation
The investigation conforms to the Guide for the Care and Use of Laboratory Animals (NIH
publication No. 85–23, revised 1996). In 12 week old female mice volume overload was
induced by the creation of a shunt between aorta and vena cava inferior. Pressure overload
was induced by transverse aortic constriction. Female mice were used because of high
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mortality in male mice. Echocardiography, in-vivo hemodynamic measurements,
cardiomyocyte isolation, cardiomyocyte shortening, calcium measurements and patch-clamp
experiments were performed with standard protocols.

Molecular Analysis
Protein and gene expression were measured with standard protocols of western immunoblots
and quantitative realtime-PCR (Biorad iQ-Cycler). Fibrosis, cardiomyocyte apoptosis and
inflammation were quantified in histological sections. For measurement of the cell cycle rate
3H-Thymidine autoradiography was measured. The 11.0 miRCURY LNA™ microRNA
array (Exiqon, Denmark) was used for microRNA and the Affymetrix mouse 430 2.0
GeneChip array for gene expression analysis. Gene expression microarray data have been
deposited in the ArrayExpress database (accession number E-MEXP-2498).

Calculation and statistical analysis
Data are presented as mean ± SEM. P<0.05 was considered statistically significant. Gene-
and protein-expression and electrophysiological experiments were statistically analyzed
using unpaired Student t test, one-way ANOVA on Ranks (Dunn's method) or one-way
ANOVA followed by Tukey's post-hoc test, where appropriate. Survival was analysed by
Kaplan-Meier and by Fisher's test. Wall stress was calculated according the law of Laplace.
Raw microarray data were imported into R-version 2.9.1 and analyzed with Bioconductor
packages. Pathway analysis was performed taking the gene set enrichment analysis approach
using the Category and GSEABase Bioconductor packages querying the Kyoto
Encyclopedia of Genes and Genomes pathway database (For references see the statistical
section of the supplementary data). The numbers of animals or cells are shown in the figure
legends in the following order: n=Sham-TAC/TAC/Sham-Shunt/Shunt.

Results
Hemodynamic function and wall stress

Conductance catheter pressure volume analysis 6 hours after respective surgical procedures
(Figure 1A) showed that left ventricular systolic pressure was increased in TAC (+41%,
p<0.05) and left ventricular end-diastolic pressure and volume in Shunt (+97%, P<0.05;
Suppl. Figure I). Wall stress was calculated at four time points during the cardiac cycle
(mid-systolic, end-systolic, mid-diastolic, end-diastolic, Suppl. Figure IIA). In TAC mid-
systolic wall stress was increased by 40% (P<0.05, Suppl. Figure IIB), end-diastolic wall
stress was increased by 277% in Shunt (P<0.05) and by 74% in TAC (each P<0.05; Suppl.
Figure IIE). Mean total wall stress during one cardiac contraction-relaxation cycle yielded
similar values for TAC and Shunt (TAC: 69%, Shunt: 67%, each P<0.05 vs. Sham, Figure
1B), which indicates similar average load elevation immediately after surgery in both
models. Echo measurements 24 hours after intervention confirmed left ventricular dilatation
in Shunt by increased LVEDD (P<0.05) whereas fractional shortening was not changed at
this time point (Suppl. Figure III).

Remodeling and left ventricular hypertrophy
After one week, left ventricular hypertrophy as indicated by left ventricular weight per tibia
length (LV/TibiaL) was increased similarly in both models, being concentric in TAC and
eccentric in Shunt (TAC: +22%; Shunt: +29%, each P<0.01, TAC vs. Shunt: P=n.s.; Figure
1C). Cardiomyocyte minimal diameter was increased in both models, whereas
cardiomyocyte length only in Shunt (Figure 1D-F). Echochardiographic characterisation is
shown in the supplement (Suppl. Figure IV). At this time point myocardial function was not
reduced in both models (Suppl. Figure IVD).
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Hypertrophy in TAC was associated with a significant increase in myocardial fibrosis
(perivascular fibrosis +490%, P<0.01; Figure 2A+B). Cell cycle rate showed a clear
increase in TAC in the non-cardiomyocytes but not in Shunt (Figure 2A; for discrimination
of cardiomyocytes and non-cardiomyocytes nuclear-ßGAL-transgenic mice were used). This
suggests that increased fibrosis in TAC resulted in part from fibroblast proliferation. In
addition, inflammation was increased in TAC by 114% (P<0.001, Figure 2A+C). In Shunt
fibrosis and inflammation were not elevated (Figure 2A+B+C). Cardiomyocyte apoptosis
was elevated both in TAC and Shunt, but it was significantly higher in TAC (Figure 2D-F).

Long-term myocardial function and mortality
8 weeks of increased load was associated with a moderate increase in septum thickness in
Shunt (+7%, P<0.05), and a large increase in TAC (+39%, P<0.01, Figure 3A). End-
diastolic diameter was increased in TAC by 14% (P<0.05) and in Shunt by 38% (P<0.01,
Figure 3B). Fractional shortening was considerably reduced in TAC (-38%, P<0.01), while
it was only slightly reduced in Shunt (-18%, P<0.01 vs. Sham, P<0.01 vs. TAC, Figure 3D).
After 8 weeks the percentage of surviving animals was significantly lower in TAC (4/13)
than in Shunt (7/10; P<0.05). Also in Kaplan-Meier analsyis mortality was higher in TAC
versus Shunt mice (P<0.05; Figure 3E).

Load-dependent regulation of gene expression and signal transduction pathways
Left ventricular gene expression and protein phosphorylation were analysed 24 hours and 7
days after intervention to show persistent activation (Table 1+2). BNP was upregulated at
both time points only in TAC occurred already after 24 hours. (24 hours: +507% P<0.05,
7days: +384%, P<0.05, Table 1). An isoform shift from α-MHC to β-MHC at these time
point occurred in the TAC but not in the Shunt model (Table 1). Upregulation of ß-MHC
gene expression in TAC occurred after 24 hours. The expression of SERCA and the other
calcium regulated proteins was not changed at 24 hours and 7 days after intervention in both
models with the exception of a transient upregulation of NCX in TAC (Table 1).

CaMKII, histone deacytelase, Akt, GSK3ß and mitogene activated protein kinase expression
and activation were measured with specific antibodies as well as with phosphospecific
antibodies (Suppl. Figure V+VI). If protein expression was not altered the ratio of
phosphorylated protein to total protein is shown. When total protein expression was altered,
phosphorylated protein normalised to GAPDH as well as phosphorylated protein to total
protein and total protein expression to GAPDH is shown. An absolute increase of
phosphorylated protein is considered to reflect increased biological activity.

Increased biological activity at 24 hours and 7 days were only seen for CaMKII and Akt. In
TAC the biological CaMKII activity was increased after 24 hours and 7 days by 78% and
82%, respectively (Figure 4A+B, Table 2). None of these changes were observed in Shunt
(Figure 4A+B, Table 2), while Akt phosphorylation was increased in Shunt exclusively (24
hours: +70%, P<0.05; 7 days: 41%, p<0.05, Table 2).

The other kinases studied were not consistently activated at 24 hours and 7 days: p38
phosphorylation but not total biological activity was increased at both time points in TAC
(Table 2). Changes in ERK phosphorylation occurred also only in TAC (24 hours: +74%,
P<0.05, 7 days: -61%, P<0.05, Table 2). Also, HDAC phosphorylation was increased only
in TAC (Table 2). GSK3β phosphorylation was increased in Shunt after 24 hours (+26%,
P<0.05, Table 2). mRNA expression of MCIP as an indicator of calcineurin activity was
selectively upregulated after 7 days in TAC (MCIP: +454%, P<0.05, Table 2).

Analysis of left ventricular human heart samples from patients with aortic stenosis
exhibiting myocardial hypertrophy but still preserved cardiac function (see online Material
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& Methods) showed an increase in CaMKIIδ expression as compared with samples form
control hearts that were not hypertrophied. (+24.7±9.7%, Figure 4C+D).

Gene array analysis
To further define the molecular signature of the two load models, we performed genome-
wide expression profiling. Applying a moderated linear model and the false discovery rate
(FDR) method for multiple testing with a threshold of 5% resulted in 1399 (1954 probes
sets) upregulated and 1513 (1896 probes sets) downregulated annotated genes in TAC
compared to sham. In shunt compared to sham 315 (384 probes sets) upregulated and 704
(853 probes sets) downregulated annotated genes were identified (Figure 5A+B, Suppl.
Table I+II). Comparing the differences between TAC and Shunt directly (up or down)
resulted in 157 differentially expressed genes (187 probes sets; Suppl. Table III).
Unsupervised hierarchical clustering of these 157 genes (187 probes sets) resulted in
accurate identification of the cardiac gene expression profiles of individual animals in the
appropriate groups (Suppl. Figure VII). Of the candidate genes identified by protein analysis
above, an increased expression of CaMKIIδ was selectively found in TAC but not in Shunt.
Out of the 157 differentially expressed genes, 122 were only regulated in TAC, 21 only in
shunt and 14 were significantly regulated in both models. Out of the 14 genes 6 were
regulated in parallel but to a different amount and 8 in an opposite direction (brain derived
neurotrophic factor; protein phosphatase 1B, magnesium dependent, beta isoform; c-myc
binding protein; RIKEN cDNA 1190002N15 gene; phosphodiesterase 4D interacting protein
(myomegalin); serine/threonine kinase 38 like; amine oxidase, copper containing 3; B and T
lymphocyte associated).

Furthermore, pathway analysis revealed 90 pathways selectively regulated in TAC, ten
pathways similarly regulated in TAC and Shunt and four pathways selectively regulated in
Shunt (Suppl. Table IV+V). We confirmed cardiomyocyte apoptosis, inflammation,
increased cell cycle activity and fibrosis in the pathway analysis confined to the TAC model.
Amongst the selectively regulated pathways in Shunt activation of the Wnt signaling is of
special interest (Table 3).

Load dependent regulation of microRNAs
The expression of microRNAs was evaluated in both models. At 24 hours none of the
microRNAs assayed by microarray exhibited differential expression between the
experimental groups. Following 7 days of subjection to load we identified 13 microRNAs
differentially regulated between TAC and Shunt. Of these 9 were selectively regulated in
TAC, 3 microRNAs selectively in Shunt, and 1 was regulated in parallel but at significantly
different amounts in both models (Figure 5C-E)

Single cell function
7 days after intervention, increased cardiomyocyte fractional shortening (+24%, P<0.05) and
intracellular calcium transients (+13% P<0.05) were seen at 1 Hz stimulation rate in TAC
(Figure 6A+B+E+F). SR calcium load was unchanged while fractional SR calcium release
was significantly increased in TAC by 27% (Figure 6G+H). In contrast, in cardiomyocytes
from Shunt mice, fractional shortening and calcium cycling were not different from Sham
(Figure 6C-H).

Mechanisms underlying the observed alteration in calcium cycling in TAC were studied in
detail. The increase in SR calcium fractional release was clearly CaMKII-dependent since
KN-93, a CaMKII inhibitor normalizes SR calcium fractional release (Figure 7A). The
enhancement of fractional SR calcium release in TAC could be due to increased L-type
calcium current or increased ryanodine receptor (RYR) sensitivity, both being regulated by
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CaMKII.9 Calcium spark frequency as an estimate of the ryanodine receptor sensitivity was
largely increased in TAC (+206% P<0.001, Figure 7B+C). Measurement of action potentials
as an indicator of calcium influx showed a prolongation of the duration (APD90) in TAC
compared to Sham (P<0.001, Figure 7D+E). This prolongation could be abolished by
CaMKII-inhibition with AIP (P<0.001) or L-type calcium channel inhibition with nifedipine
(P<0.001, Figure 7D+E). Furthermore, direct measurement of L-type calcium current
showed a significant increase in TAC vs. Sham (P<0.05) which could be normalized by
addition of the CaMKII-inhibitor AIP (P<0.05; Figure 7F+G). This indicates that increased
L-type calcium current is the primary mechanism of the APD prolongation and suggests that
increased fractional release results from both increased L-type current as well as increased
RYR sensitivity.

Analysis of CaMKIIδ-KO mice
To better understand the role of the CaMKII activation in pressure overload hypertrophy we
used the CaMKIIδ-KO mouse model.10 One week after TAC the amount of perivascular
fibrosis was similarly increased in WT and KO (Figure 8A+B). However, the amount of
cardiomyocyte apoptosis after TAC was significantly lower in the KO compared to the WT
hearts (P<0.01; Figure 8C).

Discussion
The present study shows that for a comparable increase of mean total load, largely different
molecular phenotypes develop with preload versus afterload, although the extent of cardiac
hypertrophy is similar: 1) Increased afterload with TAC resulted in increased BNP
expression, which is not seen by increased preload in Shunt during the first 7 days. 2) TAC
resulted in concentric hypertrophy with increased fibrosis, inflammation and cardiomyocyte
apoptosis, while eccentric hypertrophy in Shunt occurs without increased fibrosis,
inflammation and less cardiomyocyte apoptosis. 3) TAC hypertrophy resulted in
development of severe left ventricular dysfunction and higher mortality as compared to
Shunt hypertrophy. 4) Signaling analysis showed that the hypertrophic phenotype in TAC is
associated with persistent activation of CaMKII, and disturbed intracellular calcium cycling.
None of these changes happened in Shunt, where Akt was persistently activated. 5)
CaMKIIδ-KO mice and pharmacological CaMKII inhibition lead to normalisation of
disturbed calcium cycling and reduced rate and of cardiomyocyte apoptosis. We conclude
that afterload results in disturbed calcium cycling and calcium/CaMKII-activation and
maladaptive hypertrophy while preload results in a more favourable hypertrophy through
stretch-mediated activation of Akt.

Load and neurohormons regulate the function and phenotype characteristics of the
myocardium. Afterload results in a concentric hypertrophic phenotype which was often
viewed as being compensatory in nature because increased wall thickness reduces wall
stress according to the law of Laplace. Preload results in eccentric hypertrophy. While
earlier studies suggested that volume overload with uncompensated wall stress would be
disadvantageous, more recent studies suggested volume overload to be associated with a
more favourable remodeling compared to pressure overload.11,12 The present study shows
that with identical wall stress myocardial structure, cardiac function and mortality are more
favourable with Shunt compared to TAC. This suggests, that with a comparable elevation of
wall stress by itself may be not a critical issue. Indeed, genetically modified mice with
improved cardiac function and prognosis after TAC exhibited modified protein expression
but absence of hypertrophic response.13 Thus the composition of the myocardium in
response to increased load by compensation on a molecular level may be more relevant than
the degree of hypertrophy, i.e. wall thickness.
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We studied signaling at 24 hours, assuming that at this early time point load-mediated
activation of signaling cascades and gene expression dominates over secondary effects like
neurohumoral activation, and at 7 days to identify those signals being consistently activated
by load. The maladaptive phenotype in TAC can be partially attributed to CaMKII signaling
which is functionally associated with defective calcium cycling. Wang et al. previously
suggested that afterload activates L-type calcium current.14,15 The present study indicates
that increased L-type calcium current predominantly results from CaMKII activation
because it can be reversed with CaMKII inhibition. Furthermore CaMKIIδ activation
induces cardiomyocyte apoptosis in TAC as indicated by the reduced rate of cardiomyocyte
apoptosis in the CaMKIIδ-KO animals. This confirms in vivo what has been suggested
recently in an in vitro study showing that CaMKII inhibition prevented cardiomyocyte
apoptosis following AngII-exposure of rat and mouse cardiomyocytes.16 Furthermore, the
mechanistic relevance of CaMKII-dependent cardiomyocyte apoptosis for the development
of the maladaptive hypertrophic phenotype is supported by previous data showing that in
CaMKIIδ-KO mice progression to heart failure is reduced after TAC.17 Interestingly, in a
previous study we showed reduced interstitial fibrosis in TAC in CaMKIIδ-KO mice at 3
weeks.10 This previous work also showed that CaMKIIδ-KO does not result in upregulation
of other CaMK isoforms. This suggests that increased cardiomyocyte apoptosis may be a
major component of CaMKII-mediated maladaptive hypertrophy during increased afterload.
Interstitial fibrosis at later stages may reflect replacement fibrosis following cardiomyocyte
apoptosis. But this data also suggests that early perivascular fibrosis (1 week) occurs
independent from CaMKII activity, possibly related to inflammation.

In shunt-induced preload elevation, calcium cycling is normal and none of the afterload-
related signals are activated. In contrast, Akt is activated, which is generally believed to
promote a more adaptive hypertrophic phenotype.18 One may speculate that Akt could be
activated by preload-mediated stretch of titin or related proteins involved in the sensing of
preload.

Interestingly, ventricular BNP expression only occurs with increased afterload and not with
elevated preload. This shows for the first time in vivo what has been suggested from
previous in vitro studies.7,8 BNP may prevent a more pronounced hypertrophy in TAC.

Gene array analysis shows a largely different gene expression pattern between TAC and
Shunt. Interestingly, 8 genes were significantly regulated in the opposite direction in both
models. Amongst these, the phosphodiesterase 4D interacting protein (myomegalin) is
upregulated in TAC and downregulated in Shunt. Myomegalin is localized in the z-disc,19
interacts with the phosphodiesterase 4D and is also involved in regulation of stress
dependent nuclear trafficking of myopodin.20 Furthermore gene array pathway analysis
confirms an activation of inflammation, fibrosis and cardiomyocyte apoptosis pathways in
TAC (Table 3), whereas in Shunt selective activation of the Wnt-pathway is an interesting
finding. The Wnt-pathway may influence eccentric hypertrophy via Akt, which was shown
here to be consistently activated by phospho-protein analysis.21

MicroRNAs control expression of gene clusters. MicroRNA array analysis also identifies
significant differences between both load models. These include absence of regulation of
microRNAs 133, 30, 208 in Shunt, which are regulated in TAC and associated with
hypertrophy and fibrosis.22,23,24 Furthermore microRNA 208 expression is necessary for
ß-MHC upregulation after TAC.23 Here microRNA 208b upregulation is paralleled by ß-
MHC-upregulation. MicroRNA 140*, 320 and 455 are regulated in Shunt but not in TAC.
microRNA 140* and 320 have been described as upregulated in TAC22 or human heart
failure25 and upregulation of microRNA 320 is associated with apoptosis.26 MicroRNA
455 is not described to be regulated in the heart previously. Interestingly microRNA
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regulation was not observed after 24 hours following surgery. This may suggest that
microRNAs regulate later changes in gene expression during overload. Differentially
regulated genes in TAC and Shunt support qualitative differences in both load forms and
eliminate concerns that preload is just a milder stress than afterload. The mechanistic
relevance of newly identified genes and pathways in load dependent cardiac hypertrophy is
hypotheses generating and warrants further studies with differential consideration of pre-
and afterload.

Pathophysiological and therapeutical implications
TAC is associated with inflammation, fibrosis and cardiomyocyte apoptosis which may
impair myocardial function directly. Moreover, fibrosis may critically increase the diffusion
distance of oxygen to mycocytes and thereby influence cardiac energetics and function.27 In
Shunt, no inflammation and fibrosis was observed. There is a small level of apoptosis which
may be the mechanism underlying late decline of cardiac function.28 The present data also
suggest that increased load may require differential pharmacological interventions
depending on the contribution of preload and afterload. With increased afterload such as it
occurs in arterial hypertension or aortic stenosis, strategies to inhibit CaMKII signalling may
be beneficial by reducing cardiomyocyte apoptosis. In diseases associated with increased
preload, predominantly, such as mitral regurgitation or aortic regurgitation, CaMKII
inhibition would not be a rational approach to treat this type of hypertrophy.

The present findings may also be relevant for the design of experimental studies. Many
studies use the TAC model in genetically modified mice to study the influence of genes on
increased load. One should now consider that the Shunt model may provide additional
information.29,30 Furthermore, load experiments in isolated cardiomyocytes are frequently
performed by flex membrane stretching of cells. Under those circumstances, it should be
taken into account that stretch of cardiomyocytes may have completely different effects
depending on its occurrence in diastole where it elevates preload or in systole where it
elevates afterload.

Clinical impact

Hemodynamic load regulates myocardial function and gene expression. Increased load
triggers molecular, structural and functional remodeling and eventually heart failure.
Increased LV load either acts as preload due to left to right shunt or aortic or mitral
regurgitation or as increased afterload due to aortic stenosis or arterial hypertension.

In the present study, different cardiac gene expression, signaling and remodeling with
preload or afterload was studied in mice with aorto-caval shunt (preload) or transversal
aortic constriction (afterload) with matched mean total wall stresses. Here we show that
increased afterload results in maladaptive hypertrophy with increased fibrosis,
inflammation, cardiomyocyte apoptosis, development of heart failure and increased
mortality Increased preload results in a more favorable hypertrophy without increased
fibrosis and inflammation, less apoptosis and better survival. Ventricular BNP expression
is only increased with afterload but not with preload. Gene expression and signal
pathways differ considerably with preload and afterload. Calcium/calmodulin kinase IIδ
mediated signaling may be the dominant maladaptive pathway in pressure overload,
while activation of the Akt pathway may be dominant in volume overload.

The data indicate that differential therapeutic strategies should be developed to address
the specific signaling pathways activated with preload versus afterload. This may prevent
or delay the development of heart failure in patients with increased preload or afterload,
respectively.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Hemodynamics in Sham, TAC and Shunt 6 hours after intervention (A,B) and hypertrophy 7
days after intervention (C-F). A) Examples of pressure-volume-loops B) mean total wall
stress (n=3 pre group); C) Left ventricular weight normalised to tibia length 7 days after
intervention (n=8/10/6/6); D) example of single cardiomyocytes isolated 7 days after
intervention; E) cell width measured by minimal fiber diameter (animals: n=5/6/5/6); F) cell
length measured in isolated cardiomyocytes (animals: n=5/7/4/4).
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Fig. 2.
Histological analysis of Sham, TAC and Shunt animals 7 days after intervention (n=5/6/5/6).
A) Histological sections of staining for fibrosis (Sirius Red), cell cycle rate (3H-Thymidine
injection in α-MHC-nLAC transgenic mice; blue show cardiomyocyte nuclei, black
indicates cell cycle activity) and inflammation (anit-CD45 immunohistochemestry, red =
leucoytes, blue = Cell nuclei); B) bar graphs showing perivascular fibrosis; C) bar graphs
showing inflammation; D) example of active caspase3 staining in Sham and TAC; E)
cardiomyocyte apoptosis rate by activated caspase3 staining; F) apoptosis rate by TUNEL
(number of positive cells per 100 nuclei)
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Fig. 3.
Echocardiographic measurements 8 weeks after intervention and survival in Sham, TAC and
Shunt: A) Septum width; B) left ventricular end-diastolic diameter (LVEDD); C) left
ventricular end-systolic diameter (LVESD); D) Fractional shortening (FS); E) Kaplan-
Meier-survival in TAC and Shunt (* P<0.01 vs. Sham; # P<0.05 vs. Shunt)
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Fig. 4.
Activation of signal pathways in Sham, TAC and Shunt 24 hours and 7 days after
intervention (n=6 per group). A+B) phsophorylated CaMKII expression to GAPDH (A: 24h,
B: 7d after intervention) C+D) CaMKII expression normalized to GAPDH in human
nonfailing (NF) vs. aortic stenosis samples (AS; n=6 per group)
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Fig. 5.
Analysis of gene and microRNA expression by microarrays 7 days after intervention: A+B)
number of differentially expressed genes in TAC and Shunt and between both models (n=4
per group). Lower numbers indicated the number of genes with a significant regulation
between invervention and sham as well as between both models; A) upregulated genes; B)
downregulated genes. C-E) Analysis of microRNA-expression by microarrays (n=5 per
group) after 7 days in TAC (■) and Shunt (○). Only microRNAs with a significant different
expression between TAC and Shunt are shown (TAC vs. Shunt: * p<0.01, # p<0.02); C)
microRNAs significantly regulated in TAC vs. Sham (p<0.01) D) microRNAs significantly
regulated in Shunt vs. Sham (p<0.01); E) microRNA significantly regulated in TAC and
Shunt to the corresponding sham (p<0.01)
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Fig. 6.
Single cell function in Sham, TAC and Shunt 7 days after intervention A+C) Example of
fractional shortening of cardiomyocytes from TAC (A) and Shunt (C) animals compared to
Sham; B+D) Example of calcium transients of cardiomyocytes from TAC (B) and Shunt (D)
animals compared to Sham; E) Fractional shortening (number of cells: 36/44/59/55); F)
calcium transient amplitude (F/F0) (number of cells: 36/44/59/55); G) SR-calcium content
measured by caffeine application (number of cells: 29/36/39/24); H) Fractional SR calcium
release measured as calcium transient per SR calcium load (number of cells: 28/32/39/24).
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Fig. 7.
Role of CaMK in TAC induced calcium cycling alteration 7 days after intervention; A)
Fractional SR calcium release in Sham, TAC, TAC+control (KN92) and TAC+KN93
(CaMK-Inhibitor) (number of cells: 28/32/14/16); B) example of calcium spark
measurement in Sham and TAC; C) spark frequency in Sham and TAC (number of cells:
17/20); D) Original recordings of action potential measurements in Sham (dotted line), TAC
(black line), TAC+AiP (CaMKII-inhibition, red line) and TAC+Nifedipine (orange line); E)
Action potential duration (APD90) in Sham, TAC, TAC+AiP (CaMKII-inhibition) and TAC
+Nifedipine (number of cells: 16/52/10/16). F) Original recordings of L-type Ca2+ current
in Sham, TAC and TAC+AiP (CaMKII-inhibition) at 0mV. G) L-type Ca2+ current in
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Sham, TAC and TAC+AiP (number of cells: 11/13/16, * p<0.05 in Sham vs. TAC; # p<0.05
TAC vs. TAC+AiP)

Toischer et al. Page 18

Circulation. Author manuscript; available in PMC 2011 September 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
Role of CaMKIIδ-knockout in TAC induced hypertrophy (n=5 per group) 7 days after
intervention; A) Histological sections of staining for fibrosis (Sirius Red); B) Statistical
analysis of perivascular fibrosis; C) Rate of cardiomyocyte apoptosis by activated caspase3
staining
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Table 1
Expression of hypertrophic genes in TAC and Shunt

mRNA expression of hypertrophy associated and calcium regulating proteins in TAC and Shunt 24 hours
(n=6/6/6/7) and 7 days (n=8/10/7/7) after intervention. Changes are normalised to the corresponding Sham

24h 7d

TAC Shunt TAC Shunt

BNP/GAPDH 507.3±159.7%* 41.2±51.1% 383.9±63.3%* 44.2±30.6%

α-MHC/GAPDH -0.8±29.4% -3.9±29.1% -41.9±16.7%* -17.5±20.5%

β-MHC/GAPDH 81.3±27.5%* 14.3±25.0% 229.3±71.1%+ 17.6±32.1%

SERCA/GAPDH -15.5±8.9% -1.7±6.7% -17.7±9.8% -12.8±7.9%

PLB/GAPDH 0.3±1.1% -12.4±8.1% -0.0±0.5% -16.3±11.8%

NCX/GAPDH 32.8±12.4%* 7.1±13.8% 17.3±13.9% 3.2±11.6%

RYR2/GAPDH -10.1±11.9% -6.7±11.3% -21.9±10.5% -15.6±10.3%

*
P<0.05;

+
P<0.01
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Table 2
Activation of signal pathways in TAC and Shunt

Activation of signal pathways in TAC and Shunt 24 hours and 7 days after intervention. Changes are
expressed relative to the corresponding Sham (n=6 per group);

24h 7d

TAC Shunt TAC Shunt

P-CaMKII/GAPDH 77.5±28.1%* -8.9±18.6% 81.5±32.6%* -20.0±16.7%

CaMKII/GAPDH 23.7±9.1% -10.0±14.3% 23.7±9.1%* -10.0±14.3%

P-CaMKII/CaMKII 66.3±22.9%+ 3.3±22.3% 28.6±22.9% -9.2±16.4%

P-Akt/Akt 9.3±18.5% 70.2±30.4%* 22.3±18.5% 41.3±17.8%*

P-p38/GAPDH 8.1±20.4% 44.7±18.4%* 15.8±19.9% -20.6±14.0%

p38/GAPDH -26.0±12.4% -23.1±9.6%* -35.1±8.9%* -29.4±12.4%*

P-p38/p38 47.8±19.7%* 124.5±36.7%+ 92.9±30.0%* 0.6±13.7%

P-ERK/ERK 74.3±29.2%* 4.2±19.5% -61.4±23.6%* 17.5±35.4%

P-JNK/JNK 0.1±25.4% 0.1±15.1% -50.7±36.0% 82.3±38.5%

P-HDAC/CS 107.4±37.8%* 7.7±17.4%

P-GSK3ß/GSK3ß 4.0±9.5% 26.3±11.3%* -7.1±11.9% -8.3±16.2%

MCIP/GAPDH -7.6±2.1% 3.1±4.0% 454.7±105.3%* 55.3±46.7%

*
P<0.05;

+
P<0.01

Normalization is done per GAPDH or per calsequestrin (CS) or per respective protein
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Table 3
Gene array findings of special interest

Selected findings form the gene array. Total results are shown in suppl. Table I-V

ID Name TAC Shunt

1433761_at phosphodiesterase 4D interacting protein (myomegalin) ↑ ↓

1439168_at calcium/calmodulin-dependent protein kinase II, delta ↑ n.s.

X04310 Wnt signaling pathway n.s. ↑

inflammation

X04650 Natural killer cell mediated cytotoxicity ↑ n.s.

X04660 T cell receptor signaling pathway ↑ n.s.

X04662 B cell receptor signaling pathway ↑ n.s.

X04670 Leukocyte transendothelial migration ↑ n.s.

cell cycle activitiy

X03030 DNA replication ↑ n.s.

X04110 Cell cycle ↑ n.s.

apoptosis

X04210 Apoptosis ↑ n.s.

X04115 p53 signaling pathway ↑ n.s.

fibrosis

X04512 ECM-receptor interaction ↑ n.s.

X04514 Cell adhesion molecules (CAMs) ↑ n.s.
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