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ABSTRACT 

 
A point mutation in alpha tropomyosin (Tm) Asp230Asn (D230N) has been found in two 

unrelated multigenerational families to be causative for dilated cardiomyopathy (DCM). In these 

families, a distinct “bimodal” distribution of severity was observed whereby children have a 

severe DCM and adults have a mild to moderate phenotype. If children harboring this mutation 

survive the initial presentation of DCM, they often regain some systolic function. This “bimodal” 

presentation led us to ask what changes occur in the heart between fetal and postnatal life that 

could account for this; a potential candidate was the switch from fetal to adult cardiac troponin T 

(cTnT). Therefore, we hypothesize that temporal isoform switching by cTnT results in the 

“bimodal” phenotype observed in patients with D230N. Whole hearts, obtained from transgenic 

littermates of a murine model showed overall enlargement of the ventricles. H&E staining 

showed normal fiber size, distribution and no evidence of inflammation indicating that there is no 

myocarditis. Additionally, there was no histopathological evidence of collagen deposition in 

trichrome stained hearts. These results suggest a primary DCM in which the D230N mutation 

causes a structural DCM that is worsened in the presence of fetal TnT possibly due to further 

alterations in structure. 
 

 
 

INTRODUCTION 
 

Cardiac muscle contains myocytes which have 

contractile units called sarcomeres consisting of 

thick and thin filaments (Figure 1) [10]. The thin 

filament is made up of actin, tropomyosin (Tm), and 

the troponin complex while the thick filament 

contains myosin. Each thin filament is comprised of 

repeating units of tropomyosin interacting with 

seven actin monomers and a regulatory troponin 

complex consisting of three subunits: cardiac 

troponin I (cTnI), cardiac troponin T (cTnT), and 

cardiac troponin C (cTnC) (Figure 2) [10]. cTnI is 

bound to actin and inhibits myosin from binding to 

actin thus inhibiting cross bridge formation. cTnT is 

the tropomyosin binding subunit which regulates the 

interaction of tropomyosin and the troponin 

complex. cTnC is the calcium binding subunit that regulates activation of the thin filament. Two 

myosin monomers dimerize to form one myosin molecule that makes up the enzymatic motor 

domain of the thick filament. A complex series of interactions, briefly described below, then takes 

place to accomplish cross bridge cycling (Figure 3) [10]. Initially, actin is strongly bound to 

myosin in a state known as Rigor. When ATP binds to myosin it weakens the bond between actin 

Figure 1 Cartoon Representation of the Sarcomere 
The sarcomere showing the M-line, Z-disc, A band, I 
band, thin filament, thick filament, and titin 



4 

 

and myosin resulting in detachment of myosin from 

actin (Fig 3, step 1 and 2). Myosin-bound ATP is then 

hydrolyzed to ADP and inorganic phosphate (Pi), 

priming myosin for weak attachment to actin (Fig 3, 

step 3 and 4). Intracellular calcium then binds cTnC 

which causes an allosteric shift through which cTnI 

switches from binding actin, blocking the actinomyosin 

interaction, to binding cTnC more closely. This allows 

tropomyosin to shift into the actin groove revealing the 

myosin binding site on actin. Myosin can now strongly 

bind to actin and inorganic phosphate is then released, causing the power stoke (Fig 3, step 5 and 

6). A rate limiting step then occurs for cross bridge cycling dependent on the time necessary for 

tension generation (Fig 3, step 7). Finally, ADP is released and actin is once again strongly bound 

to myosin (Rigor) (Fig 3, step 8) [11]. Mutations in these proteins can affect the efficiency of 

cross bridge formation and cycling, ultimately leading to heart failure 
 

A significant cause of heart failure is dilated 

cardiomyopathy (DCM), which is characterized by left 

ventricular enlargement and systolic dysfunction [1]. 

Dilation of the left ventricle is determined via 

electrocardiography and systolic dysfunction is diagnosed 

when the ejection fraction of the left ventricle is less than 

50% [3]. In order to compensate for decreased 

contractility, the left ventricle may dilate to maintain stroke 

volume [2]. DCM usually occurs later in life and is often 

associated with other problems such as heart failure, 

arrhythmias, or coronary artery disease [3]. DCM can be 

familial (genetic) and can be diagnosed based on family 

history and genetic testing [12, 3]. It is estimated that 20–

30% of children with DCM have a relative with the disease 

[12]. 
 
A recently identified mutation in two unrelated, multi- 

generational families was discovered in the gene encoding 

alpha tropomyosin (TMP1). The Tm mutation in these 

families is found at position 230 where a negatively 

charged aspartic acid (D) is substituted to a neutral 

asparagine (N) (D230N) (Figure 4) [2]. Children that are 

less than 1 year of age that harbor the mutation typically 

present with a severe form of DCM, ultimately leading to 

sudden cardiac death in some cases. However, adults 

expressing D230N presented symptoms of only mild 

cardiomyopathy [2]. Strikingly, children that survive the initial presentation often regained 

significant systolic function. This lack of a distinct link between genotype and phenotype in 

individuals carrying the same mutation throughout life greatly complicates clinical management.  

 

The observation of such a profound “bimodal” phenotype led us to ask what molecular changes 

are occurring during development that could account for this variable remodeling. As described 

Figure 2 Cartoon Representation of the Thin 

Filament Zoomed in image of the thin filament showing 

tropomyosin (yellow), actin (grey), and the troponin 

complex (red, blue, green). 

 

Figure 3: Steps involved in Cross Bridge 

Cycling. A – Actin-Myosin interaction periods (.) 
represent strong binding where hyphens (~) 

represent weak binding. B – Structural changes 

associated with cross bridge cycling.  
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above Tm is closely associated with the 

troponin complex, specifically cTnT [7]. 

cTnT contains a hypervariable region that 

undergoes alternative splicing to give rise to 

four developmentally regulated isoforms of 

cTnT (cTnT1-4). Fetal cTnT (cTnT1) is the 

main isoform in the embryonic stages of life 

while adult cTnT (cTnT3) is the dominant 

isoform in postnatal life [9]. This switch 

deletes exon 4/5, a domain that contains 

highly acidic amino acids [8]. Therefore, we 

hypothesize that temporal isoform switching 

by cTnT results in the “bimodal” phenotype 

observed in patients with D230N Tm. To 

study this we used a murine model, 

specifically transgenic littermates from each 

of four genotypes: 70% fetal cTnT x 60% 

D230N Tm (DTg), 70% fetal cTnT, 60% 

D230N Tm, and Non-transgenic. Hearts 

from these mice were collected and 

subjected to Hematoxylin and Eosin (H&E) 

staining as well as trichrome staining.

 
The above mentioned staining techniques were used in order to track any morphological changes 

over time such as myofibrillar disarray and collagen deposition. H&E staining is a charge based 

staining process. Hematoxylin is characterized as a basic histology dye while eosin is considered 

an acidic dye. The hematoxylin acts as a cation where all molecules stained by the hematoxylin 

contain acidic groups that bond to the hematoxylin. One important structure that is stained and 

can be visually analyzed is the cell nucleus which shows up a dark purple or blue. Eosin is an 

acidic dye and therefore binds to basic groups; these structures show up as a red or pink after 

staining. This allows tissue with nuclei, such as muscle, to be distinguished from tissue without 

nuclei, such as collagen. Healthy muscle tissue contains fibers of a homogenous size in a 

polygonal shape with nuclei on the periphery [5]. Unhealthy muscle tissue may show signs of 

fibrosis, degeneration, or regeneration; fibrotic tissue stains light pink or white because of the 

immense amount of collagen it contains. Degenerating fibers stain lighter than healthy muscle and 

usually have an irregular shape [5]. Trichrome staining is used in order to differentiate collagen 

from muscle tissue [6]. Healthy muscle tissue and degenerating tissue appear the same as stated 

for H&E staining. However, for Trichrome, collagen present in fibrotic tissue appears blue. 

Bouin’s solution is used in order to intensify the final coloration and increase the contrast between 

the components of tissue. These techniques allow for the evaluation of muscle pathology [5].  

 

By evaluating the progression of early onset DCM the goal is to find a mechanism that is 

responsible for the severe remodeling, along with the potential role cTnT isoform switching has in 

modifying the disease phenotype. This study allowed us to track morphological changes over time 

and in the context of cTnT isoform switching. Our goal was to use histological techniques to 

better understand the progression of this severe early onset DCM. This can aid future research in 

the development of a therapeutic intervention or prevention.

Figure 4: Schematic of Location of D230N Mutation - D230N 

mutation shown in red on tropomyosin (green/orange) and its interaction 
with actin (grey), cTnT (yellow), cTnC (red), and cTnI (blue). 
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METHODS 

 
Surgical procedures  

Mice were anesthetized using isoflurane. An H incision was made and the sternum was 

folded over the head. The heart was rapidly excised and rinsed with PBS. Each heart was placed 

in a separate conical tube containing (10%) formalin and placed at 4°C overnight. The hearts 

were then coronally sectioned to expose all four chambers. 

 
Paraffin Embedding  

Hearts were washed with PBS two times for thirty minutes each wash. Dehydration began 

with two changes of 70% ethanol for thirty minutes each. Dehydration continued with 90%, 95%, 

and 100% ethanol for two thirty minutes changes each. After each change, the hearts were placed 

at 4°C. This series of ethanol changes was performed in order to remove all water, while gradually 

increasing to 100% ethanol to prevent significant shriveling/degradation of the tissue. The hearts 

were then placed in methanol overnight in the -20°C fridge in order to finalize the dehydration 

process. After removing the methanol they progressed through two changes of xylene, 30 minutes 

each, in the 4°C fridge. The hearts were then placed in glass vials and filled with 50% xylene and 

50% wax for an hour in the 65°C incubator. The solution was replaced with 100% wax for 

another three changes at an hour a piece. Finally, the hearts were placed in fresh wax and left in 

the incubator overnight. The hearts were transferred into small metal plates corresponding to each 

mouse number. Fresh wax was added and the plate was placed on an ice platform for an hour. The 

wax embedded hearts were then removed from the metal plates and stored at room temperature. 

 
Paraffin Sectioning  

The paraffin embedded hearts were mounted one by one onto a microtome (Zeiss). The 

wax block was trimmed at 20 microns and then sectioned at 8 microns. Sections were placed on 

polarized glass slides using deionized water and small paintbrushes. The slides were labeled and 

placed on a hot plate overnight to ensure the sections adhere to the slide. The slides were 

removed from the hot plate and stored in slide staining cases at room temperature. 

 
Hematoxylin & Eosin Staining 

All steps were performed in a fume hood. In order to deparaffinize the sections, the slides 

were placed in xylene for three changes at three minutes a piece. They were then dipped 10 times 

each into three changes of 100% ethanol and 95% ethanol, respectively. Ten dips into two 

changes of deionized water preceded two minutes in the Richard Allen Hematoxylin solution 

(Thermo Scientific). They were then rinsed in an acid rinse of a glacial acetic acid and deionized 

water mixture (1:25). Ten dips in deionized water followed along with one minute in the Bluing 

Reagent (1:2 ratio of Lithium Carbonate and Sodium Bicarbonate added to deionized water). 

Before submerging the slides into the Richard Allen Eosin (Thermo Scientific) solution for 30 

seconds, first two changes of ten dips each in deionized water and then 95% ethanol took place. 

The slides were then moved into 95% ethanol once more for 10 dips, 100% ethanol for three 

changes at 10 dips each, and xylene for two changes at 10 dips each. After this was complete, the 

slides were placed in fresh xylene while a mounting medium was prepared. Each individual slide 

was removed and drained from the xylene. Permount toluene solution (Fisher Chemicals) was 

placed on the tissue using a dropper and a coverslip was gently placed on top. The slides were left 

to dry overnight.
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Trichrome Staining 

A Masson’s Trichrome staining (Sigma Aldrich) was performed according to the 

included protocol with slight modification. The paraffin slides were first deparaffinized starting 

with three changes of xylene for three minutes each. This was followed by three changes of 

100% ethanol for three minutes each, one change of 95% ethanol for three minutes, one change 

80% for three minutes, and finally one change of deionized water for five minutes. The slides 

were then put in sets of two, back to back, into large conical tubes and placed in preheated 

Bouin’s solution (Sigma Aldrich, No. HT10-1) at 56°C for 15 minutes, to enhance the coloration 

[6]. The slides were then cooled in room temperature tap water and then rinsed in running tap 

water in order to remove the yellow color form the sections. Weigert’s Iron Hematoxylin Set 

(Sigma Aldrich, No. HT10-79) was used in order to prepare the hematoxylin solution. The set 

included Part A: 1% certified hematoxylin in ethanol (Sigma Aldrich, No. HT10-7) and Part B: 

1.2% ferric chloride and 1% hydrochloric acid (Sigma Aldrich, No. HT10-9). These solutions 

were mixed using equivalent volumes in order to make the regent used in the protocol. The slides 

remained in the solution for five minutes and were washed for another five minutes under running 

tap water and rinsed with deionized water. Next, the slides were placed in Biebrich Scarlet-Acid 

Fucshin (Sigma Aldrich, No. HT15-1) for five minutes. This was followed by rinsing with 

deionized water. Phosphotungstic/phosphomolybdic acid solution was made using one volume of 

phosphotungstic acid (No. HT15-2), one volume of phosphomolybdic acid (Sigma Aldrich, No. 

HT15-3), and two volumes of distilled water in which the slides remained for five minutes. The 

slides were then placed in aniline blue solution (Sigma Aldrich, No. HT15-4) for five minutes for 

collagen staining [6]. 1% acetic acid was used for two minutes, in order to reduce the intensity of 

the colors [6]. The slides were rinsed and dehydrated using 95% ethanol and 100% ethanol two 

changes each for three minutes. Finally, they were placed in xylene for three changes, five 

minutes each and left overnight. The next day coverslips were placed on the slides using 

Permount toluene solution (Fisher Chemicals) and left in the hood to dry overnight. 

 
Imaging and Analysis 

Images of the Trichrome and H&E stained sections were obtained using a Zeiss AxioCam 
Microscope. The images were analyzed with the AxioVision (release 4.7.2) software (12-2008). 
Full heart images were obtained using a 5X field and photomerged in Adobe Photoshop CS3 
version 10. Images of the left ventricle and septum were taken using a 20X field. The hearts were 
analyzed by eye, specifically looking for collagen deposition (blue color) and myofibrillar 
disarray (organization of myocytes). 

 
RESULTS



8 

 

Cardiac Histology at 2 Months 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

Figure 5: Whole Heart and Left Ventricle H&E Staining - Top panel - whole heart, Bottom panel - 20X magnification of Left Ventricle 

wall. All mice 2 months old, All Female. 

Figure 6: Whole Heart and Left Ventricle Trichrome Staining - Top panel - whole heart, Bottom panel - 20X magnification of Left 
Ventricle wall. All mice 2 months old, All Female. 



9 

 

At two months, H&E stained whole heart images (Figure 5) showed overall enlargement and 

dilation of the ventricles. The DTg heart appeared to be more dilated than the D230N heart 

with the left ventricle and septum reduced in size. Homogenous fiber size distribution was 

observed in each left ventricle along with peripheral nuclei. There was no apparent 

myofibrillar disarray, as the myocytes appeared to have a uniform and normal distribution. 

 
At two months, trichrome stained whole heart images (Figure 6) showed overall enlargement and 

dilation of the ventricles. The DTg heart was more dilated than the D230N heart with the left 

ventricle and septum reduced in size. Homogenous fiber size distribution was observed in each 

left ventricle along with peripheral nuclei. No evidence of collagen deposition or fibrosis was 

noted. Collagen can be seen around the vasculature in both whole heart images and left ventricle 

wall close ups. 

 
Cardiac Histology at 6 months 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

At 6 months, H&E stained whole heart images (Figure 7) showed an overall enlargement and 

dilation of the ventricles. Homogenous fiber size distribution was observed in each left ventricle 

along with peripheral nuclei. Again, there was no evidence of myofibrillar disarray, consistent 

with the 2-month images. 

 
At 6 months, trichrome stained whole heart images (Figure 8) showed overall enlargement and 

dilation of the ventricles. Homogenous fiber size distribution was observed in each left ventricle 

along with peripheral nuclei. There was no evidence of collagen deposition or fibrosis.

Figure 7: Whole Heart and Left Ventricle H&E Staining - Top panel - whole heart, Bottom panel - 20X magnification of Left Ventricle 

wall. All mice 6 months old, NT – Female, All others Male. 
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DISCUSSION 

 

A point mutation in alpha tropomyosin, D230N, has been found in two unrelated multigenerational 

families to be causative for DCM. In these families, a distinct “bimodal” distribution of severity 

was observed whereby children less than a year of age have a severe DCM, while adults are 

moderately affected. This clinical presentation led us to our hypothesis that temporal isoform 

switching of cTnT results in a “bimodal” phenotype observed in patients with D230N. 

 

H&E stained left ventricles were assessed at 20X magnification. Compared to the non-transgenic 

mice, there was no evidence of myofibrillar disarray. Myocytes appeared to be well organized and 

were easily distinguished. Upon evaluation of sectioned mouse hearts, there was no evidence of 

fibrosis in trichrome stained hearts (Figures 7 & 8). This supports the idea that DCM, due to the 

D230N mutation, is considered ‘primary’ meaning the heart does not go through hypertrophic 

remodeling which leads to collagen deposition and often fibrosis [4]. Trichrome stained hearts did 

not show any collagen deposition (stained blue), therefore the percentage of collagen deposition 

was not further quantified for statistical analysis.  

 

No evidence of fibrosis or inflammation in the D230N hearts alone indicates that this mutation 

leads to a primary DCM which suggests that it results in a structural problem that causes the 

dilation. When fetal cTnT was added, the hearts are worsened based on the size of the chambers 

and the thickness of the ventricle walls. However, there is still no evidence of fibrosis or 

inflammation; this indicates that the structural changes associated with the D230N mutation are 

further altered in the presence of fetal cTnT, thus worsening the phenotype.  

 

Limitations in this experiment included the thickness of the sections, color variation from heart to 

heart, and difficulty sectioning the left side of the butterflied heart. The hearts were sectioned at 

Figure 8: Whole Heart and Left Ventricle Trichrome Staining - Top panel - whole heart, Bottom panel - 20X magnification of Left 

Ventricle wall. All mice 6 months old, NT – Female, All others Male. 
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eight microns but hearts used for H&E and trichrome staining are usually sectioned at five 

microns. Thicker sections include more cell layers and this could have led the images to showing 

overlapping myocytes because of the multiple cell layers. Another factor was that all images were 

not obtained on the same day and the colors vary between images. A possible explanation is that 

variations in the settings of the microscope can change color intensity and affect image quality. 

Lastly, the left side of the heart butterfly is typically used in imaging for anatomical correctness. 

However, for all images acquired the right side was used in order to be consistent because 

adequate sections of the left side were not obtained. All limitations were taken into account when 

analyzing. 

 

Studying the morphological changes occurring in the heart over time can aid in establishing a 

molecular mechanism that produces the “bimodal” phenotype observed in the patients with the 

D230N mutation.  
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