
Assessment of Myocardial Collagen
Content in a Novel Mouse Model Linked to

Arrhythmogenic Right Ventricular Cardiomyopathy

Item Type text; Electronic Thesis

Authors Marsh, Amanda Marie

Citation Marsh, Amanda Marie. (2014). Assessment of Myocardial
Collagen Content in a Novel Mouse Model Linked to
Arrhythmogenic Right Ventricular Cardiomyopathy (Bachelor's
thesis, University of Arizona, Tucson, USA).

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:05:55

Item License http://rightsstatements.org/vocab/InC/1.0/

Link to Item http://hdl.handle.net/10150/321798

http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/321798






1 
 
 

ABSTRACT  

 

 

Rationale: The T16I mutation found within titin’s Ig10 domain has been linked to the primary 

phenotype of Arrhythmogenic Right Ventricular Cardiomyopathy, characterized by extracellular 

matrix dysregulation and subsequent collagen fibrosis. 

 

Objective: Single molecule effects of the T16I mutation show that it reduces the structural 

stability of titin and increases propensity for protease cleavage in the Ig10 domain. The objective 

of this study is to test the hypothesis that the T16I point mutation causes collagen fibrosis seen in 

ARVC.  

 

Methods and Results: A TTN knock-in mouse model containing the T16I point mutation was 

generated for analysis. Myocardial collagen content was quantitatively measured using 

Picrosirius Red staining and polarized light microscopy. Two-way ANOVA analysis showed no 

significant difference in variance among the four mouse model groups. Using t-test analysis, 

there was no significant difference between WT and T16I exercise groups, however significance 

was established between WT and T16I sedentary groups (p<0.05).  

 

Conclusions: Results suggest a link between the T16I mutation and ARVC phenotype 

characterized by increased localized fibrosis. Furthermore, exercise does not impact this 

phenotype in mice. The T16I mutation is a novel link to ARVC that may result in improving 

diagnosis and providing therapeutic interventions for this disease.  
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INTRODUCTION 
 

 

Extracellular Matrix and Titin Regulation  

 

 The extracellular matrix (ECM) and filamentous protein titin are cooperatively 

responsible for the passive tension and structural integrity of cardiac muscle. Investigation of 

ECM regulation and titin stability is crucial in elucidating the unknown mechanisms of many 

cardiomyopathies.  

 Extracellular matrix regulation is a dynamic process responsible for protein scaffolding 

and tissue homeostasis. The most abundant fibrous protein found within interstitial ECM is 

collagen, specifically types I and III. Collagen is also the predominant structural element and 

functions to provide tensile strength and regulate myocyte adhesion
8
. Fibroblasts are responsible 

for the secretion of collagen fibers, which form a cross-linking network that preserves tissue 

architecture and chamber geometry
4
. Fibroblast secretion also includes metalloproteinases 

(MMPs) and their tissue inhibitors (TIMPs) that maintain the regulation of collagen degradation 

and turnover.  

 ECM remodeling is the heart’s response to ischemic insult or vascular damage. Heart 

damage initiates the invasion of inflammatory cells and recruits fibroblasts to the initial site of 

injury. However, chronic disease causes a shift from inflammatory response to tissue remodeling 

as the result of an increase in the MMP/TIMP ratio. Tissue remodeling is demonstrated by 

collagen replacement of necrotic tissue and fibrosis formation seen in many cardiac diseases
4
.  

 Titin is the largest known protein and is expressed in both cardiac and skeletal muscle
7
. 

Titin spans the sarcomere from Z-disk to M-band and functions as a molecular spring that 

develops passive and restorative forces upon sarcomeric lengthening
2
. This force is derived from 

the extensible region of titin that consists of three distinct elements: PEVK, tandem Ig segments 
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and the cardiac-specific N2B element. This highly flexible region and its complex composition 

allow the three sequence elements to extend at varying sarcomere lengths. When sarcomeres 

stretch during diastole, the tandem Ig segments are the first to extend
 
(Figure 1). This unique 

mechanism limits energy loss due to repeated unfolding and folding of titin Ig domains and 

results in a distinct passive force-extension relationship that is shallow at slack lengths but 

steeper at high degrees of lengthening
6
.  

 

 
Figure 1: Mechanism of passive and restoring forces of titin’s extensible I-band region

6
. 

 

 

 

Arrhythmogenic Right Ventricular Cardiomyopathy  

 Arrhythmogenic Right Ventricular Cardiomyopathy is a rare but increasingly recognized 

form of cardiomyopathy. ARVC is an inheritable cardiomyopathy with typically autosomal-

dominant inheritance that has been linked to 12 different chromosomal loci
3
.  
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 The prevalence of ARVC is higher in men than in women (1.6:1) and the mortality rate 

of this disease remains at 2-4% each year
3
. ARVC is additionally recognized as a cause of 

sudden, exercise-related deaths in athletes under the age of 35
3
. Patients most commonly present 

with symptoms such as palpitations, syncope and even sudden death
7
. Pathological alterations 

include degenerative changes of cardiomyocytes, interstitial fibrosis and fat infiltration. Given 

that structural and functional changes of the myocardium ultimately lead to heart failure, ARVC 

is often diagnosed postmorem
7
.  

 ARVC is pathologically characterized by progressive fibrofatty replacement, 

predominantly of the right ventricular myocardium (Figure 2). These structural changes lead to 

electrical instability including ventricular arrhythmias and heart failure
3
.  Histological 

examination reveals adipose replacement of the right ventricular myocardium and interstitial 

fibrosis of trabecular myocardium
3
.  

 
Figure 2: Right ventricular tissue replacement by fat and fibrous tissue consistent with ARVC

3
. 

 

 Prior studies have indicated seven candidate genes coding for five desmosomal proteins 

that are linked to ARVC
3
. In a previous mouse model, desmoplakin expression was blocked and 

resulted phenotypically in increased expression of adipose and fibrosis accumulation in 

cardiomyocytes
3
. In addition to desmosomal genes, gene mutations for TGF-β3, human 
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ryanodine receptor and transmembrane 43 have been found in patients with ARVC
3
. The 

investigation of additional gene candidates linked to the ARVC phenotype has expanded the 

origin of ARVC beyond desmosomal proteins.  

 

Titin T16I mutation linked to ARVC  

 The TTN titin gene has been evaluated as a candidate ARVC gene due to its 0.4 Mb 

proximity to an ARVC locus
 
as well as the functional link between titin and the desmosome

7
. 

Furthermore, there have been several titin mutations already linked to hypertrophic and dilated 

cardiomyopathy
7
. While titin is an attractive candidate gene for cardiomyopathy studies, 

mechanisms of titin-specific myopathies are unknown and large-scale screening mutation studies 

of titin’s 363 exons are limited
7
.  

 Recent genetic analysis found a prominent familial titin variant with 86% penetrance and 

strong segregation evidence that is linked to ARVC
7
. The T16I mutation substitutes a native 

threonine for an isoleucine at the 16
th

 residue from the Ig10 N-terminus
2
. This point mutation is a 

C  T nucleotide transition found in titin’s exon 37, which encodes for the tenth Ig domain
2
. 

The T16I mutation lies within the highly conserved Ig10 domain located within the proximal 

tandem Ig region of titin near the Z-disk
2
. Specifically, T16I is located in the short loop 

connecting the A’ and B β-strands
2
. It is important to note that threonine-16 is highly conserved 

among species and likely contributes to the mechanical stability of Ig10
2
.  

 Titin Ig domains have stable β-barrel conformations (Figure 3) that play a fundamental 

role in the mechanical stability of titin
7
. This point mutation changes the native threonine (polar, 

hydrophilic) into isoleucine (nonpolar, hydrophobic) at the 16
th

 residue and changing the 
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hydrophobicity between the A’ and B β-strands may likely be the cause for the disruption of the 

Ig10 structure.
2
  

 
Figure 3: Multiple sequence alignments reveal T16I mutation is located in the Ig10 short loop connecting the A’ and 

B β-strands
7
. 

 

 

 Using atomic force microscopy, direct measurements of protein unfolding can be 

monitored and used to determine how the T16I mutation changes mechanical and kinetic 

stability of Ig10
2
. Force-extension curves show that the T16I mutation causes Ig10 unfolding and 

also increases Ig10 instability compared to other domains, which is significant in demonstrating 

its physiological relevance
2
. As a result, there is a decrease in force needed to unfold Ig10, 

furthering the unfolding rate 4-fold and creating instability
2
.  

 The recently discovered T16I mutation is the first I-band Ig mutation to be linked to 

cardiac disease
2
. Although ARVC disease progression is poorly understood, the first step in 

pathological development may be increased fibrosis
2
. Investigation of the T16I mutation at the 

tissue level is crucial for improving diagnosis and developing therapeutic interventions of sudden 

cardiac death or ventricular arrhythmias seen in this disease.  
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METHODS 

 

Mouse Model  

 A titin knock-in mouse model containing the T16I mutation was generated to serve as a 

disease model for ARVC. WT and T16I exercise groups were trained by treadmill running and 

were compared to sedentary groups due to the increased incidence of ARVC leading to sudden 

cardiac death seen in athletes. We hypothesize that the T16I mutant will present with increased 

collagen volume fraction in comparison to the WT and that the exercise groups will demonstrate 

increased collagen content relative to sedentary groups.  

 

Picrosirius Red Staining  

 

 Myocardial collagen content was quantitatively measured using Picrosirius Red staining 

and polarized light microscopy. Histological sections were segmented at depths of 100 μm 

increments, viewed under polarized light microscopy and digitally analyzed. Since collagen 

plays a crucial role in extracellular matrix regulation and remodeling, direct collagen fiber 

visualization is crucial for cardiac analysis
1
. Previous studies indicate that histological sections 

stained with trichrome underestimate collagen content under polarized light in comparison to 

Picrosirius Red staining
1
.  Therefore PSR staining was used in this study to improve the 

assessment of collagen volume fraction in WT and T16I tissue samples.  

 

Microscope Setup  

 Histological cross sections were examined on a Zeiss Axio Imager M1 microscope using 

polarized optics. Images were digitized by Zeiss AxioCam MPc Digital Camera and were 

analyzed using AxioVision LE software.  Images were taken with a 40x magnification and 1.0x 

digital magnification. 
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Image Acquisition  

 Myocardial tissue from the following 4 groups was analyzed: WT Sedentary (n=8), WT 

Exercise (n=9), T16I Sedentary (n=9) and T16I Exercise (n=9). 12 randomized images taken at 3 

different depths per mouse were analyzed in order to avoid bias and obtain an overall 

representation of collagen content. Specifically, right and left ventricular tissues as well as 

papillary muscle of each cross section were examined. Myocardial vasculature and epicardium 

were areas omitted from analysis, which are known to include highly dense collagen content 

unrelated to pathological disease (Figure 4). Images with poor contrast quality between tissue 

and collagen could not be analyzed and were also omitted.  

 

 
Figure 4: Regions omitted from analysis include cardiac vasculature (left) and epicardium (right), which are known 

to contain highly dense collagen content. 
 

AxioVision Digital Analysis  

 AxioVision Software uses a selection method to quantify the percent collagen per image. 

Under polarized light, PSR-stained collagen fluoresces in shades of yellow, orange, red or white. 

Muscle tissue appears dark blue and therefore contrast between collagen and myocardium is 

easily distinguishable. AxioVision software allows for the manual selection of collagen pixels 
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and will highlight all pixels of the same shade throughout the tissue. AxioVision software then 

subsequently quantifies the percent collagen content as the area fraction of pixels selected for 

collagen (Figure 5). Increased collagen content is referred to as localized damage because areas 

of dense collagen replace necrotic myocardial tissue. This localized damage is determined by a 

collagen percent area >1.0% and is quantified using AxioVision Software selection.  

 

 

Figure 5: AxioVision Software selection. A) Original image with fluoresced collagen under polarized light B) 

Selected collagen pixels are highlighted in green and are calculated as percent collagen content for this image. 

 

 

 

RESULTS  

 

Collagen Content  

 Myocardial tissue of varying depths from the four selected groups provided an overall 

representation of collagen content per mouse (Figure 6). Two-way ANOVA analysis showed no 

significant difference in percent collagen content among all four groups and t-test analysis also 

showed no significant difference between exercise groups (p=0.423). Significance was defined 

by a p-value <0.05. However, using t-test analysis, a significant difference in collagen content 
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was recorded between sedentary groups (p<0.016). Table 1 shows the average collagen content 

of all four groups.  

 

Figure 6: Visual representation of A) Increased fibrosis and B) Decreased average percent collagen. 

 

 

Table 1: Average Collagen Content 

 WT Sed (n=8) WT Exer (n=9) T16I Sed (n=9) T16I Exer (n=9) 

Average %Collagen 0.441178 0.620947 0.617869 0.515039 

Stdev 0.082248 0.350703 0.167231 0.162677 

SE 0.029079 0.116901 0.055744 0.054226 

Frequency >1.00 16 42 55 36 

  

 

 The average percent collagen measurements provide a uniform representation of collagen 

content throughout the heart but do not reveal incidence of localized fibrosis. Due to the 

widespread range of ARVC phenotypes varying from localized fibrosis and the homogenous 
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spread of collagen throughout the heart, the frequency of localized damage was recorded for 

each group. Frequency of localized damage was defined as percent collagen > 1% and 

significance was determined by Fisher’s test (p=0.0001). The T16I sedentary group did not 

contain the highest percent collagen volume fraction, but it is important to note this group 

contained the highest incidence of localized collagen damage defined by percent collagen > 1% 

(see last row of Table 1). In comparison to the other groups, the WT sedentary group had a 

significantly lower frequency of localized collagen.   

 

 

 
Figure 7: Mean percent area of collagen content per mouse analyzed between sedentary and exercise groups. Mean 

percent area was calculated from 12 areas per section and 3 sections per mouse. Y-axis denotes percent collagen 

content as area fraction of selected collagen pixels. 
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Figure 8: Histograms representing the percent area collagen distributions in A) WT Sedentary B) WT Exercise C) 

T16I Sedentary and D) T16I Exercise mouse models. Y-axis denotes the frequency of percent area collagen that was 

calculated from the raw data for each image within the group. X-axis denotes percent area collagen ranges 

calculated for each group. Bins were set at 0.10 increments measuring percent area collagen.  

 

 

DISCUSSION 

 

 The extracellular matrix in conjunction with filamentous titin is responsible for the 

passive force and structural integrity of cardiac muscle. Extracellular matrix dysregulation and 

titin instability are important pathological processes linked to many cardiomyopathies. A rare but 

increasingly recognized form of cardiomyopathy is Arrhythmogenic Right Ventricular 

Cardiomyopathy. ARVC is often recognized as the “disease of the desmosome,” but the recent 

titin T16I point mutation has also been linked to this disease. Pathologically, ARVC is 

characterized by progressive fibrofatty replacement predominantly of the right ventricular 

myocardium and ultimately leads to fibrosis.  
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 The T16I mutation is the first I-band Ig mutation linked to cardiac disease and the single 

molecule effects of this mutation have been recently investigated. The C  T point mutation at 

the 16
th

 residue from the Ig10 N-terminus changes its hydrophobicity and likely contributes to 

the disruption of the Ig10 structure. This structural alteration leads to titin instability and reduces 

the force required for its passive mechanical properties in cardiac muscle. Since titin and the 

extracellular matrix are jointly responsible for passive tension, titin instability could lead to 

extracellular matrix dysregulation in response to this modification.   

 Hence, pathological ECM dysregulation and collagen replacement caused by the T16I 

mutation were investigated in this study. The objective was to test the hypothesis that the T16I 

point mutation causes collagen fibrosis seen in ARVC. PSR staining and polarized light 

microscopy were used to quantitatively assess percent collagen volume fraction in tissues from 

the following four groups: WT sedentary, WT exercise, T16I sedentary and T16I exercise. It was 

hypothesized that using these techniques, the T16I mutant would contain a higher collagen 

volume fraction than the WT when comparing both sedentary and exercise groups.  

 While Two-way ANOVA analysis revealed no significant difference among the four 

groups, t-test analysis was used to test significant difference between average percent collagen in 

exercise and sedentary groups. Using t-test analysis, there was a significant difference between 

sedentary groups but no significant difference between exercise groups. While average percent 

collagen reveals a uniform distribution of collagen content throughout the heart, incidence of 

localized fibrosis is not represented and may occur in the pathophysiology of ARVC. For this 

reason, frequency of percent collagen >1% was counted in each group to investigate localized 

damage. The results show using Fisher’s test that there is an increase in localized collagen 
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frequency in the T16I sedentary group in comparison to the WT. However, among the exercise 

groups, incidence of localized damage was favored in the WT in comparison to the T16I mutant.  

 The results between sedentary groups suggest there is a link between the titin point 

mutation and the ARVC phenotype with collagen fibrosis. The T16I sedentary group contained a 

higher average percent collagen volume fraction compared to the WT as well as a greater 

incidence of localized fibrosis. These findings link the T16I mutation to the disease phenotype 

and demonstrate a relation between pathological titin instability and extracellular matrix 

dysregulation.  

 It is important to address that the exercise groups were not consistent with our 

hypothesis. Results were opposite as predicted and showed a decrease in average percent 

collagen as well as localized collagen in the T16I mutant compared to the WT. These findings 

show that exercise did not impact the ARVC phenotype in mice.  

 While our research suggests there is a possible link between the T16I mutation and the 

ARVC phenotype, further evaluation of this mutation is required. Evidence shows exercise did 

not impact this phenotype in mice, but may present differently in humans. Furthermore, it is 

evident that this mutation is linked to the phenotype characterized by localized fibrosis versus 

increased homogenous collagen content throughout the heart. While results differed from our 

predictions, this evidence contributes to elucidating mechanisms responsible for Arrhythmogenic 

Right Ventricular Cardiomyopathy and finding therapeutic interventions responsible for 

cardiomyopathies.  
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