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Hypertrophy of cultured neonatal 
rat cardiomyocytes 
Optimizations for high throughput screening

Abstract
Neonatal rat cardiomyocytes represent a well-established model system to study the 
molecular biology of the heart. In this chapter we investigate the use of these cells as a 
model for cardiomyocyte hypertrophy. We used cell area as a functional read-out for the 
hypertrophic response, and set up the immune-histochemical detection of ANF expression 
as a marker for cardiomyocyte stress. The aim is to optimize the culture condition is such 
a way that it is suitable for high-throughput screening.
During these optimizations we found that culture conditions greatly affect the results 
of hypertrophy studies. Rich medium (containing bovine serum albumin) already 
induces cardiomyocyte hypertrophy, thereby preventing any further induction with 
pharmacological stimuli. For studies of the hypertrophic response it is therefore important 
to culture cells in a basal medium. Subsequently, we compared the effects of phenylephrine 
(PE), isoproterenol and Transforming Growth Factor-beta (TGFβ) on cardiomyocyte 
hypertrophy and found that stimulation with 50 µM PE or 25 µM Isoproterenol  induced 
a ~17% increase in cell size, while TGFβ induced a ~9% increase.
To validate the suitability of our model for large-scale siRNA screening we tested 
knockdown of KLF15, a repressor of cardiomyocyte hypertrophy. We achieved a 70% 
knockdown of KLF15 mRNA, which resulted in a 7% increase in cardiomyocyte size.
Our findings revealed the importance of culture conditions in cardiomyocyte hypertrophy. 
Moreover, the proof-of-principle experiments with KLF15 illustrate the suitability of 
cultured neonatal rat cardiomyocytes as a model system for hypertrophy research in 
large-scale screening assays.
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Introduction
Heart failure has been defined as a complex syndrome characterized by the inability 
of the heart to maintain sufficient cardiac output. It usually results from the structural 
or functional impairment of ventricular filling or ejection (1, 2). To maintain cardiac 
output during the progression towards heart failure the heart increases in size, a process 
known as cardiac hypertrophy (1). An increase in individual cardiomyocyte area, mainly 
due to increased assembly of the contractile apparatus, underlies this hypertrophic 
growth. Initially, this leads to improved contractile force generation, allowing the heart 
to maintain cardiac output (1-3). Chronic induction of hypertrophic growth eventually 
impairs cardiac function, thereby enhancing the progression towards heart failure. In fact, 
cardiac hypertrophy is considered an early predictor for the development of heart failure 
(1, 2, 4). 

The exact (patho)-physiological mechanisms underlying the induction of cardiac 
hypertrophy in vivo are not fully understood and likely to be complex. The observation 
that hypertrophy can be induced via systemic pharmacological stimulation (1, 5, 6) 
revealed the involvement of specific molecular signalling cascades in the activation of the 
hypertrophic response. In this regard, a role for adrenergic signalling was established 
through the use of phenylephrine, an α-adrenergic agonist that induces a potent 
hypertrophic growth response (6, 7). Binding of phenylephrine to the α-adrenergic 
receptor results in downstream activation of G-Protein Coupled Receptor GPCR signalling 
and induction of Ca2+-release. This eventually leads to the activation of pro-hypertrophic 
transcriptional activators that induce cell growth and hence cardiac hypertrophy (1). In 
vitro, phenylephrine was found to be one of the most potent inducers of hypertrophy in 
cultured cardiomyocytes (8).
Isoproterenol represents another pharmacological stimulus of the hypertrophic response 
in vivo and in vitro. Isoproterenol has two main physiological effects: it increases the heart 
rate and induces peripheral vasodilation (5). In vitro, treatment of cultured neonatal rat 
cardiomyocytes with isoproterenol induces cardiomyocyte hypertrophy via activation of 
GCPRs and their downstream targets (8).
TGFβ is a cytokine that can be secreted by many cell types under conditions of stress. 
In the heart, TGFβ is secreted by cardiomyocytes and cardiac fibroblasts and induces 
cardiomyocyte hypertrophy and fibroblast proliferation. The actions of TGFβ are mediated 
via several signalling cascades that induce downstream transcriptional activation of the 
hypertrophic gene program via AP-1 and GATA (9).
Further insights into the molecular mechanisms of hypertrophic signalling might therefore 
provide clues about both the beneficial and detrimental effects of hypertrophic growth, 
thereby opening up opportunities for specific targeting and intervention.
Cultured neonatal rat cardiomyocytes are the most widely used cell system to study 
cardiomyocyte hypertrophy in vitro. These cells can be cultured for up to one week 
while retaining both a contractile phenotype as well as the expression of cardiomyocyte 
markers like α-actinin, Atrial Natriuretic Factor (ANF), and Cardiac Troponin I (cTNI) 
(10). Neonatal cardiomyocytes undergo hypertrophic growth upon pharmacological 
stimulation, similar to cardiomyocytes in vivo (7, 8). Additionally, hypertrophic stimulation 
induces the so-called “hypertrophic gene program”, i.e. enhanced transcription of specific 
genes involved in contraction, calcium handling and metabolism, that it also observed 
in the in vivo failing heart (1, 11). Therefore, neonatal rat cardiomyocytes represent a 
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suitable model to further investigate many of the molecular signalling cascades involved 
in the hypertrophic response. 
Along with technological improvements high-throughput screening, new approaches 
to investigate the molecular mechanisms underlying cardiomyocyte hypertrophy have 
become available. One of these techniques employs short-interfering RNAs (siRNAs) to 
selectively down-regulate the expression of specific mRNA transcripts, an approach that 
has already helped to elucidate the signalling pathways that regulate the hypertrophic 
response before (12, 13). Developments in screening platforms and the availability of 
large siRNA libraries now provide the means to combine siRNA-mediated loss-of-function 
screening with high-content image acquisition and analysis.

Here we describe the optimization process for a siRNA-based loss-of-function screen with 
the aim to identify novel regulators of cardiomyocyte hypertrophy. Several reports have 
already established that high-content screening can be used in cultured cardiomyocytes 
to discover novel regulators of cardiomyocyte hypertrophy (8, 14). Jentzsch et al. 
applied high-content screening to identify novel microRNAs regulating cardiomyocyte 
hypertrophy while Bass et al. established the reliability of the approach we also followed. 
The key to success with this approach lies in using a biological relevant read-out that is as 
close to human physiology and pathology as possible. We therefore studied neonatal rat 
cardiomyocytes and characterized the induction of hypertrophy by comparing different 
pharmacological compounds and culture conditions. Subsequently, we optimized the 
siRNA transfection protocol in these cells, using siRNAs against KLF15 and myocardin 
as positive controls. As we previously identified KLF15 as a repressor of cardiomyocyte 
hypertrophy (15, 16), we validated our screening protocol by inducing an increase in 
cardiomyocyte size upon siRNA-mediated knockdown of KLF15.
In conclusion, our findings illustrate the feasibility of siRNA-mediated interference with 
the hypertrophic response, and therefore open the path for large-scale screening for novel 
genetic regulators of cardiomyocyte hypertrophy as described in Chapter 3.

Material and Methods
Experimental Animals
For these studies we used 1-3 days old Wistar rats. All animal experiments have been 
approved by the ethical committee on animal experimentation of the Academic Medical 
Center (AMC).

Neonatal Rat Cardiomyocyte Isolation
1-3 day old Wistar rats were sacrificed by decapitation. Hearts were removed and 
ventricles were minced into small pieces. Cardiomyocytes were isolated by enzymatic 
digestion in 1x HBSS (Sigma H4641) supplemented with 0,05% collagenase type I (Gibco 
17100-017), 0,05% pancreatin (Sigma P3292), 0,55 g/L D-glucose (Merck 104074), 
0,035% NaHCO3 (Merck 106329), 2 µg/ml DNAse (Sigma DN-25) and gentamycin 
1:1000 (Invitrogen 15750-045). To separate fibroblasts from cardiomyocytes, cells were 
pre-plated twice for 1 hour in plating medium (66% DMEM (Invitrogen 11966-025), 
17% medium 199 (Invitrogen 31153-026), 10% horse serum (Invitrogen 16050-0122), 
5% heat inactivated fetal calf serum (Invitrogen10270-106), 1,6 g/L D-glucose, 1:1000 
gentamycin and 1:100 penicillin/streptomycin (Invitrogen 15070-063)). Non-attached 
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cells (i.e. cardiomyocytes) were collected from the supernatant, counted and plated in 
plating medium on 1% gelatin-coated (Fluka 487240) plates at a density of 1 x 106 or 
5 x 104 cells per well for 6-well and 96-well optilux plates (BD 353948), respectively. 
After 48 hours, medium was replaced by cardiomyocyte medium (medium 199, 1:100 
HEPES (Invitrogen 15630-056), 1:100 NEAA (Invitrogen 11140-035), 1:100 L-glutamine 
(Invitrogen 25030-024), 0,35 g/L D-glucose, 2 µg/ml vitamin B12 (Sigma V2876) 
and 1:100 penicillin/streptomycin) for overnight serum starvation. All cultures were 
maintained at 37ºC and 5% CO2 in a humidified incubator. All culture media after the 
pre-plating were supplemented with 10 µM Ara-C (Sigma C1768) to prevent fibroblast 
proliferation.

Stimulation and cardiomyocyte culture
After serum starvation, cardiomyocytes were cultured in either basal medium (medium 
199, 1:100 HEPES (Invitrogen 15630-056), 1:100 NEAA (Invitrogen 11140-035), 1:100 
L-glutamine (Invitrogen 25030-024), 0,35 g/L D-glucose, 2 µg/ml vitamin B12 (Sigma 
V2876) and 1:100 penicillin/streptomycin) or rich medium (4/5 DMEM (invitrogen 
11966), 1/5 medium 199 (invitrogen 31153-026), gentamycin 1:1000 (invitrogen 15750-
045), penicillin/streptomycin 1:100 (Invitrogen 15070-063), 1,6 g/L D-glucose (merck 
104074), 250 mU/L insulin (sigma I6634), 250 µM L-carnitine (sigma C0283) and 1% 
BSA (MP BioMed 160069) and treated with the pharmacological hypertrophic stimuli 
isoproterenol, phenylephrine or TGFβ. These stimuli were diluted in either basal or rich 
culture medium to a final concentration of 25 μM isoproterenol, 50 μM phenylephrine or 
10 ng/ml TGFβ and added to the cardiomyocyte cultures. Measurements were performed 
between 24 and 72 hours after stimulation as shown in figure legends.
siRNA Transfection
To ensure efficient siRNA knockdown we transfected cells with SMARTpools, a mix of 
4 siRNAs directed against the same mRNA. SMARTpools for rat KLF15 (L-080131-01), 
rat myocardin (L-080134-00) and a non-targeting control SMARTpool (D-001810-10) 
were obtained from Dharmacon. All SMARTpools were dissolved in 1x siRNA buffer 
(Dharmacon B-002000-UB) to a final 20 µM stock concentration and maintened at -80°C 
prior to use. Transfection efficiency was tested with the fluorescently labelled siGLO-red 
(Dharmacon D-001630-02).
NRCM (50.000 cells/well) were transfected with siRNAs (300 nM final concentration) 
in 96-well plates (BD bioscience 353948) in non-supplemented medium 199 using 
Lipofectamine 2000 (Invitrogen 11668-019), according to the manufacturer’s protocol. 
After 6 hours, medium was replaced with basal cardiomyocyte medium supplemented 
with Ara-C, in the presence or absence of 50 µM phenylephrine (Sigma P6126). Cells were 
subsequently cultured for 72 hours.

Quantitative Real Time PCR (qPCR)
For qPCR, RNA was isolated from siRNA transfected cardiomyocytes using TRIzol reagent 
(Invitrogen 15596-026), according to the manufacturer’s protocol. Subsequently, 200 ng 
RNA was treated with DNAse I (Invitrogen 18068-015) and cDNA was synthesised using 
Superscript II reverse transcriptase (Invitrogen 18064-071). Prior to qPCR analysis, cDNA 
was diluted 4 times with milliQ water. qPCR was performed on a Lightcycler 480 (Roche) 
using SYBR green (Roche 04887352001), according to the manufacturer’s protocol. 
The following primers for rat KLF15 (Forward: CCAAGAGCAGCCACCTCAAG; Reverse: 
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Figure 1: Image analysis workflow. Images were acquired in three fluorescent spectra, specific for DAPI (blue), 
α-actinin (green) and ANF (red) (panel 1). Individual cells were detected based on DAPI-positive nuclei (panel 
2). Cardiomyocyte area was measured by determining the α-actinin positive area per nucleus (panel 3). The 
algorithm excluded cells crossing the image boundaries (panel 4), and was optimized to avoid analysis of 
apoptotic or necrotic cells, cells without nuclei and staining or image artefacts. The level of ANF expression was 
quantified based on the average signal intensity in the perinuclear area. Local background intensity was based 
on the average signal in the periphery of the cells and subtracted from the perinuclear intensity to improve the 
specificity (panel 5). Panel 6 shows a close-up of the cardiomyocytes stained with α-actinin (green) and ANF 
(red).

TCGCATACGGGACACTGGTA) and myocardin (Forward TGGGGCCAACGTTTTCAATTCC; 
Reverse TCCATCTGCTGACTCCGAGTC) were used. Quantification of the results was 
performed using LinReg PCR analysis software [8].
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Cell Fixation and Staining
All reagents and antibodies were dissolved in PBS and cells were washed twice with PBS 
between every step. After the indicated incubation times, cells were washed twice with 
PBS, fixated for 10’ with 4% PFA (Merck 104005) and permeabilised for 10’ with 0,1% 
triton X-100 (Sigma X100). Cells were then incubated for 1 hour at 37ºC with primary 
antibodies for α-actinin-2 (Epitomics 2310-1) and ANF (Millipore CBL66) diluted 1:800 
and 1:1000, respectively, followed with incubation for 1 hour at 37ºC with the secondary 
antibodies AlexaFluor-488 goat-α-rabbit (Invitrogen A11008) and AlexaFluor-568 goat-
α-mouse (Invitrogen A11004) diluted 1:400. Subsequently, nuclei were stained for 10’ at 
37ºC using 250 ng/ml DAPI (Sigma D9542) or 125 nM SYTOX-Green (Molecular Probes 
S7020). Cells were washed twice with PBS and stored in 50% glycerol (Scharlau GL0026)/
PBS at 4ºC for further analysis.

Image acquisition and analysis 
Cell images were acquired with the Operetta high-content imaging platform (Perkin Elmer, 
non-confocal) and analysed with Harmony software (Perkin Elmer). Image analysis was 
performed on unprocessed image files. The relative intensities of composite images have 
been altered for clear illustration.

Statistics
All data are represented as mean +/- standard error of the mean (s.e.m.), unless mentioned 
otherwise. A p-value of ≤ 0,05 was used as a cut-off to indicate statistical significance.
 

Results
Quantification of cardiomyocyte hypertrophy 
To assess the hypertrophic response of cultured cardiomyocytes we used the Operetta 
high content screening platform in combination with Harmony software for automated 
image acquisition and analysis. The hypertrophic response was quantified via two 
independent parameters: cardiomyocyte surface area and perinuclear ANF expression. 
Immunocytochemical staining for α-actinin provided a cardiomyocyte-specific area 
marker, while staining for ANF showed activation of the hypertrophic gene program. The 
staining for α-actinin also provided information on the culture purity as we could derive 
the ratio of α-actinin positive cells to total cells.
Figure 1 schematically represents the image analysis workflow. In brief, images were 
acquired in three fluorescent spectra, specific for DAPI, α-actinin and ANF (panels 1 and 
6). Individual cells were detected based on DAPI-positive nuclei (panel 2). Cardiomyocyte 
area was determined by quantification of the α-actinin positive area per nucleus (panel 
3). The algorithm excluded cells crossing the image boundaries (panel 4), and was 
optimized to avoid analysis of apoptotic or necrotic cells, cells without nuclei and staining 
or image artefacts (data not shown). The level of ANF expression was quantified based on 
the average signal intensity in the perinuclear area (illustrated in panels 5 and 6). Local 
background intensity was based on the average signal in the periphery of the cells and 
subtracted from the perinuclear intensity to improve the specificity (panel 5). 

Culture conditions affect neonatal rat cardiomyocyte growth
Neonatal rat cardiomyocytes have the capacity of hypertrophic growth in vitro under 
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specific culture conditions. To find the optimal culture conditions to study cardiomyocyte 
hypertrophy, we assessed whether two different medium compositions had an effect 
on the induction of hypertrophy. We therefore cultured neonatal rat cardiomyocytes in 
serum-free basal, or rich medium. The media differ, besides small differences in ionic 
composition, for the presence of insulin, L-carnitine and bovine serum albumin (BSA), a 
protein complex known to contain growth factors, macromolecules and nutrients. 
In basal medium, cell sizes remained approximately 1000 μm2 for at least 72 hours after 
plating (Figure 2A). In contrast, cardiomyocytes cultured in rich medium rapidly increased 
in size after plating, even in the absence of pharmacological stimulation. Typically, they 
increased from 1700 μm2 at 24 hours to 3050 μm2 at 72 hours (Figure 2A), which is 
approximately 3-fold larger than cells cultured in basal medium. These results indicate 
that neonatal rat cardiomyocytes have the capacity to undergo hypertrophy in vitro and 
that the extent of hypertrophy strongly depends on the composition of the medium.
We simultaneously evaluated the purity of cardiomyocyte cultures in basal and rich 
culture medium by dividing the αACTN positive cells by the total number of DAPI positive 
nuclei (Figure 2B). Cultures in basal medium showed ~5% non-cardiomyocytes, while in 
rich medium we found ~13% non-cardiomyocytes (Figure 2C).

Figure 2: Culture conditions affect neonatal rat 
cardiomyocyte growth. Cell growth and purity 
is affected by the culture medium. (A) Over 72 
hours, cardiomyocyte area does not increase when 
cultured in basal medium, while it almost triples 
in rich culture medium (N=4). (B) Microscope 
image of cardiomyocyte cultures stained for  DAPI 
(blue) and α-actinin (green). (C) Percentage of non-
cardiomyocyte cells present in cultures with basal or 
rich medium (N=3). * denotes a p-value < 0.05 and 
error bars represent standard error of the mean.

Induction of hypertrophy by pharmaco-
logical stimuli 
Since medium composition by itself already 
has a profound effect on cardiomyocyte 
hypertrophy we set out to study its 
interaction with pharmacologically-
induced hypertrophy. We evaluated 
cardiomyocyte area after 72 hours of 
treatment with 25 μM isoproterenol, 50 
μM phenylephrine or 10 ng/ml TGFβ 
in either basal or rich medium. When 
cardiomyocytes were cultured in basal 
medium, treatment with hypertrophic 
stimuli induced an increase in cell 
area by ~17% upon stimulation with 
isoproterenol and phenylephrine and ~9% 
with TGFβ (Figure 3A). Interestingly, none 
of these hypertrophic stimuli induced 
cardiomyocyte hypertrophy when cells 
were cultured in rich medium, as indicated 
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Figure 3: Pharmacologically induced cardiomyocyte 
hypertrophy. (A) Cell area after 72 hours in basal medium 
in the presence of three different hypertrophic stimuli 
(N=4). (B)  Cell area after 72 hours in rich medium in the 
presence of three different hypertrophic stimuli (N=4). 
Concentrations of the stimuli: 25 μM isoproterenol, 50 
μM phenylephrine or 10 ng/ml TGFβ. * denotes a p-value 
< 0.05 and error bars represent standard error of the 
mean.

We characterized the effects of hypertrophic stimulation on cardiomyocyte morphology. 
Unstimulated cardiomyocytes in basal medium have an irregular shape and borders 
(Figure 4A). Treatment with isoproterenol induces an increase in cardiomyocyte size with 
the maintenance of the irregular shape (Figure 4B). Treatment with phenylephrine induces 
a large increase in cardiomyocyte size, with cells having a spindle-shaped hypertrophic 
phenotype (Figure 4C). TGFβ gives an intermediate phenotype between isoproterenol and 
phenylephrine, with a clear increase in cell area combined with a more irregular shape 
(Figure 4D). Thus, the induction of hypertrophy by different pharmacological stimuli 
results in cells with distinct morphological phenotypes.

Knockdown of KLF15 induced cardiomyocyte hypertrophy
To validate our experimental conditions for their suitability in large-scale siRNA screening 
we took KLF15 to show proof of principle. KLF15 has been identified in our laboratory 
as an inhibitor of cardiomyocyte hypertrophy (15, 16). Via its interaction with myocardin 
it prevents transcriptional activation of SRF-dependent gene expression, and thereby 
activation of the hypertrophic gene program. We tested whether decreased expression 
levels of KLF15 would be sufficient to induce cardiomyocyte hypertrophy in vitro. 
We initially optimized transfection of cultured neonatal rat cardiomyocytes with 
a fluorescent-labeled siRNA, siGLO, to achieve ~90% transfection efficiency in 
cardiomyocytes (Figure 5A). To test the effectiveness of siRNA-mediated knock-down we 
subsequentely transfected cardiomyocytes with siRNA against myocardin and KLF15. 
This resulted in a significant 80% and 70% downregulation of the respective mRNA 
transcripts (Figure 5B). Furthermore, the 70% downregulation of KLF15 was sufficient 
to induce cardiomyocyte hypertrophy as evident from a significant ~7% increase in 
cardiomyocyte area (Figure 5C), thereby establishing the feasibility of siRNA-mediated 
loss-of-function screening for regulators of cardiomyocyte hypertrophy.

 2by the lack of an increase in cell area (Figure 
3B). Again, the area of cardiomyocytes 
cultured in rich medium is almost three 
times as large as the cardiomyocytes cultured 
in basal medium (Figure 3B). These findings 
further illustrate the importance of medium 
composition for the pharmacological 
induction of hypertrophy in cardiomyocytes. 
Based on these results, we decided to perform 
the following experiments in basal medium 
in order to further characterize the effect of 
hypertrophic stimuli. 

Morphology of hypertrophic cardiomyocytes
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Discussion
In this chapter we described a method that combines several technologies to interfere 
with, and quantify the hypertrophic response of neonatal cardiomyocyte with the goal to 
perform loss-of-function screening for novel regulators of cardiomyocyte hypertrophy. 
We quantified the hypertrophic response using two relevant parameters for hypertrophic 
growth and induction of the hypertrophic gene program (i.e. cell area and ANF expression 
respectively). 
Cell area represents the most direct measurement of cardiomyocyte hypertrophy. Cell 
area can also be conveniently quantified by α-actinin staining. The advantages of this 
staining are the selective expression of α-actinin in cardiomyocytes, and its localization 
in the whole cytoplasm. It thereby provides specificity for both cell type and area. Using 
this methodology, we showed that cardiomyocytes can grow in vitro, depending on the 
composition of the culture medium. While cells cultured in basal medium maintain a 
constant cell area, we found that rich medium induces a doubling in cell area between 24 
and 72 hours. Interestingly, we found no additional effect of pharmacological stimulation 
in rich medium, compared to a 10-20% increase in cardiomyocyte area in basal medium. 
This indicates that cardiomyocytes cultured in rich medium have either reached their 
maximum area, or that the medium and pharmacological stimuli act on the same signaling 
pathways which are already fully activated. The hypertrophic response of cardiomyocytes 

Figure 4: Morphology of hypertrophic cardiomyocytes. Microscope image of cardiomyocyte culture stained for 
DAPI (blue) and α-actinin (green) after 72 hours of cell culture in the presence of pharmacological induction of 
cardiomyocyte hypertrophy. Concentrations of the stimuli: 25 μM isoproterenol, 50 μM phenylephrine or 10 ng/
ml TGFβ.
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Figure 5: Knockdown of KLF15 induced cardiomyocyte 
hypertrophy. (A) Optimization of neonatal rat 
cardiomyocytes transfections with the fluorescent-labeled 
siRNA siGLO (red) to achieve ~90% efficiency. Cells 
are counter-stained with DAPI (blue). (B) Knockdown 
efficiency compared to siCon, as validated by qPCR 
for myocardin and KLF15 (GAPDH-corrected) (N=3). 
(C) Knockdown of KLF15 results in ~7% increase of 
cardiomyocyte area compared to siCon (N=4). * denotes a 
p-value < 0.05 and error bars represent standard error of 
the mean.

in vitro thus highly depends on medium composition, illustrating the importance of 
culturing these cells in a basal medium.
Perinuclear ANF expression is a commonly used parameter for activation of the 
hypertrophic gene program. Although usually quantified at the mRNA level by qPCR, 
we choose an immuno-cytochemical approach. The perinuclear expression pattern that 
we observed is in line with previous findings in cultured cardiomyocytes, were ANF 
expression was also clustered around the nucleus (17). As the staining proved sensitive 
to variation within and between wells, we developed an algorithm for local background 
correction that provides consistent measures for ANF expression levels. 
The intensity of the α-actinin staining could present another parameter to quantify the 
hypertrophic response. However, in line with the ANF staining, α-actinin staining intensity 
was sensitive to variation within and between cells. Unlike the analysis algorithm for 
ANF, we were unable to develop a reliable local background correction for the α-actinin 
staining. Therefore, we did not incorporate cellular α-actinin intensity in our analysis.

Adult cardiomyocytes are terminally differentiated cells with a contractile phenotype 
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and electrophysiological characteristics that 
cannot be maintained in culture easily. There 
are also cardiomyocyte-derived cell lines that 
maintain cardiomyocyte features in culture. 
HL1 cells for instance, can acquire a contractile 
phenotype when cultured under differentiating 
conditions (18). However, the necessity to grow 
confluent layers before differentiation makes 
these cells unsuitable to study the process of 
cardiomyocyte hypertrophy, which can only be 
reliably quantified on individual cells.
In contrast, freshly isolated neonatal rat 
cardiomyocyte represent a more relevant 
model to study cardiac hypertrophy. These 
cells have a contractile phenotype, can be 
pharmacologically induced to hypertrophic 
growth, and can be kept in culture as individual 
cells or as small clusters (7, 10). Also, the 
experimental conditions are controllable, 
and techniques are available to alter gene 
expression levels in these cells in vitro. The co-
culture with small numbers of fibroblasts adds 
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to the relevance, as interactions between the two cell-types have been shown to affect the 
physiology of the cardiomyocyte (19). As an additional advantage neonatal cardiomyocytes 
are mono-nucleated, in contrast to the multi-nucleated adult cardiomyocytes (20, 21). 
This allows us to use the nuclei in order to identify the individual cardiomyocytes. 
The use of neonatal cardiomyocytes cultures has led to many breakthroughs in the 
identification of hypertrophic signaling pathways. For example, the signalling underlying 
calcineurin-NFAT induced hypertrophy was partly established through the use of these 
cells and validated in vivo (22-24). Also, the mechanisms of PE-induced hypertrophy via 
adrenergic signaling were elucidated partly in neonatal cardiomyocytes (7, 25). This 
evidence underscores the suitability of these cells as a model for hypertrophy research.
There are however several limitations to the use of neonatal rat cardiomyocytes as a 
model system. First of all, neonatal cells are almost solely dependent on glucose as energy 
substrate.  In vivo the intact heart preferentially uses fatty acids, which shifts to the use 
of glucose during the development of heart failure (26). Whether this effect is a cause 
or a consequence of heart failure still remains to be determined. However, the absence 
of physiological fatty acid oxidation in neonatal cardiomyocytes sets limitations to the 
translation of findings to the in vivo situation. Secondly, the absence of an extracellular 
matrix in neonatal cardiomyocyte cultures might alter the behavior of these cells in 
vitro. For example, stretch-induced activation of hypertrophic signaling cascades at least 
partially originates from interactions with extracellular matrix proteins (27). Also, the 
lack of a 3D tissue surrounding the cardiomyocytes has profound effects on their growth, 
as the available space in culture is only restricted by interactions with other cells.

Our studies highlight several important aspects of the hypertrophic response of 
cultured cardiomyocytes. First of all, the culture medium itself acts as one of the most 
important determinants of cardiomyocyte growth. The almost 3-fold bigger cell area 
for cardiomyocytes cultured in rich medium illustrates the capacity of these cells to 
grow in vitro. However, it also puts restrictions on additional growth upon stimulation 
with pharmacological inducers of hypertrophy like PE, isoproterenol and TGFβ. In rich 
medium, these compounds were unable to induce an additional increase in cell area. It 
seems that after 72 hours of culture in rich medium, cardiomyocytes have reached their 
maximum cell size. It would be interesting to perform an extensive analysis of growth 
kinetics during earlier time points to elucidate the relative contribution of hypertrophic 
stimulation and medium composition to the final cell area. The fact that the observed cell 
area is highly dependent on medium composition, the nature of the hypertrophic stimulus, 
and the exact timing of the measurement illustrates that the direction of an observed 
effect (i.e. increase or decrease) is much more important than the observed effect size in 
hypertrophy research. 
It is also interesting to note that the medium composition has an effect on the percentage 
of non-myocytes in the culture. Rich medium seems to facilitate proliferation of non-
cardiomyocytes, most likely cardiac fibroblasts. Other research groups have shown 
the importance of cardiomyocyte-fibroblast interaction in cell culture, and the relative 
number of cardiac fibroblasts can have profound effects on the hypertrophic response of 
cardiomyocytes (19). Standardization of the percentage of non-cardiomyocytes therefore 
represents a factor to take into account when performing hypertrophy studies.

Through our knockdown experiments using siRNAs against KLF15 we have shown that 
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our experimental setting is suitable for loss-of-function screening to investigate effects 
on the hypertrophic response. The observation that knockdown of KLF15 indeed induced 
hypertrophic growth confirms our hypothesis that this gene acts as a repressor of 
cardiomyocyte hypertrophy. Mechanistically, these studies revealed that KLF15 normally 
binds to myocardin, a transcriptional co-activator of cardiomyocyte growth. It thereby 
prevents the interaction of myocardin with other transcription factors like SRF and hence 
the induction of hypertrophy (15, 16). 
Combining this siRNA-mediated knockdown approach with large-scale siRNA libraries 
and high-throughput screening allows the functional evaluation of individual genes in the 
hypertrophic response of cardiomyocytes. Our results with large-scale screening are the 
subject of the next chapter.
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