TISSUE ENGINEERING: Part A
Volume 19, Numbers 9 and 10, 2013
© Mary Ann Liebert, Inc.

DOI: 10.1089/ten.tea.2012.0316

Spatial and Temporal Analysis of Extracellular
Matrix Proteins in the Developing Murine Heart:
A Blueprint for Regeneration

Kevin P. Hanson, MS,' Jangwook P. Jung, PhD,' Quyen A. Tran, BS,' Shao-Pu P. Hsu, BS?
Rioko lida, MD,' Visar Ajeti, MS,! Paul J. Campagnola, PhD,"** Kevin W. Eliceiri, MS3*
Jayne M. Squirrell, PhD,'® Gary E. Lyons, PhD? and Brenda M. Ogle, PhD'*®

The extracellular matrix (ECM) of the embryonic heart guides assembly and maturation of cardiac cell types and,
thus, may serve as a useful template, or blueprint, for fabrication of scaffolds for cardiac tissue engineering.
Surprisingly, characterization of the ECM with cardiac development is scattered and fails to comprehensively
reflect the spatiotemporal dynamics making it difficult to apply to tissue engineering efforts. The objective of this
work was to define a blueprint of the spatiotemporal organization, localization, and relative amount of the four
essential ECM proteins, collagen types I and IV (COLI, COLIV), elastin (ELN), and fibronectin (FN) in the left
ventricle of the murine heart at embryonic stages E12.5, E14.5, and E16.5 and 2 days postnatal (P2). Second
harmonic generation (SHG) imaging identified fibrillar collagens at E14.5, with an increasing density over time.
Subsequently, immunohistochemistry (IHC) was used to compare the spatial distribution, organization, and rel-
ative amounts of each ECM protein. COLIV was found throughout the developing heart, progressing in amount
and organization from E12.5 to P2. The amount of COLI was greatest at E12.5 particularly within the epicardium.
For all stages, FN was present in the epicardium, with highest levels at E12.5 and present in the myocardium and
the endocardium at relatively constant levels at all time points. ELN remained relatively constant in appearance
and amount throughout the developmental stages except for a transient increase at E16.5. Expression of ECM
mRNA was determined using quantitative polymerase chain reaction and allowed for comparison of amounts of
ECM molecules at each time point. Generally, COLI and COLIIIl mRNA expression levels were comparatively
high, while COLIV, laminin, and FN were expressed at intermediate levels throughout the time period studied.
Interestingly, levels of ELN mRNA were relatively low at early time points (E12.5), but increased significantly by
P2. Thus, we identified changes in the spatial and temporal localization of the primary ECM of the developing
ventricle. This characterization can serve as a blueprint for fabrication techniques, which we illustrate by using
multiphoton excitation photochemistry to create a synthetic scaffold based on COLIV organization at P2. Similarly,
fabricated scaffolds generated using ECM components, could be utilized for ventricular repair.

Introduction tions.” ' Because differentiation and delivery each present
unique challenges, they have generally been explored inde-

ARDIOMYOCYTES ARE THE MUSCULAR DRIVERS of the pendently. The extracellular matrix (ECM) is a crucial com-

beating heart. However, when they are lost as a conse-
quence of disease (e.g., coronary artery disease, arrhythmia),
the heart has a limited ability to regenerate these crucial cells.
Tissue engineering has been proposed as a means to recover
cardiomyocyte mass thereby improving cardiac function.
Efforts to date include either driving stem cell differentiation
to cardiomyocytes (or their precursors)'™ or delivering cells
to the cardiac microenvironment for therapeutic applica-

ponent of the stem cell environment that could effectively
address key challenges in both areas.

The ECM provides a scaffold that incorporates cues for
cellular proliferation, differentiation, migration, and mor-
phogenesis.l‘%’lﬁ26 Indeed, the composition and arrangement
of the ECM change to accommodate varying needs of cells
during tissue development and maintenance. Therefore, it is
not surprising that efforts to recreate cardiac tissues to repair
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damage often attempt to mimic the composition and ar-
rangement of the ECM. Recent reports describe delivery of
stem cells, or their progeny, to the heart via (1) layered cell
sheets (which includes endogenously produced, but un-
identified ECM),*'%%7 (2) biologically inert synthetic hydro-
gels (that typically include synthetic adhesion peptides, but
not whole ECM molecules),”®?° (3) decellularized tissues of
cardiovascular®®?! or noncardiovascular origin,12 or (4) ECM
molecules that spontaneously form 3D structures independent
of other ECM proteins (typically type I collagen [COLI]
gels)."*'*32 The outcomes of these studies have been modest
in terms of long-term survival of engrafted cells and functional
heart recovery. Most of these efforts focused on mimicking the
adult ECM; however, since the successful recovery of the
cardiac tissue is likely to require proliferation and appropriate
functional differentiation of cells, the ECM of the adult heart
may not provide adequate or appropriate signals for these
particular cell behaviors. Hence, a better understanding and
mimicry of the heart microenvironment throughout embry-
onic development may better meet this goal.

Previous studies investigating ECM proteins in the devel-
oping heart have contributed to our knowledge of the em-
bryonic cardiac microenvironment. However, they are limited
in the number of proteins, regions, and time points assessed
and often used methods that precluded a quantitative analysis.
These studies identified ECM proteins present in the heart,
including those most prevalent during development. The ECM
of the developing heart consists of glycosaminoglycans (hya-
luronic acid and chondroitin sulfate),® glycoproteins (fibro-
nectin [FN], laminin [LN], vitronectin, cytotactin, fibulin,
fibrillin, and thrombospondin),**>¢ COLI, COLITI, COLIV,*?®
and proteoglycans.” Of these, the most prevalent, functionally
relevant ECM proteins in the developing heart include (1)
COLI and COLII, fibrillar proteins that provide structural
support,'® (2) COLIV and other basement membrane proteins
that serve to align and polarize cell layers,***° (3) FN, which
attaches to cell surface integrins and other ECM proteins (in-
cluding COLI, fibrin, heparin, and syndecan) to mediate
changes in the structural or mechanical properties of the ma-
trix and phenotype of adhering cells,*** and (4) elastin (ELN),
which is critical for elasticity, allowing tissue to stretch and
recoil, as in the beating heart. A summary of ECM protein
expression and distribution in the embryonic mouse and chick
hearts was recently reviewed by Jung et al.®® The reviewed
studies identify general changes in ECM protein expression
and distribution, which likely contribute to important changes
in cell behavior, such as proliferation, which is most active
between embryonic day (E) 11.5-14,* and terminal differen-
tiation of cardiac cells, which is most active between E8.5-
E13.5.* Despite the breadth of studies examining the ECM
composition during cardiac development, we failed to find
any study that directly established a blueprint of essential
ECM proteins and quantified changes in relative amount and
distribution at different embryonic developmental stages. An
experimentally derived and validated ECM blueprint would
be a significant tissue engineering milestone as obtaining this
information would not only improve our understanding of
cardiac developmental biology, but would allow for the po-
tential mimicry of the embryonic microenvironment through
tissue scaffolds. These structures have the potential to induce a
desirable combination of proliferation and differentiation of
engrafted cardiac progenitor cells.
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Here we used complementary approaches of SHG imag-
ing, IHC, and real-time quantitative polymerase chain reac-
tion (qQPCR) to evaluate the contribution of four essential
ECM proteins—COLI, COLIV, FN, and ELN—of the murine
heart at E12.5, E14.5, and E16.5, and 2 days postnatal (P). We
chose these ECM components not only because of their
prevalence in cardiac tissues, but also because they encom-
pass structural, basement membrane, connective and elastic
elements, respectively. We assessed only four ECM compo-
nents and developmental stages using IHC to maintain ex-
perimental feasibility and allow for colocalization imaging of
each protein in consecutive heart sections. The noninvasive
optical capabilities of SHG enabled a high-resolution imag-
ing of the collagen composition in intact tissue sections. The
high-throughput capability of qPCR allowed us to include
COLIII and LN gene expression as well as P7 hearts in our
quantitative analysis. The range of stages was chosen to in-
clude the establishment of the functional heart and the pe-
riod of maximal cell proliferation and differentiation. We
focused this study on the expression and localization of the
ECM proteins across the left ventricle because this region is
most susceptible to damage with disease and, therefore, the
highest therapeutic priority for a scaffold template. This
study represents an important first step in establishing an
ECM blueprint for scaffold fabrication ex vivo that will pro-
vide appropriate development-based signals for maximizing
regenerative cardiac repair. We demonstrate the feasibility of
using such data as a template for fabricating a synthetic
scaffold.

Materials and Methods

Expanded details regarding methods of tissue prepara-
tion, IHC, microscopy, image analysis, and qPCR can be
found in the online supplement; Supplementary Data are
available online at www liebertpub.com/tea.

Fluorescence IHC

Each ECM protein was detected within the paraffin-
embedded mouse heart or embryonic sections based on the
described methods.'® Following a 30-min incubation at room
temperature in a blocking solution, rabbit anti-mouse primary
antibodies were incubated at 4°C overnight in a blocking so-
lution containing anti-COLI (1:100, Abcam ab21286), anti-
COLIV (1:50, Millipore AB748), anti-ELN (1:200, Millipore
AB2039), or anti-FN (1:100, Millipore AB2033).

Microscopy

Second harmonic generation (SHG). SHG of whole
ventricles (ventricle thickness up to ~1.9mm thickness; im-
aging depth up to ~340um) was examined using multi-
photon laser scanning microscopy (MPLSM).**™*® Ventricles
were imaged using a TE300 inverted microscope (Nikon)
equipped with a Plan APO VC 20x(N.A. 0.75; Nikon In-
struments) objective lens by using a mode-locked Ti:Sap-
phire laser (Spectra Physics Mai Tai) using an excitation
wavelength of 890nm with a 445-nm +/-20-nm narrow-
band pass emission filter (Thin Film Imaging).

Fluorescence. Sections were imaged on an IX71 inverted
deconvolution fluorescence microscope (Olympus) using a
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20x UPlanFluor objective (NA =0.5) and Slidebook software
(Intelligent Imaging Innovations).

Image analysis

SHG image analysis. SHG image stacks (100 images)
from the apical region of two or three ventricles from each
developmental stage were compiled as sum z-projections
using Image]J (Fiji distribution; open source software, http://
pacific.mpi-cbg.de/wiki/index.php/Fiji). A 200-um line was
drawn in each of the four quadrants (horizontal in upper left
and lower right, vertical in upper right and lower left) of
each image. The number of fibers crossing each of these lines
was counted manually to assess the fiber density.

Fluorescence image analysis. Image gating and quanti-
tation of the mean intensity per pixel was performed using
Image].*’ This gating was performed to quantitatively compare
the mean intensity per pixel among time points for each sep-
arate ECM protein in a consistent manner. Following gating, a
custom-developed macro (“Threshold and Calculate Average
Intensity with Brush Tools Macro for IHC,” http://loci
.wisc.edu/software/home) was used to calculate the mean
intensities per pixel per region of the ventricle (e.g., epicardium,
myocardium, and endocardium) for each fluorescent image.

Quantitative real-time PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen,
74104) following the animal tissue protocol. Complementary
DNA (cDNA) was synthesized following the instructions from
the ThermoScript RT-PCR System (Invitrogen, 11146-016).
Primer efficiencies were extracted from StepOne Software
v2.2.2 and verified with melting curves. The standard curve
method was employed to determine copy numbers of each
ECM and GAPDH genes. The ECM gene expression level was
determined as the copy number of the ECM gene of interest
normalized to that of GAPDH at each time point.

Statistical analyses

Mean fluorescence intensities of the detected ECM proteins
were compared with the difference in the least squares means
(LSM) test. Each section yielded three mean intensity values
from the three locations, and thus, those three values were
dependent on the section. For COLI, the residuals of the mean
intensities were not normally distributed, so the natural logs of
the mean intensities were used in the difference in the LSM test.
Distribution of the variance of expression of ECM mRNA and
SHG between samples was assessed using the Levene’s test. For
data sets lacking equal variance, one-way ANOVA with the
Tamhane’s post hoc test (x=0.01) was performed. For data sets
with equal variance, one-way ANOVA with the Tukey’s post
hoc test (2=0.01) was performed. All tests were performed
using Statistical Analysis System (SAS Institute Inc.).

Fabrication based on ECM blueprint

Multiphoton excited photochemistry was used to fabricate
a 3D model of the fibrillar morphology in the blueprint, where
the overall method has been described previously.”® The same
region was imaged in 20 serial sections from a postnatal day 2
ventricle labeled with the anti-COLIV antibody. Antibody
labeling and subsequent imaging were performed as de-
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scribed above. To improve the reconstruction, the brightness
and contrast of each image was adjusted to enhance the la-
beled structures and extraneous-labeled debris was removed.
The resulting stack of images was reconstructed into a 3D
model (Materialize Mimics Software; Materialize). A threshold
was applied to discriminate the background and make the
collagen fibers clearly visible for reconstruction. A sterolitho-
graphic (STL) file was generated from the 3D model, and then
sliced using Materialize Magics Software (Materialize) into z
sections for nanofabrication. AutoCAD software (Autodesk)
was then used to hatch each slice as coordinates for the scan-
ning unit. The fabrication solution used for the structure
was the synthetic compound trimethylolpropanetriacrylate
(TMPTA, neat) (Sigma-Aldrich) in combination with the coin-
itiator triethanolamine (0.1M) (Sigma-Aldrich) and Rose Ben-
gal (1mM) (Sigma-Aldrich) as the photoactivator, where the
photochemistry has been previously described.” The fabrica-
tion instrument consisted of an Axioskop 2 microscope (Zeiss),
a homebuilt laser scanning system,” a 10xobjective (NA of
0.5), and 780nm laser wavelength. LabVIEW software (Na-
tional Instruments) was used to control the galvo mirrors in the
laser scanning system to fabricate the hatched files generated
for the 3D structure. The 3D structure was rinsed with ethanol
to remove the solution around the structure. Multiphoton im-
aging was performed (Fluoview300 laser scanning microscope,
Olympus) with a 20x objective (0.75 NA) using 890-nm exci-
tation and 500-650-nm emission filters to capture the fluores-
cence arising from Rose Bengal trapped within the structure.

Results

Maturation of fibrous structure of the ventricle
with development

To assess changes in the fiber density with development,
SHG from whole ventricles was examined. The SHG signal is
generated when two photons of incident light interact with the
noncentrosymmetric structure of collagen fibers, so that the
resulting photons are half the wavelength of the incident pho-
tons.*® This signal is generated in the absence of exogenous label
and, because MPLSM allows for deep sectioning of 3D di-
mensional tissues,*® we used SHG collected in the backward
direction®*>* to assess the 3D organization of collagen fibers in
whole mouse ventricles from developmental stages E12.5,
E14.5,E16.5, and P2 (Fig. 1A, Supplementary Videos S1-54). We
found that E12.5 ventricles were essentially devoid of distinct
detectable fiber structures, while a few very fine fibers could be
identified in some regions of the E14.5 ventricles. By the later
stages, the fibers are clearly evident and occupy the entire field
of view with a meshwork pattern (Fig. 1C). This network was
most apparent in the epicardium, but fibers extending into the
myocardium were also observed (Fig. 1B, D). The density of the
fibers was significantly greater at the later stages (E16.5 and P2)
than in the earlier stages (Fig. 1E, Supplementary Table S2).
These data indicate an increase in the density and organiza-
tional complexity of collagen fibers with developmental matu-
ration of the ventricles.

Spatiotemporal organization of multiple ECM proteins
in the left ventricle of the developing heart

Because the fibrous scaffold of the ventricle changes with
cardiac development, we examined the distribution of
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FIG. 1. Changes in density of collagen fibers of the ventricle during cardiac development. (A) Three-dimensional recon-
struction of z-stacks of SHG images, collected as optical sections spaced 2 pm apart, of whole mouse ventricles from the apical
region at different developmental stages. These reconstructions are rotated 110° from the plane of imaging. Epicardium is
toward the right. The z-axis scale is doubled from the x-axis and y-axis to more clearly show any infiltrating fibers (white
arrow). (B) Cross-sectional slices of the ventricles shown in (A), reconstructed from z-stacks and taken at the level indicated
by black arrow to right of (C). The z-axis scale is doubled compared to the x-axis to show detail. Examples of fiber cross
sections in the myocardial region are indicated by white arrows. (C) Z-projections of 100 SHG images, spaced 2 um apart, of
the ventricles in (A). (D) Although many of the collagen fibers detected with SHG are located in the epicardium, single optical
sections, enlarged from regions depicted by dotted lines in (C), illustrate fibers extending away from the epicardium into the
myocardium (white arrows) in the later stage ventricles. (E) Quantitation of the fiber density present at each developmental
stage as detected by SHG and counted in 100 section z-projections. Bars show statistical differences (p<0.01, mean+SD).
Scale bars in C=50 pm; all other scale bars=100 pm. SHG, second harmonic generation; E, embryonic day; P, postnatal day.
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FIG. 2. Spatiotemporal organization of ECM in the left ventricle of E12.5, E14.5, E16.5, and P2 murine hearts. (A) Brightfield
images of sagittal (E12.5) and coronal (E14.5, E16.5, and P2) sections indicate example regions of the left ventricle imaged,
beginning in the epicardium (T-arrow) and extending through the myocardium to the endocardium (T-bar). (B-D) Fluor-
escence micrographs showing COLIV (red, B), FN (cyan, C), COLI (green, D), and ELN (magenta, E) labeled via IHC in
separate sections at different stages in development. For these images, FIJI software was used to adjust the intensity of all
fluorescent pixels for each individual protein and developmental stage to maximize visibility of protein organization. Scale
bars (A)=100 pm (B) =50 pm. ECM, extracellular matrix; IHC, immunohistochemistry; COLIV, collagen IV; COLI, collagen
I; EN, fibronectin; ELN, elastin; T-arrow, epicardium; T-bar, endocardium; LV, left ventricle; RV, right ventricle. Color images
available online at www liebertpub.com/tea
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specific ECM proteins over time. To visualize the organiza-
tion of several ECM proteins at each developmental stage,
we utilized fluorescence IHC. Images were collected across
the left ventricle and stitched together to form a composite
mosaic. The location of the mosaic relative to the histologic
section of the entire heart is shown in Figure 2A. COLILV, a
basement membrane component, was mainly present in the
epicardium and myocardium at E12.5, with a sporadic ap-
pearance in the endocardium lining the trabeculae (Fig. 2B).
COLIV staining was punctate in appearance except that the
myocardial tissue in close proximity to the epicardium con-
tained more fibril-like staining. By E14.5, COLIV remained
localized to the epicardium and myocardium, with more fibrils
and a disconnected circular organization often surrounding
myocytes. At E16.5, COLIV was not detected in the epicardium
as in the other stages, but had a similar fibril-like appearance
and circular organization in the myocardium, as observed at
E14.5. The most dramatic change in the spatial organization
occurred between E16.5 and P2, with COLIV becoming dis-
tinctly present in the endocardium lining the trabeculae. At this
postnatal stage, COLIV was more fibrillar in appearance and
formed a more interconnected network throughout the myo-
cardium than seen during the embryonic stages.
Glycoproteins of the myocardium associated with me-
chanical strength (COLI), tissue elasticity (ELN), and protein
crosslinking (FN) were also assessed. For all stages, FN was
present in the epicardium and endocardium (Fig. 2C). By
E14.5, EN began to form thin, isolated fibrils within the
myocardium, which increased in density until P2, when the
fibrils formed a more interconnected network, somewhat
similar to the progression and spatial distribution of COLIV.
Interestingly, FN staining also colocalized with some nuclei.
Nuclear staining was clearly present at the fetal stages and
was particularly prominent at E16.5. Similar to what was
observed using SHG, from E12.5 through E16.5, COLI was
localized to the epicardium lining the left ventricular wall
(Fig. 2D). At P2, COLI was sporadically seen as thin fibrils
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lining the trabeculae, but most often formed in separate
structures associated with cells in the myocardium. ELN was
not detected until E16.5, at which time it formed thin fibrils
in the endocardium without lining the trabeculae (Fig. 2E).
By P2, ELN was organized in fibrils along the epicardium,
myocardium, and endocardium lining the outer ventricular
wall and the trabeculae, respectively, and also lined the
blood vessel walls (images containing vessels not shown). To
provide a positive control and benchmark comparison for
each ECM protein, we labeled and imaged the adult murine
myocardium (Supplementary Fig. S1).

Quantitative comparison of ECM proteins in the left
ventricle of the developing heart

To compare the relative amount of each ECM protein
across the left ventricle at each developmental stage, we
quantified the mean intensity per pixel in the epicardium,
myocardium, and endocardium of equivalently exposed and
gated images for each individual protein. Comparisons were
conducted between mean intensity values for a single ECM
protein at each location and developmental stage. Statistical
comparisons identified the significant changes in ECM ex-
pression between time points and between regions at par-
ticular developmental stages for each ECM protein
(Supplementary Figure S2, all p-values can be found in Sup-
plementary Table 3). In addition, 3D bar graphs of these data
were created to show spatial and temporal changes at a
glance (Fig. 3). The mean intensity of COLIV was relatively
constant in the epicardium, increased from E12.5 to P2 in the
myocardium, and increased from E16.5 to P2 in the endo-
cardium (significant differences p<0.01: P2 epi vs. P2 myo;
E12.5 myo vs. P2 myo; E16.5 endo vs. P2 endo). In contrast,
the COLI mean intensity was highest at E12.5 in all locations,
with the E12.5 epicardium intensity distinguishably greater
than the others (significant differences p <0.01: E12.5 epi vs.
E12.5 myo; E12.5 epi vs. E12.5 endo; E12.5 epi vs. P2 epi;

FIG. 3. Quantitative comparison of
relative ECM protein in the developing
ventricle. Fluorescent images of E12.5,
E14.5, E16.5, and P2 mouse left
ventricles labeled with anti-COLIV,
anti-COLI, anti-FN, or anti-ELN. Mean
intensities per pixel of equivalently
gated, background subtracted,
fluorescent antibody-labeled sections
across developmental time points. This
orthogonal view provides
spatiotemporal trend visualization.
Epi, epicardium; Myo, myocardium;
Endo, endocardium. Color images
available online at www
Jiebertpub.com/tea
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E14.5 epi vs. E14.5 endo; E16.5 epi vs. E16.5 endo). For FN,
the mean intensity was generally stable in the myocardium
and endocardium over time. The most notable change was
seen in the epicardium over time, decreasing significantly
during fetal development and increasing slightly in the
postnatal period (significant differences p<0.01: E12.5 epi
vs.E14.5epi; E12.5 epi vs. E16.5 epi). Additionally, at E12.5,
the levels of FN in the epicardium were higher than in the
myocardium or endocardium (significant differences p <0.01:
E12.5 epi vs.E12.5 myo; E12.5 epi vs. E12.5 endo). Interest-
ingly, ELN mean intensity was greatest at E16.5 across all
locations, with the exception of the P2 epicardium (significant
differences p <0.01: P2 epi vs. P2 myo; P2 epi vs. P2 endo).

Location of ECM proteins relative
to other ECM proteins

To visualize the organization and localization of each
ECM protein relative to each other, we labeled four consec-
utive sections (at least 10 pm apart) with each of the four
antibodies, and then imaged the same location within the
myocardium of the left ventricle for all of the labels. FIJI
software*® was used to adjust the intensity of all fluorescent
pixels for each individual protein and developmental stage
to maximize visibility of protein organization. Images for
each protein in these consecutive sections were overlaid,
generating two-dimensional z-projection images as well as
isometric 3D videos depicting each individual section (Fig. 4;
separate channels in Supplementary Fig. S3). At E12.5, COLI,
COLIV, and FN colocalize in the epicardium lining the
ventricular wall. FN and COLIV are both present in the en-
docardium, with EN distinctly lining the inner ventricular
wall and COLIV localizing in endocardial tissue in close
proximity to the trabeculae carneae lining (Fig. 4A, Supple-

FIG. 4. Relative locations of
ECM proteins in the
developing murine ventricle.
(A-D) Overlays of
consecutive sections labeled
via IHC for COLIV (red),
COLI (green), FN (cyan), or
ELN (magenta) in the murine
ventricle. Each
developmental time point is
represented, including E12.5
(A), E14.5 (B), E16.5 (C), and
P2 (D). For these images, FIJI
software was used to adjust
the intensity of all fluorescent
pixels for each individual
protein and developmental
stage to maximize visibility of
protein organization. The
same locations, consisting of
the epicardium and
myocardium, from each
antibody label were overlaid.
Scale bar =20 um. Color
images available online at
www liebertpub.com/tea
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mentary Video S5). At E14.5, COLI, COLIV, and FN are still
colocalized in the outer ventricular wall. COLIV and FN are
present sporadically in the myocardium, with no apparent
alignment relative to each other (Fig. 4B, Supplementary
Video S6). At E16.5, COLI, ELN, and FN are colocalized in
the epicardium. COLIV, COLI, and FN are present
throughout the myocardium without a clear organization
relative to each other (Fig. 4C, Supplementary Video S7). At
P2, all four proteins are localized in the outer ventricular
wall, while the myocardium contains COLIV and FN with a
similar fibril-like appearance and organization (Fig. 4D,
Supplementary Video S8).

Changes in mRNA expression of ECM components

To further quantitatively assess changes in the ECM
composition during cardiac development, the mRNA ex-
pression of ECM genes from ventricles was compared using
qPCR (Fig. 5). Different ECM gene expression levels were
compared within each developmental stage and levels of the
same ECM gene expression were compared across develop-
mental stages. In addition to the ECM proteins and stages
assessed via IHC, the high-throughput nature of qPCR al-
lowed us to add COLIII and LN gene expression, as well as
the P7 developmental stage to our analysis. The P7 stage was
added in an effort to identify postnatal changes in ECM gene
expression. We chose P7 since previous reports suggest the
regenerative potential of neonatal cardiomyocytes is lost by
this stage, which could coincide with altered ECM gene ex-
plression.55 The expression levels of COLI, COLIII, COLIV,
and ELN mRNA generally increased from E12.5 to P2, al-
though this trend did not yield statistically significant dif-
ferences except in the relative amounts of COLI expression
between E12.5 and P2 and of ELN expression between
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FIG. 5. Quantitative comparison of relative ECM gene ex-
pression in the developing heart. Messenger RNA for gene
expression quantitation was obtained from whole ventricles
and assessed via qPCR. Red brackets indicate statistically
significant differences between developmental stages for the
same ECM gene. Black bars indicate statistically significant
differences at the same developmental stage between two
ECM genes (p<0.01, mean+SD). qPCR, quantitative poly-
merase chain reaction; LN, laminin.

E12.5/E14.5 and P7. In addition, there were a number of
significant differences detected among the mRNA expression
levels of the ECM genes within each time point, with COLI
gene expression being the highest at every developmental
stage. ([p-values listed in Supplementary Tables 4 and 5]
significant differences p<0.01:E12.5 COLI vs. E12.5 COLLV;
E12.5 COLI vs. E12.5 ELN; E12.5 COLI vs. P2 COLI; E12.5
COLII vs. E12.5 ELN; E12.5 COLIV vs. E12.5 EN; E12.5 FN
vs. E12.5 ELN; E12.5 LN vs. E12.5 ELN; E12.5 ELN vs. P7
ELN; E14.5 COLI vs. E14.5 ELN; E14.5 ELN vs. P7 ELN;
E16.5 COLI vs. E16.5 ELN; P2 COLI vs. P2 COLIV; P2 COLI
vs. P2 FN; P2 COLI vs. P2 LN; P2 COLI vs. P2 ELN; P7 COLI
vs. P7 COLIV).

Fabrication of synthetic scaffold
based on ECM blueprint

To illustrate the applicability of the antibody data to serve
as a blueprint for engineered matrices, we created a scaffold
from a synthetic polymer using COLIV immunolabeled serial
sections as the template. This scaffold was generated via
Computer Aided Design (CAD) control coupled to multi-
photon excitation (MPE) fabrication®® of TMPTA. To accom-
plish this, the same region was imaged in 20 serial sections
(~100 um total thickness) from a day 2 postnatal ventricle
labeled with the COLIV antibody. The resulting image stack
was used to create a 3D rendering that shows the 3D orga-
nization of these structures (Fig. 6A). This image stack was
also used to create a STL file (Fig. 6A) that could then be used
by AutoCad software to generate the coordinates necessary to
drive the scanning unit for the MPE fabrication. The MPE
fabrication process, guided by the COLIV template, was used
to create a scaffold from the synthetic polymer TMPTA (Fig.
6A). The synthetic scaffold mimics the original 3D re-
constructed template, exhibiting similar large structural
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components, such as a blood vessel, as well as finer structural
elements, such as fiber undulations on the epicardial surface.
The STL file was intentionally designed to generate a space-
filling reconstruction that exaggerated the thickness of the
fibers as compared to the original data set. This was neces-
sary to maintain the structural stability of the fabricated
scaffold. In the heart, and with more elaborate fabrication
schemes, the empty space would contain additional ECM
components, thus adding to the structural stability of the
construct and thereby permitting more native fiber thickness.

Discussion

New fabrication technologies for generating and modifying
ECM-based biomaterials motivated this study to reassess the
changing composition of the native heart ECM with develop-
ment. The primary goal of this effort was to more clearly de-
fine a natural blueprint that might be used to create
replacement tissues. With this motivation, we analyzed the
compositional and spatial arrangement of four ECM proteins
simultaneously over developmental stages most relevant for
cardiomyocyte maturation. The literature provides a general
sense for the changes of ECM components over time (as noted
in the discussion below), but the continuity and quantitative
nature of our study allows a more accurate representation of
these developmental changes, which is critical for mimicking
tissue ex vivo. Furthermore, we utilize one of these new fabri-
cation technologies, MPE photochemistry, to demonstrate that
such compositional data can indeed serve as a blueprint for
creating scaffolds. In analogy with multiphoton excited fluo-
rescence microscopy, this method has intrinsic 3D capabilities
with a submicron resolution or minimum feature sizes. While
the example here used a synthetic polymer, we have previ-
ously used this method to crosslink many ECM proteins, with
excellent biocompatibility.”*>® The images and quantitative
analyses generated within this work will better inform efforts
in cardiac tissue engineering and regenerative medicine.

COLIV was prevalent throughout the developing embryo,
rather than localized to the basement membrane or blood
vessels, and progressed in expression, amount, and organiza-
tion from E12.5 to P2. While previous studies have not inves-
tigated the presence or absence of COLIV specifically between
E12.5 and P2, COLIV was identified as one of the main cardiac
ECM components before E11°° and in fine fibrils in the cardiac
jelly between the endothelium and myocardium, and the
basement membrane at E11.%° In the adult heart, COLIV is
mainly found in a reticulated organization in blood vessels and
the basement membrane.”’ Considering the role of COLIV in
cell adhesion, migration, and differentiation and that cardio-
myocytes (in addition to smooth muscle cells®" and endothelial
cells) secrete COLIV,®* the progression and localization differ-
ences in COLIV throughout the developing heart and the adult
heart may correspond to progenitor cells infiltrating into the
myocardium and differentiating into cardiomyocytes as the
heart develops.* It should be noted that mRNA expression did
not necessarily coincide with protein expression profiles for
COLILV (as well as COLI and ELN). This result is not entirely
surprising as mRNA expression does not directly dictate pro-
tein synthesis, especially for ECM proteins, wherein an extra-
cellular assembly might be required for antibody recognition.

COLI was present mainly in the epicardium at all stages
except for P2 when it was present sporadically in the
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FIG. 6. Fabrication of a scaffold based on 3D reconstruction of COLIV images from a postnatal day 2 ventricle and
illustration of the theoretical application of the ECM developmental blueprint to the fabrication of ECM-based biomaterials
for cardiac regeneration. (A) A single section, from a data set of 20 serial sections, showing COLIV immunolabel in a
postnatal day 2 ventricle. This is the fourth section in the series. The stack of images was used to create a 3D virtual
reconstruction of the 20 anti-COLIV-labeled serial sections and a solid sterolithographic rendering was generated from the
stack of serial sections. Multiphoton excitation-based fabrication was then used to create a 3D physical reconstruction using
trimethylolpropanetriacrylate. Rose Bengal, used as the photoactivator, provides the fluorescence for the image shown.
Construct was imaged as a z-stack using multiphoton microscopy and reconstructed using Imaris. Scale bar=50pm. V
indicates blood vessel; *Identifies representative structural mimics. (B) To understand the environment required to support
the proliferation and differentiation of cardiomyocytes, we examined the distribution and relative amounts of four ECM
components in the ventricles of developing mouse hearts using complementary methods of analysis, including SHG imaging
of intact ventricles, antibody labeling of left ventricles, and qPCR of both ventricles. These data can be quantified to generate
profiles of changes in the ECM composition during heart development. This ECM developmental profile can guide to select a
desired cell behavior such as rapid cellular proliferation, encouraged differentiation or limit migration. The appropriate ECM
blueprint could serve as a template to build a matrix supportive of the desired cell behaviors. The stage-optimized matrix
could be probed to understand cell-matrix interactions better or directly delivered to the site of injury for therapeutic
intervention. Color images available online at www liebertpub.com/tea

myocardium and endocardium. E12.5 hearts exhibited the epicardium at E13,% pericardial membranes at E14.5,%% con-
highest levels of COLI-associated fluorescence in all locations  nective tissue compartments within the ventricle and
compared to the other stages, while COLI gene expression epicardium at E15,%° and in trace amounts in the ventricle at
steadily increased from E12.5 to P2. Considering the fact that P2.%¢ Perhaps, the presence of COLI in the epicardium during
COLI is one of the most prevalent proteins in the heart, the the developmental stages is crucial for providing the neces-
results are initially surprising. However, our observations sary structural stability of the heart wall as well as cues to
were consistent with previous studies that identified COLIin ~ encourage attachment and infiltration of cells to the epicar-
the pericardium and endocardial cushions at E12.5°° sub- dium. The lack of COLI in the myocardium and
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endocardium in the developmental periods may allow for
the necessary tissue elasticity as the heart expands and be-
gins to develop the functional capacity to sustain the blood
circulation of the developing embryo. This is also consistent
with the SHG analysis, which revealed collagens at image
depths corresponding primarily to the epicardium.

For all stages, FN was most prevalent in the epicardium.
By E14.5, FN was present in thin, isolated fibrils within the
myocardium, which increased in density until at least P2,
where the fibrils formed a more interconnected network. In
addition, FN staining colocalized with nuclei at fetal time
points, most distinctly at E16.5. Although the developmental
relevance of this observation is unclear, FN has been detected
in the nuclear matrix,®” including nuclei of cardiac cells.®® FN
gene expression was fairly consistent with protein expression,
decreasing at E16.5 and increasing by P2. This is generally
similar to previous studies that detected FN gene expression
in the endocardium and myocardium at E14,°°7° EN protein
in the endocardium at E12,”! the epicardium at E16,7! in fi-
brils in the subepicardium at E18,°* and in small amounts
around myocytes and the endocardium at P2.°° The presence
of FN throughout development may be indicative of its roles
in adhesion, migration, and differentiation as a primary cell
communicator during stages in which cardiac precursors, fi-
broblasts, and differentiated myocytes are infiltrating the
myocardium from the epicardium and endocardium.*!

ELN remained relatively constant in appearance and fluo-
rescent intensity throughout the developmental stages except
for E16.5, when its fluorescence intensity increased in all as-
sessed locations. Notably, ELN gene expression also increased
at E16.5 and again at P2. In the postnatal ventricle, ELN ap-
peared to be relegated to the lining of vessels of the arterial
circulation. ELN was previously identified in the E12 myocar-
dium and E14 epicardium, subendocardium, and blood vessels
of the embryonic chick heart, while we did not detect ELN
during these stages.”” In assessing our results, perhaps, the
increase in ELN at E16.5 is necessary for providing the elasticity
for heart recoil as the heart is required to exert more ejection
force with an increasing size of the heart and fetal circulation.
Soon after birth, the relative decrease in ELN may be the result
of, or the stimulus for, complete maturation of cardiomyocytes
and corresponding maturation of functional sarcomeres.”

We sought to establish a representative blueprint of the
spatiotemporal organization, colocalization, and relative
amount of four ECM proteins, COLIV, COLL ELN, and FN,
in the developing mouse heart. While experimental feasibility
limited our IHC experiments to four ECM proteins, we chose
some of the most prevalent proteins in the heart that en-
compass the key structural and functional characteristics of
the myocardium. This work provides an important founda-
tion for generating a developmentally informed blueprint of a
stem cell supportive scaffold for cardiac repair. Future studies
could include an examination of various mechanical proper-
ties of the developing heart that would provide analytical
guideposts for testing scaffolds designed based on these
blueprints. Furthermore, investigations into other regions of
the heart, such as the aorta and right ventricle, could provide
a blueprint for scaffold generation geared toward cell therapy
in those regions. Additionally, high-throughput protein
quantitation technologies, such as protein arrays or mass
spectrometry,”* could be used to determine changes in pro-
tein amounts among the ECM components during develop-

1141

ment. These techniques could identify differences in the
regulation of ECM components not expressed at the mRNA
level (i.e., glycosylated structures, crosslinks, or bound solu-
ble factors). Although such quantitative protein information
might supplement the qPCR data presented here, the IHC
data provides additional critical spatial details not obtainable
with high-throughput methodologies. We demonstrated that
this spatial information can be used in conjunction with a
controlled fabrication technique to create a synthetic scaffold
that imitates the organization of the COLIV matrix in the
postnatal day 2 mouse ventricle. Because this fabrication
technology can be utilized with ECM proteins,® this meth-
odology could create ECM protein scaffolds mimicking the
in vivo microenvironment of the heart, or other region of in-
terest, during a developmental stage at which the microen-
vironment elicits cues to its occupying cells to perform a
desired function. For example, research groups interested in
maintaining, propagating, and encouraging differentiation of
cardiac progenitors might consider utilizing the ECM blue-
print defined at E16.5. At this time point, the ECM includes
structural, elastic, and connective properties, which likely
encourage a moderate level of proliferation of cardiomyo-
cytes or their precursors and may serve to align cardiomyo-
cytes to promote mature coupling (Fig. 6B). With the proper
technology and chemistry, such a construct might serve to
understand cardiac regeneration ex vivo or as a delivery ve-
hicle for cellular transplantation to recover cardiac damage.
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