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Glossary 

ATP Adenosine triphosphate 

BDM 2,3-butanedione monoxime 

C57BL/6 Common inbred mouse strain 

cm Midwall circumference 

cSR Corbular sarcoplasmic reticulum 

cTnC Cardiac calcium-binding troponin subunit 

cTnI Cardiac inhibitory troponin subunit 

cTnIΔK183 Cardiac troponin I with a deletion on amino acid position 183 

cTnT Cardiac tropomyosin-binding troponin subunit 

DCM Dilated cardiomyopathy 

F-actin Filamentous actin 

FHC Familial hypertrophic cardiomyopathy 

fTnI Fast skeletal inhibitory troponin subunit 

HCM Hypertrophic cardiomyopathy 

jSR Junctional SR 

LV Left ventricle 

MRI Magnetic resonance imaging 

MyBP-C Myosin binding protein C 

nSR Network sarcoplasmic reticulum 

nTG Non-transgenic 

PCr Phosphocreatine 

PKA  Protein kinase A 

PKC Protein kinase C 

RCM Restrictive cardiomyopathy 

rm, o, i Midwall, outer, inner radius 

RV Right ventricle 

SERCA Sarcoplasmic/endoplasmic reticulum ATPase  

SR Sarcoplasmic reticulum 

sTnI Slow skeletal inhibitory troponin subunit 

TG transgenic 

Tm Tropomyosin 

Tn Troponin complex 

TNNI Gene coding for inhibitory troponin  

β-MHC β myosin heavy chain 



1 Introduction 

1.1 Overview 

Mutations in proteins of the contractile apparatus from heart muscle cells may 

lead to aberrations in their conformation and binding properties. Subtle as these 

changes might be, they may affect the mechanics and/or timing of contraction, 

relaxation and phase transition between these two. Even under thorough medical 

examination a heart misconstructed in this sense may remain deceivingly incon-

spicuous. Then suddenly and without warning, it may stop beating. 

In fact, sarcomere mutation-based cardiomyopathies are the main cause for 

sudden cardiac death in the young and physically active (Richardson et al., 

1996). In addition to such catastrophic events, the course of disease is highly 

variable, often leading to (mal-)adaptive heart hypertrophy and diastolic and/or 

systolic dysfunction, among other symptoms and secondary effects. This irregu-

larity of phenotypic presentation follows, in part, from the multitude of different 

sarcomere protein mutations accounting for inherited cardiomyopathies, but also 

depends on factors such as environment, gender and other genetic modifiers.  

Representative outpatient studies and studies in the general population are 

scarce and difficult to carry out, as genetic screening alone is time and money 

consuming in a syndrome caused by more than 450 different, mostly missense, 

mutations in at least 12 genes (http://cardiogenomics.med.harvard.edu/mutation-

db.tcl). Therefore, several groups have generated animal models for inherited 

sarcomere–based cardiomyopathies and from their basic research, they try to 

deduce disease mechanisms and prognostic criteria.  

It is most astonishing though, that over 10 years after the publication of the first 

transgenic mouse model for sarcomere mutation-based cardiomyopathy, there 

exists not a single comprehensive ultrastructural study on any given sarcomere 

protein mutation. This may be due to the fact that coincident with the discovery 

that certain idiopathic, inherited cardiomyopathies are related to sarcomere pro-

tein mutations, the use of electron microscopy declined. Thus, the older literature 

provides us with comprehensive and detailed descriptions of e. g., the hypertro-

phic phenotype but does not relate it to specific mutations, i.e. to the underlying 

cause of the disease. 
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More recent studies, on the other hand, often neglect electron microscopy, al-

though it would offer an excellent chance to systematically re–evaluate earlier 

studies and to identify structural alterations that precede the clinical stage of the 

disease.  

Especially cardiac Troponin I (cTnI) mutations are exciting to study: The majority 

of TnI mutations has been related to hypertrophic cardiomyopathy (HCM), but 

several restrictive (RCM) and one dilated (DCM) cardiomyopathy mutations have 

been identified as well. The assignment of some of these cTnI cardiomyopathies 

(and other thin filament mutations) to HCM is somewhat problematic, as patient 

cohorts and families investigated are usually small and one disease may pro-

gress into another. For example, heart dilation may represent the burned-out 

phase of HCM; and RCM and HCM may coexist within the same family. These 

facts make it likely, that for TnI mutations, the least common ultrastructural de-

nominator has not been identified to date.  

The TnI lysine deletion mutation ΔK183 has been associated to HCM and a 

transgenic mouse model (cTnIΔK184) for this mutation has been generated by 

N. Blaudeck. It displays classic features of a sarcomere cardiomyopathy like an 

increased Ca2+-sensitivity of force production at the myofibrillar and skinned fiber 

level and an enhanced systolic function but diastolic dysfunction. In the present 

study, the cTnIΔK184 mouse model was structurally characterized from the macro-

scopic to the ultrastructural level.   

1.2 The misconstructed pump: inherited sarcomere cardiomyopathies 

Subordinated to usability in clinical practice, inherited cardiomyopathies are ba-

sically classified according to morphological features in the case of HCM and 

DCM, and according to functional features in the case of RCM. 

Nevertheless, there has been a shift in disease perception in the past years, that 

is based on numerous studies investigating the primary effects of single sar-

comere protein mutations. From these studies, it became increasingly clear that 

there is an interrelation between all sarcomere cardiomyopathies, whether they 

are assigned to HCM, RCM or DCM, namely an altered Ca2+-sensitivity of force 

development and an impaired energy metabolism (summarized in Gomes & Pot-

ter, 2004; Tardiff, 2005). While HCM and RCM mutations have been shown to 

increase Ca2+-sensitivity of force generation, in DCM, Ca2+-sensitivity is slightly 
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decreased (Venkatraman et al., 2005; Venkatraman et al., 2003). Besides, sar-

comere protein mutations associated to HCM develop dilated ventricles in 5–

10 % of cases (so-called burned-out phase), mimicking DCM (Maron, 2002). 

1.2.1 Hypertrophic cardiomyopathies 

Familial hypertrophic cardiomyopathies (HCM) make up the majority of inherited 

cardiomyopathies. Their estimated prevalence is about 1 individual in 500 in the 

general population (Maron, 2002). HCM is inherited by an autosomal-dominant 

trait, but spontaneous mutations have been reported as well. Since the first as-

sigment of a sarcomere gene defect to HCM in a french-canadian family (Geis-

terfer-Lowrance et al., 1990], evidence provided by a multitude of research 

groups established a relationship between a hypertrophic phenotype and sar-

comere protein mutations (Binder et al., 2006). To date, approximately 70% of 

unexplained hypertrophic cardiomyopathies can be assigned to a specific sar-

comere protein mutation by genetic analysis (Ahmad et al., 2005). 

Three mutated genes account for most diagnosed HCM cases: β-myosin heavy 

chain (β-MHC, ~ 30-40%), myosin-binding protein C (MyB-C, ~ 30-40%) and 

cardiac troponin T (cTnT, ~ 15- 20%). Troponin I mutations cause ~3% of all 

HCM cases. Screening for an HCM causing disease in the general public is cur-

rently difficult due to the multitude of possible mutations in a given gene and to 

the infrequency of most mutations, so that a large bias in the above stated num-

bers is likely. To complicate matters further, disease penetrance varies greatly 

between different mutations, between individuals, genders and age. 

Currently, diagnosis is usually carried out by 2D echocardiography and/or MRI. 

Hypertrophy mostly presents as an asymmetric thickening of the left (LV) or right  

(RV) ventricle or both (LV > 15 mm), that is non-dilated and hyperdynamic, often 

with chamber obliteration. Diagnosis requires the absence of other heart or sys-

temic diseases (Richardson et al., 1996). Recently, the importance of sarcomere 

mutations has been upvalued, as the contemporary diagnostic criteria estab-

lished by the American Heart Association and European Society of Cardiology 

now allow wall thicknesses within the normal range if they cosegregate with an 

FHC-related gene mutation (Maron et al., 2003; Maron et al., 2006).  

Clearly, there is a discrepancy between practice of diagnosis and spectrum of 

disease presentation to date, as genetic screening often is not routinely applied 



1 Introduction                                                                                                       16 

in clinical practice and besides, may not identify all of the growing number of mu-

tations. For these reasons, it is likely that some more rare sarcomere-based car-

diomyopathies that do not tend to produce hypertrophy are under-diagnosed. 

Other features of HCM include systolic gradients. In a recent study by Maron et 

al., 70 % of HCM patients had a LV outflow gradient under resting and/or provok-

ing conditions (persistent vs. latent/labile) (Maron et al., 2006). In presence of 

outflow gradients, prognosis is clearly worsened, especially if the outflow gradi-

ent is larger than 30 mm Hg (Maron et al., 2003). Outflow gradients may be pro-

duced by mitral valve anterior motion and septal contact during systole, produc-

ing a loud systolic murmur  (Maron, 2002).  

Morphological changes include myocyte hypertrophy and myocyte disarray, ac-

companied by an increase of interstitial loose connective tissue (Ho & Seidman, 

2006). Abnormal ECG-patterns, LV overcontraction and diastolic dysfunction 

(impaired ventricular relaxation) likewise occur in HCM (Huang & Du, 2004; Mo-

gensen et al., 2003). Common complications of the disease are arrhythmias, 

progressive heart failure and sudden cardiac death (Richardson et al., 1996). 

1.2.2 Restrictive cardiomyopathy 

Restrictive cardiomyopathy is a rare disease (estimated prevalence ≤ 5 % of all 

cardiomyopathies) that may result from a variety of causes and can be familial 

and inherited by an autosomal-dominat trait (Maron et al., 2006; reviewed in 

Kushwaha et al, 1997) To date, of all sarcomere proteins only cTnI mutations 

have been associated with RCM. 

Interestingly, cardiomyopathies with variable hypertrophic and restrictive features 

have been reported (Feld & Caspi, 1992), and more recently, Mogensen et al. 

identified a family in which both HCM and RCM ocurred. Linkage analysis to sar-

comere genes identified a novel cardiac Troponin I mutation as the likely disease 

gene. Subsequent analysis of nine unrelated RCM patients revealed that six of 

them had cTnI mutations (Mogensen et al., 2003). All of these mutations were 

located in the actomyosin ATPase inhibitory domain of cTnI.   

Restrictive cardiomyopathy is classically defined as a disease based on a re-

duced ventricular compliance that leads to an impaired filling of either or both 

ventricles. Ventricular volume is normal or reduced. Cardinal symptom of restric-
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tive cardiomyopathy is an increased ventricular pressure that results from the 

increase in myocardial stiffness. Diagnosis requires pressure measurents ac-

complishable with catheterization only. Therefore, this inherently rare disease 

may be additionally under-diagnosed.  

On Doppler echocardiography, an increased early diastolic filling velocity and 

decreased atrial filling velocity is detectable, resulting in an increased ratio of 

early diastolic to atrial filling (≥ 2). Deceleration time and isovolumic relaxation 

are decreased. Thus, diastolic dysfunction is characteristic for restrictive cardio-

myopathy that may result in atrial fibrillation or diastolic heart failure (Hamlin et 

al., 2004). Biatrial enlargement is common, and ventricles may show a mild to 

moderate weight increase. Peripheral edema, ascites and/or pulmonary conges-

tion and interstitial edema occur in advanced cases. A third heart sound originat-

ing from either of the ventricles is usual (Kushwaha et al., 1997). One of the first 

manifestations of the disease is exercise intolerance followed by fatigue and 

chest pain, but sudden cardiac death has been reported as well (Gomes & Pot-

ter, 2004). 

As both diastolic dysfunction, atrial enlargement and wall thickness may be equal 

in RCM and HCM, the differences between the two are blurred and simultaneous 

classification of a cardiomyopathy as restrictive and hypertrophic is not contra-

dictory. 

1.2.3 Dilated cardiomyopathy 

Dilated cardiomyopathy (DCM) is defined as left- or biventricular dilatation ac-

companied by decreased myocardial contractility and affects 1 in ~ 2700 per-

sons. In 25 – 30% of cases the disease is familial. Inheritance is mainly auto-

somal-dominant (56% of cases), but autosomal-recessive, x-linked or matrilineal 

cases also occur. Several sarcomere mutations account for primary DCM, al-

though mutations in cytoskeletal proteins predominate. In other words, DCM is at 

least in part, a sarcomere cardiomyopathy as well. 

DCM is characterized by an increase in myocardial mass and a reduction in 

myocardial wall thickness. Atrial enlargement is frequent, with thrombi in the ap-

pendages. Myocytes may be non-specifically hypertrophied or degenerated, 

which may be accompanied by interstitial fibrosis. Prognosis is poor, as patients 

gradually develop heart failure that is often accompanied by atrial or ventricular 
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arrhythmia, leading to a five year survival rate of only 50 %. The mutations with 

the highest prevalence occur in the β-myosin heavy chain, myosin binding pro-

tein C, Troponin T, C and I, tropomyosin and actin. 

1.2.4 At the crossroads of hypertrophy, restriction and dilatation  

It is currently not well understood why some sarcomere mutations cause a hy-

pertrophic phenotype and others fail to do so. Hypertrophy (and fibrosis) very 

likely are secondary effects that may be caused by different intracellular signal-

ing pathways (summarized in Heineke & Molkentin, 2006).  

The variability between different carriers of the same mutation that is common in 

sarcomere cardiomyopathies is most likely a consequence of genetic modifying 

factors and lifestyle. There are some mutations in sarcomere proteins, however, 

which are clearly linked to a hypertrophic phenotype: The β-MHC missense mu-

tations R403Q and R435C, for example, usually cause more hypertrophy than 

other disease genes, hypertrophy onset takes place in the first two decades of 

life and the high degree of hypertrophy correlates with a poor prognosis (Watkins 

et al; 1992). In other mutations, the development of left ventricular hypertrophy 

later in life (5th to 6th decade) coincides with a better prognosis, as is the case in 

several MyBP-C mutations (Charron et al, 1998; Niimura et al., 1998). 

Troponin mutations are different from thick filament mutations in that they often 

fail to produce much hypertrophy, but show an overall higher incidence of cellular 

disarray and sudden cardiac death (Moolman et al., 1997; Watkins et al., 1995). 

This has led to the assumption that cellular disarray may in fact, be causative of 

sudden death by disturbing the intramyocardial excitation transmission (Wolf et 

al., 2005). It is unknown what causes the cellular disarray.  

HCM and RCM share an increase in Ca2+-sensitivity of force development in the 

sarcomere. On one hand, the increase of Ca2+ sensitivity may increase cardiac 

contractility, producing a hypercontractile heart, as several studies suggest 

(Sweeney et al., 1998) and as is common in HCM and occurs in RCM. On the 

other hand, it may inhibit full relaxation of the sarcomere at physiologic [Ca2+] 

(see below), leading to diastolic dysfunction.  

Yumoto et al. (2005), measured the Ca2+-sensitivity of force development on 

rabbit skinned fibres in which the native cTnI had been exchanged with human 
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wild type or mutant cTnI. Mutations, that had been associated to RCM showed a 

larger mean increase of Ca2+-sensitivity than those that had been linked to HCM. 

Nevertheless, the largest pCa at half-maximum force (pCa50) in HCM mutations 

did not differ much from the smallest pCa50 in RCM mutations (5.90 ± 0.03 and 

5.95 ± 0.01), suggesting a gradual transition between HCM and RCM. In this 

sense, sarcomere protein-based RCM could be only a special case of HCM with 

an extreme diastolic dysfunction.  

The side-effect of hypercontractility caused by the increased Ca2+-sensitivity 

could be an increase of ATP-consumption, making cardiac contraction energeti-

cally less efficient, possibly reducing phosphocreatine (PCr) levels (Kalsi et al., 

1999; Spindler et al, 1999; Jung et al, 1998). Although the ATP-level is known to 

remain relatively constant in cardiomyocytes, reduced PCr level could alter the 

equilibrium constants of various reactions involving ATP (summarized in Ingwall 

& Weiss, 2004) including contraction. Decreased PCr-ATP-ratios have been re-

lated to heart failure (Wallis et al., 2005; Ashrafian et al., 2007) and they are a 

good predictor of mortality in patients with DCM (Neubauer et al., 1997). Interest-

ingly in HCM, the impairment of energy metabolism has been shown to be inde-

pendent of the degree of hypertrophy in three different mutations in β-MHC, 

MyBP-C and TnT (Crilley et al., 2003). In addition, the metabolic changes found 

in HCM and DCM were similar despite the different clinical phenotypes. 

The question is whether there exists, at least in the Troponin I mutations that 

cause a Ca2+- sensitization, an early (ultra-) structural correlate that character-

izes these cardiomyopathies in advance to hypertrophy, fibrosis and/or dilatation.  
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1.3 A broken switch between heart contraction and relaxation: TnI dysfunc-
tion 

Heart pumping is mediated by the constant succession of contraction and relaxa-

tion of heart muscle cells, of systole and diastole, both heart phases being 

equally important for proper heart function. 

The functional units of contraction and relaxation are the sarcomeres (fig. 1.1 A 

and B). Sarcomeres are highly organized force-generating protein machines that 

are serially aligned in direction of the longitudinal axis of the cell, making up the 

greatest part of cellular mass and volume. The motor protein myosin and F-actin 

have the leading parts in contraction (fig. 1.1 A–C). During contraction, myosin 

filaments (A-band) move in between actin filaments (I-band), producing force. 

Each sarcomere is spanned between two intricate protein webs, the Z-discs.  

 

 A 

B 

Fig.: 1.1: Structure of the sarcomere. A: electron micrograph of 
sarcomere. B: scheme of sarcomere at different contractile 
states. A, A–band; I, I–band; Z, Z–disc; M, M–band; C: thin and 
thick filament structure. 

M–band

Sarcomere

A–band

1) relaxed

2) contracted

3) over-contracted

Z-disc

I–band
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Another flexible protein web, the M-band, divides each sarcomere into two mir-

ror-inverted half-sarcomeres. Both M-bands and Z-discs stabilize the sarcomere 

and more importantly, transmit the force generated by actinomyosin, as they are 

connected with one another by the elastic bidirectional spring titin (~ 3.3 Mda) 

and the costameres of the plasma membrane by the desmin cytoskeleton. Z-

discs are pulled toward the M-band of each sarcomere, as the actin filaments 

slide past the myosin filaments. At the longitudinal ends of cardiomyocytes, the 

terminal actin filaments of the myofibrils are bound to desmosomes of the inter-

calated discs between neighboring cardiomyocytes. Thus, the ~ 15 % sarcomere 

shortening results in cellular contraction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 

A 

Fig. 1.2: A: Sarcomer, detail of the region of interaction of myosin with 
actin. Figure taken from http://www.edcenter.sdsu.edu/cso/paper.html 
B: Changes at the thin filament upon Ca2+-binding to TnC. Figure taken 
from http://fig.cox.miami.edu/~cmallery/150/neuro/49x29.jpg, © 1999 
Addison Wesley Longman 
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1.3.1 Troponin function in the heart cycle 

The molecular switch between diastole/relaxation and systole/contraction is the 

troponin complex (Tn) (see fig. 1.2). In cooperation with tropomyosin (Tm), Tn 

translates the intracellular oscillation of [Ca2+] into an alteration in relative posi-

tion and interaction of actin and myosin (Chalovich & Eisenberg, 1982; 

Chalovich, 2002; Mc Killop & Geeves, 1993). 

Tn consists of a Ca2+-binding subunit (TnC, 18 kD), a tropomyosin-binding sub-

unit (TnT) and an inhibitory subunit (TnI) (Greaser et al., 1971;1972; 1973). 

CTnT (~35 kD) has the shape of a ~185–205 Å long rod or comma as indicated 

by electron microscopic data and is located in the groove of the actin helix  

(Flicker et al., 1982; Perry, 1998). The Tn complex is strategically positioned at 

every 7th of actin monomers that build each of the two actin filaments that are 

intertwined in a helical fashion. A sequence of 7 actin monomers has a periodic-

ity of 37.8 nm which is close to the 42.9 nm distance of myosin heads. That is, 

the Tn switch is located at each interaction point of actin with myosin.  

In diastole, the Ca2+-binding sites of TnC are not occupied. The Tn complex is in 

a conformation where the key Troponin I inhibitory site (amino acid residues 

137–148, see below) is bound to actin, preventing actomyosin ATPase activity 

(Tripet et al., 1997; Takeda, 2003). In this configuration of the complex, TnT po-

sitions tropomyosin (Tm) to the rim of the helical actin filament. Tm functions as a 

bar that sterically blocks the actomyosin interaction. Tm spans 7 actin monomers 

(cooperative unit), again repeating the myosin head periodicity. 

Elicited by an action potential at the plasma membrane that leads to Ca2+- in-

duced Ca2+-release from the sarcoplasmic reticulum (SR), the switch between 

diastole and systole is achieved in three steps: 

 

1. Ca2+ binds to troponin C followed by a conformation change of the entire 

Tn complex, 

2. TnT pulls Tm from the rim of the actin helix into its groove, thereby expos-

ing its myosin binding sites (see fig. 1.2B), 

3. The flexible C-terminal half of cTnI toggles from actin-Tm to cTnC and the 

inhibitory segment is then bound by the rigid central helix of cTnC (Vino-
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gradova et al., 2005]. This facilitates the tight hydrophobic binding of actin 

to myosin (open state) that is necessary for crossbridge cycling and cellu-

lar contraction. 

The backlash to relaxation during diastole is achieved by re-uptake of Ca2+ into 

the SR via the sarcoplasmic/endoplasmic reticulum ATPase (SERCA), release of 

Ca2+ from TnC and subsequent reversal of reactions at the thin filament, that re-

stores the steric blockade of strong crossbridges.  

It is important to bring to mind, that the contractile apparatus is constructed in a 

way that once actin is properly positioned, it is spontaneously pulled in between 

myosin filaments by the myosin lever arms (“fishing rod” model) in a series of 

ATP-consuming processes termed crossbridge cycles (reviewed in Maughan, 

2005; Gordon et al., 20009). If Troponin did not exist, crossbridge cycling and 

cell contraction would continue until all ATP would be consumed, producing 

rigor. Excitation and contraction would be decoupled.  

Interestingly, in vitro experiments have shown, that up to 30 % of crossbridge 

cycling is present even at very low [Ca2+] in the heart, contributing to the resting 

tension in the heart muscle (Maughan, 2005), which means that inhibition by Tn-

Tm is incomplete.  This fraction might be altered in sarcomere cardiomyopathies 

The Troponin Complex very likely also participates in the molecular implementa-

tion of the Frank-Starling relation (Allen & Kentish, 1985), that is based on the 

length-tension relation of the sarcomere. Thereby, the increase in sarcomere 

length increases maximum tension and myofilament Ca2+-sensitivity. According 

to one hypothesis, interfilament spacing decreases during stretch applied on the 

sarcomere, making a force-generating interaction of actin and myosin more 

likely.  The resulting increase in strong crossbridges could excert a feedback ef-

fect on the affinity of TnC for Ca2+ within a cooperative unit (see above), leading 

to the cooperativity of actin activation within this unit (Konhilas et al., 2002). Tn 

isoform shifts during development or disease as well as mutations of Tn subunits 

might alter this length-dependency of cooperative Ca2+-binding to TnC (Akella et 

al., 1995; Chandra et al., 2001; Arteaga et al., 2000). 
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1.3.2 Troponin I  

TnI (~ 24 kD) (see fig. 1.2) is the inhibitory subunit of the Troponin complex. TnI 

has three isoforms, one fast skeletal (fTnI), one slow skeletal (sTnI) and one car-

diac (cTnI) that are products of three different genes: fTNI is a product of TNNI2, 

sTnI of TNNI1 (1q32), and cTnI of TNNI3 (19p13.2) that contains eight exons. In 

the fetal period, sTnI is exclusively expressed in the myocardium and after birth, 

becomes substituted by cTnI within 9 months (human) or 3 weeks (mouse) 

(Bhavsar et al., 1991; Hunkeler et al., 1991; Siedner et al, 2003). There is no 

evidence for re-expression of the slow skeletal isoform during pathological proc-

esses. Progressive depletion of sTnI even took place in cTnI knockout mice so 

that mice died ~19 days postnatally of acute heart failure (Huang et al., 1999). 

CTnI differs from sTnI in that it has an N-terminal extension (33 residues) con-

taining protein kinase A (PKA) phoshorylation sites on serine residues 23 and 24 

(see below). Besides, expression of sTnI in fetal myocardium correlates with a 

higher Ca2+ sensitivity compared to adult hearts (Fentzke et al., 1999; 

 

 

 

Fig.: 1.2: Troponin changes its structure and interaction with other protein upon Ca2+-
binding to TnC. In absence of Ca2+, TnI (blue) binds to actin–Tm. When Ca2+ is bound to 
TnC, TnI releases actin–Tm and binds to TnC instead. Lysine 183 is located in The C-
terminal region that binds to actin. The figure is by Takeda et al., 2003).   
 

Lysine  183 
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Westfall et al., 1997). The decrease of Ca2+-sensitivity due to sTnI replacement 

by cTnI dominates the effects of developmentally regulated TnT and Tm re-

placement in mice  (Metzger et al., 2003). Furthermore, cellular acidosis as in-

duced by ischemia decreases Ca2+-sensitivity of tension development in adult 

myocardium to a greater extend than in fetal cardiomyocytes (Westfall et al., 

1997). The isoform specific, pH-sensitive domain probably lies in the C-Terminus 

of cTnI as indicated by experiments with cardiomyocytes expressing chimeras of 

sTnI and cTnI (Solaro et al, 1988; for a comprehensive review see Westfall & 

Metzger, 2001). Various studies have identified other functional regions of TnI in 

skeletal and cardiac tissue. These are summarized in (fig. 1.3). Briefly, cTnI N-

terminal residues 34-71 bind to the C-terminus of cTnC, residues 80–136 ac-

count for TnT binding, residues 128–147 form the inhibitory region that binds 

both TnC and actin-Tm, TnI147–163 comprise the switch or triggering region that 

binds to the N-terminal domain of TnC, and the C-terminal region (residues 164–

210) binds actin-Tm (reviewed in Li et al., 2004; Perry, 1999]. 

1.3.3 Regulation of cTnI by phosphorylation 

Several kinases regulate TnI function. Residues S22 and S23 in the N-terminal 

extension of cTnI are substrate of protein kinase A (PKA). Phosphorylation at 

these sites leads to a reduction in myofilament Ca2+-sensitivity, an increase in 

cross bridge cycle kinetics and an increased relaxation (Solaro & Rarick, 1998; 

Rarick et al., 1999).  Structurally, TnI phosphorylation by PKA may lead to pre-

vention of C-terminal TnI binding to cTnC which may result in a reduced Ca2+-

affinity of cTnC (Solaro et al., 2003; and references therein).               

This response may be essential in the enhanced relaxation after β-adrenergic 

stimulation, which leads to an increase in cAMP generation and subsequent acti-

vation of PKA (Chandra et al, 1997; Westfall & Metzger, 2004; Solaro, 2003]. A 

decrease of PKA-mediated phosphorylation of TnI has been related to heart fail-

ure (Zakhary et al, 1999; Messer et al., 2007; Bilchick et al., 2007). TnI phos-

phorylation by protein kinase C (PKC) is less well understood. Three residues 

are subject to PKC phosphorylation, S43, S45 and Thr144 (Thr143 in  
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the human protein, Noland et al., 1996). There is a minimum of 12 PKC isoforms 

(Steinberg et al., 1995); PKCα, PKCδ and PKCε are myocardial isoforms in most 

species; in mice and rabbits, the PKCβ isoform is also expressed, PKCβ expres-

sion in human myocardium is elevated during heart hypertrophy and failure 

(Bowling et al., 1999; Takeishi et al., 1998; Wakashi et al., 1997). Other  PKC 

isoforms may be present as well (Erdbrügger et al, 1997; Bogoyevitch et al., 

1993; Schreiber et al., 2001; Rouet-Benzineb, 1996). Biochemical studies re-

vealed that phosphorylation of TnI with either PKCα or PKCδ decreased maxi-

mum acto-S1 MgATPase activity and Ca2+-sensitivity (Noland et al., 1996). PKCε 

phosphorylation of TnI inhibits the actin-myosin-interaction by decreasing maxi-

mum tension, Mg2+-ATPase activity, Ca2+-sensitivity and thin filament sliding 

speed in studies that used skinned cardiac mouse fibers in which endogenous 

TnI was replaced with mutated or PKCε-phosphorylated TnI (Burkart et al, 2003). 

Complicating matters further, there are different elicitors of PKC action (endo-

thelin, arachidonic acid, adenosine, κ-opoids, diacylglycerol analogs) that may 

even have opposite effects on contractile function of intact myocytes and protein 

kinases downstream from PKC may modulate its effects (summarized in Metzger 

and Westfall, 2004).  

1.3.4 Troponin I cardiomyopathies  

All of the 27 HCM-and of the 6 RCM-related mutations are located in exons 7 

and 8 of cTNI, comprising the inhibitory (actin binding) and C-terminal TnC bind-

ing domains and the switch region (second TnC binding region) (Go-

mes & Potter, 2004) except for R21C which is directly adjacent to one of the PKA 

phosphorylation sites at is encoded by exon 3. By contrast, the only DCM-

mutation identified so far is located in exon 1 (Murphy et al., 2004). For an over-

view of cTnI mutations please refer to fig. 1.3. 

Morphological features have not been extensively investigated. Hypertrophy may 

be typical, apical or absent, but caution is necessary as most studies were car-

ried out with only very few patients. Atrial enlargement and ventricular obstruc-

tion have been reported in some cases. 
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CTnI HCM and RCM mutations have been shown to cause an increase in Ca2+-

sensitivity of force development (see above). To date, three different cTnI muta-

tions associated to sarcomere cardiomyopathy in humans have been studied in 

mouse models: Two are associated to HCM: cTnIR145G (James et al., 2000) is 

located in the inhibitory region and cTnIG203S (Tsoutsman et al., 2006) in the ex-

treme C-terminus. cTnIR192H has been related to RCM and is located in the C-

terminus as well (Zhang et al., 2006). 

Both HCM mouse models (cTnIR146G and cTnIG203S) present morphological myo-

cyte disarray, interstitial fibrosis and elevation of some RNA markers of hypertro-

phy. Myocyte hypertrophy and thickening of the LV wall associated with a reduc-

tion in LV end-diastolic dimension, however, is prominent only in cTnIG203S mice. 

By contrast, ventricular weight is even slightly decreased in cTnIR146G mice, and 

atrial mass is increased. In a corresponding cTnIR146G rabbit model, hypertrophy 

is only mild (Sanbe et al., 2005). Skinned fibers isolated from cTnIR146G mice 

show an increased Ca2+ sensitivity (as in in vitro studies with the recombinant 

human protein) but depressed maximum tension; at the whole organ level, con-

tractile function is enhanced but relaxation is impaired. The RCM mouse model 

(cTnIR193H) displays features that seem to be conform with RCM. LV wall thick-

ness is normal and cardiac relaxation seems to be impaired, as shown by a de-

creased LV- and an increased atrial end diastolic dimension. Besides, the ejec-

tion fraction was significantly decreased in cTnIR193H mice at the age of nine 

months. 
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1.3.5 When lysine 183 is missing 

The cTnIΔK183 mutation has been related to hypertrophic cardiomyopathy in hu-

mans (Kimura et al., 1997, Kokado et al., 2000;  Shimizu et al., 2002a, 2002b). 

The mutation has a high disease penetrance and is associated with sudden 

death at any age. Typical HCM has been reported of in only one patient, but 

three of 36 individuals showed an apical hypertrophy (Kimura et al., 1997). In 

another study by Kokado et al. (2000), hypertrophy was regionally limited to dif-

ferent parts of the intraventricular septum in some patients, and in others, ventri-

cles were not hypertrophied at all. Light and electron microscopic data are not 

available for the human cTnIΔK183 mutation. In addition to the sometimes altered 

heart appearance, various patients aged >40 years had LV systolic dysfunction, 

and some displayed features of DCM (Shimizu et al 2002a). The diverse clinical 

expression of the cTnIΔK183 mutation suggests, that the disease phenotype is in-

fluenced by additional genetic and environmental factors. 

The transgenic cTnIΔK184 mouse model for sarcomere cardiomyopathy corre-

sponds to a deletion of lysine 183 in the human sequence. In mice from the lines 

with the highest expression levels of the transgene, ~ 98 % (line B) and 92 % 

(line E) of the native cTnI was replaced by the transgene (N. Blaudeck, personal 

communication). Heart chambers from transgenic mice (12 and 24 weeks old) 

had significantly reduced enddiastolic and even more reduced endsystolic vol-

umes as determined with magnetic resonance imaging (MRI), resulting in an in-

creased ejection fraction. In conclusion, systolic function of TnIΔK184 mice was 

enhanced, while cardiac output and diastolic filling capacity were reduced. In 

skinned fibers from papillary muscle, the Ca2+ sensitivity of half-maximal force 

development was very high (ΔpCa50 = 0.225). In myofibrils from TnIΔK184 mice, 

the maximal active force at saturating [Ca2+] was significantly higher (+ 40 %). 

Passive tension was increased as well. This tension could be completely abro-

gated by administration of 2,3-butanedione monoxime, which points to an in-

complete turning off of  strong actin-myosin interaction in myofibrils containing 

cTnIΔK184. Relaxation, by contrast, was delayed and proceeded slower in myofi-

brils from TG mice. However, it is questionable if these findings are directly 

causative for and sufficient to explain the observed in vivo aberrations. As in hu-

mans, the morphology of the TnI ΔK184 mice, however, was unknown.  
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1.4 Aim of the study 

Cardiac Troponin I mutations may represent a missing link between HCM and 

RCM and their investigation especially, may eventually lead to a unifying theory 

of sarcomere cardiomyopathies beyond hypertrophy, restrictive ventricular filling 

pattern or dilatation. Morphological features of  cTnI mutations have not been 

thoroughly investigated, especially in the preclinical stages of the disease, that 

nevertheless, are of special interest, as sudden cardiac death is a common fea-

ture of sarcomere cardiomyopathies even in the absence of hypertrophy or dila-

tation. 

The aim of the study presented here is  

- to establish the morphological phenotype of the TnIΔK184 mouse model 

from the whole heart to the ultrastructural level 

- to compare the structural effects of the TnI ΔK184 mutation between ventri-

cles and atria. 



 

2 Material and Methods 

2.1 Mice 

All animal procedures were conducted in accordance with the Institutional Animal 

Care and Use Committee. For the present study, male TnIΔΚ184 mice (expressing 

murine cardiac TnI containing the ΔK184 mutation) 12 weeks of age and their 

nTG littermates were provided by the Institute of Vegetative Physiology, Co-

logne. For our investigations, we exclusively used mice from lines B and E, 

which have a high expression level of cTnIΔK184. The TnIΔΚ184 mouse model has a 

C57BL/6 genetic background.  

2.2 Body and heart weight determinations  

Body weights were determined directly before perfusion fixation (living, anaes-

thetized animals). By contrast, total hearts, left and right ventricles, and atria 

were weighed after perfusion and postfixation with glutaralde-

hyde/formaline/picric acid (see below). Hearts were dissected from the large 

blood vessels, and separated into left and right ventricles and atria. These three 

weights were summed up to the total heart weight. 

2.3 Magnetic resonance image analysis 

Magnetic resonance images from hearts in end-systole and end-diastole from 

cTnIΔK184 mice and their nTG littermates (24 weeks of age) were kindly provided 

by N. Blaudeck, Institute of Vegetative Physiology, Cologne. They had been 

generated at the Institut für Herz- und Kreislaufphysiologie, University of Düssel-

dorf, with a vertical Bruker DRX 9.4 Widebore NMR spectrometer. Mice had 

been anaesthetized with isoflurane and held at body temperature. 

For comparability, the first three optical slices from the heart base were used. For 

the free left ventricular wall, the right ventricular wall and the septum three inde-

pendent measurements were conducted and averaged. In addition, each the 

smallest and largest inner and outer caliper diameter of the left ventricles were 

determined and averaged to even out cavity irregularities. From the inner and 

outer diameter, circumferences were calculated which then were averaged to the 

midwall circumference. 
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2.4 Perfusion fixation 

1 M cacodylate buffer stock, pH 7.35 

Sodium cacodylate trihydrate 214.03 g  

Aqua dest. ~ 800 ml 

25% HCl adjust to pH 7.35 

Aqua dest. to 1000 ml 

 

1 M phosphate buffered saline (PBS) stock, pH 7.4 

Na2HPO4 x 2 H2O  14.4 g  

NaH2PO4 x  H2O 2.6 g 

NaCl 8.766 g 

 

Ca2+-free Krebs-Henseleit solution 

 mM g/l 

NaCl 118 6.9 

KCl 4,7 0.35 

NaHCO3 25 2.10 

KH2PO4 1,2 0.16 

MgSO4 1,2 0.141 

CaCl2 — — 

Glucose  2 

Procaine hydrochloride  5 

 

Both glucose and procaine hydrochloride were added at day of experiment 

Directly before the experiment, the pH solution of the solution was adjusted 

to 7.35 by  bubbling it with carbogen (95% (v/v) O2; 5% (v/v) CO2).  
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4% paraformaldehyde fixative (per liter) 

Paraformaldehyde (PFA)  40 g 

Aqua dest ~ 500 ml 

-   PFA and Aqua dest were stirred and heated to max. 60°C, 

then ~ 8 drops of 1 N  NaOH were added 

-   the solution was cooled to 4°C in the refrigerator, then filtrated 

-   salts were added as required for 1 l PBS  

-   pH was adjusted to 7.4 

-   Aqua dest was filled up to 1 l 

 

Glutaraldehyde fixative (per liter)   

8 % aqueous paraformaldehyde solution  500 ml  

25% glutardialdehyde (Merck, Darmstadt) 80 ml 

1 M cacodylate buffer 70 ml 

 pH was adjusted to 7.35 

Aqua dest. 

 

to 1000 ml 

 

Heart arrest at well-defined stage of the cardiac cycle and fixation 

As the heart is continuously changing its shape and size, it is necessary for any 

histological analysis to arrest the heart at a well-defined stage of the cardiac cy-

cle. To this end, mice were pre-anesthetized with CO2 followed by an intraperito-

neal injection of 100 mg kg-1 ketamine and 5 mg kg-1 xylazine. To prevent blood 

coagulation, 5 I. E. /g heparin (Liquemin N 25000, Roche, Grenzach-Wyhlen) 

was added to the injection. The deeply anesthetized animals were transcardially 

perfused with a Ca2+-free Krebs Henseleit solution (containing 5 g l-1 procainhy-

drochloride, adjusted to pH 7.35 by oxygenation with 95% O2 and 5% CO2) for 

45 sec at a constant pressure of 80 mm Hg corresponding to the mean arterial 

pressure in mice.  
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Perfusion fixation 

Then, for electron microscopy mice were perfused with fixative containing 2% 

paraformaldehyde, 2% glutardialdehyde and 0.07 % picric acid in 0.07 M caco-

dylate buffer, pH 7.35 for 15 min. For light microscopy, mice were either fixated 

with the same fixative or alternatively, with 4% paraformaldehyde in 0.1 M pho-

spate buffered saline (PBS), pH 7.4.  

After the perfusion fixation, hearts were excised and postfixated over night in the 

same fixative as had been used during perfusion.  

2.5 Light microscopy 

2.5.1 Paraffin embedding and sectioning 

For paraffin embedding whole hearts or heart heart halves were pro-

ceeded as follows: 

  Wash 
- 2 h wash under running tab water 

Dehydration 

- 20 min in each 30 %, 50 %, 70 % and 90 % ethanol (v/v) 

with smooth agitation on a shaker 

- 2 x 1 h 96 % (v/v) ethanol  

- 1 h pure isopropanol 

- a minimum of 2 h chloroform (or until probes sink to the bot-

tom of the beaker)  

- 2 x 15 min xylene  

Embedding 

- 3 x 2 h Paraplast plus (Fa. Covidien Kendall, Mansfield, MA, 

USA) 

- over night Paraplast plus  

Casting in metal or silicone molds 

- Rapid cooling on cold metal plate 
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Paraffin blocks were sectioned (2-5 µm section thickness) on a rotation 

microtome (HM 355, Microm Laborgeräte GmbH, Walldorf) and were 

stretched in a warm paraffin stretch bath (TFB 45, Medite Medizintechnik, 

Burgdorf) before they were  mounted on microscope slides.  

2.5.2 Vibratome sectioning 

For vibratome sections, a vibratome VT 1000 E (Leica, Wetzlar) was 

used.  Glutaraldehyde/paraformaldehyde fixated heart ventricles were 

cross-sectioned with a razor blade directly beneath the valvular plane and 

glued on the probe holder with superglue, so that the heart longitudinal 

axis was oriented perpendicular to the section plane. Cross sections of ei-

ther 50 µm or 100 µm thickness were prepared, beginning with the heart 

tip. 0.1 M PBS, pH 7.4 was used as probe/storage buffer. Every 10th of the 

50 µm sections and every or 5th of the 100 µm sectons were collected and 

mounted on microscope slides. Total section number was documented for 

each heart.  

2.6 Histological Staining procedures 

2.6.1 Hematoxylin-eosin dye 

 

Mayers hematoxylin solution:  

Solve sequentially in 1000 ml Aqua dest:      

Hematoxylin  1 g 

NaJO3 oder KJO3 0.15 g 

Chloralhydrat 50 g 

Citric acid 1 g 

 

Eosin  

Eosin 1 g 

96% alcohol      100 ml 



2 Material & Methods                                                                                           36 

Procedure: 

- Paraffin sections were  de-waxed in xylene and re-hydrated 

in a descending sequence of alcohol washes (96%, 90%, 

70%, Aqua dest.), followed by a 

- 10 min incubation in Meyer’s Hematoxylin solution, 

- brief rinse in Aqua dest 

- 10 min blueing under running tab water 

- 1 min incubation in eosin solution 

- brief washes in Aqua dest,  

- Then, sections were dehydrated in an ascending sequence 

of alcohol washes and 

- Cleared in xylene and mounted in Entellan (Merck, Darm-

stadt) 

2.6.2 Hematoxylin nuclear staining (Weigert, 1904)   

 

Hematoxylin stock solution   

Hematoxylin  1 g 

96% undenatured alcohol      10 ml 

requires maturation for several months

     

Solution A  

Hematoxylin stock solution 10 ml 

      96% alcohol      90 ml 

     

Solution B  

FeCl3 4 g 

Aqua dest.      95 ml 

25% hydrochloric acid  1 ml 
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Working solution 

2 parts solution A + 1 part solution B  

stable for 1 week 

 

Procedure: 

- sections were stained for 5 - 10 min (or as required), then 

- rinsed with Aqua dest. 

- Differenciated with 1% HCl in ethanol as required 

- Rinsed with Aqua dest. 

- Blued in running tab water for 10 min and 

- Used as desired 

 

2.6.3 Picrosirius red dye 

This dye was used for selective staining of collagenous and reticular fibers.  

 

Solution A  
 

 

Sirius red F3B  
(C.I. 35782) (=Direct Red 80", Catalog # 36-
554-8, Sigma-Aldrich, Munich) 
 

0.5 g 

Saturated aqueous solution of picric acid 
 

500 ml 

Solid picric acid  a small amount (to ensure 
saturation) 

keeps for at least 3 years and can be used many times
 
  

Solution B   
 

   

 

 

 

Acetic acid (glacial) 5 ml 

 
Tap or distilled water 1 l 
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Procedure: 
Paraffin sections were de-waxing and rehydrated as described above, 

then the nuclei were stained with hematoxylin after Weigert, followed by 

- 10 min blueing in tab water 

- a minimum of 1 h staining in solution A  

- 2 x brief washes in two changes of solution B  

- removal of most of the water from the slides by vigorous 

shaking or (for a few slides only) blotting with damp filter pa-

per. 

- Dehydration in three changes of 100% ethanol.  

- Clearing in xylene and mounting in Entellan (Merck, Darm-

stadt)  

- Alternatively,  dyhydration was omitted and sections were di-

rectly mounted in liquified (37°C warm) Kaiser’s glycerol 

gelatine (Merck, Darmstadt). 

2.7 Tissue preparation for electron microscopy 

2.7.1 En bloc staining and Epon embedding for electron microscopy 

 

4 % OsO4 stock solution 

OsO4 1 g 

Aqua dest 25 ml 

storage at 4°C 

For working solution: dilution with 1.14 M cacodylate buffer, pH 7.35 
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Maleate buffer 

 

0.2 M maleate stock solution For 100 ml 

Maleic acid (MW 116.07) 2.32 g 

1 N NaOH 20 ml  

Aqua dest. to 100 ml 

 

0.05 M maleate rinse buffer  For 100 ml  

0.2 M maleate stock 25 ml 

0.2 N NaOH ~ 4.2 (to pH 5.15) 

Aqua dest. To 100 ml 

 

0.05 M maleate buffer for 
uranyl acetate solution) 

For 100 ml  

0.2 M maleate stock 25 ml 

0.2 N NaOH To pH 6.0 

Aqua dest. to 100 ml 

 

1.0% uranyl acetate (w/v)  

Uranyl acetate 1 g 

0.05 M maleate buffer (pH 6.0) to 100 ml 

storage at 4°C in the dark 
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Epon For 100 g 

Epicot 46.20 g 

Dodecanyl succinic acid anhyride (DDSA)  28.50 g 

Methylnodicanhydride (MNA) 23.10 g 

2,4,6-triphenole (DMP-30) 1.50 g 

 

Procedure: 

Fixated specimen were washed in 0.07 M cacodylate buffer and cut into 1 mm3 

blocks. Tissue blocks were washed three times with 0.07 M cacodylate buffer. 

Then samples were post-fixed and en bloc contrasted in 2% osmiumtetroxide in 

0.07 M cacodylate buffer for 3 h, 2 x washed twice with cacodylate buffer and 

once with maleate wash buffer, followed by en bloc staining with maleate buff-

ered 1% uranyl acetate over night. 

After a three time wash with maleate wash buffer, tissue blocks were dehydrated 

at 4°C as follows: 

- 5 min of each 30%, 50%, 70%, 90% ethanol 

- 3 x 20 min 96% ethanol 

- 15 min ethanol-1,2-epoxypropane in a 1:1 ratio 

- 15 min pure 1,2-epoxypropane and embedded in Epon: 

Epon:100% ethanol in a ratio of 1:1 for 45 min 

and embedded in epon (all steps at 4°C): 

- 45 min Epon-1,2-epoxypropane in a ratio of 3:1 

- 45 min Epon-1,2-epoxypropane in a ratio of 3:1 

-  over night pure Epon (all at 4°C) (new vials). 

The next day, specimen were embedded in fresh Epon and cured for 12 h at 

45°C and then for three days at 60°C. 
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2.7.2 Semithin sectioning and dyeing with methylene blue/azure II  

 

Methylen blue-azure 

Solution A 

1% methylene blue in Aqua dest 

 

Solution B 

1% azure II 

1 % borax in Aqua dest. 

 

Working solution 

1 part solution A and 1 part solution B 

 

For light microscopic observations, the Epon embedded specimen were 

trimmed with a rotation trimmer (Reichert, Wolfratshausen).  Semithin sec-

tions (500 µm tickness) were prepared on an ultramicrotome (Leica, 

Wetzlar, Germany), heat-fixated on a household heating plate and stained 

with methylene blue + azure II. Excesseive stain was washed from the mi-

croscope slide. Slides were dried on the heating plate, and mounted with 

Entellan®.  

 

2.4.3 Ultrathin sectioning and section contrasting  

uranyl acetate solution 

 

1 % uranyl acetate in Aqua bidest. 

filtered through a syringe filter directly before use 

stored at 4°C in the dark 
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Lead citrate stock solutions 

Solution A  

1.3 M Na+-citrate 1.99 g Na+-citrate in 5 ml Aqua bidest. 

  

Solution B  

1.0 M Pb-nitrate 1.66 g Pb-nitrate in 5 ml Aqua bidest. 

  

Solution C  

1 M NaOH 4 g in 100 ml Aqua bidest. 

 

Working lead solution 

Aqua dest. 800 µl 

Solution A 155 µl 

Solution B 100 µl 

Solution C 200 µl 

Air-tight storage in a syringe at 4°C

 

  

Ultrathin sections were prepared on the same microtome as the semithin 

sections, mounted on copper grids (mesh 150), contrasted with uranyl 

acetate for 17 min at 37°C in the dark, washed and contrasted with lead 

citrate for 6 min in an atmosphere saturated with NaOH at room tempera-

ture.  

Specimen were examined on a 902A transmission electron microscope 

(Zeiss, Oberkochem, Germany) at 80 V. 
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2.8 Sampling procedure for morphometry 

2.8.1 Random systematic sampling 

To assure comparability of morphometric analyses between hearts nTG and TG 

mice (n=4, respectively) random systematic sampling procedure was pivotal. As 

heart tissue is highly anisotropic, which means that between given perspectives, 

tissue appearance differs greatly. For example, heart cells are much longer than 

they are wide and thick, and cardiomyocyte thickness varies considerably across 

the ventricular walls.  

Random systematic sampling means that the spatial distance of the samples is 

defined in advance to the sampling procedure, and that it is uniform between all 

samples. Random systematic sampling is more potent than simple randomiza-

tion in assuring a uniform coverage of the entire sampling area. Thus, local dif-

ferences are compensated by this sampling method. We conducted random sys-

tematic sampling on every level of investigation to assure an unbiased estimation 

of  geometric parameters of the heart muscle tissue: 

 

a) Tissue sampling: ventricles were cut right beneath the valvular plane. 

Right ventricles were separated from the left ventricles, and the left ven-

tricular free wall from the ventricle septum. The ventricles were cut into  1 

mm3 blocks with the help of two razor blades moved against each other 

without applying pressure to the tissue. From the left ventricles, every 

other sample was used. As the RV ventricle wall from mice is small, every 

sample was used. Samples were processed as described in section 2.4. 

b) Microphotography: microphotographs were taken systematically, begin-

ning at the upper left corner of the ventricle, leaving out every other field 

of view, and then meandering through the sample. 

c) Morphometric analysis: For the morphometric analysis, we applied the 

point counting method (see below)  

 



2 Material & Methods                                                                                           44 

2.8.2 Isotropic sampling 

Anisotropy of heart tissue was compensated by isotropic sampling: during em-

bedding in epon, 2-3 samples per block were oriented at random, so that section 

planes were laid through every possible angle relative to tissue position. During 

photography, the camera orientation was turned clockwise for 45° between suc-

cessive shots, respectively. Thus, morphometrically determined mean tissue pa-

rameters behave as if the tissue itself was isotropic, and it was not neccessary to 

use a cyclic arc or a similar grid. For morphometric measurements, a linear grid 

was used instead. 

2.9 Light and electron microscopic morphometry 

For light microscopic morphometry, microphotographs from semithin sections 

were taken with a 40 x objective and a digital camera (Leica, Solms) as decribed 

above, resulting in a final (screen) magnification of 1100 x.  

The open source image analysis program ImageJ was used for morphometric 

analysis, and downloaded from http://rsb.info.nih.bov/ij/. Additionally, the plugins 

Cell Counter (Kurt De Vos) , Academic Neurology, University of Sheffield, Great 

Britain), Measure and Label, and Grid (both by Wayne Rasband, National Insti-

tute of Health, USA) were applied. Pictures were analysed without the observer’s 

knowledge of the image origin from TG or nTG mice (blind experiments). All pic-

tures were analysed by the same observer and on the same monitor (same im-

age resolution). 

 

Total area estimation 

In order to estimate areas, a grid consisting of 30 fixed small rings of identical 

size, marked out at regular intervals was overlaid on the screen (point counting 

method). Each ring represented 1600 µm and was considered positive for a 

given structure if the structure was to be observed within the ring, and negative, 

if a structure was only touched by an edge of the ring.  
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Determination of area fraction 

Area fractions were determined as fractions per cent from the contractile tissue, 

that consists of cardiomyocytes, capillaries and interstitial space or interstitium. 

Rings positive for structures other than the above mentioned (e.g. arteries, veins, 

epicard) were subtracted from the total area of 30 x 1600 µm = 48000 µm.  Area 

fractions were calculated for each picture analysed and the mean of all pictures 

was calculated for each animal and ventricle. 

 

Counting of cell and capillary number 

A linear grid consisting of squares with a side length of 40 µm was overlaid on 

the screen to count structures. Per photo, 30 squares or points representing an 

area of 1600 µm each were evaluated, analysing 18-53 images per animal and 

ventricle. A structure was counted if it was entirely located within a square or if it 

intersected the upper or right edge of the square, but was not counted if it inter-

sected the lower or left edge. Likewise, it was not counted if it both intersected 

upper or right and the lower or left edge. Thus, multiple counting of objects was 

avoided.  

 

Cardiomyocyte size  and diameter  

Cell size was calculated from the estimated area covered by cardiomyocytes di-

vided by the counted cell number. Cardiomyocyte diameter was determined for 

10 images  per mouse and ventricle, picked in a random systematic manner (that 

is, every third or every fifth image, depending on the total amount of images). 

The smallest diameter was measured for each cell, irrespective of cell orienta-

tion. A linear grid consisting of 30 squares with an area of each 1600 µm was 

laid over the image. Cardiomyocytes of the second and fourth square were usu-

ally measured. Only if these squares were devoid of cardiomyocytes, the next 

lower square was chosen.  
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Capillaries per cardiomyocyte, Capillary diameter, intercapillary distance and 

pericapillary space 

The ratio of capillaries per cardiomyocytes was determined per image and then 

averaged for each mouse and ventricle. Capillary diameter was measured as the 

smallest diameter in 10 images per mouse and ventricle, analogous to the de-

termination of cardiomyocyte diameter. For determination of the maximal inter-

capillary distance as a measure for the diffusion distance, it was proceeded as 

has been described previously (Tagarakis et al., 2000a, 2000b; Rakusan et al., 

1986). First the capillary density was calculated as the number of capillaries per 

mm2 cross sectional area of contractile tissue with the point counting method 

according to Gundersen (Gundersen, 1977) Then, the intercapillary distance was 

calculated according to the hexagonal model of tissue capillarization (R=103 

√2/√3 CD √3, CD= capillary density). From this, the capillary radius was sub-

stracted to yield the maximal intercapillary distance) as the average area sup-

plied by a single capillary. 

2.10 Electron microscopy 

An EM 902 (Zeiss, Oberkochen) was utilized for electron microscopic imaging. 

The electron microscope was connected to a digital camera (Megaview III, Soft 

Imaging System, Münster) which was used in combination with the ITEM image 

analysis software (Soft Imaging System, Münster) installed on a personal com-

puter.  

For each mouse and ventricle, a minimum of 4 Epon blocks containing 2–3 tis-

sue samples was analysed. For each mouse and atrium, at least two Epon 

blocks were evaluated. 

For determination of sarcomere lengths, only sections were chosen which had 

been cut parallel to the longitudinal axis of the microfibril. Sarcomeres from myo-

fibrils cut at obscure angles were excluded from the measurement. Starting from 

one field of view at the upper part of the grid, the camera was moved across the 

grid in a meandering manner from field of view to field of view, stopping at every 

field suitable for analysis. For sarcomere length measurements, a magnification 

of 12.000x was chosen. The final screen magnification was 43.576x. 
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2.11 Statistical analysis  

All morphometric data are presented as mean values ± 95% confidence interval 

(C.I.). Data analysis was performed using  SPSS for Windows or Excel including 

Student’s T-Test calculations for unpaired data. Significance was considered at a 

p value <0.05 and high significance at a p value <0.01. 



 

3 Results 

The morphological characterization of hearts from transgenic mice is presented. 

These hearts constitutively express a cardiac troponin inhibitory subunit with a 

deletion at position 184 (cTnIΔK184) in addition to the native protein. CTnIΔK184 

substitutes the native  protein nearly completely (Line B, 98 %, line E 92 % of 

total cTnI, male adult mice 12 weeks of age). The corresponding mutation in the 

human cTnI sequence (cTnIΔK183) is inherited by an autosomal-dominant trait and 

has been linked to familial hypertrophic cardiomyopathy (Kokado et al., 2000; 

Kimura et al., 1997; Shimizu et al., 2002 a). 

To reduce effects of a varying genetic background, non-transgenic siblings 

served as controls in all experiments. Besides weight determinations, morpholo-

gy and histology of hearts arrested and fixated at a defined heart phase, namely 

in diastole were analyzed. In addition, the in vivo morphology as assessed by 

magnetic resonance imaging (MRI) was determined. The ultrastructural investi-

gation identified sarcomere disarray as the main characteristic of the cTnIΔK184 

mutant. Both ventricles and atria were investigated. The α-MHC promoter that 

controls cTnIΔK184 is equally expressed in atria and ventricles. The altered hemo-

dynamic and tissue organization thus serves as an experiment in itself.  

3.1 Small hearts with enlarged atria 

Transgenic (TG) cTnIΔK184 mice had visibly smaller hearts than their non-

transgenic (nTG) littermates. This difference was so striking that TG hearts were 

usually identifiable in blind tests. Fig. 3.1 shows representative nTG (A) and TG 

(B) hearts from 12 week old mice from line E. Particularly, ventricular width was 

reduced in TG animals, resulting in hearts of a pointed conical shape compared 

to the more rounded shape of hearts from nTG littermates. The reduction in 

overall heart size was consistently accompanied by an atrial enlargement. Espe-

cially left atria were oversized and occasionally, were even larger than the right 

atria. 
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To determine if the ventricular size reduction was accompanied by a reduction in 

ventricular and total heart mass, total hearts and separately, left and right ven-

tricles were weighed. In addition, atrial weight was assessed to differentiate be-

tween a mere dilation and eccentric growth associated with an increase in atrial 

mass. The hearts were weighed after perfusion and post-fixation. This had the 

disadvantage of possible weight alterations due to the fixation, but these altera-

tions should be similar in TG and nTG mice. This disadvantage was outweighed 

by the more precise preparation that was possible in fixated hearts. Especially 

delicate structures as the atria could be accurately dissected. In addition, it al-

lowed to directly relate weight to morphological findings. 

AA 

CC DD 

BB 

Fig. 3.1 Hearts from cTnIΔK184 mice have smaller ventricles, but 
enlarged atria. Heart geometry is altered to a pointed conical shape 
compared to the rounded shape of hearts from non-transgenic mice. 
Top row: unfixed hearts (A) nTG and (B), TG, line E, respectively; bot-
tom row: gross morphology of hearts was unchanged after perfusion 
fixation with formaldehyde/ glutaraldehyde (C) nTG and (D), TG. 
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For comparability, all data are presented in ratios to body weight. However, body 

weights did not differ significantly between cTnIΔK184 mice and their nTG litter-

mates.  

At the age of 12 weeks, total hearts from TG mice showed a drastic weight de-

crease (–15% compared to nTG siblings). The lower total heart weight in TG 

mice was due to a ventricular weight reduction that was proportional in the left 

and right ventricles (see table 3.1). Thus, the smaller ventricle size correlated 

with a lower ventricle weight.  

Atria, by contrast, were consistently heavier in cTnIΔK184 mice in animals of both 

ages (+34%). Atrial enlargement therefore, is not only a consequence of dilation 

but also of mass increase.  

 

    

 
     nTG TG 

Heart weight [mg] MW                 184.44 143.30 
 95% CI 10.48 7.23 
  % difference  –22 
  T-Test   0.0001 
Body weight [g] MW 30.80 28.05 
 95% CI 1.80 2.07 
  % difference   –9 
  T-Test   0.079 
Heart/body weight  MW 6.00 5.09 
[mg/g] 95% CI 0.35 0.42 
  % difference   –15 
  T-Test   0.009 
Left ventricle/ MW 4.6 3.80 
body weight [mg/g] 95% CI 0.13 0.24 
  % difference   –17 
  T-Test   0.000076 
Right Ventricle/ MW 1.07 0.94 
body weight [mg/g] 95% CI 0.09 0.03 
 % difference –13 
 T-Test 0.019 
Left/right ventricle [%] MW 23.44 24.64 
 95% CI 2.55 1,53 
  % difference  +5.13 
  T-Test   0.45 
Atria/body weight MW 0.32 0.43 
[mg/g]* 95% CI 0.04 0.06 
  % difference   +34 
  T-Test    0.017 

Table 3.1: Comparison of heart preparations from  cTnIΔK184  and nTG mice.  

NTG, n=6; TG, n=6;  12–14 weeks old mice. 
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3.2 Absence of regional wall thickness abnormalities  

Hypertrophic cardiomyopathy patients who carry the cTNIΔK183 mutation occasio-

nally have regional wall thickness changes despite an overall normally sized 

heart. Apical hypertrophy and septal wall thinning have been reported (Kokado et 

al., 2000; Kimura et al., 1997) To investigate regional wall thickness changes 

due to the expression of the in cTnIΔK184  transgene, serial cross sections (vibra-

tome or paraffin sections) of hearts from mice 12 weeks of age were made (TG 

and nTG; line E or B), that had been arrested in diastole to ascertain comparabil-

ity of wall thickness, and perfusion fixed with 4% PFA (n=6). None of the hearts 

showed global or regional wall thickening in the left ventricle, right ventricle, or 

septum. Fig. 3.2 shows representative cross sections. 

 

 

 

 

 

 

 

Fig.: 3.2: Cross sections of ventricles from  cTNIΔK183* (top row) and nTG 
mice (bottom row) from 2/3 of the ventricular length (A and D), 1/3 the 
ventricular length (B and E), and the heart base (C and F). Mice were 
from line E. Scale bar: 1mm. 

A B C

D E F
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3.3 Hyperdynamic contraction 

More important than the static wall thickness is the wall thickness and circumfe-

rence change during the heart cycle as it is a direct measure for contraction dy-

namics. Besides, it gives hints to the force that acts on the blood column in the 

ventricular cavity.  

The in vivo left and right ventricular wall thickness in end-diastole and end-

systole were measured in magnetic resonance images. As a measure for left 

ventricle dimension, the cavity and outer ventricle diameter were determined. 

Fig. 3.3 shows representative magnetic resonance images from TG and nTG 

animals. The first three optical slices proximal to the heart base were used in 

each case to ensure comparability (optical slice distance was 1 mm). Wall thick-

ness was measured at three independent sites of each right ventricle, left ven-

tricle, and septum. 

 

                    

 

 

 

 

 

 

 

 

 

 

As an approach to the true left ventricular cavity and outer diameter, the largest 

and smallest diameters were measured and averaged. As there were no statis-

tical differences between septum and free LV wall thickness, the mean of all six 

values was calculated. Data are summarized in table 3.2. 

Fig. 3.3: Magnetic resonance images from from  
cTNIΔK184 (top row) and nTG mice (bottom row) in 
diastole (A and C) and systole (B and E), respec-
tively. Note the enormous wall thickness increase 
and cavity minimization in TG mice. MRI images by 
N. Blaudeck 

A  B 

C D
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Although absolute diastolic left ventricular wall thickness did not differ between 

TG and nTG mice, wall thickness to cavity diameter ratio was significantly in-

creased already in diastole (fig. 3.4).  
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LV wall 
thickness 

(mm)

RV wall 
thickness

(mm)

LV/RV wall 
thickness

LV cavity Ø 
(mm)

LV Outer
Ø (mm)

LV wall thick-
ness/ LV cavi-

ty Ø 
Diastole             
MW nTG 0,92 0,4 2,39 3,62 5,73 0,26
95% CI 0,09 0,04 0,51 0,39 0,41 0,03
MW TG 0,92 0,34 2,75 2,94 5 0,32
95% CI 0,08 0,06 0,56 0,57 0,46 0,07
T-Test 0,852 0,043 0,186 0,01 0,003 0,031
%TG/nTG  -0,8 -13,6 15 -18,9 -12,7 25,8
Systole       
MW nTG 1,27 0,42 3,13 2,48 5,12 0,53
95% CI 0,11 0,06 0,52 0,44 0,55 0,12
MW TG 1,49 0,44 3,46 1,22 4,52 1,28
95% CI 0,11 0,08 0,62 0,29 0,36 0,31
T-Test 0,001 0,562 0,265 0 0,015 0
%TG/nTG  16,9 10,6 -50,8 -11,8 141,3

Table 3.2: Comparison of wall thickness and cavity diameter from cTnIΔK184  and nTG 
mice.  

Fig. 3.4: In vivo wall thickness differences during diastole in systole. A, Left ventricu-
lar wall thickness; B, right ventricular wall thickness; C: right to left ventricle wall thick-
ness ratio; D: left ventricular cavity diameter; E: left ventricular wall thickness to cavity 
diameter ratio; F: systolic left ventricular midwall circumference reduction. Data from 
diastole are represented by solid bars, from systole as striped bars. Light bars show 
data from nTG, dark bars from TG mice. 

A B C 

D E F 
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In systole, absolute wall thickness and wall thickness relative to ventricle cavity 

diameter were increased with highest statistical significance (17% and 141%, 

respectively). The right ventricle wall is significantly thinner in TG mice in diastole 

(–14%). In systole, however, the right ventricular wall thickness from cTnIΔK184 

mice is indifferent from nTG mice. Thus,  the left and right ventricle walls from TG 

mice likewise, thicken to a greater extent than those from nTG mice, and the 

slightly decreased right to left ventricular wall thickness ratio of the TG mice pers-

ists throughout the heart cycle. 

The enhanced wall thickening constitutes a gain of systolic function in the 

cTNIΔK183 mutant that can be directly converted into sarcomere shortening: The 

middle layer of the left ventricular myocardium has a circular orientation. In ap-

proximation, the rod-shaped midwall cardiomyocytes (and sarcomeres) are ar-

ranged tangentially to the midwall circumference. Hence, midwall circumference 

changes are directly proportional to sarcomere length changes. The midwall cir-

cumference (cm) is calculated as cm = 2πrm; rm = (ro+ri)/2 (rm = midwall radius,  

ro = outer wall radius, ri  = inner wall radius). For nTG and TG mice, the following 

values result (table 3.3): 

 

 

    

 

 

 

 

 

For an estimated diastolic sarcomere length of L=2,2 µm which corresponds to 

maximal relaxation and sarcomere pre-stretching, the resulting mean systolic 

sarcomere length would be 1.78 µm for nTG mice, but only 1.6 µm for cTNIΔK183 

mice. For submaximal diastolic sarcomere lengths the resulting systolic sarco-

mere lengths would be even lower. 

  midwall circumference (cm) 

  diastole systole % shortening 

nTG 14.69 ± 1.4 11.95 ± 1.5 18.8 ± 3.9  

TG 12.47± 1.8 9.02 ± 1.1 27. 2 ± 6.8 

T-Test  0.007 

Table 3.3: Midwall circumference reduction in systole in  cTnIΔK184  and nTG mice.  
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3.4 Absence of fibrosis 

Fibrosis is one of the major hallmarks in many hypertrophy associated sarco-

mere cardiomyopathies. It often appears in unison with a hypertrophic pheno-

type, although independent cellular signalling may lead to either of these two. In 

mouse models, even a reduction in heart size coincided with ventricular tissue 

fibrosis (James, et al., 2000) However, none of the  cTnIΔK183 mice had any ven-

tricular interstitial fibrosis or exhibited scarring. We dyed serial vibratome or pa-

raffin cross sections with picrosirius red stain. Sirius red is more sensitive than 

other connective tissue dyes like Goldner stain, because it stains not only large 

collagen fibers but also reticular fibers (Van Kerckhoven et al., 2000; Ammar-

guellat et al., 2001) These fibers are stained red, whereas cytoplasm is colored 

yellow.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5 Light and electron microscopic morphometry of ventricles 

Heart muscle tissue is extremely anisotropic which means that, depending on  

the location within the tissue (e. g. in the subendocardial, midwall or subepicardi-

al layer of heart muscle cells) but also depending on sectioning angle, its ap-

pearance varies considerably. Therefore, a simple random sampling is insuffi-

cient and produces unreliable results. Instead, we performed a random syste-

matic sampling on all levels of tissue preparation and image analysis (Nyengaard 

& Gundersen, 2006; Gundersen, 1988; Elias, 1983). Because there were no vis-

ible differences between larger blood vessels and other components of non-

Fig. 3.5: Absence of left ventricular tissue fibro-
sis in TG mice. A, nTG; B, TG. Scale bar: 10 
µm. 

A B
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contractile parts of the ventricular working myocardium e. g. veins, nerves, endo-

card) the analysis focused on the contractile tissue. Male cTnIΔK184 and nTG 

mice 12 weeks of age were analyzed (n=4).  

3.5.1 Area fractions of contractile tissue components: Increased interstitial 
space 

Ventricular contractile tissue mainly consists of cardiomyocytes and capillaries, 

which are connected to one another by a fine web of reticular connective tissue. 

The space harboring the connective tissue is called the interstitium, and may be 

enlarged due to interstitial fibrosis but also due to interstitial edema. Either of 

them have consequences on the efficiency of substance exchange between ca-

pillaries and cardiomyocytes. Data are presented as area fractions (%) from the 

total contractile tissue and are summarized in fig. 3.6. 

TG LV area fraction

Cardiomyocytes

Capillaries

Interstitium

nTG LV area fraction TG LV area fraction
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In the left ventricle of TG mice, the interstitium was significantly increased 

(+71%), but the capillary space was reduced by 10%, while the cardiomyocyte 

fraction was slightly reduced by 5% (left ventricle: interstitium, 

nTG, 5.23 ± 2.27%; TG, 8.98 ± 1.36, p<0.05; capillaries, nTG, 10.25 ± 0.5%; TG, 

11.43 ± 1.25%, p>0.05; cardiomyocytes, nTG, 84.8 ± 4.2%; TG, 80.78 ± 1.35%, 

Fig. 3.6: Area fractions in the contractile tissue from the left and right ventricle. Top 
row: left ventricle; bottom row: right ventricle. A, C: nTG; B, D: cTnIΔK184 mice. 
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p>0.05). Fig. 3.8 shows representative micrographs of left ventricular contractile 

tissue. 

In the right ventricle, the increase of mean interstitial area fraction is increased 

3-fold in TG mice compared to nTG mice. The capillary area fraction was un-

changed in the right ventricle from TG mice. The cardiomyocyte area fraction 

was slightly smaller by 6% and thus, equalled that from the left ventricle. (right 

ventricle: interstitium, nTG, 3.20 ± 2.03%; TG, 9.40 ± 6.42%; p>0.05; capillaries, 

nTG, 11.44 ± 3.34%; TG, 11.47 ± 3,18 %, p>0.05; cardiomyocytes, nTG, 

84.45 ± 3.55%; TG, 79.03 ± 7.12%, p>0.05).  

3.5.2 Heart weight reduction correlates with cardiomyocyte size only in the 
right, but not in the left ventricles 

Cardiomyocytes make up ~70% of heart weight (Katz, 2006). Therefore, a de-

creased heart weight likely is the result of either a reduced cardiomyocyte size or 

a reduced cardiomyocyte number. To analyze which of the two was mainly re-

sponsible for the lighter hearts, cardiomyocyte cell area and number were de-

termined on semithin sections that allowed for a reliable identification of cell bor-

ders, especially intercalated discs. Results are summarized in fig. 3.7A.  

In the left ventricle, cardiomyocytes from cTnIΔK184 mice had approximately the 

same size as those from their nTG brothers. By contrast, mean cardiomyocyte 

size in the right ventricle was decreased by 12% (left ventricle: nTG, 

428.0 ± 60.5 µm2; TG, 417.3 ± 12.7 µm2 (– 2 %); p>0.05; right ventricle: nTG, 

382.0 ± 31.3 µm2; TG, 336.1 ± 38.4 µm2; p>0.05).  

In addition to this unbiased estimate of cellular size, cardiomyocyte diameter was 

determined, because in many pathological state, heart muscle cell length to 

width ratio is altered. In the left ventricle, cardiomyocyte diameter from cTnIΔK184 

mice almost equaled that from nTG littermates (left ventricle: nTG, 11.83 ± 0.78 

µm; TG, 11.23 ± 0.15; (–5%; p>0.05). In the right ventricle however, cell diameter 

was reduced by 15% in TG mice (right ventricle: nTG, 11.98 ± 0.75; TG, 

10.24 ± 1.27; p>0.05), correlating well with the overall size reduction. 

As all hearts were arrested in diastole before perfusion fixation, it was assumed 

that the contractile status of TG and nTG mice would be equal, so that compara-

bility of our cell size determination would be given. This assumption was con-
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firmed by electron microscopic sarcomere length measurements carried out in 

left ventricular samples at a 12,000 x magnification. There were no statistically 

significant differences in sarcomere lengths from TG and nTG mice (nTG: 

2036 ± 116 nm; TG: 2193 ± 222 nm,  p > 0,05, fig. 3.7C ).  

In the right ventricle, the 12% smaller cardiomyocytes from cTnIΔK183 mice coin-

cided with a 13% reduced ventricle weight and a 14% reduced diastolic wall 

thickness. In the left ventricle, diastolic cardiomyocyte size was unchanged in TG 

mice as was diastolic wall thickness. However, left ventricular weight was re-

duced by 17% in TG mice 12 weeks of age. In other words, left ventricular cardi-

omyocyte size did not correlate with left ventricular weight reduction.  

 

 

 

 

 

 

 

3.5.3 Blood supply 

We calculated the ratio of capillary to cardiomyocyte number in order to get a 

first estimate for myocardial blood supply. The amount of capillaries per cardi-

omyocyte was indifferent between cTnIΔK184 mice and their nTG littermates and 

was one capillary per cardiomyocyte on average both in the left and right ven-

tricle (left ventricle: nTG 0.98 ± 0.05; TG: 0.98 ± 0.05; right ventricle: nTG 0.99 

± 0.10; TG: 0.99 ± 0.04; p>0.05; fig.3.8 A).  

However, the intercapillary distance is a more meaningful index for oxygen 

supply, because it considers the area that is provided by the capillaries, cor-

rected by capillary diameter. So if the intercapillary distance (or oxygen diffusion 

distance) is large, tissue oxygen (and nutrient supply) may be jeopardized. As-

suming a hexagonal capillary array, we calculated the maximal diffusion dis-
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Fig. 3.7: (A) Cardiomyocyte size, (B) Cardiomyocyte diameter and (C), 
sarcomere lengths in the left ventricle. LV, left ventricle, RV, right ventricle. 
Data from the left ventricle are represented by solid bars, from the left ven-
tricle as striped bars. Light bars show data from nTG, dark bars from TG 
mice. 
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tance, because it is more critical to aerobic metabolism than the average diffu-

sion distance. Nevertheless, diffusion distance was equally large or slightly 

smaller in cTnIΔK184 mice compared to their nTG littermates (left ventricle: nTG: 

9.85 ± 0.35 µm; TG: 10.00 ± 0.92 µm, p>0,05; right ventricle: nTG: 9.85  ± 1.36 

µm; TG: 8.95 ± 0.94, p>0,05; see fig. 3.8).  

 

 

 

 

Although the intercapillary distance was not altered in the TG mice, it was readily 

visible on the photomicrographs that the increase in interstitial area fraction (see 

above) was prominent especially in direct neighborhood of the capillaries. Peri-

capillary edemas do not hinder O2 diffusion, they however have several adverse 

effects on myocardium and contribute to cardiac dysfunction. Therefore, the 

mean distance between capillaries and surrounding myocardium were deter-

mined. It showed that it was significantly increased both in the left and right ven-

tricle (fig. 3.8 C) (left ventricle: nTG, 0.58 ± 0.2 µm (+85%, p<0.05); TG, 1.06 ± 

0.26 µm; right ventricle: nTG, 0.34 ± 0.06 µm; TG, 0.51 ± 0.09 µm (+77%, 

p<0.01)).  

 

Fig. 3.8: Parameters of oxygen supply and capillary edema. 
Data from the left ventricle are represented by solid bars, 
from the left ventricle as striped bars. Light bars show data 
from nTG, dark bars from TG mice. (A) Capillary density; (B) 
Capillary diameter; (C) intercapillary distance; (D) Pericapil-
lary space. Error bars: 95% CI n=4 
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3.6 Light and electron microscopic characterization of the ventricles 

Left and right ventricular tissue from TG mice 12 weeks of age were analyzed in 

comparison with their nTG littermates to identify structural abnormalities asso-

ciated with cTnIΔK184 -based cardiomyopathy (n=4).    

3.6.1 Histology 

There are three classical histological hallmarks of hypertrophic cardiomyopathy, 

namely cardiomyocyte hypertrophy, interstitial fibrosis, and cellular disarray. 

Nevertheless, the more recent literature allows for absence of hypertrophy and 

fibrosis (Ho & Seidman, 2006), both now being considered as secondary effects 

of  sarcomere cardiomyopathy. Whether this applies for cardiomyocyte disarray 

as well is currently not known.  

The cTnIΔK184 mutant showed neither hypertrophy nor fibrosis, but interstitial 

edema. Both in the left and right ventricle, cellular disarray was mild. Cardiomyo-

cytes from TG mice showed only a mild, focal disarray fig. 3.9) but were more 

irregularly shaped (fig. 3.10). 

Fig. 3.9: Representative survey micrograph of left vetricular tissue from non-
transgenic (A, C) and transgenic TnIΔK184 mice (B, D) (semithin sections). A: cross-
section. Cardiomyocytes are surrounded by ~ four capillaries each. Almost no extracellu-
lar space visible. B: By contrast, there is more extracellular space in tissue from TG 
mice. Cells have a more irregular shape and appear to be smaller. Capillary-to-
cardiomyocyte-ratio appears to be unchanged. C: Longitudinal section (nTG). Cells are 
properly arrayed. D: Slight disarray of cardiomyocytes in longitudinal view. Irregular cell 
shapes, more interstitium. Scale bar 50 µm. 
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Fig. 3.10: Survey electron micrographs of oblique sections from left and right ven-
tricular tissue. A, left ventricle and B, right ventricle from nTG mice. Regularly shaped 
cardiomyocytes, little interstitium. C, left ventricle and D, right ventricle from TG mice. 
Cardiomyocytes are more irregularly shaped and interstitial space is increased. Arrow: 
cellular fold. Co, Collagen. Scale bar 10 µm 
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Besides, cardiomyocytes occasionally displayed plasma membrane foldings 

which did not occur in nTG mice (fig. 3.11]. Interstitium was enlarged and was 

electron-penetrable or electron-opaque with minor collagen fiber inclusions. 

Thus, interstitium increase is mainly due to an increase in watery ground sub-

stance instead of collagen and/or reticular fibers. This corroborates the notion of 

interstitial edema. Fibroblast number was not quantified, but it did not appear to 

be altered. Also, fibroblast size and appearance was unchanged in TG animals 

even in large magifications (not shown). Capillaries from TG mice usually did 

not differ from those from nTG mice as they had a regular shape and a round 

cross sectional area. There were no thickened endothelial cell basal laminae in-

dicative of small vessel disease as have been reported for HCM that are based 

on other sarcomere protein mutations.  

Non-contractile structures such as arteries, arterioles, veins, and lymphatic 

vessels were inconspicuous (not shown). In other words, there was no media 

and/or intima thickening of blood vessels occasionally associated with the HCM 

phenotype (Hughes, 2004; Maron, 1978) Besides, the endo- and ectocardium 

appeared similar in TG and nTG animals. 

3.6.2 Cellular folds, buds and sarcomere disarray 

Thus, the effects of cTnIΔK184 mainly remained restricted to the location of their 

expression, the cardiomyocytes. On the fine structural level, several additional  

aberrations were visible that did not occur in nTG mice. These alterations were 

not visible in all cardiomyocytes but often enough to distinguish TG from nTG 

mice in blind tests. In addition to the already mentioned more irregular cell shape 

of cardiomyocytes, abnormal buds and invaginations were common (fig. 3.11). 

Cardiomyocytes from TG mice were rounded/folded in themselves and had so-

called double-intercalated discs, as has been described as a common feature of 

HCM (Hughes, 2004]. 
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However, the most prominent feature of cTnIΔK184 mice was myofibrillar disarray. 

Myofibrillar disarray may be defined as sarcomeres that are not arranged in the 

longitudinal direction of the cell but at obscure angles to the longitudinal axis of 

the cell and/or to each other. Those myofibrils are out of register. It is important 

to note that it does not mean a spatial shift of sarcomeres along the longitudinal 

axis of cells, as this is a common feature of wild type mice as well, but has been 

used by several groups to define FHC morphology. Fig. 3.12 shows representa-

tive electron micrographs of cardiomyocytes with disarrayed sarcomeres in addi-

tion to regular phase shifted sarcomeres in nTG and TG mice. In fig. 3.13, a high 

magnification of an extreme case of sarcomere disarray is presented with myofi-

brils arranged perpendicular to each other. Myofilament spacing is irregular as 

well. Note that single myofibrils are surrounded by network SR and dyads and 

that that they, too, are not arranged in a regular manner. In cells with sarcomere 

disarray, nuclear shape was rather angular as opposed to the rounded cigar 

shape of cardiomyocytes from nTG mice. This is explicable by the necessarily 

altered cytoskeletal structure. Besides, nuclei were generally located at the cell 

center as in nTG cardiomyocytes. To date, it is unknown how the shape of cells 

with sarcomere disarray changes during contraction. Sarcomere disarray was 

found in both in the right and left ventricle, as well as in both atria. By contrast to 

these observations, a smaller fraction of cells showed extremely wide myofibrils. 

In those cells, width-to length ratio appeared to be increased (or cells were 

folded/curved, so that they disappeared from focus) and here, nuclear shape 

was more angular, too (fig. 3.12 G–H).  

 

 

 

Fig. 3.11: (previous page): Electron micrographs of abnormally formed cells in ventricu-
lar tissue from TG mice. A and B, nTG, typical regularly, rod-shaped cardiomyocytes from 
left ventricles from nTG mice: roughly ordered sarcomeres, mitochondria with electron-dense 
mitochondria, centrally located nucleus, and only very little sarcomere-free cytoplasm, mainly 
in close proximity to the nucleus.  C–H: TG. C, irregularly shaped cardiomyocyte narrowing to 
a neck (arrow) and then, widening again. Cutting angle may not explain this shape. Sar-
comere length and width are within the usual range. D, strongly arched cardiomyocyte with 
invaginations and protrusions (arrows), large, so-called double intercalated disc (asterisk), 
which connects cell with another cardiomyocyte. E, cardiomyocyte with large invagination 
(arrow), sarcomere array is regular. F, G: rounded cardiomyocytes with atypical invaginations 
and “buds”. H, detail of rectangle in G, disarray of sarcomeres that are aligned perpendicular 
to each other (1, longitudinal; 2, cross section), asterisc: intercalated disc. Scale bar 5 µm. 
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Fig. 3. 12: Sarcomere disarray. A, B: Typical sarcomeres from the left ventricle of an 
nTG mouse. A, parallel myofibrils in register, B, parallel myofibrils out of register, com-
mon. C, D: sarcomeres from the left ventricle of a TG mouse, C, parallel myofibrils in 
register, D, parallel myofibrils out of register. E–H: non-parallel myofilaments (TG mice) 
= sarcomere disarray (arrows). JSR, junctional SR. Asterisc, intercalated disc; GJ, gap 
junction. Scale bar 1 µm. 
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3.6.3 Sarcomere reconstruction 

Sarcomere disposition is high during development when the myocardium is 

growing, but may be increased in mechanically stressed cells as well. In adult 

myocardium, sarcomere addition occurs during hypertrophic growth. To date, 

there exists no report on sarcomere turnover in cardiomyopathies, but it seems 

likely that it should be altered due to different protein-protein binding affinities 

and mechanic stability of the sarcomere. Besides, cardiomyocyte turnover might 

be altered, and the addition of new cardiomyocytes would require sarcomere 

disposition as well. Therefore, sarcomere reconstruction in the cTnIΔK184 mouse 

model was investigated. 

Exclusively in TG mice, evidence was found for sarcomere reconstruction, i.e. de 

novo synethesis and putatively intra-sarcomeric addition of myofilaments. Areas 

of sarcomere de novo synthesis were found both at the cell periphery and be-

tween already existing myofibrils. Such areas have been characterized mainly in 

cell culture systems and in whole embryonic chicken heart rudiments (Dabiri et 

al., 1997; Ehler & Perriard, 2000; Sanger et al., 2000). In early stages of myofi-

Fig. 3.13:Sarcomere disarray in a left ventricular cardiomyocyte from a TG TnIΔK184 
mouse. Myofibers are arranged perpendicular to each other. Thickened Z-disc in lower 
right corner. BL, basal lamina. M, mitochondrion. Ac, actin. My, myosin. Cav, caveolae. 
Arrow, SR with triad feet.  
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brillogenesis Z-bodies form, consisting of  α-actinin, the Z-disc end (N-terminus) 

of titin and filamentous actin. Those premyofibrils (or I–Z–I-brushes, depending 

on the favored hypothesis) presumably detach from the plasma membrane upon 

tension generation and subsequently integrate the  C-termini of titin and thick 

filaments (now named nascent myofibrils), which still

Fig. 3.14: Sarcomere reconstruction in hearts from TG TnIΔK184mice. A, longitudinal 
section of a cardiomyocyte with an area of sarcomere regeneration (surrounded by ar-
rows). In the left corner there is a double intercalated disc (asteriscs). B, high magnifica-
tion of Z-Bodies (arrows) that are surrounded by thin filaments (pre-myofibrils) and thick 
filaments. C, addition of sarcomeres at the periphery of a cardiomyocyte. D–F: Later 
stages of myofibril development (nascent myofibrils) or addition of filaments to already 
existing sarcomeres.  Neither of these structures has been found in nTG mice. Ac, actin. 
My, myosin. N, nucleus. Z, Z-Band. LV, left ventricle; RV, right ventricle; RA; right atrium 
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lack an uninterrupted Z-band. When the disposition of the Z-band is completed 

(i.e. when it consists of the typical, uninterrupted protein network) and contrac-

tion begins, myofibril maturity is reached. 

In fig. 3.14, several stages of myofibrillogenesis are shown. In fig. 3.14 E, the 

regularly interrupted Z-band lies close to a nucleus, that is, at the cell center. 

This picture was interpreted as an addition of sarcomeres to already existing 

myofibrils. Myofibrillogenesis was not only found in ventricles, but also in atria 

from TG mice.  

Besides myofibrillogenesis, otherwisely affected Z-bands (e.g. thickened, irregu-

lar) were found, as have been reported in cases of sarcomere degradation (Ne-

pomnyashchikh, 2001; Moses & Claycomb, 1989), (fig. 3.13 and fig. 3.12 F). 
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3.6.4 Sarcoplasmic reticulum  

Alteration in calcium cycling are common in sarcomere cardiomyopathies. For 

the cTnIΔK183 mutation, it is currently unknown whether Ca2+ cycling  is aberrant 

from healthy myocardium. Therefore, we investigated the structure of the major 

Ca2+-compartment of the cardiomyocyte, the sarcoplasmic reticulum (SR). 

SR was usually inconspicuous in TG mice. In some cardiomyocytes however, it 

showed a marked disorganization (fig. 3.15). In those cells, abundance and vo-

lume of either network SR (nSR) or corbular SR (cSR) or both was increased 

and the overall appearance was bullous, making it difficult to distinguish one 

from the other lest triad feet were detectable. These abnormalities were found 

both in ventricles and in atria. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 3.15: Sarcoplasmic reticulum and cytoplasm. A, typical sarcomeres from an nTG 
mouse with surrounding network SR that is composed of nearly pentagonal and hex-
agonal meshes and corbular SR cisternae that protrude from the nSR (left ventricle). B, 
TG mouse, normally developped nSR (most cells). Left ventricle. Corbular SR invisible in 
this section. Junctional SR with T-tubule show typical location (close to Z-disc), ar-
rangement and dimension. C. TG. Extremely pronounced nSR, disorganized and volu-
minous SR-cisternae. Diameter of T-tubules enlarged. Bullous and abundant cSR. Note 
sarcomere disarray (left ventricle). D, TG. A similar appearance of cSR is within the 
range of a healthy atrial cardiomyocyte. RA, right atrium. Scale bar 500 nm. 
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3.6.5 Myofilament spacing 

Myofilament spacing appeared to be more irregular in TG compared to nTG mice 

as can be seen both in longitudinal as well as in cross sections of myofibrils at 

high magnifications (fig. 3.16 and 3. 17). This finding has yet to be validated by 

measurements of myofilament distances. 

 

 

 

 

 

 

 

Fig. 3.16: Longitudinal sections of sarcomeres from nTG (left column) and TG 
TnIΔK184 mice (right column). T-Tubles of nTG (A, C) and TG (B, D) mice are equally 
wide.Note that in B and D, filament spacing is slightly more irregular. Z, Z-band. A, A-
band. I, I-band. M, M-band. Dy, dyad composed of T-tubule and junctional SR. nSR, 
network SR. Mi, mitochondrion. L, lipid droplet, G, glycogen. Scale bar in A, B 500 nm; in 
C, D 200 nm. 
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Fig. 3.17:  Oblique/cross sections of sarcomeres from nTG (left column) and TG 
TnIΔK184 mice (right column). A, B, survey micrograph showing Z-Band, I-Band (actin) 
and part of the A-Band where myosin and actin overlap. The distance between single 
filaments is more irregular in TG mice. C and D, cross section of A-Band, thick and thin 
filaments. Filament spacing is more irregular in TG mice. E and F, cross section at posi-
tion of M-Band. Both nTG and TG mice have equally well ordered filament distances. Z, 
Z-band. A, A-band. I, I-band. M, M-band. Dy, dyad composed of T-tubule and junctional 
SR. nSR, network SR. Mi, mitochondrion.  
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3.6.6 Contraction bands and intercalated discs 

In TG mice 10 months of age, a considerable amount of cells displaying contrac-

tion bands was found (not shown). In addition, over- and hypercontracted sar-

comeres were common despite cardiac arrest in diastole (not shown). In mice 12 

weeks of age, mean sarcomere lengths were not decreased.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.18: Longitudinal section of sarcomeres from nTG (A) and TG TnIΔK184 mice 
(B-F). A, accurately arranged sarcomeres in relaxed state, surrounded by mitochondria 
with tightly aligned cristae and dark matrix. B, equally well organized sarcomeres from 
TG mice. Nevertheless, not the slightly irregular filament spacing (arrows). C, overcon-
tracted sarcomeres with invisible I-bands due to double overlap of actin and myosin 
(bracket). A-band may contact Z-band. Z-Band is thickened. Mitochondria have a light 
matrix and interrupted and widely spaced cristae. D, contraction bands, invisible I-Band, 
strongly shortened A-Band, disorganziation of myofilaments, hardly visible M-band, mi-
tochondria are slightly lighter and have loosened cristae. Z-band is thickened and has a 
bushy appearance. E and F, survey micrograph of areas with overcontracted cells. Note 
the accumulation of swollen mitochondria and the collapsed capillary (arrow) in E and 
the packages of cyotoplasma with and without mitochondria forming buds at the cell 
periphery in E and F (arrowheads). Mi, mitochondria. Nu, nucleus of cardiomyocyte. G, 
Glycogen. ID, intercalated disc. Scale bars A–D 1 µm, E–F 5 µm.  
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Nevertheless, some cells displayed over- and hypercontracted cells not explica-

ble by cutting edge effects. 

In those cells, packages of cytoplasm filled with cell organelles formed buds at 

the cell periphery. Besides, swollen mitochondria with loosened cristae were 

present. In addition, intercalated discs that were inconspicuous in relaxed cells 

from TG mice, occasionally showed signs of tearing (fig. 3.19). 
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Fig. 3.19: Intercalated discs from nTG 
(A, C) and TG TnIΔK184 mice (B, D, E). A 
and B, cross section, C–E longitudinal 
section of intercalated discs. There are 
no visible diffferences between interca-
lated discs from nTG and TG mice, ex-
cept for some overcontracted cells in 
which force exertion on intercalated discs 
may be greater (E). Scale bar 1 µm. 
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3.7 Light and electron microscopic characterization of the atria  

By contrast to the ventricles, atria were visibly enlarged in transgenic cTnIΔK183 

mice (fig. 3.20). In addition, atrial mass was increased by 26 % in 12 week old 

transgenic mice from line E, indicating that cellular or interstitial growth must 

have occured. Assessment of wall thickness was not readily achievable as it was 

highly variable due to the musculi pectinati that fortify parts of the free wall of 

both left and right atrium. Parts of atrial walls are rather thin (e. g. in gaps be-

tween Mm. pectinati) and others are thick (e. g. Mm. pectinati).  Thus, the aniso-

tropy of atria is even more pronounced than that of ventricles. Due to the small 

size of mice’s atria, random systematic sampling is impossible, making quantita-

tive (morphometric) statements questionable if not a large amount of animals are 

measured. Therefore, it was chosen to qualitatively compare the atria of TG and 

nTG mice. Paraffin sections in fig. 3.20 show the right and left atria from 12 week 

old TG and nTG mice stained with picrosirius red. To ensure comparability, longi-

tudinal heart sections were made in position of the bicuspidal and aortic valves. 

Of note, both the atrial internal space as well as maximal atrial wall thickness 

was increased in transgenic mice in this position, which is a hint to an eccentric 

atrial growth. 

As the increase in mass was more pronounced in the left atria than in the right 

atria, the thinnest, and thickest parts of the left atrial free walls of transgenic mice 

and their non-transgenic littermates were compared. Fig. 3.21 is a survey  mi-

crophotograph of the most distal parts of the left auricles. The Mm. pectinati of 

transgenic mice were reinforced by more collagenous and/or reticular fibers (see 

arrows in fig. 3.21 B), and single ridges of the Mm. pectinati appeared to be 

thicker than those from non-transgenic littermates. In a higher magnification of a 

rather thin part of the left atrium (fig. 3.21), the increase in collagenous/reticular 

fortification of the Mm. pectinati was even more conspicuous (see arrows fig. 

3.21 B, D). Besides, cardiomyocytes appeared to be enlarged. To confirm this 

impression atrial muscle cell diameter was measured both in transgenic and non-

transgenic mice in (fig. 3.21 E, F) (n = 40 cells each) in a random systematic fa-

shion. 
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Fig. 3.20: Longitudinal paraffin sections (3 µm) of hearts from nTG (A) and TG (B) 
mice dyed with picrosirius red. The left atrium is increased. Note that the vetricular sep-
tum is not thickened in tg mice. LA: left atrium; RA, right atrium; LV: left ventricle;  RV: right 
ventricle; TV: tricuspid valve; MV: mitral valve; AV: aortic valve; MV: mitral valve; A: Aorta; 
TP: Truncus pulmonalis. Scale bar 2 mm. 
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Fig. 3.21: Higher magnifications of left atria reveal increased cell size and in-
creased amount of collagen and/or reticular fibers in TG mice. A–F: 3 µm paraffin 
sections, stained with picrosirius red. A: nTG; B: TG; Mm. pectinati account for differ-
ences in atrial wall thickness, so atrial walls from both nTG and TG mice have thinner and 
thicker areas. C–F: Comparison of each the thickest and thinnest wall parts from atria of 
nTG and TG mice at a higher magnification. C-D: areas of thin to medium wall thickness, 
C: nTG; D: TG; E–F: areas of greatest wall thickness.  E: nTG; F: increased cell and 
interstitium size in TG mice. G–H: semithin sections (500 nm) of the thickest regions of 
left atrial walls. G: nTG; H: TG. Note the increase of non-fibrous extracellular matrix in 
addition to the fibrous meshwork. Arrows: increased fibrous material; En: inner atrial 
space (endocardial side); Ep: epicardial side, NF: non-fibrous extracellular matrix. Scale 
bars A–B 200 µm; C–H 50 µm.  
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The mean cellular diameter was 4.28 µm ± 0.38; in non-transgenic and 5.98 µm 

± 0.49 in transgenic cTnIΔK183 mice, that is a ~28 % increase in cardiomyocyte 

cell diameter. Of course, this measurement may not be considered representa-

tive and therefore only serves to assure a visual impression. Additionally, we 

have no information on atrial muscle cell length and thus, do not know if there is 

a change in length-width ratio in cardiomyocytes of the left atrium. However, the 

increase in extracellular fibrous material surrounding the Mm. pectinati is visible 

in fig. 3.21 F as well. 

Fig. 3.21 G, H shows 500 nm semithin sections of left atria from 12 week old 

transgenic cTnIΔK183 and non-transgenic mice fixed with PFA/glutaraldehyde 

dyed with methylene blue/azure. Here too, especially in the thick parts of the 

atrial wall an increase in reticular/collagen fibers surrounding the Mm. pectinati is 

visible. Furthermore, due to the difference in fixation it is conceivable from semi-

thin sections that reticular fibers form a fine meshwork that lies in the extracellu-

lar matrix between single cardiomyocytes. As the extracellular space did not dye 

with methylene blue/azure, it probably mainly consists of water (jelly-like sub-

stance). This substance appears to be increased in transgenic animals (see fig. 

3.21 C and D] in some parts of the atrial wall.  

Electron microscopy revealed that the amount of elastic fibers underlying endo-

cardial cells is considerably increased (fig. 3.22 A, B). Higher magnification of the 

subendocardial lamina propria showed that only the amount, but not the kind of 

fibers were altered (fig. 3.22 C, D). Also, endocardial cells appear thickened (fig. 

3.22 B). 
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Atrial cardiomyocytes showed the same alterations that had been observed in 

ventricular heart muscle cells: folds, invaginations, irregular shape (fig. 3.23) sar-

comere reconstruction (fig. 3.14 D, F, fig. 3.24 B), and most importantly, sarco-

mere disarray (fig. 3.24 B, ), that was most pronounced in the right atria. We did 

not analyze filament spacing and intercalated discs. In summary, the major dif-

ference between cardiomyocytes from atria and from ventricles was their in-

creased size relative to those from nTG littermates. 

Fig. 3.22: Only the amount but not the kind of fibers is differerent in TG mice. A 
and C, nTG; B and D, TG. High magnification of extracellular matrix adjacent to atrial 
endocard. Directly under the endocardial cells there are 3 – 4 layers of non-collagenous, 
fibrous material, followed by an electron-penetrable fibroelastic layer containing a floccu-
lent ground substance, collagen/reticular and elastic fibers. EF, elastic fibers. F, fibrous 
material. C, collagen fibers. pC, primary cilium. FB, fibroblast. CM, cardiomyocyte. En, 
endocardial cell. Scale bar 500 nm. 
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Fig. 3.23: Features of atrial cells from transgenic mice (1). A: cardiomyocytes with 
irregular surface. Invaginations and protrusions (arrowheads). Ep: epicardial cells; M: 
mitochondria; B: Large cardiomyocyte with sarcomere disarray. Contains inconspicous 
amounts of ANP-granula (Arrowhead) in perinuclear region. N: nucleus. Scale bars 
5 µm. 
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Fig. 3.24: Features of atrial cells from transgenic mice (2). A: Sarcomere 
disarray in an atrial cardiomyocyte from a transgenic TnIΔK184 mouse. Myosin 
filaments are arranged perpedicular to each other. B: Reconstruction of sar-
comeres in an atrial cardiomyocyte (arrow). D, desmosome. M, mitochon-
drion, My, myosin. Ac, actin. F, fibrous material. C, collagen fibers. G: golgi 
stacks. ZT, Z-tubule, ANP, granula containing atrial natriuretic peptide. Scale 
bar 1 µm. 
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4 Discussion 

This is the first comprehensive morphological study on a cardiac troponin I muta-

tion associated with hypertrophic cardiomyopathy, the lysine 183 deletion muta-

tion (cTnIΔK183), that lies in a mutational hotspot on Exon 7 of the TNNI3 gene. 

Lysine 183 is located in a highly flexible C-terminal portion of cTnI required for 

full inhibitory function of actinomyosin interaction. This C-terminal portion toggles 

between actin and cTnC in dependance of the intracellular Ca2+-concentration 

and thus is part of the molecular switch between diastole and systole. The scar-

city of this nonetheless clinically most thoroughly investigated cTnI mutation 

makes it impossible to truly morphologically characterize it in humans. Therefore 

we resorted to a novel mouse model, cTnIΔK184, kindly provided by the Institute of 

Vegetative Physiology, Cologne.  

We ensured the comparability of hearts from nTG and TG mice by the following: 

- usage of the same gender and age (male, 12 weeks of age) 

- comparison of littermates (nTG and TG mice) to reduce the variability of 

the genetic background 

- equal breeding conditions (free access to water and a standard normo-

caloric diet, voluntary exercise without physical strain)    

- heart arrest in diastole by perfusion with a Ca2+-free Krebs-Henseleit solu-

tion containing procainhydrochloride 

- adequate sampling procedure of heart probes (see below) used for mor-

phometry 

- morphometry was done without knowledge of the probe identity 

Thus, it is assured that the observed morphological effects solely depend on the 

genotype and primary and secondary effects of the mutation. 

Curiously, nearly all of the reported morpholological hallmarks for hypertrophic 

cardiomyopathy are missing in this mouse model, despite the unequivocal pres-

ence of gross morphological, tissue and fine structural heart abnormalities. 

These heart abnormalities were found in all of the investigated TG mice and will 

be discussed in the following. 
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4.1 Small hearts or diastolic dysfunction? 

The first striking abnormality of cTnIΔK184 mice was the drastic reduction of heart 

size and weight (–22%). Body weight, by contrast, was only slightly decreased, 

and both TG and nTG mice had an otherwise healthy appearance.  

The possible causes for these findings and the impact of the heart size reduction 

may have on the evaluation of the cTnIΔK184 mouse model for hypertrophic car-

diomyopathy will be discussed in later sections. Here, the focus lies on the im-

pact the heart size reduction may have for the mouse as an organism and for the 

comparability of nTG and TG mice in physiological experiments. 

The small hearts of the cTnIΔK184 mice have a reduced filling volume (–19%, as 

determined by the in vivo diastolic left ventricular cavity diameter), but the ven-

tricular wall thicknesses equal those from the normal sized hearts of nTG litter-

mates, so that wall thickness to cavity diameter is greatly increased (+26%). This 

has two direct consequences: 

1. The minimized cavity reduces the amount of blood that may maximally  

enter the ventricle during diastole (preload). Thus, also the amount of 

blood that may flow through the heart during each heart cycle is reduced, 

leading to a decrease in stroke volume. 

2. Diastolic filling should be impeded, because the wall resistance to blood 

influx during diastole is greater in hearts with such a geometry, given that 

wall compliance (as predetermined by tissue composition, myofibrillar 

properties) is otherwise nearly equal.   

With respect to the reduced cavity size and the increase of wall thickness to cav-

ity diameter ratio, the hearts from cTnIΔK184 mice in fact resemble those with a 

concentric hypertrophy. In hypertrophied hearts as can be often observed in 

HCM, left ventricular cavity size is often reduced as well, but the reason is mass 

increase instead of the mass decrease displayed by the cTnIΔK184 mice (fig. 4.1). 

Diastolic dysfunction is one of the major physiological characteristics of individu-

als affected from HCM. A variety of recent studies provide evidence in support of 

alterations in the contractile apparatus itself as causative for diastolic dysfunction 

(summarized in LeWinter, 2005). Experiments with cardiac myofibrils isolated 

from cTnIΔK184 mice point in the same direction: their passive stiffness is in-
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creased. Besides, the time constant of force decay is significantly prolonged. 

This effect could be completely abrogated by administration of 2,3-butanedione 

monoxime, which prevents the formation of force-generating cross-bridges 

(B. Iorga, personal communication). However, it is currently unknown, how this 

relates to the much more complex system of the heart. It is nevertheless possible 

that the mutation potentiates the effect of a minimized heart. However, a diastolic 

dysfunction cannot be deduced if solely relying on the cavity size reduction and 

the increase in wall thickness to diameter ratio.  

 

 

 

 

 

 

 

 

 

 

 

In diastolic dysfunction, the decrease of preload is caused by a reduced ventricu-

lar compliance that countervails blood influx, leading to increased diastolic cavity 

pressures and to a ratio increase of early to late filling phase.  

Thus, hard proof for a diastolic dysfunction could be only provided by left ven-

tricular pressure measurements, either by insertion of a tip catheter in the left 

ventricle or alternatively, by Langendorff or whole heart experiments. To estab-

lish an altered ratio of early to late filling phase by non-invasive means, mouse 

doppler echocardiography would be the method of choice (Stypmann, 2007; 

Collins et al., 2003). 

However, one gross anatomical feature of cTnIΔK184 mice is a direct hint to blood 

afflux caused by stiffer left ventricles, the enlarged left atria. It is unlikely that the 

Fig. 4.1: Schemes of left ventricular wall thickness and cavity 
diameter in concentric hypertrophy (as common in HCM), 
cTnIΔK184 mice, and normal hearts. 

Normal 
heart 

Concentric 
hypertrophy cTnIΔK184
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atrial enlargement is a direct effect of the mutation (primary atrial hypertrophy), 

because in this case, both atria had to be enlarged. In any case, left atrial 

enlargement is a considerable health risk, because it promotes the formation of 

blood thrombi both directly and by promoting atrial fibrillation, and thereby, in-

creases the risk for apoplexy. In recent literature, left atrial enlargement therefore 

is considered an important prognostic criterion (Abhayaratna et al., 2006).  

Besides atrial enlargement, another aspect of the cTnIΔK184 mice is the lower 

maximal cardiac output that follows from the small heart size, regardless of the 

degree of systolic function. It is not known whether other physiological parame-

ters such as blood pressure or volume are affected by this. However, it is very 

likely that cardiac reserve is reduced, because other than heart weight, body 

weight is not altered in cTnIΔK184 mice. With exercise experiments, this issue 

could be addressed. In addition, these investigations could clarify if with exer-

cise, a secondary hypertrophy could be induced in cTnIΔK184 mice or if the hearts 

show any pathological response as has been reported for other mouse models of 

HCM (Nguyen et al., 2007).  

Eventually, the evaluation of any physiological experiment has to be taken with 

caution, because the different heart sizes may lead to diverging results that are 

not a direct consequence of the mutation. 

4.2 Gain of systolic function 

Also the systolic function is abnormal in cTnIΔK184 mice, as it is drastically in-

creased. This has been reported of in other mouse models for HCM as well as in 

humans affected by the disease (Iorga et al, 2008; Revera et al, 2008). This in-

crease in systolic function is not caused by an increase of contractile elements 

due to cellular and heart mass gain, but again, heart geometry plays a part in it. 

According to the law of Laplace, the contractility resulting from a given wall ten-

sion is higher in hearts with a thicker wall to cavity diameter ratio. This should 

result in a higher pressure that acts on a smaller blood volume. So even if the 

contractility of the cardiomyocytes were not increased, this would result in an 

increased organ contractility, and even more so, as the heart has a more tapered 

shape. Indeed, the systolic wall thickening both in the left and in the right ventri-

cle is strikingly increased. Additionally, the Ca2+-sensitivity of force generation in 

isolated myofibrils and in skinned fibers is also higher in cTnIΔK184 mice (B. Iorga 
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and I. Stehle, personal communication). This leads to fibril and fiber contraction 

at lower Ca2+-concentrations. Given that other factors (such as Ca2+ cycling) are 

not altered, this could potentially lead to an earlier cellular contraction during sys-

tole. Thus, the small heart cavity, the relatively thicker walls and the direct effects 

of the mutation on contractility potentiate each other also in systole. This may be 

the case in both the left and right ventricles, as wall thickness gain is similar in 

both. The decreased cooperativity during contraction as determined with the 

skinned fiber studies (I. Stehle, personal communication) could however coun-

teract blood ejection. 

We have calculated the midwall circumference reduction during systole as a 

measure for contractility. In the cTnIΔK184 mutant, circumference reduces by 27% 

from end-diastole to end-systole (compared to 19% in the nTG mice). This po-

tentially has dramatic effects on sarcomere integrity: In the middle cardiomyocyte 

layer of left ventricular wall, cardiomyocytes are arranged nearly tangentially to 

cavity diameter. Therefore, circumference reduction can directly be converted 

into cellular and sarcomere shortening. If assuming maximally relaxed and pre-

stretched sarcomeres during diastole (~2.1 µm), the resulting mean end-systolic 

sarcomeric length would be only 1.6 µm. At these values, sarcomeres are in a 

hypercontracted state which means that the thin filaments overlap with the thick 

filaments of the ipsilateral half-sarcomere and in addition, with the thick filaments 

of the contralateral half-sarcomere. That is, they cross the M-band at the center 

of the sarcomere. In addition, the thick filament approaches the ipsilateral Z-

band. This overcontraction promotes the formation of contraction bands, irre-

versible protein agglutinations in the sarcomere. 

At an increased work load, β-adrenergic stimulation, or under positive inotropic 

medication, all of which increase inotropy, cardiomyocytes from cTnIΔK184 mice 

would overcontract with a greater probability than heart muscle cells from nTG 

mice. Cardiomyocytes with contraction bands, however, can neither contract nor 

relax, so they interfere both systolic and diastolic heart function. Besides, single 

cells or groups of cells could decay by contraction band necrosis or apoptosis. 

Such a cellular loss could contribute to heart minimization. However, the above 

values are only rough estimates for sarcomere length. For accurate measure-

ments, it would be necessary e.g. to arrest the heart in systole and then, to di-

rectly measure sarcomere lengths. This has been done with dog’s hearts in pio-
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neer experiments (Sonnenblick et al., 1967; Ross et al., 1967], but will be difficult 

or impossible to adopt for the mouse due to its high heart rate. Other models 

such as heart contracture induced by barium chloride perfusion are difficult to 

evaluate because of the unnatural prolongation of contraction (Munch et al., 

1980]. Alternatively, the correlation of Ca2+-dependent force with sarcomere 

length could be determined by fixating skinned fibers at defined Ca2+- concentra-

tions. Some laboratories have isolated single adult cardiomyocytes and paced 

them by field stimulation. Cell and sarcomere lengths were measured by video 

edge detection with or without 2,3-butanedione monoxime (BDM) administration; 

sarcomere lengths were measured in white light video images (Tardiff et al., 

2007).  

These considerations do not include possible alternative explanations as fiber 

slippage (which is unlikely because of lateral cell contacts mediated by integrins), 

and altered fiber orientation during contraction compared to nTG mice 

In summary, the observed hypercontractility has a variety of potentially adverse 

effects. The extremely reduced chamber size in systole itself is problematic, be-

cause it is the starting point of diastole. Especially the high frequency of the 

mouse heart beat could aggravate the situation because it may not give the sar-

comeres enough time for full relaxation so that the diastolic tone could be raised. 

4.3 Absence of classical morphological hallmarks for hypertrophic cardio-
myopathy 

For human myocardium affected by the cTnIΔK183 mutation, there exist no light 

and electron microscopic studies, only macroscopic data that show a great vari-

ability up to a complete lack of a morphological phenotype in some carriers of the 

K183del mutation (Kokado et al, 2000). Therefore, the cTnIΔK184 mouse model 

provides the first data on structural effects of the mutatation. 

The cTnIΔK184 mice lacked the classical morphological hallmarks for hypertrophic 

cardiomyopathy: cardiomyocyte hypertrophy, interstitial fibrosis, and cellular dis-

array. In considering these results it should however be kept in mind that most 

information on the phenotype is skewed by the patient selection of tertiary cen-

ters. These studies mostly refer only to patients who have a distinct phenotype, 

and to patients with the most common mutations. Indeed, mutations in 3 proteins 

(β-myosin heavy chain, myosin binding protein-C, and troponin T) make up the 
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majority of HCM cases, while the contribution of cTnI mutations amounts to only 

~3%. This has been reported in several independent studies worldwide (Doolan 

et al., 2005; Wu et al., 2004, Mogensen et al., 2003). Therefore it remains ques-

tionable if the cTnIΔK183 mutation, too, displays microscopic features in humans 

that have been identified for the obscure mixture of genotypes that the classical 

morphological studies on HCM naturally had to be based on (Maron, 1975; Ma-

ron, 1979).  

A very recent and intriguing study analyzed the extent of a restrictive filling in 

HCM (Kubo et al., 2007). A total of ~1.5% of hearts with hypertrophic cardio-

myopathy had a restrictive filling pattern. About half were caused by mutations in 

beta-myosin heavy chain, and half by mutations in TnI. In spite of the caution 

that has to be taken in interpreting such data resulting from a single study, com-

pared to the total incidence of TnI mutations in HCM worldwide (see above), the 

TnI fraction of HCM-related RCM is considerable. 

4.3.1 Cardiomyocyte size, number and heart weight 

The first of the three classical hallmarks of hypertrophic cardiomyopathy that is 

missing in the cTnIΔK184 mice is cardiomyocyte hypertrophy.  

Since the discovery of sarcomere mutations as final causes for HCM it became 

evident that cardiomyocyte hypertrophy (transverse diameter of 20 – 70 µm) is 

not an essential attribute of the disease that is named after it (Tardiff, 2005). The 

analogous is known for morphological changes in dilated cardiomyopathy 

(Chang & Potter, 2005), which can be associated with some mutations in sar-

comere proteins, among other causes. Besides, both hypertrophic and dilated 

phenotypes have been reported in restrictive cardiomyopathy (Angelini et al., 

1997), which is characterized functionally by a pronounced diastolic dysfunction.  

We determined cardiomyocyte size by two means: First, we determined cell area 

in systematically randomized semithin sections that allowed precise determina-

tion of cell boundaries including intercalated discs, which are difficult to identify in 

paraffin or cryo-sections. By systematic randomization on all levels of investiga-

tion (tissue sampling, photography, image analysis by the point counting/linear 

grid method), the division of the estimated total cardiomyocyte area by cell num-

ber results in an unbiased cardiomyocyte area. Second, we directly measured 

cell diameter at the level or close by the nucleus. Interestingly, we found a high 
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consistency of these results: In the left ventricle, cell area and diameter were not 

altered in mice carrying the mutation (–2% and –6%, respectively). However, in 

the right ventricle, both cardiomyocyte area and diameter were reduced (–12% 

and –15%, respectively). Thus it is likely that in the right ventricles, cell area re-

duction is caused by cell thinning rather than cell shortening, whereas in the left 

ventricles, cell length-to-width ratio is unchanged. 

In the ventricle walls, cardiomyocyte minimal caliper diameters (as can be meas-

ured in cross, longitudinal and oblique sections) are arranged perpendicular to 

the wall tangentials, irrespective of the orientation of the cellular longitudinal axis. 

In this context, it is of interest that  the in vivo diastolic left ventricular wall thick-

ness is unaltered in the left ventricle (–0.8%), but decreased in the right ventri-

cles (–14%). Again, these values match well the left and right ventricular cell di-

ameter. So it could be hypothesized that in the right ventricles, cellular thinning 

leads to wall thinning, whereas in the left ventricles, the unaltered cell thickness 

sustains left ventricular wall thickness.  

However, several other factors contribute to wall thickness: capillary number and 

diameter, interstitial area fraction, and cardiomycyte number. 

These factors will be first discussed for the left ventricle: capillary number per 

cardiomyocyte and diameter are equal in TG and nTG mice. So if total cardio-

myocyte numbers are equal, capillary number and diameter have no part in dia-

stolic wall thickness change. Nevertheless, this is very likely not the case, be-

cause although in the left ventricle, cardiomyocyte size and diameter are unal-

tered, left ventricular weight is drastically reduced (–17%). As cardiomyocytes 

make up the majority of the ventricular mass, it is most likely that in the left ven-

tricles of cTnIΔK184 mice, there are less cardiomyocytes. As capillary per cardio-

myocyte number equals one, though, capillary number must be reduced accord-

ingly, and perhaps adaptationally. 

The interstitium (or pericapillary edema, see below) contributes to the wall di-

mensions. In cTnIΔK184 mice, it is significantly increased, though the extend is 

small (+4%). In effect, as cardiomyocyte size is unchanged, this makes it even 

more likely that cardiomyocyte loss occurs in the left ventricle. 

In the right ventricle, capillary to cardiomyocyte ratio equals one, and capillary 

dimensions are not altered, so both can be neglected. Cellular size and diameter 
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are equally reduced. The right ventricular weight reduction nearly equals the re-

duction in cell size (–13%), while the interstitial space is nearly unaltered  

(–3%). As we have no direct measurements of cell number, we cannot exclude 

the loss of a small amount of cardiomyocytes in the right ventricle. However, 

cardiomyocyte size reduction should play the main part in right ventricular weight 

(and wall thickness) reduction.  

The difference between the predominant cellular loss in the left ventricle and the 

size reduction in the right ventricle is somewhat difficult to explain. However, it is 

quite uncommon to even regard the right ventricle, which may have distinct 

pathomechanisms both due to the low pressures and to the altered hemodynam-

ics. Being short of data on this issue, we are tempted to speculate: cardiomyo-

cyte sizes of the right ventricles are reduced in comparison to the left ventricles 

both in mutation carriers and in nTG mice. As form follows function, this might be 

an expression of the comparatively decreased right ventricular pressure and af-

terload. Right ventricular cardiomyocyte size/diameter would in this sense, rep-

resent a physiological adaptation to its utilization. If the cardiomyocytes from TG 

mice indeed overcontract, as indicated by the in vivo measurements, they may 

exert a greater force per se, so that a further cell diameter reduction may be an 

adaptational response to counterbalance this. To a lesser extent, this effect can 

be  also seen in nTG mice, where right ventricular cardiomyocytes are likewise 

smaller than those from the high pressure left ventricle. Another aspect concerns 

the differential transition of isoform expression of sarcomere proteins in the right 

and left ventricle. In mice, this transition occurs first in the left and only later, in 

the right ventricle (Zammit et al., 2000). This might also influence contractile effi-

ciency, sarcomere stability and eventually, cell size.  

In the left ventricle from cTnIΔK184 mice, cell number appears to be reduced. The 

size of the remaining cardiomyocytes may simply be adaptational, too, i.e. just 

sufficient to exert the heart work needed to subsist the body under the given cir-

cumstances.  

Causes for cardiomyocyte loss could lie in the greater torque, shear stress 

and/or pressure exerted especially on the subendocardial cardiomyocyte layer 

during (hyper-)contraction. Besides, sarcomere overcontraction may lead to con-

traction band necrosis.  
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To identify the cause(s) for this loss it would be important to first know the time 

frame of the highest rate of cellular demise. With this information it would be eas-

ier to identify the possible mechanisms.  

In mice, cardiac troponin I substitutes the slow skeletal isoform within the first 

three weeks after birth (Siedner at al., 2003). Preliminary western blot experi-

ments suggest equal substitution rates in cTnIΔK184 mice, albeit the protein signal 

has not been quantified yet (N. Blaudeck, personal communication). So cellular 

loss in hearts from cTnIΔK184 mice probably does not take place before birth but 

could start soon after the transgene expression has commenced. Very recent 

determinations of heart weights from mice three weeks of age indeed show al-

ready significantly reduced heart weights (N. Blaudeck, personal communica-

tion), but the weight reduction seems to continue thereafter with a lower rate.  

There are several mechanisms by which the cellular loss could occur: oncosis is 

characterized by an early disruption of plasma membrane and is considered to 

be an “accidental” form of cellular decay that involves inflammation and phagocy-

tosis by mononuclear phagocytes, macrophages and monocytes. From oncosis, 

necrosis usually follows that involves groups of cells and leads to substitution 

fibrosis (Jugdutt & Idiko, 2005). As fibrosis is not an attribute of cTnIΔK184 mice it 

is unlikely that oncosis plays a major part in the cell demise of the left ventricle.  

Instead, cells seem to vanish without trace, which is known for apoptosis and 

autophagy, both being forms of programmed cell death. In both apoptosis and 

autophagy, cell membranes stay intact. In apoptosis, the remains of the cell are 

phagocytosed by neighbouring cells such as other cardiomyocytes, fibroblasts, 

endothelial cells, and vascular smooth muscle cells. The whole process of apop-

tosis of a single cardiomyocyte may not take more than 1–3 hours (Gavrieli et al., 

1992; Potten, 1996) which explains why it is important to first identify the devel-

opmental phase with the highest heart weight reduction. In our electron micro-

scopic investigations, we indeed have found some apoptotic cardiomyocytes in 

cTnIΔK184 mice (while in nTG mice we found none), but they appeared to be sin-

gular findings (not shown). However, it is possible that earlier in postnatal devel-

opment, the apoptosis rate is much higher. 

Autophagy represents a dysbalance between organelle synthesis and turnover 

and has been reported of in failing hearts (Schaper & Kostin, 2005, Kostin et al., 
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2003) where it appears to be associated to the ubiquitin/proteasome system. 

However, to our knowledge it has not been determined yet for hypertrophic car-

diomyopathy. Cellular material is packed into double membrane vacuoles that 

fuse with lysosomes to autophagic vacuoles. After protein degradation, autopha-

gic vacuoles are then exocytosed.  

There are several ways to determine both apoptosis and autophagy. The gold 

standard for apoptosis is electron microscopy which may identify all of its phases 

but it should be combined with methods that allow a higher sample throughput  

(e.g TUNEL, Caspase-3 immunohistochemistry) but have a lower sensitivity or 

specificity (for an overview on currently available methods see Rodriguez & 

Schaper, 2005).  

State-of-the-art in vivo experiments for apoptosis detection make use of annexin-

V labelled to fluorescent or technetium-99m and real-time imaging both in men 

and mice (Kietselaer et al., 2007; Kietselaer, 2003 a; 2003 b; Dumont et al., 

2001; Dumont et al., 2000). The detection of biotin-labeled Annexin-V tissue in 

paraffin sections may also be used in combination with TUNEL (van den Eijnde 

et al., 1997). 

By contrast, the left atria are increased and display hypertrophied cells. Left atrial 

weight is also increased (N. Blaudeck, personal communication). As stated 

above, this is indicative for an adaptation to an increased left ventricular diastolic 

pressure. The atria specific isoform expression of myosin light chains (MLC1A 

and MLC2A) (Schaub et al, 1998; Miyata et al, 2000; Reiser et al., 2001) might 

not contribute to this difference to the ventricles, because only the left atria are 

hypertrophied. 

4.3.2 Lack of fibrosis 

The second hallmark of hypertrophic cardiomyopathy is interstitial fibrosis which 

the cTnIΔK184 mouse model likewise lacks. Notably, fibrosis is considered a sec-

ondary and rather unspecific effect in hypertrophic cardiomyopathy and besides, 

it is common in other diseases as well. 

Interstitial fibrosis is an accumulation of collagen fibrils between cardiomyocytes 

and cardiomyocytes and capillaries. Collagen composition in HCM may have an 

altered collagen fiber morphology (Shirani et al., 2000) and an increase in colla-
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gen may exacerbate small vessel disease that is common in HCM. Several stim-

uli promote interstitial fibrosis, i.e. angiotensin II or TNF-alpha, and the signaling 

pathways are shared to a certain extend with hypertrophic signaling. Neverthe-

less, independent fibrosis or hypertrophy may also occur independently.  

Instead, the enlarged interstitial space in absence of collagen fibrils  character-

izes the cTnIΔK184 mouse. This constitutes an interstitial edema, that may in-

crease diffusion distances from capillaries to cardiomyocytes. Such edemas are 

rather known from dilated myocardium. In areas with massive edema, lateral 

cardiomyocyte contacts should be affected. 

The augmentation of fibrous material in the atria that accompanies cardiomyo-

cyte hypertrophy likely is a secondary adaptation to increased load. 

4.3.3 Cardiomyocyte disarray 

In HCM, cardiomyocytes are often bizarrely shaped, which means that they lack 

the regular rod-shaped structure but instead, have a rather stellate shape and 

sometimes large branches. In addition, cardiomyocytes are arranged obliquely or 

perpendicular to adjacent cells. This is called “cellular disarray”. The percentage 

of disarray required to constitute an HCM-like appearance is ~5 – 10%, depend-

ing on the author (Maron & Roberts, 1979; Davies, 1984). Mostly, however, the 

extent is much higher (~30%) (Maron et al., 1992). Clearly, the very mild and 

focal disarray as exhibited by the cTnIΔ184 mice is well below the reported frac-

tions. While hypertrophy and interstitial fibrosis are known to occur in many heart 

diseases, cardiomyocyte disarray is usually referred to as highly suggestive of 

HCM and when absent, “diagnosis (of HCM) should be questioned” (Seidman, 

2006) But what may be true for humans must not necessarily apply for mice. 
Then again, some patients diagnosed with RCM in the Mogensen study dis-

played the common morphological triad of HCM, i.e. cardiomyocyte disarray, hy-

pertrophy, and interstitial fibrosis (Mogensen, 2003). 

So either the diagnostic value of cellular disarray is lower than usually stated or 

cTnI mutation-based HCM and RCM are closer related to each other than cTnI-

mutation based cardiomyopathy and HCM as currently defined. Clearly, more 

data e.g. as provided by research on animal models are needed for a secure 

classification.   
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We have no explanation for the lack of cardiomyocyte disarray in cTnIΔK184 mice, 

but it should be kept in mind that there exist no data on the absence or presence 

of disarray in human cTnIΔK183 carriers. Of the four other transgenic animal mod-

els that express cTnI mutations associated with hypertrophic or restrictive car-

diomyopathy only the cTnIR203S mouse displays disarray. Like the cTnIΔK184 

mouse, the  cTnIR146G mouse model does not show any cardiomyocyte disarray, 

if mice are held without physical strain (James et al., 2000). The analogous rab-

bit model likewise does not display myocyte disarray and fibrosis at a young age 

(Sanbe et al., 2005). Only rabbits advanced in age (18 months) do so, but even 

then disarray remains localized to the apex and some parts of the septum. The 

microscopic morphology of the R192H mutation has only been superficially in-

vestigated and the authors do not give any information on the absence or pres-

ence of disarray (Du et al., 2006). In summary, the cTnIΔK184 mouse model is not 

the only one lacking cardiomyocyte disarray.  

Both the causes and the consequences of cardiomyocyte disarray are unknown, 

although several proposals have been made. However, it seems likely that it 

should be closely related to sarcomere disarray (see below). The extensive cellu-

lar disarray in TnT mutation based cardiomyopathies coincides with the high in-

cidence of sudden cardiac death, however (Varnava et al., 2001), which is why it 

has been related to ventricular arrhythmia. However, the extent of cardiomyocyte 

disarray does not correlate with wall thickness (Maron et al., 1979), so hypertro-

phy and disarray are probably induced differently. 

 

4.4 Blood supply  

We have not found any hints for a limited blood supply in the diastolic hearts. 

While the capillary diameters both in the right and left ventricles from cTnIΔK184 

mice equalled those from nTG littermates, the capillary to cardiomyocyte ratio 

was one. Thus, if in the left ventricles, the cardiomyocyte number were reduced, 

the capillary number must have abated accordingly. As the simple capillary to 

cardiomyocyte number is not sufficient to evaluate blood supply, we additionally 

determined the mean capillary density and calculated the mean diffusion dis-

tances in the myocardium therefrom. Here, we equally did not find any significant 

difference.  
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However, we found a significant pericapillary edema in cTnIΔK184 mice, which we 

estimated as the mean capillary-to-cardiomyocyte distance. Pericapillary edema 

have adverse effects on myocardial functioning, e.g. contributes to substance 

leakage from the capillaries and alters ventricle compliance (Boyle et al., 2007). 
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4.5 Ultrastructural abormalities that characterize both ventricles and atria 
of cTnIΔK184 mice 

The ultrastructural abnormalities we found in cTnIΔK184 mice may be separated in 

those that exclusively occur in the ventricles and those that are present both in 

the ventricles and the atria. It is reasonable to make such a distinction because 

ubiquitously present alterations are more likely to be direct effects of the muta-

tion. 

In cTnIΔK184 mice, two features were present in both right and left heart chambers 

and atria. These alterations were situated at the location of the mutation, the sar-

comeres, which further supports the idea of a direct effect of the mutation: sar-

comere disarray and sarcomere reconstruction. 

4.5.1 Sarcomere disarray: a consequence of altered stretch signaling? 

We have not quantified the extend of sarcomere disarray, but it was not re-

stricted to disarrayed cardiomyocytes. Hence it seems likely that sarcomere dis-

array precedes cellular disarray. The genesis of sarcomere disarray is still un-

known, but several mechanisms are possible: 

1. It could be a consequence of fallacious sarcomere construction or sar-

comere instability (see below) that may lead to false anchoring of sar-

comeres via the M-band and the Z-disc to costameres at the plasma 

membrane and via the Z-discs to the intercalated discs. Additionally or al-

ternatively, 

2. It could follow from tension or torque due to the increased heart contractil-

ity. It is known from cell culture experiments that cardiomyocytes align ac-

cording to cyclic stretch signals (Simpson et al., 1996; Gopalan, 2003). If 

torque increases due to overcontraction, the force vector of tension ro-

tates relative to the cell. This could lead to contradictory stretch signals 

during contraction, leading to a loss of cellular “sense of orientation” and 

to more misalignment of newly added sarcomeres during cardiomyocyte 

growth. Stretch in direction of the short axis of aligned cardiomyocytes in 

culture (intercalated discs were present) resulted in deterioration of sar-

comeres not dissimilar to the disarrayed sarcomeres of a subpopulation of 

cardiomyocytes from cTnIΔK184 mice (Simpson et al., 1999). Currently, 
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there is a vivid interest in how stretch changes are translated into hyper-

trophy signaling by structures containing stretch sensors such as the Z-

disc, titin and the M-band (Linke, 2008; Cooper, 2006; Pyle und Solaro, 

2004; Agarkova und Perriard, 2005;  Frank et al., 2006) . It is possible that 

stretch links hypertrophy and disarray in some sarcomere cardio-

myopathies. 

4.5.2 Sarcomere reconstruction: decreased stability of the sarcomere? 

We observed altererations in the Z-disc of sarcomeres that were highly sugges-

tive for sarcomere reconstruction. Sarcomere genesis has been investigated in 

hypertrophic cells and from growing cardiomyocytes in culture. It begins by ac-

cumulation of Z-band material (Z-bodies), surrounded by thin filaments. Those I–

Z–I- brushes or premyofibrils give rise to new sarcomeres (Dabiri et al., 1997; 

Ehler & Perriard, 2000; Sanger et al., 2000). As the new sarcomeres integrate, 

several Z-bodies with surrounding thin filaments combine to Z-bands. We have 

documented several phases of this gradual process. In developing cells, addition 

of new sarcomeres usually starts at the plasma membrane. During longitudinal 

growth, sarcomeres are added at the end of an existing myofibril, whereas during 

transversal growth, they are added on the side. It is not known how sarcomere 

repair takes place but such a repair mechanism should be economic for the car-

diomyocyte. 

The observed sarcomere reconstruction or repair may result from an altered sta-

bility of the sarcomere due to the lysine 184 deletion in cTnI. Lysine 184 lies in 

the second, flexible actin binding domain and its absence may alter the actin 

binding affinity of cTnI and besides, it might subtly change the configuration of 

the whole troponin complex, thereby altering its stability. This could have several 

consequences: 

1. Troponin I is probably involved in actin configuration relative to myosin in 

a putative “closed state” of the crossbridge cycle. In the closed state actin 

is weakly bound to myosin without force generation (Gordon et al, 2000). 

The mutation could alter the stability of this state and/or the mechanical 

stability of the sarcomere, thereby increasing the probability of sarcomere 

damage or destruction. A decreased sarcomere stability could also con-

tribute to the lowered cooperativity of contraction that has been observed 
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in skinned fiber experiments. The putatively more irregular filament spac-

ing fits into this picture. 

2.  Second, it could alter the turnover rate of cTnI (and perhaps additional 

proteins of the sarcomere). The turnover rate of native cTnI is 3.2 days 

(Michele et al., 1999), but for cTnIΔK184 it has not been determined. Turn-

over rates of sarcomere proteins depend on the mechanical stability. An 

example for such an effect is the troponin T affinity for tropomyosin, that is 

higher during rigor, thus slowing the exchange rate (Solaro & Rarick, 

1998) When a sarcomere protein is released from the sarcomere, it may 

be degraded within minutes (Russell et al., 2000). Of course, any increase 

of protein turnover is energy-costly. 

4.6 Other ultrastructural abnormalities 

Sarcomere overcontraction 

Sarcomere overcontraction has been reported in several studies on HCM. We 

have found sarcomere overcontraction, hypercontraction (and contraction bands) 

only in a small subpopulation of cells. However, as we have arrested the hearts 

in a relaxed state by transcardiac infusion of a cardioplegic solution this is not a 

surprise and rather reflects the reliability of the experimental setting. 

As necessary to assure complete perfusion and maximum preservation of ultra-

structure we applied the mean arteriolar pressure of mice (~80 mm Hg) on the 

hearts, which is tenfold higher than the physiological diastolic pressure. Besides, 

the perfusion with the relaxation solution had a duration of 45 sec instead of the 

milliseconds of physiological heart relaxation in mice. 

In vivo, sarcomeres could however be shortened due to their impaired relaxation 

kinetics even at diastolic Ca2+-concentrations. For possible experimental ap-

proaches to this issue please refer to section 4.2. 

Multiple intercalated discs and cellular folds/buds 

Multiple intercalated discs were present in ventricular cardiomyocytes from 

cTnIΔK184 mice. Multiple intercalated discs are intercellular junctions that are 

separated by a maximum of ten continuous sarcomeres and form the boundaries 

of lateral processes of cardiac muscle cells. They are believed to be induced by 

localized mechanical tension and may serve to reinforce the connection between 
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adjacent layers of muscle cells, thus possibly preventing slippage (Maron & Fer-

rans, 1978). Their presence supports the idea of an increased mechanical stress 

or torque on cardiomyocytes from cTnIΔK184 mice, as does the presence of cellu-

lar folds and buds. 

4.7 The cTnIΔK184 mouse as a model for hypertrophic cardiomyopathy 

In the present study, we investigated the morphology and fine structure of hearts 

from a mouse strain expressing a deletion mutation of cardiac inhibitory troponin,  

cTnIΔK184.  

The finding that none of the mice had hypertrophied hearts was within the range 

of the expected: the analogous mutation in the human protein, cTnIΔK183, has 

been associated to familial hypertrophic cardiomyopathy in a series of clinical 

studies (Kimura et al., 1997, Kokado et al., 2000;  Shimizu et al., 2002a, 2002b), 

but disease presentation is highly variable. Especially hypertrophy is only a spo-

radic and variable phenomenon; apical hypertrophy, typical hypertrophy and 

complete absence of hypertrophy may even occur in the same family. So 

cTnIΔK183 based cardiomyopathy obviously belongs to the “atypical” HCM dis-

eases in which hypertrophy is not the cardinal symptom although the disease is 

named after it. In fact, the discovery of atypical forms (in a variety of protein mu-

tations) has led to a shift in disease perception, so that currently, the existence of 

a disease causing sarcomere protein is of greater diagnostic relevance than the 

presence of heart hypertrophy. Hypertrophy itself is widely regarded a secondary 

effect regulated by a variety of factors. 

However, there exists no report on human mutation carriers who have minimized 

hearts as we have consistently found in the cTnIΔK184 mice and that has been 

found in another mouse model for HCM, the cTnTR92Q mouse (Tardiff et al., 

1999). This might either reflect that heart minimization does not occur at all in 

humans carrying the mutation, or that it has never been systematically investi-

gated. In any case, heart size reduction is not a diagnostic criterion in HCM. In 

this context it might also be important that all the studies were carried out in Ja-

pan so that the patients who were included in the studies mostly had an Asian 

ethnicity. This might also explain the abundance of apical hypertrophy as it is 

much more common in oriental populations (Maron, 2002). In this respect it is of 

interest that so far, the cTnIΔK183 mutation has been reported of in only one other 
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clinical study on HCM outside Japan with 3 affected individuals (Mogensen et al., 

2004), although the incidence of TnI mutations appears to be equal (~ 3 %) in 

different countries (Doolan et al., 2005; Wu et al., 2004; Cheng, 2005; Mogensen 

et al., 2004). So the lack of hypertrophy and perhaps even a reduction of heart 

size might be more abundant in non-Japanese populations, thus leading to un-

der-diagnosis/representation of the cTnIΔK183 mutation. Ethnic (and gender) dif-

ferences in phenotypic presentation are common in HCM (Maron et al, 2003), 

which makes this assumption more likely. Ethnicity and gender differences are 

but an expression of the sensitivity of the disease to genetic modifiers. After all, 

the hypertrophy sometimes identified in humans may be only one of many possi-

ble morphological phenotypes of the mutation.  

So if the idea of what the original (human) morphological phenotype comprises 

has not been or cannot be clearly defined, the phenotype of the mouse must not 

surprise.  

Mouse models of three other cardiomyopathy-related cTnI mutations cTnIR145G, 

cTnIG203S and cTnIR192H have been generated (James et al., 2000; Tsoutsman et 

al., 2006; Du et al., 2006). The cTnIR145G and the cTnIG203S mutation have been 

related to hypertrophic cardiomyopathy by the TNNI3 gene sequence analysis in 

184 unrelated patients followed by family studies (Kimura et al., 1997). The re-

sulting morphological information yielded by these tedious investigations are 

based on 5 (cTnIR145G) and respectively, 3 individuals (cTnIG203S): all patients with 

the R145G mutation belonged to one large Korean family and displayed a classi-

cal left ventricular hypertrophy, whereas all of the 3 patients who carried the 

G203S mutation had an apical hypertrophy that was accompanied by a Wolff-

Parkinson-White syndrome. The association of the cTnIR192H mutation to restric-

tive cardiomyopathy is based on the data of only one patient (Mogensen et al., 

2003), whose parents did not have the mutation, constituting a de novo mutation. 

Consequently, the co-segregation of the phenotype with this mutation has not 

been shown.  

Therefore, the evaluation of how accurately the model resembles the original is 

impossible. The cTnIR146G mouse, for example, has a dose-dependent pheno-

type. The single mouse line that survived when heterogeneously expressing the 

mutated gene developed a morphological phenotype only in parous mice, but 
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even in these mice, hypertrophy remained absent. This led to the speculation 

that it was due to the mouse as a model not reflecting precisely enough the hu-

man conditions. Indeed, the altered protein composition of ventricular sar-

comeres, cardiomyocyte Ca2+-cycling and heart rate supports this opinion. How-

ever, the consecutively generated rabbit model also displayed only a mild hyper-

trophy in 1-2 year old animals, which was accompanied by fibrosis and focal cel-

lular abnormalities (Sanbe et al., 2005). By contrast, the cTnIG203S mutation does 

lead to a classical hypertrophy in mice, but the human counterparts developed 

apical hypertrophy and Wolff-Parkinson-White syndrome instead. Upon exercise 

at an age when the hypertrophy has not yet developed though, these mice failed 

to show a hypertrophic response (Nguyen et al., 2007). 

The RCM-related cTnIR192H mouse has not been extensively investigated. It does 

not exhibit hypertrophy, but heart weights are not presented. The authors inter-

prete their ultrasound data as a diastolic dysfunction. If one critically re-evaluates 

the data presented for this mouse model it becomes obvious though, that this 

mouse, too, must have a reduced heart weight: wall thickness is unaltered and 

both systolic and diastolic cavity dimensions are reduced, just as in the cTnIΔK184 

mouse. From this it logically follows that total heart size must be reduced. As the 

authors only present end-systolic and end-diastolic cavity dimensions and not 

the ratio of early-to-late filling phase or alternatively, pressure development over 

time, their diagnosis of a diastlic dysfunction is questionable. Besides, it is doubt-

ful if the degree of diastolic dysfunction or of diastolic ventricle pressures neces-

sary to constitute a restrictive cardiomyopathy has ever been determined in 

mice. 

In any case, hypertrophy and a restrictive filling pattern are not contradictory find-

ings: in human RCM, normal cardiomyocyte size, and hypertrophied and dilated 

forms have been reported (Angelini et al., 1997). As RCM is an extremely rare 

disease and only currently, several TnI mutations have been identified that cause 

RCM (see above), no information on the specificity of the (ultra-) structural phe-

notype for sarcomere-based RCM exists.  

In summary, the relationship between model and clinically scantly characterized 

original is weakly determined in all of the cTnI animal models so far. For this rea-

son, the value of a model for a rare mutation cannot be based on the accuracy of 
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the reproduction. Instead, only the quality of the subsequent investigations on 

such a complex system as an animal model represents is decisive. Subsequent 

to the thorough investigation of the basic phenotype, the identification of genetic 

and environmental enhancers of adverse effects of the disease would be of clini-

cal importance.  

None of these mutations has been investigated in a different mouse strain. Be-

sides being time and money costly to generate the mutation in several mouse 

strains for direct comparability, the expression rate of the different strains would 

have to match well because of the dose dependency of the effects. An alterna-

tive would be to cross in a different mouse strain. This has been done in a model 

where a transgenic tropomyosin (tm) mouse model (TmE180G) for hypertrophic 

cardiomyopathy was mated with a second transgenic mouse model  expressing a 

chimeric alpha-/beta-TM protein that decreases calcium sensitivity in transgenic 

mouse cardiac myofilaments [Jagatheesan et al., 2007] 

4.8 The state of the cTnIΔK184 mouse 

Like the other cTnI mouse models, the cTnIΔK184 mice show a high reproducibility 

of their morphological and physiological phenotype. In other words, the pheno-

type seems to be stable, given that the genetic background, nutrition and physi-

cal strain are equal.  

In comparison to humans carrying the cTnIΔK184 mutation, the malignance of the 

disease appears to be reduced in mice. At least for the inbred mouse strain un-

der investigation it may be stated that the disease represents itself not as malign 

as anticipated from the clinical studies in humans, as longevity does not seem to 

be reduced (N. Blaudeck, personal communication) and as the mice have an 

overall healthy appearance. However, we have identified several factors which 

indicate that the mice are in a compensated, albeit vulnerable physiological 

state: 

1. The heart and chamber minimization signifies a reduced cardiac reserve 

2. The increased  ventricular circumference (and sarcomere) shortening may 

reduce the maximally possible relaxation during diastole and besides, 

lead to cellular decay due to greater probability of contraction band necro-

sis 
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3. Sarcomere disarray and reconstruction may constitute a reduced sar-

comere stability and turnover 

4. Cellular loss may decrease the regenerative capacity of hearts from 

cTnIΔK184 mice 

5. The pericapillary edema in the myocardium from cTnIΔK184 mice may alter 

ventricular compliance and reduce the tissue integrity. 



 

5 Summary 

Familial hypertrophic cardiomyopathies (HCM) are highly variable in their clinical presentation. 

Classically, three morphological cardinal symptoms are mentioned: 1. ventricular hypertrophy, 

2. interstitial fibrosis and 3. cardiomyocyte disarray. The mouse model investigated in the 

scope of this dissertation carries the cTnIΔK184 mutation (deletion at amino acid position 184 of 

the cardiac isoform of the inhibitory troponin subunit), which has been related to the develop-

ment of HCM as have > 450 other sarcomere protein mutations. However, cTnIΔK184 mice did 

not show any of the three cardinal features although the expression of the mutated protein ex-

ceeded 90% of total cTnI.  

On average, hearts from cTnIΔK184-mice were 22% lighter than those from their non-transgenic 

(nTG) brothers although body weights were equal. Relative to the left ventricular (LV) inner 

diameter the LV wall from cTnIΔK184 mice was ~26% thicker, which affects heart geometry and 

contractility. Analysis of magnetic resonance images from anesthetized mice revealed a 

stronger contraction of hearts from cTnIΔK184 mice. In TG mice, the midwall wall circumference 

reduced by 27% during systole, whereas in nTG mice it reduced only by 19%. Consequently, 

systolic shortening of sarcomeres should be  in the same range, as sarcomere length is directly 

proportional to midwall diameter. From this follows a regular maximal contraction of sar-

comeres even at physical rest which cannot be further augmented under physical strain.  

To investigate the underlying cause for heart weight reduction the ventricles were morphomet-

rically investigated. There was no difference in LV cardiomyocyte size between cTnIΔK184 and 

nTG mice. Thus, cellular size reduction could be excluded as cause for the minimized ventri-

cles. Cellular loss remains as an alternative explanation. 

Ultrastructurally, exclusively cTnIΔK184-mice displayed typical aberrations: 1. irregular cell 

shapes such as folds, buds etc., 2. sarcomere disarray and 3. sarcomere reconstruction. Es-

pecially the sarcomere disarray and the sarcomere reconstruction point to an impaired sar-

comere stability which might follow from the cTnI mutation. Interestingly, these aberrations 

consistently occurred in the ventricles as well as in the atria, which greatly differ e.g. in pres-

sure conditions. Currently, it is unknown if these aberrations occur in human cTnIΔK183 mutation 

carriers as well as from these, histological and ultrastructural data are completely lacking. The 

above mentioned classical features of HCM are missing in several other mouse models as well 

and often even in humans. Thus, it is possible that hypertrophy, fibrosis and cardiomyocyte 

disarray develop later in a long-term degenerative process which begins in a subclinical phase 

with more subtle (ultra-) structural aberrations. 



 

6 Zusammenfassung 

Die familiäre hypertrophe Kardiomyopathie (HCM) ist in ihrer klinischen Präsentation hoch 

variabel. Klassischerweise werden drei morphologische Leitsymptome genannt: 1. ventrikuläre 

Hypertrophie, 2. interstitielle Fibrose und 3. eine charakteristische Fehlstellung der Herzmus-

kelzellen, der Kardiomyozyten-Disarray. Das in dieser Dissertation untersuchte Mausmodell 

trägt eine Deletion an Aminosäureposition 184 der kardialen Isoform der inhibitorischen Tro-

ponin-Untereinheit (cTnIΔK184), das wie weitere > 450 Sarkomerprotein-Mutationen mit der 

Genese familiärer hypertropher Kardiomyopathien in Verbindung steht. CTnIΔK184-Mäuse zeig-

ten jedoch keines der drei genannten Hauptmerkmale, obwohl der Anteil des Proteins bei über 

90% vom gesamten cTnI lag.  

Die Herzen der cTnIΔK184-Mäuse (TG) waren bei gleichem Körpergewicht durchschnittlich um 

22% leichter als die ihrer nicht-transgenen (nTG) Brüder. Im Verhältnis zum Herzinnendurch-

messer war die Wand des linken Ventrikels (LV) der cTnIΔK184-Mäuse allerdings um ~26% 

dicker, was Auswirkungen auf  die Herzgeometrie und -kontraktilität hat. Die Analyse von MRI-

Bildern anästhesierter Mäuse ergab eine stärkere  Kontraktion der cTnIΔK184- Herzen. Der mitt-

lere Wandumfang nahm bei cTnIΔK184-Mäusen um 27% ab, bei nTG Mäusen nur um 19%. 

Folglich müsste auch die systolische Verkürzung der Sarkomere um etwa den gleichen Betrag 

stärker sein, da die Sarkomerlänge direkt proportional zum mittleren Wandumfang ist. Dies 

bedeutet eine regelmäßige maximale Kontraktion der Sarkomere im körperlichen Ruhezu-

stand, die unter körperlicher Belastung nicht weiter steigerbar ist.  

Zur Bestimmung der Ursache für die Herzverkleinerung wurden die Ventrikel der Herzen an 

systematisch randomisierten Proben morphometrisch untersucht. Im LV gab es keine Unter-

schiede in der Kardiomyozytengröße von cTnIΔK184 und nTG Mäusen. Somit konnte eine zellu-

läre Größenreduktion als Ursache für die verkleinerten Ventrikel ausgeschlossen werden. Als 

alternative Erklärung bleibt ein Zellverlust.  

Ultrastrukturell zeigten ausschließlich die cTnIΔK184-Mäuse typische Aberrationen 1. unregel-

mäßige Zellformen wie Einfaltungen, Knospen usw., 2. Sarkomer-Disarray und 3. Neu- und 

Umbildung von Sarkomeren (Sarkomer-Rekonstruktion). Insbesondere der Sarkomer-Disarray 

und die Sarkomer-Rekonstruktion sind Hinweise für eine verminderte Sarkomer-Stabilität, 

möglicherweise als direkter Folge der cTnI-Mutation. Interessanterweise traten diese Aberra-

tionen konsistent sowohl in den Ventrikeln als auch in den Atrien auf, die sich u.a. hinsichtlich 

der Druckverhältnisse unterscheiden. Ob diese Veränderungen auch bei menschlichen Trä-

gern der cTnIΔK183-Mutation vorkommen, ist wegen fehlender histologischer und ultrastruktu-

reller Daten bisher unbekannt. Die o.g. klassischen Merkmale fehlen auch bei einigen anderen 

Mausmodellen für hypertrophe Kardiomyopathie und oftmals auch beim Menschen. Ausprä-

gungen wie Hypertrophie, Fibrose und Kardiomyozyten-Disarray könnten erst am Ende eines 

längerfristigen Degenerationsprozesses stehen, der in der subklinischen Phase der Erkran-

kung mit subtileren (ultra-) strukturellen Veränderungen beginnt. 
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