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Abstract: Blood flow is critical for normal cardiac development. Hemodynamic stimuli outside of
normal ranges can lead to overt cardiac defects, but how early heart tissue remodels in response
to altered hemodynamics is poorly understood. This study investigated changes in tissue collagen
in response to hemodynamic overload in the chicken embryonic heart outflow tract (OFT) during
tubular heart stages (HH18 to HH24, ~24 h). A suture tied around the OFT at HH18 was tightened to
constrict the lumen for ~24 h (constriction range at HH24: 15–60%). Expression of fibril collagens I and
III and fibril organizing collagens VI and XIV were quantified at the gene and protein levels via qPCR
and quantitative immunofluorescence. Collagen I was slightly elevated upstream of the band and in
the cushions in banded versus control OFTs. Changes in collagen III were not observed. Collagen VI
deposition was elevated downstream of the band, but not overall. Collagen XIV deposition increased
throughout the OFT, and strongly correlated to lumen constriction. Interestingly, organization of
collagen I fibrils was observed for the tighter banded embryos in regions that also showed increase in
collagen XIV deposition, suggesting a potentially key role for collagens I and XIV in the structural
adaptation of embryonic heart tissue to hemodynamic overload.

Keywords: cardiac development; mechanotransduction; tissue remodeling; congenital heart disease;
heart malformation

1. Introduction

Blood flow is needed for normal heart development, and in its absence cardiac formation is
severely impaired [1]. During development, constantly changing hemodynamic stresses, exerted by
blood flow on the heart walls, shape the structure of the heart and the composition of cardiac tissues,
by modulating developmental programs [2]. Perturbations in hemodynamic stresses (blood pressure,
wall shear stress) outside the normal range during early embryonic heart development lead to
overt cardiac structural changes, e.g., [3–7], that are similar to human congenital heart defects. Yet,
the early events that eventually lead to these cardiac structural malformations are only beginning to
be understood.

At early stages of development, the embryonic heart has a tubular structure. The tubular heart
is composed of four functional segments connected in series: the primitive atrium, atrioventricular
canal, primitive ventricle, and outflow tract (OFT). The OFT connects to the ventricle on one side,
and to the aortic sac (which connects the heart to the systemic circulation) on the other. Cardiac walls
at these stages have three layers: (i) the myocardium, which is the layer that actively contracts;
(ii) the endocardium, a monolayer of endocardial cells in contact with blood flow; and (iii) the
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cardiac jelly, which separates the myocardium and endocardium, and is formed of extra-cellular
matrix (ECM). Endocardial cushions, which are thickenings of the wall initially composed of ECM
or cardiac jelly, form in the atrioventricular canal and OFT. Prior to valve formation, cells invade
the endocardial cushions gradually increasing cell density. The OFT, also known as the conotruncus,
later develops into semilunar valves, pulmonary and aortic trunks, and a portion of the ventricular
septum, and is particularly prone to structural defects. Human congenital heart defects such as
transposition of the great arteries, truncus arteriosus, tetralogy of Fallot (TOF), double-outlet right
ventricle (DORV), and ventricular septal defects (VSD) are known to arise from abnormalities of the
OFT [8,9]. Interestingly, these defects are also found in animal models after interventions that alter
normal blood flow conditions [3–7]. Perturbed hemodynamic conditions, moreover, affect the cellular
density of endocardial cushions, presumably by altering the endothelial-mesenchymal transition (EMT)
that occurs in the cushions prior to valve formation [10–15]. Little is known, however, about the cardiac
tissue remodeling (change in composition) that occurs in response to altered hemodynamic conditions.

In the overloaded adult heart, increased deposition of fibril collagens type I and III is observed
across a range of animal models [16,17] and in humans [18,19]. Collagens I and III provide cardiac
tissue with the structural integrity required to withstand large dynamic pressure changes during
a lifetime of cardiac cycles, and together they account for more than 90% of adult cardiac collagen
content. Collagens I and III have been shown to increase in embryonic vascular dorsal aortic
tissue in response to hemodynamic overload [20] and collagen I is dramatically upregulated in the
embryonic chicken atrio-ventricular cushion tissue when cultured under conditions of flow compared
to no-flow conditions [21]. Deposition of the fibril-associated collagens VI and XIV may be affected by
hemodynamic overload in the embryonic heart, as both these collagen types play an important role
in fibril organization of the heart and other tissues [22–24]. Collagen VI is critical for proper valve
formation during heart development [25,26], and collagen XIV has been shown to have an important
role in adaptation to hemodynamic load in various other embryonic tissues [22,23]. While not the only
components of cardiac tissues and cushions, collagens are important structural components of the
developing and mature heart tissues. It is therefore natural to study their role in the response to flow
during early cardiac development.

Collagens are a family of ECM proteins characterized by triple helical structures, formed by
three α chains or subunits. Fibril collagens, which include collagens type I and III, form a long triple
helical protein. Collagen type I is formed by two α1(I) chains and one α2(I) chain; collagen type III is
formed by three α1(III) chains. Each collagen subunit is encoded by a different gene, e.g., COL1A1
and COL1A2 are the genes that encode the collagen I α1 and α2 subunits, respectively. Collagens can
also be classified into a class of fibril-associated collagens with interrupted triple helices (FACIT),
which include collagens type VI and XIV. These collagen proteins are typically shorter in length than
fibril collagens and their triple helical regions are interrupted by globular domains. The triple helix
of collagen type VI is composed of three subunits, α1(VI), α2(VI), and α3(VI); while the triple helix
of collagen XIV is composed of three α1(XIV) subunits. In this study, we evaluated changes in tissue
protein content and gene expression of collagens type I, III, VI and XIV (see Table 1) in the overloaded
embryonic tubular heart OFT.

Table 1. Summary of characteristics of collagen proteins studied.

Collagen Type Triple Helix Chains Genes

I Fibril α1(I), α2(I) COL1A1, COL1A2
III Fibril α1(III) COL3A1
VI FACIT 1 α1(VI), α2(VI), α3(VI) COL6A1, COL6A2, COL6A3

XIV FACIT 1 α1(XIV) COL14A1
1 FACIT: Fibril-associated collagen with interrupted triple helix.
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Cardiac overload was achieved via a well-established hemodynamic intervention during tubular
stages of chicken heart development, outflow tract banding [5,27,28]. Our group has shown that placing
and tightening a suture (band) around the embryonic heart OFT increases blood pressure throughout
the embryonic cardiovascular system, and wall shear rates in the banded region, in a band-tightness
dependent manner [29,30]. Physically, the suture around the OFT restricts the motion of the OFT
wall and reduces the OFT cross-sectional lumen area. This leads to increased blood pressure and
increased blood flow velocity through the band site, as stroke volume is conserved [29]. In this
study, outflow tract banding (OTB) [5,27,31] performed at the Hamburger–Hamilton (HH) [32] stage
18 (HH18), with the band left in place for 24 h to stage HH24. Our previous study showed that
altering hemodynamic conditions through banding for only 24 h (the time window of the experimental
design in this manuscript) leads to congenital heart malformations, with roughly 60% incidence of
cardiac defects (VSDs, TOF, and DORV) on embryos with HH18 band tightness between 20 and
45% [7]. The study further showed that cardiac defect incidence and phenotype depend on the level of
hemodynamic alteration (band tightness). Moreover, we found that after 24 h of banding, OFT cushion
cell density increases with respect to control conditions, and this increase is proportional to band
tightness [10]. The increase in endocardial cushion cell density, in turn, contributes to early OFT tissue
remodeling as cells secrete ECM components, including collagens. Early remodeling of the OFT during
tubular stages (HH18–HH24), therefore, is likely responsible for the later incidence of heart defects.

In this study, OFT collagen composition (collagens I, III, VI and XIV) was evaluated at HH24
under banded and controlled conditions. To assess protein and gene expression, we used histology,
and quantitative immunofluorescence; and tissue samples were collected for qPCR. Given the
importance of the OFT on later cardiac development and the prevalence of human defects that
originate from this cardiac segment, we focused our investigation on the OFT. We quantified global
and local collagen content in the three distinct layers of the embryonic OFT wall (myocardium,
cardiac jelly, endocardium). We found location-specific increases in collagens VI, and XIV,
highlighting the importance of these collagens in cardiac adaptation to hemodynamic load during
embryonic development.

2. Materials and Methods

2.1. Outflow Tract Banding and Sham Preparation

Fertilized White Leghorn chicken eggs were incubated blunt end up in a rocking incubator for
approximately 3 days at 38 ◦C to HH18 [32]. Embryos were exposed by windowing the blunt end of
the shell and removing the inner shell membrane in the region of the embryo. Embryonic HH stage
was then verified. The embryonic sac was gently opened and pulled back to expose the heart and
a 10-0 nylon suture was passed under the middle of the OFT. In outflow tract banded (OTB) embryos,
the suture was tied snugly around the OFT wall at various degrees of constriction. In sham controls,
the suture was passed under the OFT and then removed. Shell windows were sealed with saran wrap
and the eggs were re-incubated for 24 h to stage HH24, with a subset of embryos (used for qPCR)
undergoing additional imaging 2 h after banding or sham procedure.

2.2. Outflow Tract Diameter and Band Tightness Calculation

To determine the degree of constriction introduced by outflow tract banding (OTB), the external
OFT diameter was measured at the band site and at a comparable site (the middle of the OFT) in control
embryos. Diameter measurements were made at different stages (HH18 or HH24) depending on the
particular procedure performed on the embryos and imaging modality employed (described later).
While some data is reported as a function of OFT band diameter, band tightness was also calculated
and reported,

Band Tightness = 1− Da

Db
(1)
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where Da is the OFT diameter at the location of the band after the band is placed, and Db is either
the maximum OFT diameter at the location of the band before the band was placed, or an average
diameter at approximately the location of the band from control embryos. Note that band tightness
computed from images at HH18 is not directly comparable to band tightness calculated from images
at HH24. Nevertheless, band tightness measurements give us a quantification of OFT constriction that
we used for comparison and to better analyze and understand resulting data.

2.3. Blood Flow Velocity Measurements at HH24

OFT hemodynamics and wall dimensions were evaluated in vivo at HH24. To this end, we imaged
the heart using ultrasound biomicroscopy (Vevo 2100 with a 40 MHz transducer; Visualsonics,
Toronto, ON, Canada) 24 h after banding (n = 10) or sham procedure (n = 8), at approximately
HH24. During ultrasound data acquisition, temperature was monitored and controlled with a heat
lamp throughout the imaging session. To ensure good contact between the transducer and the
embryonic heart, previously warmed (38 ◦C) Ringer’s solution was placed on top of the egg window.
Data were recorded from embryos with heart rates within previously published norms (range:
180–210 beats per minute); as it was previously found that banding does not affect heart rate [30,33].
OFT external diameters at maximal expansion were measured from B-mode images at the band site,
or at an equivalent location in sham controls, using digital calipers and averaging over three cardiac
cycles (Vevo software, Visualsonics). Doppler waveforms from within the OFT lumen and at the
band region were also obtained, and peak velocity (maximum velocity over the cardiac cycle) was
determined from an average of three velocity cycles. Embryos used for this study were discarded after
ultrasound data acquisition.

2.4. Histology

After 24 h of banding or sham procedure (HH24), 4 control and 4 banded hearts were dissected
for histology and fixed in 4% paraformaldehyde at 4 ◦C. They were subsequently dehydrated in
methanol, embedded in paraffin and sectioned (5 µm slice thickness). Longitudinal sections through
the OFT (at least 4–5 per heart) were stained with Picrosirius red (#24901, Polysciences, Warrington,
PA, USA) per kit instructions. Developing times (optimized in preliminary experiments) and section
thickness were kept consistent across slides to facilitate analysis. Images were taken on a Leica
DM2000 microscope (40× objective) with a Leica DFC 295 camera using Leica Application Suite
software (Leica Microsystems, Wetzlar Germany). We used the obtained Picrosirius stained images for
a qualitative (descriptive) indication of changes with banding in the OFT cushions.

2.5. Whole Embryo Immunofluorescence

In a separate series of embryos, after 24 h of banding or sham procedure (HH24), embryos were
dissected and fixed in 4% paraformaldehyde overnight at 4 ◦C. Whole embryos were dehydrated
in methanol, endogenous peroxidase activity blocked with methanol/DMSO/H2O2, rehydrated
and blocked for 45 min with PBSTM +4% goat sera (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, USA). Embryos were treated with a primary antibody overnight at 4 ◦C,
extensively washed, and treated with an appropriate secondary fluorescent antibody (Rhodamine Red,
Jackson Immunoresearch) overnight at 4 ◦C, after which they were extensively washed. The following
primary antibodies were used for immunostaining: rabbit anti-chicken collagen I (PA1-26147,
Pierce Biotechnology, Rockford, IL, USA); mouse anti-chicken collagen III (3B2, Developmental Studies
Hybridoma Bank, Iowa City, IA, USA); mouse anti-chicken collagen VI (39-c, Developmental Studies
Hybridoma Bank); and rabbit anti-chicken collagen XIV (gift from Patrizio Castagnola, National
Institute for Research on Cancer, Genova, Italy). Immunostained embryos were then dehydrated in
ethanol and cleared in BABB solution (1:2 benzyl alcohol: benzyl benzoate) before confocal microscopy
imaging. For each primary antibody, 8 sham and 8 banded (OTB) embryos were immunostained
(and then imaged) in 2 to 4 batches. Although solution concentrations and wash timings were strictly
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maintained throughout the study, by immunostaining, imaging, and analyzing data in batches we
hoped to eliminate the effects of potential variations that could result from minor disparities in these
parameters from one batch to another. For each batch of immunostaining, an embryo that received
secondary antibody, but not primary antibody, was included in the set. This embryo served as
a negative control for the antibody staining.

Confocal 3-D image stacks (z-stacks) were captured from immunostained embryonic hearts using
a Zeiss/BioRad Radiance 2100 confocal laser scanning system mounted on a Nikon E800 upright
compound microscope (10× 0.45 NA Plan Apo DIC objective). Image stacks were simultaneously
collected for innate autofluorescence of the heart and Rhodamine Red secondary antibody at 488 and
543 nm, respectively. Image stacks (10 µm/step) containing between 18–30 images (pixel size 1.36 µm,
image size 700 µm2) were acquired, spanning the OFT cardiac volume. Iris settings were adjusted to
approximately match the z-step distance. For banded embryos, OFT diameter was measured from an
image in the stack in which the boundaries of the suture knot were clearly visible using Image J (NIH,
Bethesda, MD, USA) and band tightness calculated using Equation (1) as explained before.

Quantitative immunofluorescence relies on ensuring that the number of fluorescent probes,
and thus confocal light intensity from the sample, is proportional to the amount of the specific protein
targeted (e.g., [34,35]). A step toward achieving proportionality is to ensure that sample preparation
procedures (timings, concentrations, number of washes, etc.) are strictly maintained in the study
(as described above). Confocal image intensity, however, depends also on microscope and image
settings (it is a relative measurement). To allow for quantitative comparisons of fluorescent signals
(quantitative immunofluorescence), the following additional steps were taken: (1) Instrument settings
were manually adjusted for each batch using a sham control. Settings were then maintained for the
batch such that observed signal variation within a batch was due to differences in collagen content,
rather than differences in image scan parameters. (2) When setting intensities for the sham control
for each batch, laser power was set to slightly below image saturation for the most intensely stained
regions (often the extraembryonic membrane). As this was done for each batch using a control embryo,
intensities between batches were assumed comparable (control embryos showed little variation).
(3) A negative control embryo, which was only stained with the secondary but not the primary
antibody, was also included as part of the batch as a background intensity control. While additional
factors may still influence intensity (e.g., sample bleaching, fluorescence sensitivity), and thus add
noise to our data, we strived to keep all variables the same to ensure consistency.

To assess organization of collagen I fibrils, a separate series of collagen I immunostained embryos
(n = 5/group) was imaged at higher resolution (pixel size 0.69 µm, image size 700 µm2) on a Zeiss
LSM 780 confocal microscope (20 × 0.8 NA Plan Apo objective). Image stacks (2 µm/step) containing
between 15–34 images were acquired of the up- and downstream regions of the OFT.

2.6. Confocal Image Analysis: Quantitative Immunofluorescence

Regional fluorescent intensity of confocal images was analyzed upstream and downstream of
the band site (100–200 µm from the band or an equivalent location in shams), in both the inner
and outer curvatures of the OFT (see Figure 1). For each location, 2–3 images from the z-stack that
depicted the region of interest (ROI) were chosen for analysis. Each chosen image was rotated,
enabling a rectangular (x-y) ROI to be selected in Image J (NIH) for further analysis. The horizontal
length of the ROI (x-direction) spanned the three layers of the OFT wall (myocardium, cardiac jelly,
and endocardium) and the ROI was 50–100 µm in height (vertical direction or y-direction). We then
generated a plot of intensities along the ROI x-direction, by averaging pixel intensities in the y-direction
(x-direction step size = 1.36 µm, corresponding to image pixel size). This plot depicted changes in
confocal intensity along the OFT wall thickness, and therefore changes in protein content among
wall layers.

Since OFT wall layers were apparent from confocal auto-fluorescence images, corresponding
plots of intensity for the collagen of interest could be manually separated into segments matching the
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myocardium, cardiac jelly, and endocardium regions. Intensity data for each wall layer (segment) was
then averaged over the thickness of the layer under consideration, and across the 2–3 images analyzed
for that region, so that a single intensity value was obtained from each wall layer (myocardium, cardiac
jelly, endocardium) for each sample position. Intensity values obtained in this manner were then
corrected for background intensity by subtracting the average intensity value of a region of the OFT
lumen (i.e., intensity with no tissue or blood cells present and therefore zero collagen deposition).
Intensity values were then corrected for non-specific secondary antibody binding by subtracting
intensity values calculated from negative control embryos. Steps taken to ensure reproducible
relative intensity values among images, together with intensity correction steps, allowed for intensity
comparisons among batches for the same collagen. Note, however, that intensity values are relative for
each collagen, and thus obtained intensity values only represent a relative measure of concentration.

Figure 1. Intensity based confocal image analysis. (A) Example confocal image of the outflow tract
(OFT) shown in grayscale. Intensities analyzed are grayscale pixel intensities (0 to 255 to represent
black to white, with 255 defined as a saturation intensity). An example region of interest (ROI) selection
(white box) is shown on this banded embryo immunostained for collagen VI. The box spans the three
layers of the OFT wall (from left to right: myocardium, cardiac jelly, endocardium), downstream of the
band location. Scale bar, 100 µm. (B) Schematic of the control OFT depicting the four regions in which
confocal image intensity was analyzed (hatched boxes): downstream (closer to AOS) inner curvature,
downstream outer curvature, upstream (closer to ventricle) inner curvature, upstream outer curvature.
In banded embryos, the band is located in the mid-portion of the OFT, in between depicted hatched
boxes. AOS, aortic sac; M, myocardium; CJ, cardiac jelly; E, endocardium.
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A semi-automated flexible technique using atlas-based image registration was applied toward
analyzing intensities in the OFT endocardial cushions (see Figure 2). This approach was adopted
due to the variability in OFT cushion shapes compared to the cardiac wall layers outside of the
cushion region described above. To analyze intensities specific to the cushions, we first constructed
a 2D subdivision-based atlas utilizing the method previously described in [36]. Briefly, this approach
applies the 2D subdivision mesh atlas construction tool described in [37] to delineate the cushions from
confocal image sections. Cushion delineation is accomplished by denoting the vertices and edges of
a quadrilateral mesh that fits to the cardiac layers in the cushion region of the OFT. Each quadrilateral is
associated with a specific region (denoted by color in Figure 2A,B). The atlas was designed to explicitly
distinguish featured regions of the OFT wall in the cushion region: myocardial wall, outer region of
cushion (abutting the myocardial wall), and the inner OFT cushion or cushion proper (the region of
the cardiac cushions that is closer to the lumen). The advantage of a subdivision mesh is that it can
easily adjust its shape to match the heart and cushion morphology, but we can easily increase spatial
resolution, which will ultimately affect intensity computations, by subdividing each quadrilateral
(Figure 2A). A round of subdivision replaces each quadrilateral with four smaller quadrilaterals and
refines the region boundaries into smoother curves. In this study, we report intensities at a level 1
subdivision, by averaging intensities inside each featured region.

Figure 2. Atlas-based analysis of the outflow tract wall. Due to the geometrical complexities of
the OFT cushions, an atlas-based intensity analysis was performed. Changes in cushion geometry
will depend on biological variations among individuals as well as treatment, but also the chosen
imaging plane (although efforts were made to choose corresponding planes from embryo to embryo).
Subregions explicitly defined in the atlas are the myocardial wall (red), the outer region of the cushion
(orange), and the cushion proper (yellow). (A) Example subdivision mesh for the OFT cushions,
with different levels of spatial precision. The example was chosen to illustrate possible differences in
cushion geometries from images; (B) The atlas was constructed using a control dataset as a template.
The subdivision atlas is shown deformed to fit a control sham image (left) and an outflow tract banding
(OTB) image (right). The atlas accommodates its geometry to that of the cushion geometry from
confocal images.
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For registering the subdivision atlas, we selected from each confocal dataset the 2D images
that best captured the pair of OFT cushions. A small number of datasets (1–2 per collagen group)
were excluded from analysis because they lacked a pair of OFT cushions within a single 2D image.
To properly associate collagen localization from confocal images to the atlas, we used the atlas
deformation tool [37] to adjust atlas shape to match the OFT cushion in the selected image region
from each dataset. This involved manually moving the control points of the atlas to locations that
allowed the explicit region boundaries of the atlas to properly match the corresponding boundaries
in the confocal datasets. An example fitted atlas is shown in Figure 2B. With the atlas deformed to
accurately overlay each image and featured region, each quadrilateral in the atlas was associated
with the respective underlying intensity information in the image. To determine the average collagen
density of a featured region, we calculated the mean intensity from pixel values inside a given atlas
region. Intensity values were then corrected for secondary antibody effects as described above.

2.7. Quantitative RT-PCR

After hemodynamic intervention at HH18 (sham or OTB), embryos were re-incubated for about
24 h to HH24, and tissues from the OFT were collected for qRT-PCR. Prior to collection, in the OTB
group, embryonic hearts were imaged immediately prior to banding and two hours after banding
using optical coherence tomography (OCT) to assess band tightness (Equation (1)). To minimize
sample-to-sample variations in OTB embryos due to different hemodynamic environments,
only embryos with constrictions ranging from 30 to 40% band tightness at HH18 were used for
qRT-PCR, as this range corresponds to maximum blood flow velocities and wall shear stresses among
banded embryos [29].

To obtain sufficient quantities of RNA from the OFTs, ten HH24 OFTs were pooled per sample.
Sample sizes were n = 5/group for collagens I, III, and VI, and n = 10/group for collagen XIV.
The HH24 OFTs were excised over ice and stored in RNAlater® (Life Technologies, Grand Island,
NY, USA) at −20 ◦C until processing. Pooled OFTs were then homogenized in TRIzol® reagent
(Thermo Fisher Scientific, Eugene, OR, USA) and total RNA was isolated and reverse transcribed using
the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). Forward and reverse
primer sequences employed are shown in Table 2. Quantitative PCR was performed in a 96-well Agilent
Mx3005P QPCR System with Power SYBR Green (Thermo Fisher Scientific), and gene expression was
quantified using the relative standard curve method. Exogenous standards (102–10−6 ng/µL, in 10-fold
dilutions) were prepared from amplified gene targets (PCR Master Mix 2X, Thermo Fisher Scientific)
isolated from an agarose gel using the EZNA Gel Extraction Kit (Qiagen, Venlo, The Netherlands).
Gene expression was calculated relative to the housekeeping genes ARBP and PGK-1, and normalized
to the average control.

Due to large variations in the COL14A1 (collagen XIV) gene expression in the banded group,
two batches of CON and OTB embryos (n = 5/group × 2 batches) were processed and gene expression
quantified with qPCR. To account for variations in gene expression between batches, relative expression
levels were normalized to the average control in each batch. For the other collagen genes, one batch of
samples was employed (n = 5/group).

2.8. Statistics

Differences in blood flow velocities measured using Doppler ultrasound and gene expression
using qPCR were assessed using a student’s t-test. Two-factor ANOVA was used to assess variance
in signal intensity of wall layers obtained from confocal images. The factors accounted for in the
ANOVA were treatment group (sham versus OTB) and immunostaining/imaging processing batch.
Linear regression analysis was used to evaluate the relationship between confocal signal intensity and
the degree of band constriction (at HH24). Statistical tests were performed using Graphpad Prism
statistical software (GraphPad Software, Inc., La Jolla, CA, USA). Only p-values less than 0.05 were
considered statistically significant.
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Table 2. Forward and reverse primer sequences used for collagens in the chick OFT. The ARBP
and PGK-1 primer sequences were obtained from [38,39], respectively. Other primer sequences
were designed by our group using Primer Designer software (San Diego State University Biological
Workbench, San Diego, CA, USA; and Northwestern University Oligo Calc, Chicago, IL, USA).

Gene Forward Sequence Reverse Sequence

COL1A1 TGC TGT TGA TAG CAG CGA CT GTG TCC TCG CAG ATC ACC TC
COL1A2 TGG TAG GGT TGG GCC AAT CG GCA CCT TGG TTG CCA GTG AC
COL3A1 CTG GTT TCC GTG GCT TAC CC GCC AGG CTT CCC ATC ACT TC
COL6A1 TCG CCT ATT CCA AGG GAA AC CTG CGA TGT GAT GAC CTA CG
COL6A2 CTC GGC GCA ATG CTG AAC TC ATG GCA GCC CGA TCT CCA AG
COL6A3 CTC CAT CAA CCT GGG AAG AG GGC CAC CTT TGT AGA TCA CC
COL14A1 GTC CCG AGG AAG CGA TAA TG AGG AGC AGA CAA GGG TAA CG

ARBP CCT GTG ATG TGA CTG TGC ACT TTG TCT CCG GTC TTA ATC
PGK-1 AAA GTT CAG GAT AAG ATC CAG CTG GCC ATC AGG TCC TTG ACA AT

3. Results

3.1. Measured OFT Blood Flow Velocity at HH24

High frequency ultrasound was used to image the OFT at HH24 (Figure 3A). Velocity waveforms
acquired at the band location were similar in shape to those of sham controls (Figure 3B,C), but higher
in magnitude as banding increased peak (maximum) OFT blood flow velocity by 2.5 fold (p < 0.0001,
Figure 3D). Blood flow velocity through the banded OFT at HH24 was dependent on the degree of
band constriction (20–60% band tightness, relative to average OFT diameter at an equivalent location
in shams); a strong linear relationship was observed between peak velocity and OFT maximum
diameter at the band site (Pearson’s correlation coefficient = −0.88, Figure 3E). In contrast, there was
little variance in peak blood flow velocity within the control group despite a range of observed OFT
diameters in sham embryos (0.42–0.57 mm) (Figure 3E).

Figure 3. Ultrasound imaging at HH24 demonstrates increased blood flow velocity in the OTB group.
(A) B-mode ultrasound image of the HH24 chicken heart (hatched white box). Blood can be seen
pumping from the ventricle (V) through the outflow tract (OFT). In this still-frame image, the OFT
lumen (white) is surrounded by darker OFT cushions, comprised of cardiac jelly. Example blood
flow velocity waveforms in the OFT obtained from (B) control and (C) OTB embryos. (D) Peak OFT
velocity was significantly larger in OTB embryos. * p < 0.05 via t-test. (E) Plot of peak OFT blood flow
velocity versus maximum diameter of the OFT at the constriction site in banded embryos (squares)
or equivalent location in sham controls (open triangles) demonstrates the relationship between band
tightness and peak velocity increase.
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3.2. Histological Section Comparisons

Picrosirius red staining was performed to provide a general histological view of collagen and
collagen deposition in the banded OFT in comparison to control hearts. Picrosirius red staining
intensified with increasing band tightness (Figure 4A–C), suggesting increased collagen content.
More intense cellular staining was observed in all layers of the OFT, indicating that cells are actively
generating collagens. Additionally, extracellular staining of collagen fibrils increased in the cardiac
jelly layer (mainly composed of glycosaminoglycans at HH24 and before), both in intensity of stain
and the number of stained fibrils (Figure 4D–F). Changes were most pronounced in the tightest
banded embryos.

Figure 4. Picrosirius red staining for collagen suggests increased collagen deposition in the banded
OFT. (A–C) Photomicrographs of the OFT wall in sham and banded embryos. Collagen containing
tissue is stained in red, and appears to increase with progressive band tightness. M, myocardium; CJ,
cardiac jelly; E, endocardium; L, lumen. Scale, 50 µm. (D–F) Photomicrographs of the cardiac jelly
suggest increased collagen fibrils (arrows) in the tightly banded OFT. Red blood cells (*) in the lumen
are the negative control. Scale, 50 µm.

3.3. Collagen I Distribution in the OFT

Collagen I was the most widely expressed collagen at the protein level; it was expressed in
all layers of the HH24 OFT (Figure 5D,E) and closely mirrored Picrosirius red staining for total
collagen deposition (Figure 5A). In the cardiac jelly, numerous collagen I fibrils running in parallel
tracked the length of the OFT wall (Figure 6A, inset). Intensity analysis of immunofluorescent OFT
images suggested that banding increased collagen I protein deposition by 2–2.5 fold in all layers of
the OFT along the outer curvature upstream of the band site, i.e., close to the ventricle (Figure 5D).
These increases were not significantly correlated with band tightness (data not shown), nor were any
significant changes in expression observed downstream of the band. Interestingly, downstream of the
band site, a change in fibril pattern/organization was observed in the most tightly banded embryos
(band tightness >30%; Figure 6).



J. Cardiovasc. Dev. Dis. 2017, 4, 24 11 of 22

Figure 5. Collagen I deposition in the sham and banded OFT. Example confocal images are shown for
(A) a sham control, (B) a moderately banded embryo, and (C) a tightly banded embryo. Collagen I
deposition depicted in red, autofluorescence of the tissue depicted in green. Image intensity analysis
results are depicted for (D) upstream of the band site (closer to the ventricle) and (E) downstream of
the band site (closer to the aortic sac) in both the inner and outer curvatures of the OFT in each layer
of the OFT wall (M, myocardium; CJ, cardiac jelly; E, endocardium). Sham data is shown in open
bars, banded (OTB) data is shown in black bars. Intensity values represent pixel grayscale intensity.
p values denote significance between sham and banded groups where appropriate. Data shown as
mean ± SEM. Scale bar, 100 µm.

Figure 6. Collagen I fibrils (red) in the sham and banded OFT. (A) In sham embryos, several
layers of collagen I fibrils were seen running longitudinally through the cardiac jelly layer of the
OFT. The downstream region (*) is depicted in more detail in the inset. (B) In this representative
tightly banded embryo (>30% constriction), increases in fibril organization and density were observed
downstream (*) of the band site, highlighted in the inset region. (C) By contrast, in the same banded
embryo, changes in fibril patterning were not observed upstream of the band (please note that Figure 6C
is the same as Figure 5C). Tissue autofluorescence is overlayed in green on each image to better delineate
the three layers of the OFT wall. Scale bar, 100 µm. Insets depict an area of about 125 × 125 µm2.
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3.4. Collagen III Distribution in the OFT

Collagen III seemed unchanged with banding (Figure 7). After OFT immunofluorescence, collagen
III protein was visible in the cardiac jelly and endothelial layers of the OFT, where prominent fibrils
(1 to 2) lined the OFT wall (e.g., Figure 7B). Less prominent fibrils in the cardiac jelly dispersed
radially towards the myocardium and endocardium (e.g., Figure 7A). Quantitative image analysis
detected minimal traces of collagen III in the myocardium that were comparable to image noise level;
only collagen III deposition in the cardiac jelly and endocardium were statistically different to zero
(95% confidence intervals, Figure 7D,E).

Figure 7. Collagen III deposition in the sham and banded OFT. Example confocal images are shown for
(A) a sham control, (B) a moderately banded embryo, and (C) a tightly banded embryo. Collagen III
deposition depicted in red, innate autofluorescence of the tissue depicted in green. Highly oriented
fibrils (double sided arrows) are highlighted in the inset panel of (A) and in the inset panel of
(B) (arrows). Image intensity analysis results are depicted for (D) upstream of the band site (closer to
the ventricle) and (E) downstream of the band site in both the inner and outer curvatures of the OFT in
each layer of the OFT wall (M, myocardium; CJ, cardiac jelly; E, endocardium). Sham data is shown
in open bars, banded (OTB) data is shown in black bars. Intensity values represent pixel grayscale
intensity. p values are not shown as collagen III deposition was not significantly upregulated in any
region of the banded OFT. Data shown as mean ± SEM. Scale bar, 100 µm.

3.5. Collagen VI Distribution in the OFT

Collagen VI expression was present at low levels throughout the HH24 OFT (Figure 8).
Its deposition was most obvious in the cardiac jelly layer, where it was observed in patches, including
in the OFT cushions. Unlike collagens I and III, collagen VI is not a fibril collagen, and fibril-like
structures were not observed. Collagen VI was strongly expressed in the pericardial sac lining the
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OFT (Figure 8A,C). After image intensity analysis, collagen VI protein deposition seemed elevated by
1.7 fold in the outer curvature downstream of the band site in each of the layers of the OFT (Figure 8E).

Figure 8. Collagen VI deposition in the sham and banded OFT. Example confocal images are shown for
(A) a sham control, (B) a moderately banded embryo, and (C) a tightly banded embryo. Collagen VI
deposition depicted in red, innate autofluorescence of the tissue depicted in green. Punctate expression
of collagen VI in the cardiac jelly is highlighted by (*). Image intensity analysis results are depicted
for (D) upstream of the band site (closer to the ventricle) and (E) downstream of the band site in
both the inner and outer curvatures of the OFT in each layer of the OFT wall (M, myocardium; CJ,
cardiac jelly; E, endocardium). Sham data is shown in open bars, banded (OTB) data is shown in black
bars. Intensity values represent pixel grayscale intensity. p values denote significance between sham
and banded groups where appropriate. Data shown as mean ± SEM. Scale bar, 100 µm.

3.6. Collagen XIV Distribution in the OFT

The most dramatic increases resulting from banding were observed in collagen XIV expression,
which increased both upstream and downstream of the band site, as well as in the OFT cushions,
in striking contrast to its minimal to absent expression in sham controls (Figure 9). Intensity image
analysis indicated that upstream of the band site, collagen XIV protein deposition was increased in the
myocardial and endocardial layers of both the inner and outer curvatures of the OFT, but not in the
cardiac jelly (Figure 9D). Downstream of the band, no significant changes were observed along the
inner curvature of the OFT. In the outer curvature, however, elevations in collagen XIV were observed
in the myocardium (p = 0.001), cardiac jelly (p = 0.003), and endocardium (p = 0.01). A significant linear
correlation was observed between the degree of expression (intensity levels) and band tightness in
every region where collagen XIV was upregulated except for the OFT cushions (Table 3; Figure 10),
suggesting that collagen XIV is highly sensitive to hemodynamic conditions.
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Figure 9. Collagen XIV deposition in the sham and banded OFT. Example confocal images are
shown for (A) a sham control, (B) a moderately banded embryo, and (C) a tightly banded embryo.
Collagen XIV deposition depicted in red, innate autofluorescence of the tissue depicted in green.
Overlapping expression appears yellow-orange. Image intensity analysis results are depicted for
(D) upstream of the band site (closer to the ventricle) and (E) downstream of the band site in both the
inner and outer curvatures of the OFT in each layer of the OFT wall (M, myocardium; CJ, cardiac jelly;
E, endocardium). Sham data is shown in open bars, banded (OTB) data is shown in black bars.
Intensity values represent pixel grayscale intensity. p values denote significance between sham and
banded groups where appropriate. Data shown as mean ± SEM. Scale bar, 100 µm.

Table 3. Collagen XIV image signal intensity correlates with band tightness. Correlation between
immunostained image intensity in each cardiac layer and OFT diameter, which is related to band
tightness, quantified by r and p-value.

Position Relative to Band Wall Curvature Wall Layer r p-Value

Downstream Outer Myocardium 0.82 <0.001

Cardiac Jelly 0.71 0.002
Endocardium 0.59 0.0164

Inner Myocardium 0.46 NS
Cardiac Jelly 0.27 NS
Endocardium 0.23 NS

Upstream Outer Myocardium 0.73 0.001

Cardiac Jelly 0.45 NS
Endocardium 0.80 <0.001

Inner Myocardium 0.73 0.002
Cardiac Jelly 0.27 NS
Endocardium 0.72 0.002

r, Pearson’s correlation coefficient; p-value determined via linear regression analysis, statistically significant values
are shown in bold.
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Figure 10. Correlation between collagen XIV intensity and OFT diameter. Intensity values
represent pixel grayscale intensity. Intensity was computed from image analysis of collagen XIV
immunofluorescent embryos in the regions of the heart OFT. OFT diameter is related to band
tightness, with larger diameters corresponding to control (unbanded) samples and band tightness
increasing as OFT diameter gets smaller. OFT diameter was estimated from confocal images of the
HH24 immunofluorescent embryos. Regions plotted are the outer curvature, upstream of the band
in (A) myocardium; and (B) endocardium; and the outer curvature, downstream of the band in
(C) myocardium; and (D) endocardium.

3.7. OFT Atlas-Based Cushion Analysis of Collagen Distribution in the Cushions

To analyze collagen intensity in the OFT endocardial cushions, we used an atlas-based analysis
that allowed us to account for the varying cushion geometry (Figure 11). Atlas-based analysis results
suggest that banding increased collagen I and collagen XIV protein deposition (by 2-fold) in the OFT
cushions (p = 0.02).

Figure 11. Deposition of collagens I, III, VI, and XIV in the endocardial cushions of the sham and banded
OFT. Intensity analysis results from atlas-based registration are shown for sham controls (open bars)
and banded groups (OTB, black bars). The analysis was done based on intensities in the cushion proper
region, closed to the endocardium (see Figure 2). Intensity values represent pixel grayscale intensity.
p values denote significance between sham and banded groups where appropriate. Data shown as
mean ± SEM. Please note that intensity measurements are relative to each specific collagen analyzed
and do not represent abundance of the different collagen types in the heart wall (e.g., collagen I is much
more abundant than collagen XIV, even though intensity values seem to suggest the opposite).
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3.8. Collagen Gene Expression in the OFT

We used qRT-PCR to determine RNA levels of collagen genes and determine whether they have
changed in response to the banding procedure (Figure 12). While expression data was normalized to
the expression of two housekeeping genes, ARBP and PGK-1, results rendered by these normalizations
were similar. Although a slight increase in COL1A1 gene expression was observed, neither collagen I
transcript (COL1A1, COL1A2) changed significantly with banding. Similarly, COL3A1 gene expression
was not significantly different between banded and control OFT samples. However, gene expression of
collagen VI (COL6A3) was increased by 1.5-fold, while expression of the remaining collagen VI genes
(COL6A1, COL6A2) did not change significantly in the OTB group. Collagen XIV gene transcript level
showed little variation in the sham control group, but was highly variable in the banded group despite
the narrow range of band tightness analyzed by qPCR. Nonetheless, COL14A1 expression increased
significantly by 2.2-fold after banding.

For comparative purposes, a summary of the findings is shown in Table 4.

Table 4. Summary of localized increases in collagen deposition throughout the banded OFT.
Arrows indicate a significant upregulation in collagen deposition in the banded OFT (p < 0.05).
M: myocardium; CJ: cardiac jelly; E: endocardium; OC: outer region of cushion (adjacent to the
myocardium); CP: cushion proper (adjacent to the endocardium).

Type Upstream Downstream

Outer Curvature Inner Curvature Outer Curvature Inner Curvature Cushions Whole OFT

M CJ E M CJ E M CJ E M CJ E OC CP qPCR

I ↑ ↑ ↑ ↑Fibril organization ↑
III
VI ↑ ↑ ↑ ↑COL6A3

XIV ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

Figure 12. Collagen gene expression in the sham and banded OFT. Quantitative real-time PCR was
performed on pools of 10 banded and sham OFT (n = 5 for collagens I, III, and VI; n = 10 for collagen XIV)
after 24 h of hemodynamic intervention (at HH24). Data are expressed as the normalized expression
relative to the housekeeping gene, PGK-1. Comparisons of collagen transcript levels between banded
and control OFTs are shown for (A) Collagen I; (B) Collagen III; (C) Collagen VI; (D) Collagen XIV.
Data shown as mean ± SEM.
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4. Discussion

Alterations in blood flow at early embryonic stages can lead to congenital heart defects [1,3–7,40],
yet early detrimental embryonic tissue remodeling in response to perturbed hemodynamic conditions
is not well understood. In this study, we characterized changes in collagens I, III, VI and XIV in
response to increased hemodynamic load, achieved by a banding procedure in the embryonic heart
OFT during tubular heart stages (HH18 to HH24). Prior work has shown that blood pressure increases
throughout the OFT after banding, with blood pressure increasing nonlinearly with increased band
tightness [30]. Cardiac blood pressure remains elevated (with respect to controls) after 24 h of banding
at HH24. Blood flow velocity (and thus wall shear stress) also increases in the banded region as
a function of band tightness both immediately (~2 h) after banding [29] and after 24 h of intervention
(Figure 3). Wall shear stress varies throughout the OFT endocardial surface (in space and time)
as a function of band tightness, and is in general elevated in banded versus control hearts [41,42],
especially on the cushion endocardium. Moreover, computational fluid dynamics modeling of the
OFT revealed that wall shear stress is, in general, higher in the inner than in the outer curvature of the
OFT [41,42]. Optical coherence tomography imaging further reveals that longitudinal stretch during
the cardiac cycle is elevated in the outer curvature OFT wall in comparison to the inner curvature OFT
wall. Thus, location-specific changes in collagen content observed in this study likely reflect local shear
and/or wall stress patterns in the banded OFT.

It is worth noting that, while both protein and gene expression levels were quantified in this
study, these quantifications are somewhat complementary. An obvious difference is that while protein
expression, quantified with immunofluorescence, captures localized variations in collagen content;
gene expression, quantified from samples that pooled together 10 whole OFTs, can only capture global
changes, missing local variations. Moreover, transcriptional and post-transcriptional regulation may
independently affect the tissue adaptation to blood flow. It is worth mentioning, in addition, that while
quantitative immunofluorescence has been recently used in studies (e.g., [34,35]), quantification of
immunofluorescence remains a highly controversial subject. Many experts in the field do not believe
that accurate quantifications of relative protein contents could be extracted from immunofluorescence
in the way done in this paper. Rather, they argue that immunofluorescence can only be used to
extract protein expression patterns. As shown in other studies, we believe that quantification is
possible, and relatively accurate, providing that certain precautions are taken: (1) Samples need to
be prepared and immunostained in exactly the same way, making sure that timing, concentrations,
etc., match exactly from sample to sample in a batch that contains both control and intervention
samples; (2) Images need to be acquired in exactly the same way, in one session, without altering
acquisition settings or parameters among the same protein samples in the batch. These steps will ensure
consistency. Of course, one can argue that other factors, such as potential differential photobleaching
of samples, can still occur. While we cannot control all factors, we believe that the steps taken in this
work to ensure image consistency (listed above and in more detail in the methods) are enough to
compare relative amounts of collagen contents among embryonic hearts. In light of controversies,
however, the reader should be aware of caveats in the interpretation of our results.

This study reveals that collagen XIV, minimally present in the sham OFT, was by far the most
sensitive collagen to hemodynamic load, with increases shown at the protein and RNA levels.
Collagen XIV deposition in the embryonic heart has previously been localized to the endocardial
cushions, cardiac muscle, and basement membrane, albeit at much later stages of development
when mechanical stress is higher [22,43,44]. Indeed, collagen XIV is often localized to areas of
high mechanical stress in embryonic tissue such as the cardiac muscle, tendon, and ligament/bone
junction [43,45]. Prior work has suggested a role for collagen XIV in determining tissue properties in
mechanically stressed tissues during development [23]. Hearts of mice lacking the COL14A1 gene
have reduced ejection fraction and, following pressure overload, develop exacerbated thickening
of the left ventricular wall [22], suggestive of a detrimental effect on wall structure and function.
Tendons of collagen XIV null mice have reduced strength and stiffness [23], and heterozygotes,
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expressing an intermediate amount of collagen XIV, exhibit intermediate mechanical properties in
the tendon. Here, after banding the heart at HH18, blood pressure and wall shear rate, and thus
cardiac tissue stress, significantly increases in the chick heart OFT in a band-tightness dependent
manner [29,30]. The significant correlation we observed between collagen XIV deposition and band
tightness suggests that collagen XIV production is highly sensitive to hemodynamic conditions at
this developmental stage, and may be an important player in modulating load-induced cardiac
tissue remodeling.

Increased collagen XIV deposition could also be at least partially responsible for the increased
organization observed in collagen I fibrils. In the most tightly banded embryos, increased collagen I
fibril organization was observed downstream of the band in the cardiac jelly, in a region where we also
showed collagen XIV deposition to be dramatically upregulated. Increased fibril organization was not
observed in regions of the banded OFT where collagen XIV deposition was unchanged. Several studies
have linked collagen XIV, which interacts with collagen I through a collagen I binding domain [46],
to collagen I fibril organization during the embryonic period, and suggested that the role of collagen
XIV in regulation of fibrillogenesis is hemodynamically regulated and transient, occurring mostly
during early developmental stages. In zebrafish embryos, for example, collagen XIV expression peaks
early in development, and is thought to regulate collagen I fibril assembly in the developing tendon
during the longitudinal fibril growth, but not during the fibril thickening that occurs at more mature
stages [47,48]. In the embryonic OFT, we found that the deposition pattern of collagen XIV closely
mirrored that of collagen I. Co-localization of these collagens in embryonic tissue, however, is not
limited to the heart OFT: in the chicken embryo, localized gene and protein expression of collagen
XIV mirrors that of collagen I in virtually every collagen I containing embryonic tissue [43]. Together,
these findings suggest that collagen XIV’s role in mediating collagen I fibrillogenesis is unique to the
embryo and neonate, possibly explaining why collagen XIV expression in the heart is higher during
development and the postnatal period than in adult tissue [22] and why increased collagen XIV has not
been found in the numerous studies demonstrating increased collagen I deposition in the overloaded
adult heart [49].

Unlike in the mature heart when increased blood pressure leads to increased collagen I and
III deposition [16,49], our study shows no overall increase in the abundance of collagens I and III
with banding (and thus increased blood pressure). Although elevated collagen I deposition was
observed in the OFT cushions and along the outer curvature upstream of the band, and increased fibril
organization was visualized, overall collagen I gene expression in the OFT tissue does not significantly
change, implying perhaps a change in the deposition pattern or distribution of collagen I rather than
an overall increase in abundance. This response to overload in the OFT is somewhat different to the
load-induced increases in collagen I deposition in adult heart tissue [16,49], and in the embryonic
dorsal aorta [20]. In both those cases, collagen I deposition increases with increased blood pressure.
Our results, suggesting a change in the distribution of collagen I together with increased organization,
would imply localized changes in stiffness [50] that may be responsible for the later formation of
cardiac defects in banded hearts [6,7].

Whereas later in development, collagen III is essential for collagen I fibrillogenesis in the
embryonic heart, we did not observe an increase in collagen III anywhere in the OFT, including
in regions where collagen I fibrillogenesis appeared to be upregulated. Similarly, collagen III levels
in the newborn rat ventricle do not increase after 14 days of aortic banding [51]. Our data show
that the pattern of collagen III deposition was remarkably conserved across all embryos observed,
suggesting that collagen III is not an early ‘player’ in the hemodynamic induced remodeling of the
embryonic OFT. Interestingly, pressure-overload in the newborn rabbit heart does not alter ventricular
collagen III content, yet six weeks later a similar overload leads to a collagen III increase [52]. Further,
collagen III has been shown to increase in the overloaded embryonic chicken vasculature after 48 h
of hemodynamic intervention [20]. It is thus possible that a hemodynamic intervention later in
development or longer periods of banding would result in increased deposition perhaps of both
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collagen I and III. Developing heart tissue may have a unique response to overload, different to that of
more mature cardiac tissues.

Collagen VI content seems to increase in embryonic heart tissue over development [53], coincident
with increases in wall shear stresses and blood pressure over developmental stages. In banded
embryos, COL6A3 gene expression was elevated in the OFT. Immunofluorescent images, however,
suggest an increase in collagen VI deposition downstream of the band in the outer curvature (in the
region of increased collagen I fibril organization). In embryonic mice, COL6A3 gene expression
directly precedes the presence of collagen VI, suggesting the expression of the COL6A3 gene,
rather than COL6A1 or COL6A2, regulates the formation and secretion of collagen VI trimmers
and matrix deposition during development [54]. However, studies in the adult heart suggest that
excess myocardial collagen VI content is detrimental for heart function, and collagen VI is also
associated with prevalence of cardiac defects in down syndrome patients [25]. In human patients
with hypertrophic cardiomyopathy, myocardial collagen VI content inversely correlates with ejection
fraction [55]. Additionally, post myocardial infarction cardiac function and remodeling is improved
in mice lacking the COL6A1 gene relative to wild type controls [56]. Thus, prior work demonstrated
a role for collagen VI in pathological cardiac remodeling of the adult heart. The elevated collagen VI
deposition observed after banding in the current study may contribute to detrimental remodeling of
the embryonic heart wall, or may be a natural mechanism in response to elevated hemodynamic load
in the heart.

5. Conclusions

Hemodynamic overload during early heart development alters OFT collagen distribution,
which may lead to a detrimental tissue remodeling and the formation of cardiac defects. The observed
localized increases in collagen I, VI and XIV deposition, with increasing degree of constriction, suggest
that these collagens play a key role in structural adaptation to increased hemodynamic load during this
early embryonic period. Of interest, we found co-localization of collagens I and XIV in the embryonic
OFT tissue, and increased organization of collagen I fibers in regions in which collagen XIV deposition
was significantly increased. The location-specific increased deposition likely reflect local wall shear
and wall stress patterns in the constricted OFT. In fact, the outer curvature is exposed to elevated
cyclic stretch while the inner curvature is exposed to elevated wall shear stress in the same embryonic
heart, with hemodynamic stimuli increasing in banded embryos. Changes in collagen content could
be due to both transcriptional and post-transcriptional events, perhaps suggesting a very dynamic
early adaptation to altered blood flow conditions that needs to be further investigated. In the future,
these data will contribute to a better understanding of early changes in cardiac wall adaptation to
hemodynamic conditions and detrimental cardiac remodeling that underlie heart defects and adult
onset cardiovascular disease.

Acknowledgments: We wish to thank Patrizio Castagnola for his generous gift of collagen XIV antibody
and Jeremy Glynn, Herbert Espinoza, Kevin Kolahi, and Adrienne Wilburn for their technical assistance.
Monoclonal antibodies for collagen III and VI were developed by Richard Mayne and Douglas M. Fambrough,
respectively, and were obtained from the Developmental Studies Hybridoma Bank developed under the auspices
of the NICHD and maintained by the University of Iowa, Department of Biology, Iowa City, IA 52242. This work
was supported by a grant from US National Institutes of Health, NIH R01HL094570 to S.R.

Author Contributions: M.Y.R., K.L.T. and S.R. conceived and designed the experiments; M.Y.R. and S.S. performed
the experiments; M.Y.R., S.S. and J.P.C. analyzed the data; J.P.C. and M.D. contributed analysis tools; M.Y.R. wrote
the paper; and M.Y.R., S.S. and S.R. edited the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.



J. Cardiovasc. Dev. Dis. 2017, 4, 24 20 of 22

References

1. Hove, J.R.; Koster, R.W.; Forouhar, A.S.; Acevedo-Bolton, G.; Fraser, S.E.; Gharib, M. Intracardiac fluid
forces are an essential epigenetic factor for embryonic cardiogenesis. Nature 2003, 421, 172–177. [CrossRef]
[PubMed]

2. Goenezen, S.; Rennie, M.; Rugonyi, S. Biomechanics of early cardiac development. Biomech. Model. Mechanobiol.
2012, 11, 1187–1204. [CrossRef] [PubMed]

3. Hogers, B.; DeRuiter, M.C.; Gittenberger-de Groot, A.C.; Poelmann, R.E. Extraembryonic venous obstructions
lead to cardiovascular malformations and can be embryolethal. Cardiovasc. Res. 1999, 41, 87–99. [CrossRef]

4. Hogers, B.; DeRuiter, M.C.; Gittenberger-de Groot, A.C.; Poelmann, R.E. Unilateral vitelline vein ligation
alters intracardiac blood flow patterns and morphogenesis in the chick embryo. Circ. Res. 1997, 80, 473–481.
[CrossRef] [PubMed]

5. Sedmera, D.; Pexieder, T.; Rychterova, V.; Hu, N.; Clark, E.B. Remodeling of chick embryoniv ventricular
myoarchitecture under experimentally changed loading conditions. Anat. Rec. 1999, 254, 238–252. [CrossRef]

6. Midgett, M.; Rugonyi, S. Congenital heart malformations induced by hemodynamic altering surgical
interventions. Front. Physiol. 2014, 5. [CrossRef] [PubMed]

7. Midgett, M.; Thornburg, K.L.; Rugonyi, S. Blood flow patterns underlie developmental heart defects. Am. J.
Physiol. Heart Circ. Physiol. 2017, 312, H632–H642. [CrossRef] [PubMed]

8. Van der Linde, D.; Konings, E.E.M.; Slager, M.A.; Witsenburg, M.; Helbing, W.A.; Takkenberg, J.J.M.;
Roos-Hesselink, J.W. Birth prevalence of congenital heart disease worldwide: A systematic review and
meta-analysis. J. Am. Coll. Cardiol. 2011, 58, 2241–2247. [CrossRef] [PubMed]

9. Ferencz, C.; Rubin, J.D.; Mccarter, R.J.; Brenner, J.I.; Neill, C.A.; Perry, L.W.; Hepner, S.I.; Downing, J.W.
Congenital heart disease: Prevalence at livebirth: The baltimore-washington infant study. Am. J. Epidemiol.
1985, 121, 31–36. [CrossRef] [PubMed]

10. Midgett, M.; López, C.S.; David, L.; Maloyan, A.; Rugonyi, S. Increased hemodynamic load in early
embryonic stages alters endocardial to mesenchymal transition. Front. Physiol. 2017, 8. [CrossRef] [PubMed]

11. Goodwin, R.L.; Nesbitt, T.; Price, R.L.; Wells, J.C.; Yost, M.J.; Potts, J.D. A three-dimensional model system of
valvulogenesis. Dev. Dyn. 2005, 233, 122–129. [CrossRef] [PubMed]

12. Norris, R.A.; Potts, J.D.; Yost, M.J.; Junor, L.; Brooks, T.; Tan, H.; Hoffman, S.; Hart, M.M.; Kern, M.J.;
Damon, B.; et al. Periostin promotes a fibroblastic lineage pathway in atrioventricular valve progenitor cells.
Dev. Dyn. 2009, 238, 1052–1063. [CrossRef] [PubMed]

13. Menon, V.; Eberth, J.; Goodwin, R.; Potts, J. Altered hemodynamics in the embryonic heart affects outflow
valve development. J. Cardiovasc. Dev. Dis. 2015, 2, 108. [CrossRef] [PubMed]

14. Lindsey, S.E.; Butcher, J.T.; Yalcin, H.C. Mechanical regulation of cardiac development. Front. Physiol. 2014, 5.
[CrossRef] [PubMed]

15. Steed, E.; Faggianelli, N.; Roth, S.; Ramspacher, C.; Concordet, J.-P.; Vermot, J. Klf2a couples
mechanotransduction and zebrafish valve morphogenesis through fibronectin synthesis. Nat. Commun. 2016,
7, 11646. [CrossRef] [PubMed]

16. Weber, K.T.; Janicki, J.S.; Shroff, S.G.; Pick, R.; Chen, R.M.; Bashey, R.I. Collagen remodeling of the
pressure-overloaded, hypertrophied nonhuman primate myocardium. Circ. Res. 1988, 62, 757–765.
[CrossRef] [PubMed]

17. Mukherjee, D.; Sen, S. Collagen phenotypes during development and regression of myocardial hypertrophy
in spontaneously hypertensive rats. Circ. Res. 1990, 67, 1474–1480. [CrossRef] [PubMed]

18. Fielitz, J.; Hein, S.; Mitrovic, V.; Pregla, R.; Zurbrügg, H.R.; Warnecke, C.; Schaper, J.; Fleck, E.;
Regitz-Zagrosek, V. Activation of the cardiac renin-angiotensin system and increased myocardial collagen
expression in human aortic valve disease. J. Am. Coll. Cardiol. 2001, 37, 1443–1449. [CrossRef]

19. Pearlman, E.S.; Weber, K.T.; Janicki, J.S. Quantitative histology of the hypertrophied human heart. Fed. Proc.
1981, 40, 2042–2047. [PubMed]

20. Lucitti, J.L.; Visconti, R.; Novak, J.; Keller, B.B. Increased arterial load alters aortic structural and functional
properties during embryogenesis. Am. J. Physiol. Heart Circ. Physiol. 2006, 291, H1919–H1926. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/nature01282
http://www.ncbi.nlm.nih.gov/pubmed/12520305
http://dx.doi.org/10.1007/s10237-012-0414-7
http://www.ncbi.nlm.nih.gov/pubmed/22760547
http://dx.doi.org/10.1016/S0008-6363(98)00218-1
http://dx.doi.org/10.1161/01.RES.80.4.473
http://www.ncbi.nlm.nih.gov/pubmed/9118477
http://dx.doi.org/10.1002/(SICI)1097-0185(19990201)254:2&lt;238::AID-AR10&gt;3.0.CO;2-V
http://dx.doi.org/10.3389/fphys.2014.00287
http://www.ncbi.nlm.nih.gov/pubmed/25136319
http://dx.doi.org/10.1152/ajpheart.00641.2016
http://www.ncbi.nlm.nih.gov/pubmed/28062416
http://dx.doi.org/10.1016/j.jacc.2011.08.025
http://www.ncbi.nlm.nih.gov/pubmed/22078432
http://dx.doi.org/10.1093/oxfordjournals.aje.a113979
http://www.ncbi.nlm.nih.gov/pubmed/3964990
http://dx.doi.org/10.3389/fphys.2017.00056
http://www.ncbi.nlm.nih.gov/pubmed/28228731
http://dx.doi.org/10.1002/dvdy.20326
http://www.ncbi.nlm.nih.gov/pubmed/15765508
http://dx.doi.org/10.1002/dvdy.21933
http://www.ncbi.nlm.nih.gov/pubmed/19334280
http://dx.doi.org/10.3390/jcdd2020108
http://www.ncbi.nlm.nih.gov/pubmed/26878022
http://dx.doi.org/10.3389/fphys.2014.00318
http://www.ncbi.nlm.nih.gov/pubmed/25191277
http://dx.doi.org/10.1038/ncomms11646
http://www.ncbi.nlm.nih.gov/pubmed/27221222
http://dx.doi.org/10.1161/01.RES.62.4.757
http://www.ncbi.nlm.nih.gov/pubmed/2964945
http://dx.doi.org/10.1161/01.RES.67.6.1474
http://www.ncbi.nlm.nih.gov/pubmed/2147130
http://dx.doi.org/10.1016/S0735-1097(01)01170-6
http://www.ncbi.nlm.nih.gov/pubmed/6453024
http://dx.doi.org/10.1152/ajpheart.01061.2005
http://www.ncbi.nlm.nih.gov/pubmed/16648183


J. Cardiovasc. Dev. Dis. 2017, 4, 24 21 of 22

21. Tan, H.; Biechler, S.; Junor, L.; Yost, M.J.; Dean, D.; Li, J.; Potts, J.D.; Goodwin, R.L. Fluid flow forces and
rhoa regulate fibrous development of the atrioventricular valves. Dev. Biol. 2013, 374, 345–356. [CrossRef]
[PubMed]

22. Tao, G.; Levay, A.K.; Peacock, J.D.; Huk, D.J.; Both, S.N.; Purcell, N.H.; Pinto, J.R.; Galantowicz, M.L.;
Koch, M.; Lucchesi, P.A.; et al. Collagen XIV is important for growth and structural integrity of the
myocardium. J. Mol. Cell. Cardiol. 2012, 53, 626–638. [CrossRef] [PubMed]

23. Ansorge, H.L.; Meng, X.; Zhang, G.; Veit, G.; Sun, M.; Klement, J.F.; Beason, D.P.; Soslowsky, L.J.;
Koch, M.; Birk, D.E. Type XIV collagen regulates fibrillogenesis: Premature collagen fibril growth and
tissue dysfunction in null mice. J. Biol. Chem. 2009, 284, 8427–8438. [CrossRef] [PubMed]

24. Liu, X.; Wu, H.; Byrne, M.; Krane, S.; Jaenisch, R. Type III collagen is crucial for collagen I fibrillogenesis
and for normal cardiovascular development. Proc. Natl. Acad. Sci. USA 1997, 94, 1852–1856. [CrossRef]
[PubMed]

25. Gittenberger-De Groot, A.C.; Bartram, U.; Oosthoek, P.W.; Bartelings, M.M.; Hogers, B.; Poelmann, R.E.;
Jongewaard, I.N.; Klewer, S.E. Collagen type VI expression during cardiac development and in human
fetuses with trisomy 21. Anat. Rec. Part A Discov. Mol. Cell. Evolut. Biol. 2003, 275A, 1109–1116. [CrossRef]
[PubMed]

26. Klewer, S.E.; Krob, S.L.; Kolker, S.J.; Kitten, G.T. Expression of type VI collagen in the developing mouse
heart. Dev. Dyn. 1998, 211, 248–255. [CrossRef]

27. Clark, E.B.; Hu, N.; Frommelt, P.; Vandekieft, G.K.; Dummett, J.L.; Tomanek, R.J. Effect of increased pressure
on ventricular growth in stage 21 chick embryos. Am. J. Physiol. Heart Circ. Physiol. 1989, 257, H55–H61.

28. Tobita, K.; Garrison, J.B.; Liu, L.J.; Tinney, J.P.; Keller, B.B. Three-dimensional myofiber architecture of the
embryonic left ventricle during normal development and altered mechanical loads. Anat. Rec. Part A Discov.
Mol. Cell. Evolut. Biol. 2005, 283A, 193–201. [CrossRef] [PubMed]

29. Midgett, M.; Goenezen, S.; Rugonyi, S. Blood flow dynamics reflect degree of outflow tract banding in
hamburger-hamilton stage 18 chicken embryos. J. R. Soc. Interface 2014, 11, 20140643. [CrossRef] [PubMed]

30. Shi, L.; Goenezen, S.; Haller, S.; Hinds, M.T.; Thornburg, K.L.; Rugonyi, S. Alterations in pulse wave
propagation reflect the degree of outflow tract banding in hh18 chicken embryos. Am. J. Physiol. Heart
Circ. Physiol. 2013, 305, H386–H396. [CrossRef] [PubMed]

31. Tobita, K.; Schroder, E.; Tinney, J.; Garrison, J.; Keller, B.B. Regional passive ventricular stress-strain relations
during development of altered loads in chick embryo. Am. J. Physiol. Heart Circ. Physiol. 2002, 282,
H2386–H2396. [CrossRef] [PubMed]

32. Hamburger, V.; Hamilton, H.L. A series of normal stages in the development of the chick embryo. Dev. Dyn.
1992, 195, 231–272. [CrossRef] [PubMed]

33. Oosterbaan, A.M.; Ursem, N.T.C.; Struijk, P.C.; Bosch, J.G.; van der Steen, A.F.W.; Steegers, E.A.P. Doppler
flow velocity waveforms in the embryonic chicken heart at developmental stages corresponding to 5–8 weeks
of human gestation. Ultrasound Obstet. Gynecol. 2009, 33, 638–644. [CrossRef] [PubMed]

34. Mosedale, D.E.; Metcalfe, J.C.; Grainger, D.J. Optimization of immunofluorescence methods by quantitative
image analysis. J. Histochem. Cytochem. 1996, 44, 1043–1050. [CrossRef] [PubMed]

35. Toki, M.I.; Cecchi, F.; Hembrough, T.; Syrigos, K.N.; Rimm, D.L. Proof of the quantitative potential of
immunofluorescence by mass spectrometry. Lab. Investig. J. Tech. Methods Pathol. 2017, 97, 329–334.
[CrossRef] [PubMed]

36. Carson, J.; Ju, T.; Bello, M.; Thaller, C.; Warren, J.; Kakadiaris, I.; Chiu, W.; Eichele, G. Automated pipeline for
atlas-based annotation of gene expression patterns: Application to postnatal day 7 mouse brain. Methods
2010, 50, 85–95. [CrossRef] [PubMed]

37. Ju, T.; Carson, J.; Liu, L.; Warren, J.; Bello, M.; Kakadiaris, I. Subdivision meshes for organizing spatial
biomedical data. Methods 2010, 50, 70–76. [CrossRef] [PubMed]

38. Biechler, S.V.; Junor, L.; Evans, A.N.; Eberth, J.F.; Price, R.L.; Potts, J.D.; Yost, M.J.; Goodwin, R.L. The impact
of flow-induced forces on the morphogenesis of the outflow tract. Front. Physiol. 2014, 5, 225. [CrossRef]
[PubMed]

39. Olias, P.; Adam, I.; Meyer, A.; Scharff, C.; Gruber, A.D. Reference genes for quantitative gene expression
studies in multiple avian species. PLoS ONE 2014, 9, e99678. [CrossRef] [PubMed]

40. Keller, B.B. Embryonic cardiovascular function, coupling and maturation: A species view. In Development of
Cardiovascular Systems; Burggren, W.W., Keller, B.B., Eds.; University Press: Cambridge, MA, USA, 1998.

http://dx.doi.org/10.1016/j.ydbio.2012.11.023
http://www.ncbi.nlm.nih.gov/pubmed/23261934
http://dx.doi.org/10.1016/j.yjmcc.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22906538
http://dx.doi.org/10.1074/jbc.M805582200
http://www.ncbi.nlm.nih.gov/pubmed/19136672
http://dx.doi.org/10.1073/pnas.94.5.1852
http://www.ncbi.nlm.nih.gov/pubmed/9050868
http://dx.doi.org/10.1002/ar.a.10126
http://www.ncbi.nlm.nih.gov/pubmed/14613310
http://dx.doi.org/10.1002/(SICI)1097-0177(199803)211:3&lt;248::AID-AJA6&gt;3.0.CO;2-H
http://dx.doi.org/10.1002/ar.a.20133
http://www.ncbi.nlm.nih.gov/pubmed/15678488
http://dx.doi.org/10.1098/rsif.2014.0643
http://www.ncbi.nlm.nih.gov/pubmed/25165602
http://dx.doi.org/10.1152/ajpheart.00100.2013
http://www.ncbi.nlm.nih.gov/pubmed/23709601
http://dx.doi.org/10.1152/ajpheart.00879.2001
http://www.ncbi.nlm.nih.gov/pubmed/12003850
http://dx.doi.org/10.1002/aja.1001950404
http://www.ncbi.nlm.nih.gov/pubmed/1304821
http://dx.doi.org/10.1002/uog.6362
http://www.ncbi.nlm.nih.gov/pubmed/19434670
http://dx.doi.org/10.1177/44.9.8773570
http://www.ncbi.nlm.nih.gov/pubmed/8773570
http://dx.doi.org/10.1038/labinvest.2016.148
http://www.ncbi.nlm.nih.gov/pubmed/28092364
http://dx.doi.org/10.1016/j.ymeth.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19698790
http://dx.doi.org/10.1016/j.ymeth.2009.07.012
http://www.ncbi.nlm.nih.gov/pubmed/19664714
http://dx.doi.org/10.3389/fphys.2014.00225
http://www.ncbi.nlm.nih.gov/pubmed/24987377
http://dx.doi.org/10.1371/journal.pone.0099678
http://www.ncbi.nlm.nih.gov/pubmed/24926893


J. Cardiovasc. Dev. Dis. 2017, 4, 24 22 of 22

41. Goenezen, S.; Chivukula, V.K.; Midgett, M.; Phan, L.; Rugonyi, S. 4D subject-specific inverse modeling of
the chick embryonic heart outflow tract hemodynamics. Biomech. Model. Mechanobiol. 2015, 15, 723–743.
[CrossRef] [PubMed]

42. Chivukula, V.; Goenezen, S.; Liu, A.; Rugonyi, S. Effect of outflow tract banding on embryonic cardiac
hemodynamics. J. Cardiovasc. Dev. Dis. 2016, 3. [CrossRef] [PubMed]

43. Walchli, C.; Koch, M.; Chiquet, M.; Odermatt, B.F.; Trueb, B. Tissue-specific expression of the fibril-associated
collagens XII and XIV. J. Cell. Sci. 1994, 107, 669–681. [PubMed]

44. Thierry, L.; Geiser, A.S.; Hansen, A.; Tesche, F.; Herken, R.; Miosge, N. Collagen types XII and XIV are present
in basement membrane zones during human embryonic development. J. Mol. Histol. 2004, 35, 803–810.
[CrossRef] [PubMed]

45. Niyibizi, C.; Visconti, C.S.; Kavalkovich, K.; Woo, S.L.Y. Collagens in an adult bovine medial collateral
ligament: Immunofluorescence localization by confocal microscopy reveals that type XIV collagen
predominates at the ligament-bone junction. Matrix Biol. 1995, 14, 743–751. [CrossRef]

46. Gerecke, D.R.; Meng, X.; Liu, B.; Birk, D.E. Complete primary structure and genomic organization of the
mouse col14a1 gene. Matrix Biol. 2004, 22, 595–601. [CrossRef] [PubMed]

47. Bader, H.L.; Lambert, E.; Guiraud, A.; Malbouyres, M.; Driever, W.; Koch, M.; Ruggiero, F. Zebrafish collagen
XIV is transiently expressed in epithelia and is required for proper function of certain basement membranes.
J. Biol. Chem. 2013, 288, 6777–6787. [CrossRef] [PubMed]

48. Young, B.B.; Gordon, M.K.; Birk, D.E. Expression of type XIV collagen in developing chicken tendons:
Association with assembly and growth of collagen fibrils. Dev. Dyn. 2000, 217, 430–439. [CrossRef]

49. Weber, K.T. Cardiac interstitium in health and disease: The fibrillar collagen network. J. Am. Coll. Cardiol.
1989, 13, 1637–1652. [CrossRef]

50. Butcher, J.; McQuinn, T.; Sedmera, D.; Turner, D.; Markwald, R. Transitions in early embryonic
atrioventricular valvular function correspond with changes in cushion biomechanics that are predictable by
tissue composition. Circ. Res. 2007, 100, 1503–1511. [CrossRef] [PubMed]

51. Engelmann, G.L.; Campbell, S.E.; Rakusan, K. Immediate postnatal heart development modified by
abdominal aortic banding: Analysis of gene expression. Mol. Cell. Biochem. 1996, 163–164, 47–56. [CrossRef]
[PubMed]

52. Low, R.B.; Stirewalt, W.S.; Hultgren, P.; Low, E.S.; Starcher, B. Changes in collagen and elastin in rabbit
right-ventricular pressure overload. Biochem. J. 1989, 263, 709–713. [CrossRef] [PubMed]

53. Hurle, J.M.; Kitten, G.T.; Sakai, L.Y.; Volpin, D.; Solursh, M. Elastic extracellular matrix of the embryonic
chick heart: An immunohistological study using laser confocal microscopy. Dev. Dyn. 1994, 200, 321–332.
[CrossRef] [PubMed]

54. Dziadek, M.; Darling, P.; Bakker, M.; Overall, M.; Zhang, R.Z.; Pan, T.C.; Tillet, E.; Timpl, R.; Chu, M.L.
Deposition of collagen VI in the extracellular matrix during mouse embryogenesis correlates with expression
of the α3(VI) subunit gene. Exp. Cell Res. 1996, 226, 302–315. [CrossRef] [PubMed]

55. Kitamura, M.; Shimizu, M.; Ino, H.; Okeie, K.; Yamaguchi, M.; Fujino, N.; Mabuchi, H.; Nakanishi, I. Collagen
remodeling and cardiac dysfunction in patients with hypertrophic cardiomyopathy: The significance of type
III and VI collagens. Clin. Cardiol. 2001, 24, 325–329. [CrossRef] [PubMed]

56. Luther, D.J.; Thodeti, C.K.; Shamhart, P.E.; Adapala, R.K.; Hodnichak, C.; Weihrauch, D.; Bonaldo, P.;
Chilian, W.M.; Meszaros, J.G. Absence of type VI collagen paradoxically improves cardiac function, structure,
and remodeling after myocardial infarction. Circ. Res. 2012, 110, 851–856. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10237-015-0720-y
http://www.ncbi.nlm.nih.gov/pubmed/26361767
http://dx.doi.org/10.3390/jcdd3010001
http://www.ncbi.nlm.nih.gov/pubmed/27088080
http://www.ncbi.nlm.nih.gov/pubmed/8207089
http://dx.doi.org/10.1007/s10735-004-1132-y
http://www.ncbi.nlm.nih.gov/pubmed/15609093
http://dx.doi.org/10.1016/S0945-053X(05)80017-4
http://dx.doi.org/10.1016/j.matbio.2003.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15065570
http://dx.doi.org/10.1074/jbc.M112.430637
http://www.ncbi.nlm.nih.gov/pubmed/23325806
http://dx.doi.org/10.1002/(SICI)1097-0177(200004)217:4&lt;430::AID-DVDY10&gt;3.0.CO;2-5
http://dx.doi.org/10.1016/0735-1097(89)90360-4
http://dx.doi.org/10.1161/CIRCRESAHA.107.148684
http://www.ncbi.nlm.nih.gov/pubmed/17478728
http://dx.doi.org/10.1007/BF00408640
http://www.ncbi.nlm.nih.gov/pubmed/8974039
http://dx.doi.org/10.1042/bj2630709
http://www.ncbi.nlm.nih.gov/pubmed/2532006
http://dx.doi.org/10.1002/aja.1002000407
http://www.ncbi.nlm.nih.gov/pubmed/7994079
http://dx.doi.org/10.1006/excr.1996.0231
http://www.ncbi.nlm.nih.gov/pubmed/8806434
http://dx.doi.org/10.1002/clc.4960240413
http://www.ncbi.nlm.nih.gov/pubmed/11303702
http://dx.doi.org/10.1161/CIRCRESAHA.111.252734
http://www.ncbi.nlm.nih.gov/pubmed/22343710
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Outflow Tract Banding and Sham Preparation 
	Outflow Tract Diameter and Band Tightness Calculation 
	Blood Flow Velocity Measurements at HH24 
	Histology 
	Whole Embryo Immunofluorescence 
	Confocal Image Analysis: Quantitative Immunofluorescence 
	Quantitative RT-PCR 
	Statistics 

	Results 
	Measured OFT Blood Flow Velocity at HH24 
	Histological Section Comparisons 
	Collagen I Distribution in the OFT 
	Collagen III Distribution in the OFT 
	Collagen VI Distribution in the OFT 
	Collagen XIV Distribution in the OFT 
	OFT Atlas-Based Cushion Analysis of Collagen Distribution in the Cushions 
	Collagen Gene Expression in the OFT 

	Discussion 
	Conclusions 

