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ABSTRACT

Familial hypertrophic cardiomyopathy (FHCM) is characterized by 

asymmetrical left ventricular wall and septal hypertrophy, while in familial 

dilated cardiomyopathy (FDCM) eccentric remodelling takes place. In the 

present study we investigated if these divergent patterns may be the result 

of differences in intrinsic contractile function and protein composition of the 

sarcomeres between FHCM and FDCM.

Contractile function, protein phosphorylation and myofibrillar density 

were determined in cardiac tissue from patients with familial hypertrophic 

(FHCM, n=8) and dilated (FDCM, n=6) cardiomyopathy and compared to 

non‑failing Donors (n=9). Maximal force development (Fmax) of single, skinned 

cardiomyocytes was significantly decreased in FHCM (23.0±2.7 kN/m2) compared 

to Donor cardiomyocytes (34.6±1.5 kN/m2), while Fmax in FDCM cardiomyocytes 

(27.9±2.3 kN/m2) was intermediate. Passive force (Fpas) was slightly, but not 

significantly, lower in FHCM (1.5±0.3 kN/m2) and FDCM (1.9±0.3 kN/m2) 

compared to Donor (2.4±0.3 kN/m2). The low Fmax could not be explained by a 

lower myofibrillar density in FHCM. Myofilament Ca2+‑sensitivity at baseline 

was similar in FHCM and FDCM but higher than in Donor cardiomyocytes 

(pCa50: FHCM 5.58±0.04; FDCM 5.58±0.04; Donor 5.50±0.02). Phosphorylation 

levels of the sarcomeric b‑adrenergic target proteins cardiac myosin binding 

protein C (cMyBP‑C) and troponin I (cTnI) were significantly lower in both 

FHCM (58±8% and 40±11%, respectively) and FDCM (39±11% and 35±26%, 

respectively) relative to Donor. Incubation with protein kinase A (PKA), to 

eliminated the difference in PKA‑mediated phosphorylation of cMyBP‑C and 

cTnI between FHCM, FDCM and Donor, caused a larger decline in myofilament 

Ca2+‑sensitivity in FDCM compared to FHCM and Donor (ΔpCa50: ‑0.23±0.02 

compared to ‑0.12±0.02 and ‑0.06±0.01). After PKA treatment, Ca2+‑sensitivity 

of force in FHCM was similar to Donor, but significantly lower in FDCM. PKA 

treatment had no effect on Fmax and Fpas.

In conclusion, PKA treatment reveals a difference in myofilament 

Ca2+‑sensitivity between FHCM and FDCM, which may underlie the divergent 

cardiac remodelling patterns observed in human familial cardiomyopathies. 
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INTRODUCTION

Primary cardiomyopathy is a myocardial disorder in which the heart is the 

principal or sole organ affected. Clinically, primary cardiomyopathy is diagnosed 

on the basis of abnormal ventricular function and morphology, in the absence 

of coronary artery disease, hypertension, valvular disease or congenital heart 

disease.2;3 Cardiomyopathies in general can be classified as hypertrophic (HCM) 

or dilated (DCM) cardiomyopathy based on ventricular morphology. HCM is 

characterized by increased left ventricular (LV) wall thickness (i.e. concentric 

LV remodelling), while DCM is defined by LV dilatation (i.e. eccentric LV 

remodelling).4  HCM and DCM represent a major cause of morbidity and 

mortality at relatively young age with an estimated prevalence of 1:500 and 

1:2500, respectively.7;9 Importantly, HCM is among the most common causes of 

sudden cardiac death in young people. However, at present cardiomyopathies 

lack specific medical treatment and the exact mechanisms underlying cardiac 

dysfunction are unknown.

More than 900 mutations involved in HCM have been identified to date 

and in about 60% of HCM cases the causative mutation is detected.5;6;26;76 

The number of mutations known to cause DCM is less compared to HCM, 

though in about 25‑30% of all cases DCM is classified to be familial based on 

family anamnesis.8;10;83 Many of the mutations are located in genes encoding 

sarcomeric proteins, which presumably lead to sarcomeric dysfunction 

and contribute to cardiac remodelling and dysfunction.84‑86 Although many 

mutations have been identified to date the link between sarcomeric protein 

mutation and final clinical outcome remains elusive; for instance, mutations 

in similar proteins may result in HCM or DCM.5;14 To investigate if diverse 

sarcomeric properties underlie divergent remodelling in FHCM and FDCM, 

we determined sarcomeric function and protein phosphorylation in patients 

with end‑stage familial HCM (FHCM) and DCM (FDCM) compared to non‑

failing Donor hearts. In addition, we assessed sarcomeric responsiveness to 

protein kinase A (PKA), the down‑stream kinase of the b‑adrenergic receptor. 

Stimulation of the b‑adrenergic receptors during increased cardiac stress  

(e.g. during exercise) exerts a positive inotropic effect via increased systolic 

calcium in the cardiac muscle cells. In addition, a positive lusitropic effect is 

induced via increased calcium reuptake in the sarcoplasmic reticulum during 
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diastole and via phosphorylation of sarcomeric proteins, thereby desensitizing 

the sarcomeres to calcium.87;88 Analysis of sarcomeric properties were 

paralleled with analysis of protein phosphorylation and histological analysis of 

myofibrillar density.

Our study demonstrated a similar increase in Ca2+‑sensitivity of force in 

cardiomyocytes from both end‑stage failing FHCM and FDCM compared to 

Donor hearts, that coincided with lower phosphorylation of the PKA target 

proteins cardiac myosin binding protein C (cMyBP‑C) and troponin I (cTnI) 

in cardiomyopathy. In FHCM cardiomyocytes maximal force development 

was significantly lower compared to Donor cardiomyocytes. Incubation with 

exogenous PKA diminished myofilament Ca2+‑sensitivity in all groups and 

unmasked a significantly lower myofilament Ca2+‑sensitivity in FDCM compared 

to FHCM and Donor.

 

METHODS

Cardiac tissue
Cardiac tissue from the free LV wall from end‑stage failing patients clinically 

characterized with familial hypertrophic (FHCM; n=8) or dilated (FDCM; n=6) 

cardiomyopathy was obtained during heart transplantation surgery. Screening 

of the MYBPC3, MYH7 and TNNT2 genes identified no sarcomeric mutations 

in these patients. The familial phenotype of the cardiomyopathies was based on 

patients having at least one or more relatives with cardiomyopathy that could 

be caused by the same (yet unknown) mutation. Non‑failing cardiac LV tissue 

was obtained from Donor hearts (n=9). The Donors had no history of cardiac 

disease, a normal cardiac examination, normal ECG and normal ventricular 

function on echocardiography within 24 h prior to heart explantation. The 

tissue was collected in cardioplegic solution and immediately frozen in liquid 

nitrogen. Samples were obtained after informed consent and with approval of 

the local ethical committee (St. Vincent’s Hospithal Human research Ethics 

Committee: File number H03/118; Title: Molecular Analysis of Human heart 

Failure).

Sarcomeric function
Small cardiac samples were defrosted in relaxing solution and cardiomyocytes 

were isolated by mechanical disruption of the tissue. Cardiomyocytes were 
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permeabilized by incubation for 5 minutes in relaxing solution containing 

0.5% (v/v) Triton‑X100 and attached between a force transducer and a 

piezoelectric motor with their sarcomere length adjusted to 2.2 μm.80;89;90 

Force measurements were performed at various Ca2+‑concentrations (pCa, ‑

log10[Ca2+], values ranging from 4.5 to 6.0) as described previously.80;89 In 

short, the cardiomyocyte was transferred from relaxing solution (pCa 9.0) to 

activating solution containing saturating [Ca2+] (pCa 4.5) to allow maximal 

force (Fmax) to develop. After reaching steady state force, the cardiomyocyte 

was shortened to 70% of its length, followed by a rapid re‑stretch to its original 

length (slack test), to determine the absolute zero‑level of force. After force 

redevelopment (with the rate constant ktr), the cardiomyocyte was transferred 

back to the relaxing solution and the slack test was repeated to determine 

passive force (Fpas). Force measurements were repeated after incubation of cells 

for 40 minutes at 20ºC in relaxing solution containing the catalytic subunit of  

PKA (100 U/mL, Sigma). The force‑pCa relations were fitted to a modified Hill 

equation as described previously.80 Ca2+‑sensitivity of force is denoted as pCa50, 

i.e. pCa value at which 50% of Fmax is reached, and nH reflects the steepness 

of the relationship.

Protein analysis
Proteins were extracted from small pieces (0.5‑1.0 mg wet weight) randomly 

taken from each LV tissue sample.75;91 To determine sarcomeric protein 

phosphorylation and protein levels, proteins were separated on 4‑15% pre‑

cast Tris‑HCl gels (BioRad) and stained with ProQ Diamond and SYPRO 

Ruby, respectively.75 The phosphorylation level of cMyBP‑C was normalized to 

cMyBP‑C expression, while that of other sarcomeric proteins was expressed 

relative to a‑actinin content to correct for loading differences.75;91 Protein 

values of FHCM and FDCM are given as fraction (or percentage) of the value 

found for Donor samples, which was set to 1 (or 100%).

To analyze site specific phosphorylation on cTnI, proteins were separated 

on 15% polyacrylamide SDS‑gels and transferred to nitrocellulose paper. 

Phosphorylation of PKA sites in cTnI was analyzed using a specific polyclonal 

antibody directed against Serines 23/24 (Cell Signaling antibody). Protein 

loading was normalized to actin, which was determined using antibodies KJ43A 

and AC‑1‑20.4.2 (both Sigma). cTnI phosphorylation at a putative protein kinase 

C (PKC) site (Threonine 144) was detected on blots with a specific antibody 
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against phosphorylated Threonine 144 (Abcam). In this case, protein loading 

was normalized to cTnI expression determined with ponceau stain. Protein 

loading was based on the linear range of the antibodies.

Electron microscopy
Small pieces of LV cardiac tissue (n=5 in all groups) were fixed in 2%  

(v/v) gluteraldehyde for 30 minutes and 1.5% (w/v) osmium tertoxide for 

10 minutes, dehydrated with acetone and embedded in Epon 812. Ultrathin 

sections were collected on 300‑mesh Formavar‑coated Nickelgrids. The 

sections were contrasted with uranyl acetate and lead citrate and were 

examined in a Jeol‑1200EX electron microscope. Quantitative analysis was 

performed with SlidebookTM digital microscopy software (Intelligent Imaging 

Innovations). Cardiomyocyte myofibrillar density (FibD) was determined at 

3600x magnification. FibD was expressed as total myofibrillar area divided by 

cellular area in 4‑6 representative areas.92

Data analysis
Data are presented as mean±S.E.M. Protein phosphorylation and cardiomyocyte 

force were averaged per heart sample and mean values of FHCM, FDCM and 

Donor tissue were compared by one‑way ANOVA. PKA effects on individual 

cardiomyocytes were compared by repeated measures two‑way ANOVA. P<0.05 

was considered significant. When required, a Bonferroni post‑test analysis was 

performed.

RESULTS

Isometric force characteristics
Force development was measured at saturating calcium concentration 

(pCa 4.5) in permeabilized cardiomyocytes isolated from FHCM  

(n=8, 33 cardiomyocytes) and FDCM (n=6, 30 cardiomyocytes) hearts to 

determine the maximal force generating capacity of the myofilaments. Data 

were compared to force measurements in cardiomyocytes isolated from Donor 

hearts (n=9, 41 cardiomyocytes). The length of the cardiomyocytes attached 

between force transducer and piezoelectric motor did not differ between 

groups (62±3, 64±4 and 73±4 mm for FHCM, FDCM and Donor, respectively).

The cross‑sectional area of cardiomyocytes from FHCM and FDCM hearts was 

larger than the value found for cardiomyocytes from Donor hearts (respectively 
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560±74 and 474±85 mm2 versus 352±23 mm2), though the differences were 

not significant (P=0.06 in one‑way ANOVA). Inter‑patient variation in Fmax 

was relative large, especially among FHCM hearts (Figure 4.1). Overall, mean 

Fmax was significantly lower in FHCM (23.0±2.7 kN/m2) compared to Donor  

(34.6±1.5 kN/m2), while an intermediate value was found in  

FDCM (27.9±2.3 kN/m2) which did not differ significantly from Donor or 

FHCM. The maximal speed of force redevelopment at pCa 4.5 (ktr) did not 

significantly differ between FHCM, FDCM and Donor (0.63±0.03, 0.64±0.06 

and 0.71±0.10 s‑1, respectively).

Figure 4.1. Force measurements at maximal activating Ca2+‑concentration (pCa 4.5). 
Maximal active force (Fmax) was variable between individuals within each group. Each symbol 
represents the average force of cardiomyocytes from of one individual. On average, Fmax was 
significantly lower in FHCM compared to Donor. *P<0.05 compared to Donor in one‑way ANOVA 
Bonferroni post‑test. 

Ca2+‑sensitivity of force 
Force measurements were performed at submaximal calcium concentrations 

(pCa 5 to 6) to determine Ca2+‑sensitivity of force. In addition, myofilament 

stiffness (i.e. passive force) was determined at pCa 9. Figure 4.2A illustrates 

myofilament Ca2+‑sensitivity (pCa50), which varied between different individuals 

within each group. Noteworthy, pCa50 values of some patients fell within the 

range of the Donor hearts, while others were significantly higher. Overall, 

the mean value for myofilament Ca2+‑sensitivity was higher in both FHCM 

and FDCM compared to Donor (pCa50: FHCM 5.58±0.04; FDCM 5.58±0.04; 

Donor 5.50±0.02), as is evidenced also by a leftward shift of the pCa‑force 

curve (Figure 4.2B). However, the differences were not significant (P=0.14  
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in one‑way ANOVA). The steepness of the pCa‑force curves (nH) was similar 

between groups (FHCM: 3.1±0.3; FDCM: 3.1±0.1; Donor: 3.6±0.2).

Fpas followed the same trend as Fmax, but differences were not significant 

(1.5±0.3, 1.9±0.3 and 2.4±0.3 kN/m2 for FHCM, FDCM and Donor, respectively; 

P=0.07 in one‑way ANOVA).

Figure 4.2. Ca2+‑sensitivity of force was somewhat increased in both FHCM and FDCM 
cardiomyocytes compared to Donor, as indicated by a higher pCa50 (A) and the leftward shift of 
the force‑pCa curves (B) compared to Donor.

Effect of PKA incubation on force characteristics
A key mechanism in the adaptation of cardiac function to an increased demand 

is activation of the b‑adrenergic system. Cardiomyocytes were incubated with 

exogenous PKA, after which force measurements were repeated (FHCM n=8,  

33 cardiomyocytes; FDCM n=6, 20 cardiomyocytes; Donor n=7,  

21 cardiomyocytes). Treatment with PKA slightly lowered Fmax and Fpas in all 

groups (Table 4.1). This decrease was only significant in Donor cardiomyocytes 

and may be due to deterioration of the preparation quality during repeated 

activations or with time.93;94

PKA‑mediated phosphorylation of sarcomeric target proteins decreases 

myofilament Ca2+‑sensitivity and thereby contributes to the lusitropic effect 

upon b‑adrenergic receptor stimulation.42;48 Figures 4.3A‑C demonstrate 

the average effect of PKA per patient for FHCM (Figure 4.3A), FDCM  

(Figure 4.3B) and Donor (Figure 4.3C). Incubation with PKA lowered 

Ca2+‑sensitivity of force in all groups, but the PKA effect in FHCM  

(DpCa50: ‑0.12±0.02) and especially in FDCM (DpCa50: ‑0.23±0.02) was 

A. B.
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considerably larger than in Donor (DpCa50: ‑0.06±0.01) (P<0.05). As a result, 

after PKA treatment myofilament Ca2+‑sensitivity was similar in FHCM and 

Donor (pCa50: 5.48±0.02 and 5.46±0.02, respectively), while it was significantly 

lower in FDCM (pCa50: 5.36±0.02) (Figure 4.3D, Table 4.1).

Figure 4.3. Protein kinase A (PKA) lowered Ca2+‑sensitivity in all groups. Panels A‑C 
display the average effect of PKA on Ca2+‑sensitivity of force per patient for FHCM, FDCM 
and Donor. D. The decrease in Ca2+‑sensitivity after incubation with PKA was significantly 
larger in FDCM than in FHMC and Donor cardiomyocytes. PKA unmasked a significantly lower 
Ca2+‑sensitivity of force in FDCM. *P<0.05 compared to Donor and # P<0.05 compared to FHCM 
in one‑way ANOVA Bonferroni post‑test.
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Table 4.1. Cardiomyocyte function in FHCM, FDCM and Donor cardiomyocytes before 
and after incubation with exogenous PKA.

Average value of cardiomyocytes measured before (‑PKA) and after (+PKA) incubation with 
protein kinase A (PKA). *P<0.05 compared to Donor, #compared to FHCM, ‡ after PKA versus 
before PKA in repeated measure two‑way ANOVA Bonferroni post‑test.

Phosphorylation of PKA target proteins
To illuminate possible protein alterations that underlie altered sarcomeric 

function, phosphorylation level of the sarcomeric proteins was determined 

by staining proteins separated on 1D gradient gels with ProQ Diamond stain 

(FHCM n=8, FDCM n=6, Donor n=9). Compared to Donor myocardium, overall 

phosphorylation of both b‑adrenergic target proteins cMyBP‑C and cTnI was 

significantly lower in FHCM and FDCM cardiac tissue (Figure 4.4A). cMyBP‑C 

phosphorylation was reduced to 58±8% in FHCM compared to the Donor 

value and to 39±11% in FDCM (Figure 4.4B, Table 4.2). cTnI phosphorylation 

was lowered to 40±11% and 35±26% relative to Donor in FHCM and FDCM, 

respectively (Figure 4.4C, Table 4.2). Phosphorylation of desmin, troponin T 

and myosin light chain 2 did not significantly differ between FHCM, FDCM 

and Donor (Table 4.2).

Table 4.2. Phosphorylation of sarcomeric proteins in FHCM and FDCM relative to 
Donor.

Phosphorylation of each sarcomeric protein was set to 100% in Donor cardiac tissue. *P<0.05 
compared to Donor in one‑way ANOVA Bonferroni post‑test. cMyBP‑C indicates cardiac Myosin 
Binding Protein C; cTnI, cardiac Troponin I; cTnT, cardiac Troponin T; MLC2, Myosin Light 
Chain 2.

Phosphorylation level (%)

cMyBP‑C cTnI Desmin cTnT MLC2

FHCM 58±8* 40±11* 77±12 98±13 113±14

FDCM 39±11* 35±26* 109±20 92±34 163±67

Donor 100±6 100±10 100±4 100±10 100±13

♥ Chapter 4

Fmax (kN/m2) Fpas (kN/m2) pCa50

‑PKA +PKA ‑PKA +PKA ‑PKA +PKA

FHCM 19.5±1.6* 18.8±1.5* 1.9±0.3* 1.7±0.2 5.60±0.02* 5.48±0.02‡

FDCM 22.5±1.9 22.4±1.9 1.9±0.4 1.6±0.3 5.59±0.03 5.36±0.02*, #, ‡

Donor 28.6±3.1 26.5±2.8‡ 3.0±0.5 2.5±0.4‡ 5.53±0.02 5.46±0.02‡
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Figure 4.4. A. Sarcomeric proteins separated on a 1D gradient gel and stained with ProQ diamond 
and SYPRO Ruby stain. Phosphorylation level of cMyBP‑C (relative to cMyBP‑C expression on 
SYPRO stained gel) (B) and cTnI (relative to a‑actinin expression on SYPRO stained gel) (C) 
was significantly lower in FHCM and FDCM compared to Donor. *P<0.05 compared to Donor 
in one‑way ANOVA Bonferroni post‑test. cMyBP‑C indicates cardiac Myosin Binding Protein C; 
cTnT, cardiac Troponin T; cTnI, cardiac troponin I MLC2, Myosin Light Chain 2.

Western blot analyses were performed to assess site‑specific phosphorylation 

changes in cTnI (FHCM n=8, FDCM n=6, Donor n=3). Antibodies against 

Serines 23/24 on cTnI revealed significantly lower phosphorylation of the 

PKA sites in cTnI in FHCM and FDCM compared to Donor (29±14% in FHCM 

and 15±15% in FDCM relative to Donor, which was set to 100%, Figure 4.5A). 

Phosphorylation of the PKC‑site Threonine 144 was just above the detection 

limit in all samples and did not significantly differ between the groups  

(Figure 4.5B).

A.

B. C.
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Figure 4.5. Western blot analysis of cTnI phosphorylation at specific sites. A. Antibody 
raised against phosphorylated PKA sites (Ser23/24) on cTnI demonstrated decreased 
phosphorylation in FHCM and FDCM relative to Donor. B. Antibody raised against the PKC 
phosphorylation site Thr144 on cTnI demonstrated equal phosphorylation in FHCM, FDCM and 
Donor. A representative blot is shown next to each graph (loading for Ser23/24: 1 μg dry tissue 
weight/lane and for Thr144: 40 μg dry tissue weight/lane). The average phosphorylation level in 
Donor cardiac tissue was set to 1, *P<0.05 compared to Donor in one‑way ANOVA Bonferroni 
post‑test.

Myofibrillar density
A possible explanation for the reduced maximal force development in FHCM 

may be loss of myofibrils in the cardiomyocytes.95 We determined myofibrillar 

density (FibD) by electron microscopy (Figure 4.6A). FibD was slightly lower 

in FHCM (56±1%) and FDCM (54±3%) compared to Donor (62±2%), though 

only in FDCM the difference was significant (Figure 4.6B). No significant 

correlation was seen between FibD and Fmax (R
2=0.16; P=0.14 Figure 4.6C).

Three of the HCM patients had a relative low force with respect to their 

myofibrillar density. Regression analysis after exclusion of these patients 

A.

B.
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rendered a significant negative linear relation between myofibrillar density 

and Fmax (R
2=0.38; P=0.03), though within each group separately no correlation 

was detected.

Figure 4.6. A. Representative electron microscopic images of FHCM, FDCM and Donor cardiac 
tissue. B. Myofibrillar density (FibD) was lower in FHCM and FDCM compared to Donor 
(n=5 in all groups), though the difference was only significant between FDCM and Donor. 
*P<0.05 compared to Donor in one‑way ANOVA Bonferroni post‑test. C. There was no significant 
correlation between FibD and Fmax.

DISCUSSION

Our analysis of sarcomere properties in end‑stage familial human cardiomyopathy 

samples demonstrated specific changes in sarcomeric function in FHCM and 

FDCM compared to non‑failing Donor myocardium. Mimicking b‑adrenergic 

receptor stimulation by incubating the cardiomyocytes with exogenous 

PKA revealed that differences in sarcomeric function were masked by the 

A.

B. C.
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activation status of the end‑stage failing hearts. The unmasked differences in 

sarcomeric Ca2+‑sensitivity may underlie or at least contribute to the diverse 

pathophysiologic remodelling patterns in primary hypertrophic and dilated 

human cardiomyopathies.

Reduced maximal force generating capacity in familial 
hypertrophic cardiomyopathy
Maximal force development in FHCM cardiomyocytes was significantly 

decreased compared to Donor, while it was only slightly decreased in 

cardiomyocytes from FDCM. In an earlier study (Chapter 5) in manifest HCM 

patients carrying truncating MYBPC3 mutations, we observed a significantly 

reduced Fmax in septal LV samples that were obtained during myectomy  

(i.e. Morrow procedure).90 Recently, Hoskins et al. reported decreased maximal 

force in HCM patients with a mutation in MYBPC3, MYH7 or without a 

mutation identified.96 A decline in maximal force per cross‑sectional area in 

hypertrophied cardiomyocytes could be explained by a loss of myofibrils.95;97 

However, myofibrillar density was comparable between FHCM and Donor, and 

slightly reduced in FDCM samples (Figure 4.6B). Hence, it is more likely that 

the reduced Fmax in FHCM cardiomyocytes is due to an impaired intrinsic 

property of the sarcomeres, such as altered cross‑bridge kinetics or sarcomere 

disarray. We measured no significant differences in maximal speed of force 

redevelopment (ktr) between the groups, while Hoskins et al. reported a slight 

increase in ktr in their group of HCM patients compared to Donors.96 More 

extensive kinetic studies in myofibrils are warranted to establish the precise role 

of altered cross‑bridge kinetics in FHCM. Alternatively, mutations in sarcomeric 

proteins, which are a frequent cause of FHCM, may alter the structure of 

the sarcomere,30;98;99 causing sarcomere disarray and reduced force generating 

capacity of the cardiomyocytes. Overall, reduced maximal force development 

appears a unique feature of FHCM cardiomyocytes and may contribute to 

depressed cardiac pump function in hypertrophic cardiomyopathy.

Low myofilament Ca2+‑sensitivity in FDCM unmasked by protein 
kinase A
Both FHCM and FDCM cardiomyocytes demonstrated an increased 

Ca2+‑sensitivity of force compared to Donor at baseline. Only after incubation 

with PKA differences in Ca2+‑sensitivity became apparent. Incubation with 

PKA unmasked a significantly lower myofilament Ca2+‑sensitivity in FDCM 
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compared to FHCM. The paradigm derived from in vitro studies using 

recombinant mutant proteins, namely that FHCM mutations cause an increase 

in myofilament Ca2+ ‑sensitivity100‑102 whereas FDCM mutations result in a 

decrease in myofilament Ca2+‑sensitivity,101;103‑105 thus seems to depend on the 

phosphorylation background and might also be valid in human tissue. 

Protein analyses revealed significantly lower phosphorylation of the 

b‑adrenergic target proteins cMyBP‑C and cTnI at baseline in both FHCM 

and FDCM compared to Donor (Figure 4.4).  This reduced (PKA‑mediated) 

phosphorylation of cTnI and cMyBP‑C may underlie the higher baseline 

myofilament Ca2+‑sensitivity in both familial hypertrophic and dilated 

cardiomyopathy compared to Donor.  Previous work showed that PKA reduced 

high myofilament Ca2+‑sensitivity to Donor values in end‑stage failing patients 

with idiopathic or ischemic cardiomyopathy.80;106 Similarly, in the present 

study PKA normalized myofilament Ca2+‑sensitivity to Donor values in FHCM 

cardiomyocytes. Also in HCM patients with a mutation in the MYBPC3 

gene, high myofilament Ca2+‑sensitivity was restored to Donor level after 

incubation with exogenous PKA (Chapter 5).90 Based on these studies the 

increased baseline myofilament Ca2+‑sensitivity appears to be a general, 

possibly secondary feature of end‑stage human cardiomyopathies. The reduced 

myofilament Ca2+‑sensitivity may indeed be a unique feature of FDCM, which is 

obscured by phosphorylation differences and is only apparent after eliminating 

phosphorylation differences of the b‑adrenergic target proteins.

It has been proposed that perturbations in myofilament Ca2+‑sensitivity may 

alter intracellular calcium homeostasis. Altered intracellular Ca2+ transients 

could trigger diverse remodelling in cardiomyopathies.85;86 Robinson et al. 
reported that FHCM and FDCM causing mutations have opposing effects on the 

calcium‑binding affinity of thin filaments, which paralleled the direction of the 

changes in myofilament Ca2+‑senstivity.86 Opposing alterations in thin filament 

Ca2+ buffering could contribute to diverse remodelling in FHCM and FDCM.86 

Accordingly, the difference in myofilament function between FHCM and FDCM 

unmasked after PKA treatment in the present study might contribute to the 

diverse remodelling patterns observed in familial cardiomyopathies.
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Clinical implications
Our results stress the importance of investigation of post‑translational 

modifications of sarcomeric proteins in human familial cardiomyopathies. Low 

phosphorylation levels of PKA target proteins underlie increased myofilament 

sensitivity to calcium and appear to reflect a general feature of end‑stage 

failing cardiac tissue. Reduced myofilament Ca2+‑sensitivity in familial dilated 

cardiomyopathy was unmasked after treatment with protein kinase A.

The changes in sarcomeric function in FHCM and FDCM compared to 

Donor may in part underlie impaired cardiac performance in end‑stage familial 

cardiomyopathy. Figure 4.7A illustrates the combined effects of the decreased 

maximal force generating capacity and the high myofilament Ca2+‑sensitivity 

in familial cardiomyopathies compared to Donor at baseline. The altered 

sarcomeric properties in cardiomyopathies shift the relation between force 

and calcium downwards compared to Donor and may contribute to impaired 

systolic performance of the heart (Figure 4.7A). The difference in force 

generating capacity of the sarcomeres between patient groups and Donor is 

even larger after treatment with PKA. The enhanced response to PKA in 

familial dilated cardiomyopathy may help to improve myocardial relaxation 

during diastole upon increased cardiac stress. However, the low myofilament 

Ca2+‑sensitivity might limit cardiac performance during systole as the force 

generating capacity is significantly depressed compared to Donor in the 

entire range of Ca2+‑concentrations (Figure 4.7B). Overall, hypocontractile 

sarcomeres appear to be a characteristic feature of end‑stage failing human 

familial cardiomyopathies.
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Figure 4.7. A. Tension, i.e. absolute force per cross‑sectional area of cardiomyocytes, as a 
function of pCa demonstrate the overall effect of altered sarcomere properties in cardiomyopathies 
compared to non‑failing Donor myocardium at baseline (before treatment with protein kinase A, 
PKA). B. PKA lowered myofilament Ca2+‑sensitivity in all groups, resulting in a force‑pCa curve 
that is shifted even further rightwards in cardiomyopathy samples compared to Donor.

A. B.
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