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Abstract
Fibrillins are major constituents of microfibrils, which are essential components of the extracellular matrix of connective 
tissues where they contribute to the tissue homeostasis. Although it is known that microfibrils are abundantly expressed 
in the left ventricle of the heart, limited data are available about the presence of microfibrils in the other parts of the myo-
cardial tissue and whether there are age or sex-related differences in the spatial arrangement of the microfibrils. This basic 
knowledge is essential to better understand the impact of fibrillin-1 pathogenic variants on the myocardial tissue as seen in 
Marfan related cardiomyopathy. We performed histological analyses on wild-type male and female murine myocardial tissue 
collected at different time-points (1, 3 and 6 months). Fibrillin-1 and -2 immunofluorescence stainings were performed on 
cross-sections at the level of the apex, the mid-ventricles and the atria. In addition, other myocardial matrix components such 
as collagen and elastin were also investigated. Fibrillin-1 presented as long fibres in the apex, mid-ventricles and atria. The 
spatial arrangement differed between the investigated regions, but not between age groups or sexes. Collagen had a similar 
broad spatial arrangement to that of fibrillin-1, whereas elastic fibres were primarily present in the atria and the vessels. In 
contrast to fibrillin-1, limited amounts of fibrillin-2 were observed. Fibrillin-rich fibres contribute to the architecture of the 
myocardial tissue in a region-dependent manner in wild-type murine hearts. This knowledge is helpful for future experimental 
set-ups of studies evaluating the impact of fibrillin-1 pathogenic variants on the myocardial tissue.
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Introduction

The myocardial extracellular matrix (ECM) represents a 
complex three-dimensional network of various macromol-
ecules in close interaction with each other and neighbour-
ing cardiac myocytes. The myocardial ECM can be subdi-
vided into two areas: the perimysium and the endomysium 

(Purslow 2008). The perimysium is a layer of connective 
tissue associated with bundles of cardiac myocytes thereby 
providing a laminar architecture of muscle layers. The 
endomysium surrounds and interconnects individual car-
diac myocytes to neighbouring cells and capillaries. This 
close interaction between the myocardial ECM and the car-
diac myocytes allows transmission of a plethora of signals 
from the extracellular environment to the cardiac myocyte, 
thereby influencing the cellular morphology and function 
(Borg et al. 1996). In addition, in response to local cell sig-
nals the myocardial ECM also changes continuously, creat-
ing a dynamic responsive entity (Pope et al. 2008). Coordi-
nated interplay between the signals originating from both the 
myocardial ECM and the cardiac myocytes is crucial for a 
normal cardiac function (Pope et al. 2008).

An important component of the myocardial ECM is the 
protein fibrillin-1 (Bouzeghrane et al. 2005; Vracko et al. 
1990; Lockhart et al. 2011). Previously, Bouzeghrane et al. 
demonstrated by means of immunohistochemistry that fibril-
lin-1 is abundantly present in the ventricular myocardium of 
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male wild-type adult rats. Furthermore, they reported a sig-
nificant increase in fibrillin-1 synthesis in male rats with car-
diac fibrosis and suggested that fibrillin-1 serves an impor-
tant role in cardiac tissue repair (Bouzeghrane et al. 2005). 
Vracko et al. localized high amounts of fibrillin-1, also by 
means of immunohistochemistry, at the level of the papillary 
muscle of both female and male adult patients obtained after 
transplantation for ischemic heart disease. As the papillary 
muscle contains many anchorage points between the cardiac 
myocytes and the collagen fibres of the chordae tendineae, 
the abundance of fibrillin-1 in this specific area, therefore, 
suggests that fibrillin-1 serves an important role in trans-
mitting forces from the ECM to cardiac myocytes (Vracko 
et al. 1990).

In humans, three fibrillin genes (FBN1, -2 and -3) encod-
ing fibrillin-1, -2 and -3, respectively, have been identified 
(Cain et al. 2006; Sakai et al. 2016). Fibrillin-1 is expressed 
from gastrulation throughout postnatal life (Sakai et al. 
2016; Cain et al. 2006; Ramirez and Pereira 1999). Whereas, 
fibrillin-2 is mainly expressed during foetal development 
with only limited expression in postnatal tissues (Zhang 
et al. 1994). Fibrillin-3 is exclusively expressed in foetal 
tissue (Sakai et al. 2016; Cain et al. 2006). In mice, there 
are only two Fbn genes, Fbn1 and Fbn2. The Fbn3 gene 
has been inactivated in the mouse genome during evolution 
(Corson et al. 2004).

Fibrillins are the principal components of the 10–12 nm 
diameter extracellular matrix microfibrils (Cain et al. 2006; 
Hubmacher et al. 2008; Sakai et al. 1986, 2016; Sherratt 
et al. 2001). Microfibrils are highly conserved macromol-
ecules distributed in all dynamic connective tissues, either 
associated with elastin in elastic fibres or as elastin-free 
microfibrils in non-elastic tissues subjected to repeated 
mechanical stress (Jensen and Handford 2016; Sherratt et al. 
2001; Ramirez and Pereira 1999).

To date, although fibrillin-1 dysfunction has been linked 
to myocardial disease, the exact spatial arrangement of 
fibrillin-1 in the myocardial tissue remains largely unknown 
(Campens et al. 2015; De Backer et al. 2006). The few stud-
ies that have been published on this subject specifically 
focus on the left ventricle or papillary muscle (Bouzeghrane 
et al. 2005; Vracko et al. 1990). Moreover, the studies are 
limited to one  time point and do not compare both sexes; 
therefore, they might have overlooked potential age- and/
or sex-dependent differences in the spatial arrangement of 
fibrillin-1 in the myocardial tissue.

Knowledge of the spatial arrangement of fibrillin-1 
throughout the entire normal murine myocardial tissue is 
essential for future experimental set-ups of studies evalu-
ating the impact of pathological changes associated with 
fibrillin-1 pathogenic variants on the myocardial tissue. 
Pathogenic variants in FBN1 cause Marfan syndrome, an 
autosomal dominantly inherited connective tissue disorder 

with clinical manifestations mainly in the ocular, skeletal 
and cardiovascular system (Campens et al. 2015; De Backer 
et al. 2006; De Backer 2009). Patients with Marfan syn-
drome are prone to develop intrinsic cardiomyopathy, how-
ever, the exact underlying disease mechanism is yet to be 
unravelled (Alpendurada et al. 2010; Campens et al. 2015; 
Cook et al. 2014; Hetzer et al. 2016; De Backer 2009). Our 
group associated a reduced fibrillin-1 deposition in the myo-
cardial tissue with a deterioration of the left ventricular func-
tion in 6 months old mice harbouring a missense mutation 
(C1039G/+) in the Fbn1 gene (Campens et al. 2015). This 
implies that the microfibrillar network serves an important 
role in the mechanical properties of the myocardium. Moreo-
ver, based on the study of Cook et al. performed in hypo-
morphic Fbn1 mutant mgR/mgR mice presenting a severe 
form of Marfan syndrome, fibrillin-1 is a force-transmitting 
molecule crucial for the mechanosignaling in the mamma-
lian heart (Cook et al. 2014).

In this study, we evaluated the spatial arrangement of 
fibrillins throughout the entire wild-type murine myocar-
dial tissue by means of (immuno)histochemistry. Male and 
female mice were studied at the ages of 1, 3 and 6 months, 
based on the time span of our previous study (Campens et al. 
2015). In addition, collagen and elastin staining was per-
formed as reference.

Materials and methods

Mice

Male and female wild-type C57BL/6J mice, aged 1, 3 and 6 
months, were used for this study (n = 3 mice/time point/sex). 
All applicable international, national and/or institutional 
guidelines for the care and use of animals were followed. 
All procedures performed in this study involving animals 
were in accordance with the ethical standards of the Ethics 
Committee of the Ghent University Hospital (permit num-
ber: ECD17/07).

Immunofluorescence and histological staining

Mice were sacrificed by means of  CO2-inhalation (1.0 L/
min). Subsequently, a thoracotomy was performed and the 
heart was flushed with 1x phosphate buffered saline (PBS) 
and dissected. Next, the hearts were fixed for 20 h in 4% 
paraformaldehyde (PFA). Following fixation, the hearts 
were dehydrated and embedded in paraffin per routine his-
tological procedure (Leica TP1020 tissue processor, Leica 
biosystems). Five µm thick sections were cut at the level of 
the apex, mid-ventricles and atria as presented in Online 
Resource 1 (Microm HM355S, Thermo Scientific). Addi-
tionally, 5-µm thick transverse sections of the heart of an 
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extra 6 months old female mouse were acquired in which 
apical, ventricular and atrial myocardial tissue was present 
within the same tissue section (Online Resource 1). Before 
staining, the sections were deparaffinised and rehydrated by 
passage through 100% xylene, graded ethanol (100, 90, and 
70%) and distilled water.

For immunofluorescence staining, epitopes of interest 
were unmasked by means of heat-induced antigen-retrieval 
with 10 mM sodium citrate pH 6 using a pressure cooker 
(2100 Retriever, Laborimpex - BaseClear Lab Products) 
(Fowler et al. 2011). Subsequently, the sections were washed 
twice in distilled water and once in tris-buffered saline with 
0.05% Tween 20 (TBST). Next, nonspecific binding was 
blocked by incubation with 5% bovine serum albumin (BSA, 
Sigma-Aldrich) for 1 h at room temperature (RT). Fibril-
lin-1 and -2 were detected by overnight incubation at 4 °C 
in a humidified chamber with a polyclonal antibody directed 
against fibrillin-1 (rabbit pAb 9543) and fibrillin-2 (mouse 
pAb 0868) diluted 1/100 in TBST containing 5% BSA. 
Afterwards, sections were incubated for one hour at RT in 
a dark humidified chamber either with  DyLight™ 633 goat 
anti-rabbit IgG (H + L) (1/1000; Fisher Scientific) or Alexa 
 Fluor® 488 goat anti-mouse IgG (H + L) (1/100; Life Tech-
nologies Europe). Finally, anti-fade mounting medium with 
DAPI (H-1200, Vectashield) was added and sections were 
coverslipped. Nonspecific staining was verified by omission 
of the primary antibody.

In addition to a standard Hematoxylin & Eosin staining 
(Cardiff et al. 2014), a Picrosirius Red (collagen) (Junqueira 
et al. 1979) and Verhoeff-Van Gieson (elastin) (Kazlouskaya 
et al. 2013) staining was performed according to standard 
protocols.

Sections were visualised using a Zeiss Axio fluorescence 
microscope (Observer.Z1, Carl Zeiss microimaging) coupled 
to an Axiocam 506 mono camera (6 mega pixels, Zeiss) with 
analog gain of 2×. All tissue sections were exposed for 800 
ms to the excitation wavelength and images were obtained 
at a magnification of 10× or 40× with objectives EC “Plan-
Neofluar” 10×/0.30 and LD “Plan-Neofluar” 40×/0.6, 
respectively (both from Zeiss). Images of 1376 × 1104 px 
(pixel size 9.08 × 9.08 µm) were taken at an image bit depth 
of 16 after which the threshold of every image was equal-
ized based on the threshold of an image with a very intense 
fluorescent signal. To obtain an overview-image of the entire 
section, stitching software (Tiles-Zeiss, ZEN pro 2012 (blue 
edition), Carl Zeiss microimaging) was used. The mean fluo-
rescence intensity of the fibrillin-1 staining was measured 
to give an impression of the amount of fibrillin-1 present 
(Image analysis software, ZEN pro 2012 (blue edition), Carl 
Zeiss microimaging). For intensity measurements at the 
level of the mid-ventricular tissue section the subepicardial, 
outer compact myocardial and inner trabeculated myocardial 
area was manually selected based on histology (Scudamore 

2014). Any histological artefacts within the tissue sections 
were excluded from these measurements. Figures were made 
with Adobe Illustrator CC 2017 (Adobe Creative Cloud 
2017.1.0-version).

Western blotting

Hearts dissected from 3 additional 3-months-old female 
wild-type mice were subdivided into apical, mid-ventricular 
and atrial myocardial tissue samples. Subsequently, tissue 
samples were homogenized by mixing in lysis buffer (RIPA, 
Sigma-Aldrich) complemented with protease inhibitors 
(Complete protease inhibitor cocktail tablets, Roche) and 
phosphatase inhibitors (Cocktail II and III, Sigma-Aldrich) 
at a 30% (v/w) ratio. Lysates were centrifuged at 14,000 rpm 
at 4 °C for 30 min and supernatants were collected and 
stored at − 80 °C until further processing. Protein concen-
tration was determined using the Pierce BCA (bicinchoninic 
acid) 562 nm Protein assay kit (Thermo Fisher Scientific). 
Protein samples (50 µg) diluted to a total volume of 20 µl 
with PBS were reduced by adding 2 µl 1M dithriothreitol 
(Sigma-Aldrich) and incubation at 95 °C for 5 min. Next, 
samples were loaded on a NuPage 3–8% Tris–Acetate gel 
(Invitrogen) together with 5× non-reducing lane marker 
sample buffer (Thermo Fisher Scientific). Following SDS-
PAGE electrophoresis, proteins were transferred onto a 
PVDF membrane (Invitrogen) by means of the iBlot 2 dry 
blotting system (Thermo Fisher Scientific). The membrane 
was blocked in 3% BSA buffer (Sigma-Aldrich) for one hour 
and incubated overnight at 4 °C with primary antibodies. 
Primary antibodies used are: rabbit polyclonal antibody 
directed against fibrillin-1 (1:1000, pAb 9543) and rabbit 
polyclonal antibody directed against vinculin (1:1000, Cell 
Signaling Technology) was used as loading control. Next, 
membranes were incubated with a secondary antibody, anti-
rabbit IgG HRP-linked (1:5000, Cell Signaling Technolo-
gies) for 1 h at RT. Subsequently, membranes were incu-
bated with the SuperSignal West Dura luminol-based ECL 
HRP substrate (Thermo Fisher Scientific) for 5 min at RT. 
Membranes were scanned using the Amersham Imager 680 
(GE Healthcare Life Sciences). Quantification of the immu-
noblots was performed using Image J software (v. 1.44p).

Statistical analysis

IBM®  SPSS® Statistics version 24 was used for statistical 
analysis and generating graphs. Student’s t test or one-way 
ANOVA, followed by a post hoc Tukey test were used for 
normally distributed data. Otherwise, Mann–Whitney U 
tests or Kruskal–Wallis tests were performed. All values 
were normalized to the highest value. A p value of < 0.05 
was used to define statistical significance (two-sided).
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Policy on antibody validation

pAbs 9543 and 0868 have been previously described and 
demonstrated to bind specifically to epitopes present in 
fibrillin-1 and fibrillin-2, respectively (Charbonneau et al. 
2003, 2010; Kuo et al. 2007; Reinhardt et al. 1996; Sakai 
et al. 1986).

Results

Immunofluorescence staining intensity

“Myocardial tissue” sections from the hearts of male and 
female wild-type C57BL/6J mice, aged 1, 3 and 6 months, 
were stained for fibrillin-1 and -2. Fluorescent staining of 
fibrillin-1 was observed in cross-sections of the atria, mid-
ventricles and apex (Online Resource 1) of both male and 
female mice and at each of the studied time-points.

No significant difference in the intensity of the fluores-
cent signal was observed when comparing the cross-sec-
tions of different ages and sexes (p = 0.562 and p = 0.856, 

respectively) (Fig. 1). However, variation in fibrillin-1 
staining was observed in different regions of the heart, 
with a higher fluorescent signal in the atria compared to 
the apex and mid-ventricles (p < 0.001) (Fig. 2). Western 
blotting analyses support these results, though large varia-
tion in fibrillin-1 content were observed in the myocardial 
tissue of the apex (Online Resource 2). At the level of the 
mid-ventricles, fibrillin-1 was mainly present in the sub-
epicardium and the inner trabecular myocardium, whereas 
the outer compact myocardium showed significantly less 
fibrillin-1 staining (p < 0.001) (Fig. 3). This subdivision 
based on the staining intensity between the inner trabecu-
lar and outer compact myocardium was only observed in 
the left ventricular wall. As for the free right ventricular 
wall, staining intensities did not differ across the wall. In 
addition, the intensity of the fibrillin-1 staining in the right 
free ventricular wall was similar to that in the subepicar-
dium of the left ventricular wall. No significant difference 
was observed between the right and left atrium (p = 0.083) 
(Fig. 3). In contrast to fibrillin-1, fibrillin-2 staining was 
very limited in all the cross-sections (Online Resource 3).

Fig. 1  Fibrillin-1 expression in myocardial tissue of male and female 
mice at 1, 3 and 6 months of age. Myocardial tissue cross-sections 
were stained with pAb 9543 directed against fibrillin-1 (red). a–c 
Apical cross-sections of female mice at the age of 1, 3 and 6 months, 
respectively. d No significant difference in staining intensity could 
be observed between the different age groups (p = 0.562, n = 6 mice 
per group). e, f Cross-sections at the level of the mid-ventricles of 

a female and male mouse (aged 1 month). g Sex does not influence 
fibrillin-1 expression (p = 0.856, n = 9 mice per group). Selected 
images are representative for the studied subgroups. Bars indicate 
the median staining intensity normalized to the highest value and 
error bars indicate 95% confidence interval. Scale bars of images a, b 
200 µm, scale bars of images c–f 500 µm
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Spatial arrangement of fibrillin

Myocardial tissue

Fibrillin-1 presented as long fibres at the level of the per-
imysium of the apical region, running parallel to the car-
diac muscle fibres (Fig. 4a, b). Although the muscle fibres 
were oriented differently, a similar staining pattern could 
be observed at the level of the trabecular myocardium of 
the mid-ventricular region (Fig. 4c, d). A limited amount 
of fibrillin-1 strands was observed at the level of the com-
pact myocardium of the mid-ventricular region. These 
strands seemed to emerge as extensions from the fibril-
lin-1 present in the inner trabecular myocardium (Fig. 4e, 
arrow). In the subepicardium, microfibrils formed a loose 
network-like pattern rather than parallel fibres (Fig. 4f).

The thick endocardium lining the lumen of the atria was 
rich in fibrillin-1 fibres (Fig. 4g, h). In addition, fibrillin-1 
was also occasionally located at the level of the endomy-
sium (Fig. 4h, arrowheads).

In addition to immunofluorescence staining for fibril-
lin-1 and -2, we performed standard histological staining 
for collagen and elastic fibres (Fig. 5). Fibrillin-1 and col-
lagen showed a similar distribution pattern. Little elastic 
fibre staining was observed in the peri- and endomysium 
of the apex and mid-ventricles. In contrast, elastic fibres 
were abundantly present in the endocardium of the atria as 
expected based on the literature (Lowe and Anderson 2015) 
(Fig. 5e).

Valves

Fibrillin-1 staining in the aortic valve leaflet was mainly 
restricted to the lamina fibrosa and lamina radialis (Fig. 5g). 
In contrast, collagen staining was seen throughout the entire 
aortic valve leaflet whereas elastic fibres were rather scarce 
(Fig. 5i). No difference in the spatial arrangement of fibril-
lin-1, collagen and elastic fibres was observed in the pulmo-
nary, mitral and tricuspid valve compared to the aortic valve 
(results not shown).

Coronary arteries

Around the vessels of the coronary system abundant fibril-
lin-1 and collagen staining was observed. In the vessel wall 
itself, fibrillin-1 and elastin staining was present in the tunica 
media and collagen is located in the tunica adventitia of the 
vessel (Fig. 5).

Discussion

This study aimed to contribute to a better understanding 
of the spatial arrangement of fibrillins in normal murine 
myocardial tissue. We confirmed that fibrillin fibres are 
major constituents of the myocardial ECM and further-
more observed that their spatial arrangement within the 
myocardial tissue is independent of age and sex but highly 
region-dependent.

No difference in fibrillin-1 staining intensity could be 
observed between male and female mice. This implies that 
normal levels of sex hormones do not influence fibrillin-1 
deposition in wild-type murine myocardial tissue. Previ-
ously, however, it has been published that oestrogen admin-
istration can have an effect on the ECM-composition of 
the myocardial tissue in prevention of adverse myocardial 
remodelling (Voloshenyuk and Gardner 2010). Both obser-
vations should be taken into account when investigating the 
impact of fibrillin-1 dysfunction on the myocardial tissue.

When comparing the fibrillin-1 staining intensity between 
the different age groups no significant changes could be 
observed either. The observation that age does not influence 
fibrillin-1 deposition was also reported by Hanssen et al. 

Fig. 2  Fibrillin-1 distribution in different myocardial regions. 
a–c Cross-sections of the heart of a female wild-type mouse (age 1 
month) at the level of the apex, mid-ventricles and atria, respectively. 
d Fibrillin-1 staining intensity (red) was significantly higher at the 
level of the atria compared to the mid-ventricles and apex (p < 0.001, 
n = 18 mice). Similar results were obtained in all sections, independ-
ent of sex or age. Bar chart indicates the mean staining intensity and 
error bars indicate standard deviations. Scale bar of image a 200 µm, 
scale bars of images b, c 500 µm. *p value < 0.001
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(Hanssen et al. 2001). They studied fibrillin-1 expression in 
the ocular system of a guinea pig model. In this model, the 
fibrillin-1 mRNA expression in the microfibril-rich zonular 
fibres decreased from birth to old age whereas a constant 
level of fibrillin-1 protein expression was observed. Based 
on this observation, the authors suggested a slow turn-over 
of fibrillin-1 in the zonular fibres of the eye (Hanssen et al. 
2001). Possibly, this could also be true for cardiac fibrillin-1.

Based on both the immunofluorescence staining and 
western blotting analyses, the presence of fibrillin-1 
appears to be region-dependent with significantly more 
fibrillin-1 staining in the atria compared to the mid-ven-
tricles and apex. This observation could be due to the 
fact that the atria contain more ECM compared to the 

ventricles and as a result more fibrillin-1 might be depos-
ited (Burstein et al. 2008). Another possible explanation 
for this finding might be the difference in thickness of 
the endocardium between the atria and the ventricles. 
More specifically, the fibroelastic layer of the endocar-
dium, composed of substantial amounts of elastin fibres 
and, therefore, microfibrils, is thicker in the atria com-
pared to the ventricles (Lowe and Anderson 2015). Hence, 
more fibrillin-1 deposition can be expected in the atrial 
endocardium compared to the ventricular endocardium, 
explaining the higher fluorescent signal. This fibrillin-rich 
fibroelastic layer, in combination with the trabeculated 
structure of the atrium, allows extensive stretching of the 
atrial wall, which facilitates the blood flow between the 

Fig. 3  Fibrillin-1 distribution at the level of the mid-ventricles and 
the atria. a Cross-section at the level of the mid-ventricles of the 
heart of a female mouse of 1 month old. c Fibrillin-1 staining inten-
sity (red) differs significantly between the ventricular myocardial 
layers with highest staining intensity in the subepicardium and inner 
trabecular myocardium compared to the outer compact myocardium 
(p < 0.001, n = 18 mice). b Myocardial tissue cross-section at the level 

of the atria. d No significant difference in fibrillin-1 staining inten-
sity could be observed between the left and right atrium (p = 0.083). 
Graphs include data from all subgroups (female/male and all ages). 
Histograms show means and standard deviation. Scale bars = 500 µm. 
SE subepicardium, OCM outer compact myocardium, ITM inner tra-
becular myocardium, R right, L left. *p value < 0.001
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atrium and ventricle at relatively low venous blood pres-
sures (Brandenburg et al. 2016). Furthermore, the varia-
tion of fibrillin-1 expression observed in apical myocardial 
tissue by western blotting might be due to the significantly 
smaller amount of tissue sampled from the apex compared 

to the mid-ventricular and atrial myocardial samples inher-
ent to the anatomy of the heart. Differences in specific 
tissue composition of these apical samples might explain 
the fibrillin-1 expression heterogeneity that was observed 
[e.g., a major blood vessel might be present in the apical 

Fig. 4  Fibrillin-1 is present 
as long fibres throughout 
the entire myocardial tissue. 
Cross-sections of female murine 
myocardial tissue (age 1 month) 
were stained with pAb 9543 
directed against fibrillin-1 (red) 
and nuclear DAPI (blue). a, b 
Apical cross-section of the myo-
cardial tissue show long fibres 
of fibrillin-1 at the level of 
the perimysium. c Myocardial 
tissue section at the level of the 
left ventricular free wall with 
higher magnification pictures at 
the level of the inner trabecular 
myocardium (d), outer compact 
myocardium (e) and sub-
epicardium (f). The trabecular 
and compact myocardium are 
characterized by fibrillin-1 
microfibrils organized in a 
parallel fashion, whereas the 
subepicardium shows a loose-
network of fibrillin-1 fibrils. 
The arrow in figure e indicates 
fibrillin-1 strand penetrating 
the compact myocardium. g, 
h Myocardial tissue section 
at the level of the left atrium. 
Fibrillin-1 is mainly present at 
the level of the endocardium. 
Arrowheads in image h indicate 
endomysial fibrillin-1. Scale 
bar image a 200 µm, scale bars 
images b–f, h 20 µm, scale bars 
images c, g 100 µm
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myocardial tissue sample loaded in the third lane of the 
western blot setup (Online resource 2)].

At the level of the mid-ventricles we observed a clear 
difference in fibrillin-1 distribution between the inner tra-
becular myocardium, the outer compact myocardium and 
the subepicardium of the left ventricle. Throughout the 
cardiac cycle the left ventricle undergoes large changes 

in shape and dimension (Pope et al. 2008). The extent of 
these structural changes is greater at the level of the inner 
trabecular myocardium compared to the outer compact 
myocardium (Pope et al. 2008). We demonstrated a higher 
fibrillin-1 deposition at the level of the inner trabecular 
myocardium compared to the outer compact myocardium. 
This spatial arrangement of fibrillin-1 combined with its 

Fig. 5  Localisation of myocardial ECM components in the murine 
myocardial tissue. Serial sections were stained for fibrillin-1 and 
nuclear DAPI [red and blue, respectively (a, d, g, j)], elastic fibres 
(black, images b, e, h, k) and collagen (red-magenta, images c, f, i, 
l). Detailed pictures of the left ventricular wall, left atrium, aortic 
valve leaflet and a small vessel embedded in the myocardial tissue are 
shown. Collagen shows a similar staining distribution as fibrillin-1 
in the left ventricular wall, the left atrium and the connective tissue 

surrounding the small vessels embedded in the myocardial tissue. 
The main component of the aortic valve leaflet is collagen, whereas 
fibrillin-1 is mainly observed at the level of the lamina fibrosa and the 
lamina radialis of the leaflets. Elastic fibres are abundantly present in 
the endocardium of the atrium, the tunica media of the aorta wall and 
small vessels. Scale bars = 20  µm. LV left ventricle, LA left atrium, 
Ao aorta
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elastic properties suggests an important role of fibrillin 
fibres in enabling and supporting the structural changes 
of the left ventricle without the risk of overextension of 
the cardiac myocytes (Bouzeghrane et al. 2005; Pope et al. 
2008). Moreover, since few elastic fibres seem to be pre-
sent in the ECM of the ventricular myocardium, fibrillin 
fibres are mainly accountable for providing elasticity to 
the ventricular myocardial tissue (Mizuno et al. 2005). 
The high deposition of fibrillin-1 in the subepicardium is 
due to its accommodation of multiple coronary vessels and 
their dense surrounding fibrillin-rich connective tissue. In 
addition, the irregular organisation of multiple vessels in 
the subepicardium results in a loose network-like distribu-
tion pattern of fibrillin-1 (Pope et al. 2008). This particular 
spatial arrangement of fibrillin-1 within the left ventricular 
wall is not observed in the right ventricular wall, mainly 
because the myocardium of the right ventricle is not as 
strongly developed as the left ventricular myocardium due 
to the lower pressure in the pulmonary circulation.

In the cardiac valves, fibrillin-1 is mainly located in the 
lamina fibrosa and lamina radialis (Votteler et al. 2013). 
These layers are known to facilitate the movement of the 
leaflets which could be accountable to the elastic prop-
erties of fibrillin-1 (Hinton and Yutzey 2011). Although 
fibrillin-1 has been reported to be present in the lamina 
spongiosa, we were unable to detect them in the present 
study as fibrillin-1 epitopes were probably masked (Vot-
teler et al. 2013). Collagen was observed in many of the 
regions where fibrillin-1 staining was shown. This implies 
a potential interplay between the stiffness of collagen and 
the elasticity of the fibrillin fibres in providing the right 
mechanical properties to the environment to ensure a 
proper functioning heart.

In contrast to fibrillin-1, very limited amounts of fibril-
lin-2 staining could be observed in the cardiac tissue. This 
does not necessarily mean that fibrillin-2 is not present in 
wild-type murine myocardial tissue. Charbonneau et al. 
showed that postnatal deposition of fibrillin-1 molecules 
occurs around a core of fibrillin-2 expressed and assem-
bled during foetal development, subsequently masking 
fibrillin-2 epitopes (Charbonneau et al. 2010).

In conclusion, our observations confirm the notion that 
fibrillin fibres are major connective tissue components of 
the myocardial ECM and their specific spatial arrangement 
suggest a role in enabling and supporting the structural 
changes of the myocardial tissue. Importantly, this is the 
first study to image the presence of the fibrillins in the 
entire myocardial tissue (from base to apex) of mice of dif-
ferent age and sex. Insights into the spatial arrangement of 
fibrillin in physiological conditions are crucial for future 
experimental set-ups of studies evaluating pathophysi-
ological conditions, such as Marfan syndrome.

Limitations

(Immuno)histochemistry can be used to obtain a rough 
idea of the amount of protein present in tissues, however, 
it is important to realize that it is a semi-quantitative tech-
nique. Furthermore, differences in immunofluorescence 
signal intensity might reflect accessibility of the epitopes 
as a consequence of structural arrangement of the fibrillin 
fibres rather than a difference in the amount of protein pre-
sent. However, since we carefully performed heat mediated 
antigen-retrieval we assume that the fibrillin-1 proteins pre-
sent in the tissue sections have been irreversibly unfolded 
and, therefore, epitopes are accessible for antibody staining 
(Fowler et al. 2011). Additionally, confirmation with a sec-
ond antibody directed against fibrillin-1 or fibrillin-2 has not 
been performed. However, pAb 9543 and pAb 0868 have 
already been proven to bind very specifically to fibrillin-1 
and fibrillin-2, respectively (Charbonneau et al. 2003, 2010; 
Kuo et al. 2007; Reinhardt et al. 1996; Sakai et al. 1986).
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