1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Acta Biomater. Author manuscript; available in PMC 2015 July 09.

-, HHS Public Access
«

Published in final edited form as:
Acta Biomater. 2011 May ; 7(5): 2101-2108. d0i:10.1016/j.actbio.2011.01.022.

Elastic fibers in the aortic valve spongiosa: a fresh perspective
on its structure and role in overall tissue function

Hubert Tseng and K. Jane Grande-Allen
Department of Bioengineering, Rice University, P.O. Box 1892 — MS 142, Houston, TX USA
77251-1892

Abstract

This study characterized the elastic fiber structure within the aortic valve spongiosa, the middle
layer of the tri-laminate leaflet. The layer is rich in glycosaminoglycans and proteoglycans,
through which it resists compression and lubricates shear between the outer layers. Elastin in this
layer forms a fine, interweaving structure, yet it is unclear how this particular structure, which
uses elasticity to preload the leaflet, assists spongiosa function. In this study,
immunohistochemistry and scanning electron microscopy were used to characterize spongiosa
elastin, as well as investigate regional differences in structure. Immunohistochemistry for elastin
highlighted an intermediate structure that varied in thickness and density between regions. In
particular, the spongiosa elastin was thicker in the hinge and coaptation region than in the belly.
Scanning electron microscopy of NaOH-digested leaflets showed a rectilinear pattern of elastic
fibers in the hinge and coaptation region, as opposed to a radially oriented stripe pattern in the
belly. In conclusion, elastic fibers in the spongiosa connect the two outer layers and vary
regionally in structure, while possible playing a role in responding to regionally specific loading
patterns.

1. Introduction

The aortic valve functions to maintain unidirectional blood flow between the left ventricle
and the systemic circulation. When diseased, the aortic valve is usually replaced with either
mechanical or bioprosthetic valves. These replacements typically last 15-20 years and fail in
predictable manners; mechanical valves fail through hemolysis and thrombosis [1-3], while
bioprosthetic valves fail structurally due to calcification and tissue degeneration [4-7].
Native and replacement valve function is highly dependent on the ability of its three
constituent leaflets to withstand a wide array of forces exerted by blood flow and pressure,
namely: compression, biaxial tension, and flexure (at the hinge and line of coaptation) in
diastole; and high shear in systole. These forces require the aortic valve leaflet to be both
strong and durable for the approximately 3x10° cardiac cycles over the course of one
lifetime.

To this end, the composition and organization of the leaflet extracellular matrix (ECM) are
key determinants of material properties and valve function. The leaflet ECM is a laminate
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structure consisting of three primary layers, each defined by its own characteristic matrix
composition and role in valvular function [8]. The fibrosa, on the outflow side of the aortic
valve, consists of circumferentially oriented collagen fibers that provide tensile strength [9,
10]. The ventricularis is a dense sheet of elastic fibers on the inflow side of the valve that is
compliant, and provides elasticity and preload to the leaflet [11-15]. In between the fibrosa
and ventricularis is the spongiosa, where glycosaminoglycans (GAGs) and proteoglycans
(PGs) are believed to confer flexibility, dampen vibrations from closing, and resist
delamination [16-19].

However, the characterization of the leaflet matrix as being comprised of three distinct
layers with separate functions belies the reality of a more complex matrix structure, in which
the layers of the leaflet and the ECM are interconnected and coupled to facilitate overall
tissue function. Indeed, the previously accepted paradigm of collagen as a densely localized
in the fibrosa was recently broken with the discovery of a more complex 3D structure of
crossing, branching collagen fibers using polarized light microscopy [10]. Our hypothesis is
that the major interconnecting component between layers is elastic fibers, which span the
thickness of the leaflet. While localized in the ventricularis as a dense sheet, elastic fibers
are also present in the other two layers, specifically: (i) as sheaths surrounding collagen in
the fibrosa, and (ii) as a spongy three-dimensional network in the spongiosa [11, 12, 20]. Of
these forms, the elastic fiber structure in the spongiosa is the least characterized, partly due
to the difficulty in isolating its structure from the rest of the leaflet [15]. This structure has
been observed during microdissection separating the leaflet [15, 19], with scanning electron
microscopy (SEM) [11, 12], micro-computed tomography (micro-CT) [11],
immunohistochemistry (IHC) [20], and autofluorescence imaging [21, 22], which all have
shown a fine elastic fiber network emanating from the ventricularis and connecting to the
fibrosa. However, these qualitative observations did not provide substantial insight into the
role of the structure in spongiosa and overall tissue function. It remains relatively unclear
how elastic fibers aid the functions of the spongiosa in making the leaflet flexible, vibration
dampening, and resistant to delamination [17, 19]. This lack of understanding in the
structure-function relationship motivated the study and quantification of this specific elastic
fiber structure.

In analyzing elastic fibers in the spongiosa, it is important to put this intermediate structure
in the context of elastin in overall leaflet function. Elastic fibers are hypothesized to have
multiple roles. First, the compliant elastic fibers permit radial extension, which allows the
leaflet to extend in diastole to close the valve [13, 15]. Second, the recoil of elastic fibers
contracts the leaflet and its matrix constituents, particularly collagen, to its original unloaded
configuration. During diastole when the leaflet extends to close the valve, collagen in the
fibrosa begins crimped and folded, and then extends radially through the unfurling of these
crimps and folds [15, 19]. This process also involves the rotation of circumferentially
oriented collagen fibers towards the radial direction [23]. Elastic fibers use recoil to restore
the original shape and orientation of collagen quickly and consistently to open the valve and
prepare for the next cycle. This restoration of the collagen configuration is reinforced by the
application of compressive preload on the fibrosa by elastic fibers, which uses its recoil to
maintain the crimped, folded configuration of the fibrosa [14, 15]. Lastly, elastic fibers bear
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load at low strain, which allows the leaflet and collagen to stretch passively before bearing
load [13, 19].

Elastic fibers also have secondary roles at the individual layer scale. In the ventricularis,
elastic fibers form a smooth dense sheet that promotes laminar flow on the inflow surface
during systole, and is the main driver of elastic recoil and preload to open and close the
valve [13-15, 17]. Elastic fibers in the fibrosa surround and connect collagen, preserving
crimp and folds in the fibrosa [11-13]. All considered, elastic fibers in the spongiosa likely
contribute to spongiosa and overall elastic fiber function by: (i) connecting elastic fibers in
the ventricularis to collagen in the fibrosa, coupling the mechanics of the two layers and
matrix components, while using elastic recoil to exert preload on the fibrosa; (ii) distributing
stress between collagen and elastic fibers, particularly at low strains; and (iii) passively
allowing relative movement and shear between the outer layers [11, 17, 19].

The goal of this study was to describe the elastic fibers within the spongiosa quantitatively
using IHC and SEM and subsequently relate these structural characteristics to regionally
varying loading patterns. Given the regional variation in aortic valve loading [24], we
analyzed these characteristics in three distinct regions: (i) the hinge, the site of attachment to
the aortic wall, which experiences mostly flexure [25, 26]; (ii) the belly, the center of the
leaflet, which experiences biaxial tension [23]; and (iii) the coaptation region, where the
leaflets meet to close the valve, which experiences both compression and flexure [25]. This
examination of regionally specific characteristics will provide further insight into the
functional role of elastic fibers.

2. Materials and Methods

2.1. Tissue harvest

Fresh porcine hearts were obtained from a local abattoir (Fisher Ham and Meats, Spring,
TX) within 3-6 hours of death. Aortic valve leaflets were dissected from the hearts and
rinsed in phosphate buffered saline (PBS, pH~7.4). For IHC and histology, leaflets were
fixed in an unloaded state overnight in 10% formalin. For SEM, samples were stored frozen
in PBS at -20°C until further use.

2.2. Immunohistochemistry and histology

All leaflets fixed overnight in formalin were subsequently dehydrated and embedded in
paraffin according to standard procedures. In order to localize this elastic fiber structure and
study its regional variability, leaflets were sectioned either circumferentially or radially (Fig.
1).

Circumferential sections were cut tangential to the hinge in five positions around the
annulus: left, left center, center, right center and right (n=9 per position). Radial sections
were cut from the center of the free edge to the hinge in five identically termed angular
positions: left, left center, center, right center, and right (n=9 per position). Radial sections
included the attached aortic root wall in addition to the leaflet, in order to view the elastin
and ECM of the hinge in its entirety. Sections were further separated by leaflet type: left,
right, and non-coronary.
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Immunohistochemical staining was then performed to localize elastin. Antigen retrieval was
performed using a chymotrypsin solution (0.1% chymotrypsin, Sigma-Aldrich, St. Louis,
MO, 0.1% CaCl, in dl H,0O, pH~7.8) for 30 min at 80°C. All sections were blocked using
10% goat serum buffer (GSB, 10% goat serum in PBS, MP Biomedicals, Solon, OH) in
PBS. Experimental sections were stained with mouse anti-elastin antibodies (Abcam,
Cambridge, MA) at a 1:150 dilution with 1% bovine serum albumin (BSA) in PBS.
Negative controls were left to incubate with 10% GSB at this step. All sections were then
washed in PBS and incubated with a secondary antibody (biotin-conjugated goat anti-mouse
IgG+IgM, Jackson ImmunoResearch, West Grove, PA) at a 1:1000 dilution. Sections were
again washed in PBS and followed by the application of an avidin-biotinylated peroxidase
solution (Vectastain Elite ABC Kit, Vector Labs, Burlingame, CA). Positive staining was
detected using 3,3’-diaminobenzidine (DAB, DAB Peroxidase Substrate Kit, Vector Labs),
which stained sections brown. Hematoxylin was used as a counterstain for cell nuclei, which
stained purple. In addition, each sample was stained using Movat's pentachrome stain to
demonstrate the overall distribution of collagen (yellow), elastic fibers (black), PGS/GAGs
(blue), and cells (purple) within the leaflet sections. Images of the section were taken using a
charge coupled device (CCD) camera (Leica DFC 320, Leica Microsystems, Bannockburn,
IL) connected to an upright microscope (Leica DM LS2, Leica) using image capture
software (ImagePro, Media Cybernetics, Bethesda, MD).

The intensity of the elastin IHC stain was measured from duplicate stained sections to
quantify density; lower intensity, or darker, regions indicated a denser elastin structure,
whereas higher intensity, or lighter, regions indicated a more porous structure. The average
intensity within the spongiosa was measured using ImageJ image processing software (NIH,
Bethesda, MD) (Fig. 2).

The layers of the leaflet were distinguished from each other by the use of the Movat's stain
as a reference, which stains the layers distinctly based on extracellular matrix; the
collagenous fibrosa stains yellow/green; the ventricularis, dense with elastic fibers, stains
black; and the spongiosa, with its high PG and GAG content, stains blue from Alcian Blue
[16, 20]. In order to reduce section-to-section variability in elastin staining, each raw
intensity value of elastin in the spongiosa was also normalized to the stain intensity of
elastin from the ventricularis, which is always dense in elastin. Variability in normalized
intensity values should thus represent true differences in elastin intensity. Intensity was
measured for both circumferential and radial sections, although for radial sections, intensity
was measured at three locations along the length of the section: the belly, coaptation region,
and hinge (Fig. 1). In the belly, the thickness was taken in flat areas, which is a more
commonly associated with the region. In addition, the thickness of the spongiosa of radial
sections was measured in pixels as a percentage of overall leaflet thickness using ImageJ

(Fig. 2).

2.3. Scanning electron microscopy

Leaflets were digested in 0.1 N NaOH at 75°C for at least 45 minutes, a method previously
used to isolate elastic fibers by dissolving other ECM [11-13]. A Delrin jig was used to
clamp the leaflet during digestion to prevent elastic fibers from curling, as Delrin could
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withstand NaOH digestion, and would allow for frictionless removal of digested leaflets.
Leaflets were subsequently frozen in -80°C for at least 20 minutes, lyophilized overnight,
and removed from the jig. A notably light structure appeared on top of the leaflet, which was
assumed to be elastic fibers from the fibrosa, and was gently brushed aside, leaving elastic
fibers in the spongiosa and ventricularis for imaging. Leaflets were then cut in half radially
(from the center of the free edge to the hinge) and mounted onto microscope stubs with the
spongiosa facing upwards. These samples were then sputter coated with gold (CRC-150
Sputter Coater, Torr International, Windsor, NY) and imaged using the SEM (Quanta 400,
FEI, Hillsboro, OR). Images were taken at the hinge, belly, and coaptation regions (n=14
images per region) at 250x magnification with a resolution of 1024x768 in 8-bit grayscale.

The elastic fiber network properties were measured from the SEM images using custom
image analysis software written with the Image Processing Toolbox in MATLAB
(Mathworks, Natick, MA). Images of the hinge and coaptation region showed elastic fibers
that were rectilinear in pattern, so for these images, the area of the voids between elastic
fibers was measured. After converting images to black and white and inverting, the voids
were labeled and sized using the bwlabel function, with voids less than 144 pixels in size
regarded as noise and ignored. All void areas were then averaged over the whole image. For
belly images, the elastic fibers demonstrated a striped pattern, so the distance between
stripes was measured. The overall direction of elastic fibers in these grayscale images was
measured using an edge detection algorithm that was previously used to determine myofiber
and electrospun fiber orientation [27-29]. Briefly, the algorithm used 11x11 (s=5) vertical
and horizontal masks with 0=2.5 [27]. An accumulator weight function was then used to
find the dominant angular orientation of the elastic fibers [28]. Afterwards, these images
were converted to black and white and objects less than 144 pixels in area were labeled and
deleted using bwlabel. The horizontal distance between stripes was calculated by scanning
across the image at a particular row and measuring between stripes. Rows 192, 384, 576
were used, or one-quarter, one-half, and three-quarters down the image height, respectively.
Using the angle found through edge detection, the minimum distance between stripes was
found. All distances calculated were averaged for the entire image.

2.4, Statistical Analysis

All data was analyzed using statistical analysis software (SigmaStat, SPSS, Chicago, IL) for
single and multiple factor ANOVAs. Significance was defined as p<0.05. If a significant
difference was observed, post-hoc testing was conducted using Tukey's test to observe
pairwise comparisons. All values are presented as mean * standard deviation.

3. Results

3.1. Immunohistochemistry

Immunohistochemistry revealed a layered distribution of elastin that matched the layered
structure of the aortic valve matrix as observed in Movat's stains with little to no intensity
staining in the fibrosa, light staining in the spongiosa, and a strong staining of elastic fibers
in the ventricularis. In the spongiosa of all sections, elastin appeared sponge-like in
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structure, forming a finely fibrous, interwoven, porous network that extended from the
ventricularis to the fibrosa.

Circumferential sections of the hinge were uniformly thick and showed the interwoven
elastin structures within the spongiosa at each position (Fig. 3).

There was no significant difference in intensity of elastin staining in the spongiosa relative
to the ventricularis as a result of either position around the annulus or leaflet type (i.e., left,
right, or non-coronary). The intensity value of elastin staining was on average 128.71+18.92,
or 1.23+0.21 times larger than the intensity value of the ventricularis across all positions and
leaflet type.

The radial sections showed distinct spongiosa elastin structures that varied in thickness
throughout the leaflet length, whereas the two outer layers were observed to have a
consistent thickness at the three regions of interest (Fig. 4).

At the hinge, the spongiosa originated from the medial layer of the aortic wall as a thick
layer that gradually decreased in thickness moving towards the belly. In the belly, the
spongiosa was mostly flat, although there were rare instances, particularly in the center,
where collagen bundles crossed and formed characteristic corrugated structures, underneath
which elastin emanated from the ventricularis and branched out to connect to the fibrosa

(Fig. 5).

Moving towards the coaptation region, the spongiosa increased in thickness once again.
There was a significant regional difference in relative spongiosa thickness (p<0.001), with
the belly (27.97+£8.25%) having significantly lower relative thickness than both the hinge
(43.69+13.35%) and coaptation region (39.52+11.27%, p<0.001 for both, Fig. 6).

There was no regional difference in relative stain intensity. There was no significant
difference found in relative intensity and thickness based on either the angle at which it was
sectioned or type. The intensity value of elastin staining was on average 129.53+18.63, or
1.45+0.35 times larger than the intensity value of the ventricularis across all angles, regions
and leaflet type.

3.2. Scanning electron microscopy

Scanning electron microscopy revealed two distinct patterns of elastic fibers when
examining at the hot alkali digested leaflet with the ventricularis facing down (Fig. 7). Both
in the hinge and the coaptation region, a rectilinear structure with rectangular voids was
observed. The sides of these voids were oriented radially and circumferentially. Image
analysis found that these voids in the rectilinear pattern were statistically similar in the hinge
and coaptation regions with an average area in both regions of 446.29+205.80 um?2. In the
belly, elastic fibers mainly formed a radially oriented stripe pattern with fewer, fainter
perpendicular struts that crossed from fiber to fiber. The distance between the observed
stripes was on average 19.66 + 3.81 pm. In some areas of the belly, there were small regions
patterned with a rectilinear pattern similar to the hinge and coaptation region.
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4. Discussion

4.1. Thicker,

The goal of this study was to quantify specific characteristics of elastic fibers in the
spongiosa using IHC and SEM, and to relate regional differences in structure to loading
patterns. This structure has only previously been qualitatively described in simple
observations during dissection [15, 19], using SEM [11, 12], micro-CT [11], IHC [20], and
autofluorescence imaging [21, 22]. This was the first investigation to date focused on elastic
fibers in the spongiosa. The main finding of this study was that elastic fibers in the
spongiosa form a finely fibrous, interweaving network that varies regionally in structure.
IHC staining of radial sections of the leaflet showed that the thickness of the spongiosa
positively staining for elastin was significantly thicker in the hinge and coaptation region
than in the belly. The percentage thicknesses measured are consistent with previous
measurements of spongiosa thickness (30% [19] and 57% [30]), although these values did
not take regionally variable thicknesses into account. There was no difference in elastin stain
intensity with respect to both angular position and region. Circumferential sections also
showed no difference in elastin stain intensity with respect to position around annulus,
which suggests that elastin is equally dense throughout the leaflet. SEM showed two distinct
patterns of spongiosa elastic fibers within the leaflet: (i) a rectilinear pattern in the hinge and
coaptation region; and (ii) a radially oriented stripe pattern in the belly. These observations
were not entirely exclusive to specific regions; there were rare instances observed in IHC
where the belly was corrugated rather than flat. These corrugations are formed by collagen
bundles that traverse the leaflet circumferentially [15]. Underneath these corrugations,
elastin branched out of the ventricularis to connect the two outer layers. In addition, some
parts of the belly imaged using SEM had a rectilinear pattern similar to the hinge and
coaptation region. As these two structures are present together in the hinge and coaptation
region, it is speculated that these two parts are colocalized, and that the rare elastin
branching in the belly has similar functionalities to that of the thicker spongiosa in the hinge
and coaptation regions.

These results add to the larger picture of elastin in the leaflet. In previous studies using SEM
to describe the elastic fibers in the separated layers of the leaflet, elastic fibers were found to
form a loose structure that formed sheaths around collagen, while the separated ventricularis
formed dense sheets [11, 12]. In this study, we have analyzed an intact elastic fiber structure
in a layer that is ignored when the leaflet is separated, as well as looked at regional
differences in structure. The overall result is a combined picture of how elastin exists in the
leaflet that allows us to speculate about the relationship between elastin and regionally
specific loading.

rectilinear elastin in the spongiosa in the hinge and coaptation region

Given the presence of a thick structure of elastic fibers in the spongiosa with a rectilinear
pattern in the hinge and coaptation region, areas associated with bending, we speculate that
this elastin structure plays a role in flexing the leaflet. This correlation is consistent with
previously published speculation that elastic fibers and the spongiosa aid in flexing the
leaflet [15, 17]. When the leaflet flexes towards the outflow direction, the fibrosa is
compressed and the ventricularis pulls in tension. Rather than compressing, however, the
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4.2. Thinner

fibrosa may attempt to buckle separately from the leaflet, thereby exaggerating its “peaks
and troughs” configuration. The leaflet would subsequently bend at these troughs, where the
second moment of inertia would be lowered temporarily. Buckling would only occur with
shearing between the fibrosa and ventricularis, which is allowed by both the compliant
elastic fibers in the spongiosa connecting the two outer layers as well as by GAGs in the
spongiosa lubricating the outer layer movement [15, 17, 31, 32]. Recoil from elastic fibers in
the spongiosa would then return the fibrosa to its original configuration in preparation of the
next cycle [15, 17]. This theory is supported by studies showing that glutaraldehyde-treated
leaflets, which over time lose GAGs and water, and are therefore devoid of a spongiosa
structure, are stiffer in both bending and shear [31-34]. At the hinge, where bending occurs
in the opposite direction, we speculate that the ventricularis likely compresses readily
without buckling, most likely due to the tensile preload already exerted on the ventricularis,
but that leaflet deflection may be limited by the stiff fibrosa, which won't allow the leaflet to
bend [14, 35]. Limited flexure at the hinge would likely allow the leaflet to absorb pressure
from reverse blood flow in diastole, but prevents distention of the leaflet. Thus, the finding
of a thicker spongiosa and elastic fiber structure in flexural regions, in combination with
previous mechanical studies on elastin in the leaflet, serves as further evidence of a
significant role for elastin in flexure.

In addition, the thick spongiosa observed in the coaptation region possibly plays a role for
both GAGs and elastic fibers of the layer in leaflet compression. This layer is believed to
dampen vibrations from valve closing, requiring the layer to have low compressive stiffness
and be viscoelastic [17]. The thicker, more hydrated GAG-rich matrix seen in this region
would likely yield the necessary compressive properties. Thus, a thicker spongiosa elastic
fibers structure may have a role in dampening vibrations from leaflet closing.

However, the rectilinear pattern of voids in the hinge and coaptation regions, with their sides
oriented radially and circumferentially, does not easily reflect the flexibility of these regions.
Radially, the leaflet bends and extends to close the valve and withstand retrograde pressure
from blood in the aorta. These forces acting in this direction would necessitate the presence
of radially oriented elastic fibers for rapid recoil during systole. However, the
circumferentially oriented elastic fibers are not easily explained, as the leaflet does not
stretch circumferentially as easily as it does radially [36]. The presence of this rectilinear
pattern merits further investigation into its contribution to overall leaflet mechanics.

spongiosa and spongiosa elastin in belly

Within the belly spongiosa, a thin, a radially oriented elastic fiber structure was found. It has
been previously hypothesized that the primary role of elastin is to preload the outer layers
[14, 15], and we speculate that elastic fibers in this region follow that role. A thinner, loose
elastic fiber structure in the spongiosa would not permit the amount of relative movement
and shearing between the ventricularis and fibrosa that would be needed for flexure or
compression, due to the lack of GAGs. Thus, the main function of elastic fibers of the
spongiosa in the belly would most likely be to connect the two outer layers and to use recoil
and preload to restore collagen to its original configuration. This speculated function is
similar to a another hypothesis that the spongiosa in the belly simply resists delamination

Acta Biomater. Author manuscript; available in PMC 2015 July 09.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tseng and Grande-Allen Page 9

during biaxial tension [19]. We speculate that the radial orientation of the striped pattern
may reflect the extension of the leaflet in that direction, and the need to open the valve, as
well as preserve radially oriented corrugations in the fibrosa. These observations of elastic
fibers of the spongiosa in the belly provide a larger picture of their presence and likely
function in the leaflet.

4.3. Limitations

These results should be interpreted in light of some study limitations. First, with regards to
digesting the leaflet in NaOH, it was assumed the porous structure atop the leaflet was
comprised of elastic fibers from the fibrosa, which was therefore removed after
lyophilization of the digested leaflet [11, 12]. As discussed, it is likely that elastic fibers of
the spongiosa play a key role in connecting the two outer layers. In removing these fibers,
the connections between elastic fibers in the spongiosa and in the fibrosa were ignored, but
removing this structure was necessary to image the elastic fibers in the spongiosa. While this
interface was not explored in more detail due to the frailty of the structures involved, future
studies should attempt to preserve and study this interface. Secondly, the leaflets for SEM
image were frozen prior to lyophilization at -80°C for at least 20 min in order to freeze
water. The freezing procedure can have a significant effect on tissue size and porosity,
although leave general tissue structure intact [37]. Thus, even as each leaflet was frozen
similarly, it is possible that tissue morphology was affected. Thirdly, excising the valve from
the heart involves the release of residual strains, which is manifested in the contraction of
ventricularis and could affect elastic fiber structure [19]. This could have affected
circumferential sections, which were taken from leaflets excised out of the heart before
fixation, but only intensity was measured and nothing structural. In radial IHC sections,
where thickness was measured, the leaflet was excised along with the aortic wall, and cut
only after fixation, when it would have a much smaller effect on tissue structure. Fourthly,
the use of IHC and SEM did not provide a full three-dimensional perspective of the leaflet.
This study simply reconstructed such a view from two orthogonal views using two wholly
different methods. To view the structure in its entirety, non-destructive imaging methods
such as autofluorescence imaging may be useful in future studies [21, 22]. Lastly, the
purpose of this study was to view and characterize elastin within the leaflet, and regional
structural differences found were correlated with known regional loading patterns. However,
such relationships between elastin structure and loading would ideally be conducted in an
experimental framework involving nondestructive, direct visualization of elastin during
mechanical testing. Thus, the proposed theories regarding elastic fibers in the spongiosa and
their regionally-specific roles is only speculative.

5. Conclusion

Although previous studies have observed an elastic fiber structure within the spongiosa,
none have characterized it in a quantitative manner, nor considered regional differences and
their relationship to heterogeneous loading experienced by aortic valve leaflets. This study
measured the thickness, density, and spacing of this intermediate structure, and interpreted
these regionally varying structures in the context of tissue mechanics and function both at
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the regional and global levels. The findings presented here help to provide a more complete
picture of extracellular matrix structure within the aortic valve leaflet.
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Schematic of sections cut for IHC and histology. Circumferential sections were cut along the
annulus. Radial sections were cut from the center of the free edge to the annulus. Within
radial sections, the elastic fiber structure in three regions was analyzed: hinge, belly, and

coaptation region.
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Movat's Pentachrome IHC

Figure 2.
Examples of Movat's pentachrome (collagen=yellow, PGs/GAGs=blue, elastin=black, cell

nuclei=purple) and elastin IHC (elastin=brown, cell nuclei=purple) stains of heart valve
leaflets. The separate layers of the leaflet can be distinguished by the matrix stain in
Movat's: the fibrosa is mostly yellow from collagen; the spongiosa is blue with GAGs/PGs;
and the ventricularis contains fine black elastic fibers. Using the Movat's stain as a
reference, thickness and intensity were measured as pictured on the right.

Acta Biomater. Author manuscript; available in PMC 2015 July 09.



1duosnuel Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tseng and Grande-Allen Page 14

Left Left Center Center Right Center Right

IHC-elastin

Movat

Figure3.
Elastin IHC (elastin=brown, cell nuclei=purple) and Movat's pentachrome stains

(collagen=yellow, PGs/GAGs=blue, elastin=black, cell nuclei=purple) for circumferential
sections. IHC revealed a fine, interweaving elastin structure in the spongiosa that matched
the strong blue stain of GAGs in the Movat's stains. Scale bar=200 pum.
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Figure4.
Elastin IHC (elastin=brown, cell nuclei=purple) and Movat's pentachrome stains (collagen-

yellow, PGs/GAGs=blue, elastin=black, cell nuclei=purple) for radial sections at three
regions: hinge, belly, and coaptation region. In the hinge, the spongiosa elastin structure
started thick and gradually decreased in thickness when moving towards the belly, where it
was thinnest. Spongiosa elastin increased again in thickness towards the coaptation region.
Scale bar=200 pm.

Acta Biomater. Author manuscript; available in PMC 2015 July 09.



1duosnuey Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Tseng and Grande-Allen Page 16

=y
7
«
¢
O,
L

Figure5.
Elastin IHC (elastin=brown, cell nuclei=purple) and Movat's pentachrome stains (collagen-

yellow, PGs/GAGs=blue, elastin=black, cell nuclei=purple) of a collagen fold in the belly,
taken from a center section. Whereas the spongiosa was thin through the majority of the
belly, underneath collagen folds such as this one, elastin emanated from the ventricularis and
branched out to connect the fibrosa. Scale bar=100 pm.
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Figure®6.
Thickness of spongiosa elastin normalized to the whole leaflet. There was a significant

regional effect in spongiosa thickness (p<0.001), with significant differences found between
the hinge and belly, and between the coaptation region and belly (p<0.05). Pairwise
differences within angular positions are shown. (*:p<0.05)
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Figure7.
SEM images of NaOH-digested leaflets at the hinge, belly, and coaptation regions on the left

at 250x magnification, and the hinge and belly on the right at 50x magnification. Elastic
fibers formed rectilinear patterns in the hinge and coaptation regions, and a radially oriented
striped pattern in the belly. Note the organized structure and smooth transition between
regions on the right. Scale bar=200 um.
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