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Abstract

The role of hemodynamics in cardiovascular development is not well understood. Indeed, it would
be remarkable if it were, given the dauntingly complex array of intricately synchronized genetic,
molecular, mechanical, and environmental factors at play. However, with congenital heart defects
affecting around 1 in 100 human births, and numerous studies pointing to hemodynamics as a
factor in cardiovascular morphogenesis, this is not an area in which we can afford to remain in the
dark. This review seeks to present the case for the importance of research into the biomechanics of
the developing cardiovascular system. This is accomplished by i) illustrating the basics of some of
the highly complex processes involved in heart development, and discussing the known influence
of hemodynamics on those processes; ii) demonstrating how altered hemodynamic environments
have the potential to bring about morphological anomalies, citing studies in multiple animal
models with a variety of perturbation methods; iii) providing examples of widely used
technological innovations which allow for accurate measurement of hemodynamic parameters in
embryos; iv) detailing the results of studies in avian embryos which point to exciting correlations
between various hemodynamic manipulations in early development and phenotypic defect
incidence in mature hearts; and finally, v) stressing the relevance of uncovering specific
biomechanical pathways involved in cardiovascular formation and remodeling under adverse
conditions to the potential treatment of human patients. The time is ripe to unravel the
contributions of hemodynamics to cardiac development, and to recognize their frequently
neglected role in the occurrence of heart malformation phenotypes.
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1. Introduction

Cardiac formation and the dynamics of blood flow, or hemodynamics, are intrinsically
linked. The heart’s main function is to pump blood to the lungs for oxygenation and to the
systemic circulation for oxygen and nutrient exchange. Looking at the heart from this
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‘mechanical’ perspective, cardiac development must end with a fully functional pump. Heart
development has to be exquisitely sensitive to the mechanics of pumping and blood
circulation to ensure optimal cardiac performance; to maximize the chances of the embryo
surviving under different environments, it has to be adaptable to changes. This is
accomplished in part by signaling pathways that sense and respond to mechanical stimuli
from blood flow during heart formation and, in so doing, modulate developmental processes.

Extensive research has been directed at understanding the mechanisms that drive the various
stages of cardiac development. As a result, a wealth of information is now available on
regulatory pathways and processes that act during heart development. Furthermore, the
consequences of genetic anomalies and disruptions in normal processes via teratogen
exposure are being actively investigated. Efforts have also been directed at understanding
both how blood flow dynamics regulates cardiovascular development and how perturbing
normal blood flow conditions impacts cardiac formation. Ultimately, the goal of these
investigations is to fully comprehend the processes governing cardiac formation and how
human babies develop congenital heart defects. Because blood flow is an integral part of
heart development, it influences heart formation under normal and anomalous conditions.
The effects of blood flow on cardiovascular development therefore cannot be neglected.

The ways in which hemodynamic conditions modulate cardiac development remain unclear.
Several pathways and molecular mechanisms affected by hemodynamics are beginning to be
examined and understood, but much research is still needed. The inherent complexity of the
response of cardiac tissue to blood flow, with its diverse, interconnected and potentially
redundant array of mechanosensors and mechanotransducers, can initially be overwhelming.
Looking at heart development from a more macroscopic perspective, however, it is certainly
possible to observe outcomes and infer general ‘rules’ (whether biomechanical, biophysical
and/or biochemical) by which the heart responds to disruptions. For example, by
determining cardiac anomalies after different exposures, it is possible to formulate a general
theory about when malformation phenotypes appear and in response to what. In turn, this
knowledge can point to developmental pathways of interest and inform future investigations.

Overall, about 1% of newborns have some form of congenital heart disease (Mozaffarian et
al., 2015), a malformation of the heart that is present at birth. The most severe cases undergo
cardiac surgery as soon as hours after birth. Nowadays, and thanks to many advances, more
children with congenital heart disease are surviving into adulthood, but better strategies for
treatment and follow up are needed. This can only be achieved by continuing to enhance our
understanding of heart formation and the role of different factors on cardiac development
and cardiovascular adaptation before and after birth.

In this review, we will first briefly summarize heart development, highlighting the role of
hemodynamics. Next, we will discuss the different methods used to perturb blood flow in
animal models with the goal of understanding the role of hemodynamics on cardiac
formation, and review the common techniques used to measure and quantify cardiac blood
flow parameters during embryonic development. Finally, and as an example, we will analyze
the immediate and delayed hemodynamic and morphological effects of perturbing blood
flow in an avian model during a specific developmental window.
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2. Heart Development

Cardiac development starts during the early embryonic stages and consists of a complex
progression of events that ultimately mold the mature heart (see Figure 1 and Table 1). In the
pre-somite embryo, the splanchnic mesoderm differentiates into a layer of myocardial
progenitors with a plexus of elongated endothelial precursors beneath them (DeRuiter et al.,
1992). Left and right populations of the differentiated mesoderm migrate and align
themselves into bilaterally-paired fields, the cardiogenic cords (Figure 1A). The endothelial
precursors form paired endocardial tubes that later fuse into a single tube (Kirby, 2007). The
primitive heart tube is complete when the myocardial mantles merge to fully envelop the
newly-fused endocardial tube and the myocardium secretes cardiac jelly, composed of
extracellular matrix (ECM), into the space between the outer myocardial tube and the inner
endocardial tube (Figure 1B) (Martinsen and Lohr, 2015). Therefore, the early tubular heart
wall consists of three layers: i) an active myocardium layer that contracts cyclically; ii) an
endocardium layer, a monolayer of endocardial cells in contact with blood flow; and iii) a
thin cardiac jelly layer in between.

Soon after formation, the primitive heart tube starts to beat and cardiac looping begins.
Through accretion of cells at each end, the heart tube elongates, causing rightward bending
and torsion (Figure 1C). The straight heart tube is transformed into an s-shape heart tube,
with the inflow and outflow poles in close proximity. Ventricular and atrial chambers then
form by cell proliferation and migration (Moorman & Christoffels, 2003). These primitive
chambers are connected by the atrio-ventricular canal (AVC), with the ventricle further
connected to the circulation by the outflow tract (OFT). In the AVC and the OFT, the
myocardium secretes additional ECM into the cardiac jelly to form paired localized
swellings, the endocardial cushions, which bulge into the lumen. These cardiac cushions are
the precursors of heart valves and are crucial to the development of portions of the atrial and
ventricular septa (Kirby, 2007; Miquerol and Kelly, 2013). Even at this early stage, the
cardiac cushions act as primitive valves, maintaining directional flow in the heart tube
(Kirby, 2007; Combs and Yutzey, 2009). Before the cushions morph into valves, they
undergo extensive remodeling, driven in part by a process known as endothelial-to-
mesenchymal transition (EMT). Signaling between the myocardium and endocardium in the
AVC and OFT initiates EMT in their cushion endocardial cells, causing them to acquire a
mesenchymal phenotype and invade the cardiac jelly. Around the same time, ridges of
endocardial cell-covered myocardium, called trabeculations, begin to form in the primitive
ventricle (Kirby, 2007).

After cardiac looping is complete, the processes of chamber specification and septation
partition the heart into four distinct chambers (Figure 1D). Left and right atrial and
ventricular chambers are established as the AVC cushions grow outwardly and fuse together:
The atrial chambers are separated by the growth of a muscular atrio-ventricular septum
which descends from the atrial roof; meanwhile, the formation of the interventricular septum
initiates from the deepest curve of the heart tube and grows superiorly before fusing with the
AVC cushions (Kirby, 2007; Lin et al., 2012), establishing the left and right ventricles. The
interventricular septum ultimately fuses with the OFT cushions to create ventricular outlets
(Lin et al., 2012).
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Concurrently with ventricular septation, the OFT is divided into the ascending aorta and
pulmonary trunk by the formation of the aorticopulmonary septum. This septum originates
between the 1V and VI pharyngeal arch arteries and converges with the fused OFT cushions
(Anderson et al., 2008). Valve morphogenesis occurs as the mesenchymalized cushions
elongate and remodel into primitive valves that will ultimately transform into thin valve
leaflets (Lin et al., 2012). The mitral and tricuspid AV valves arise from the AVC cushions,
while the aortic and pulmonic semilunar valves originate from the OFT cushions (Figure
1E).

2.1 Endocardial-to-mesenchymal Transition and Valve Formation

Shortly after the formation of endocardial cushions, EMT induces cushion remodeling that is
necessary for subsequent valve formation. EMT is initiated when signaling from the
adjacent myocardium, through transforming growth factor beta (TGFp) and bone
morphogenetic protein (BMP) pathways, causes activation of endocardial cells (Runyan et
al., 1990; Garside et al., 2013). Full activation is characterized by the loss of cell-cell
adhesion molecules, specifically platelet endothelial cell adhesion molecule (PECAM) and
vascular endothelial cadherin (VE-Cadherin), and subsequent delamination of endocardial
cells from the endocardium (Markwald et al., 1976; Baldwin et al., 1994). Activated cells
acquire an invasive phenotype: they will elongate, develop filopodia, and migrate into the
cardiac jelly (Kinsella and Fitzharris, 1980) (Figure 2). Select endocardial cells that do not
undergo EMT proliferate to maintain the local integrity of the endocardium (Kirby, 2007);
the newly transformed mesenchymal cells invading the cushions proliferate, densely
populating the cardiac jelly (Kirby, 2007). Not surprisingly, EMT depends on ECM
components, growth factors, and various transcriptional factors that mediate both cellular
changes within the endocardial cells and remodeling in the cardiac jelly (Garside et al.,
2013). Despite extensive research, the signaling pathways that initiate and regulate EMT in
the cardiac cushions are not fully understood, and researchers continue to discover novel
EMT regulatory mechanisms.

While similar developmental mechanisms mediate maturation of the OFT and AVC
cushions, there are notable differences. EMT is initiated earlier in the AVC cushions than in
the OFT cushions (Camenisch et al., 2002), and cellularization of the AVC cushions occurs
exclusively by EMT (Kirby, 2007). In contrast, secondary heart field cells also contribute to
cushion cellularization in the proximal OFT cushions, and a small population of migratory
neural crest cells invade the distal OFT cushions and contribute to their mesenchymalization
as well (Wehb et al., 2003; Kirby, 2007; Hinton and Yutzey, 2011). In addition, while many
of the accepted molecular hierarchies driving EMT have been defined using AVC cushion
explants from mouse or chicken embryos (Combs and Yutzey, 2009), /n vivo studies of OFT
cushions have confirmed that there are subtle differences in the molecular mechanisms
driving the mesenchymalization of the AVC and OFT endocardial cushions. For example,
vascular endothelial growth factor (VEGF) has distinctive roles in OFT versus AVC cushion
development. VEGF is required for complete transformation of endothelial cells into
mesenchymal cells during EMT in the OFT cushions; however, in the AVC cushions this is
accomplished through alternate signaling, and instead VEGF is required for proper valve
elongation (Stankunas et al., 2010; Bai et al., 2013). The observed differences are most
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likely attributable to the fact that the OFT and AVC cushions develop into mature valves
with disparate forms and functions (Stankunas et al., 2010; Kruithof et al., 2012).

Anomalous cushion development has been implicated in the pathogenesis of congenital
heart defects; thus endocardial cushion EMT has become the subject of intense investigation
(Gong et al., 2017). There are several excellent reviews that cover the signaling pathways
and molecular regulation of EMT in the endocardial cushions (Camenisch et al., 2010;
Grego-Bessa et al., 2010; Garside et al., 2013). Numerous studies have also indicated that
mechanotransduction pathways, especially in response to blood flow dynamics, are key
regulators of EMT and cushion development, e.g. (Slough et al., 2008; Tan et al., 2013;
Biechler et al., 2014; Goetz et al., 2014; Heckel et al., 2015; Menon et al., 2015).

2.2 Effect of Hemodynamics on Cardiac Formation

Blood flow is initiated with the beating of the heart tube early during embryonic
development (Table 1). Therefore, cardiac looping, primitive chamber formation and
alignment, cardiac septation, valve formation, and later cardiac maturation all occur under
blood flow conditions. Concurrent with the earliest stages of cardiac looping, there is a
dramatic increase in heart rate, blood pressure, and blood volume (Andrés-Delgado and
Mercader, 2016; Haack and Abdelilah-Seyfried, 2016).

These hemodynamic changes in the heart are sensed by several different mechanosensors on
cardiac cells (including endothelial, mesenchymal and myocardial cells). Examples of
mechanosensors include cilia in endothelial cells, mechanosensitive ion channels, focal
adhesions, cell membrane receptor kinases, and membrane lipids. These mechanosensors
relay information about flow through mechanotransduction pathways that elicit regulatory
responses via downstream signaling pathways like TGFg/BMP, VEGF, and Notch (Andrés-
Delgado and Mercader, 2016; Haack and Abdelilah-Seyfried, 2016). In order to understand
these mechanosensitive pathways, we must consider the physical forces and stimuli acting
on cardiac cells.

During the cardiac cycle, the heart walls are subjected to multiple mechanical stresses of
different origins. These stresses are generated by the active contraction and passive
expansion of the myocardium during the cardiac cycle; and the interaction of cardiac walls
with blood. Importantly, blood flow exerts shear stress on the endocardium, a frictional force
per unit area that is tangential to the surface and that arises due to the motion of blood.
While this shear stress contributes to the cumulative stress experienced by cardiovascular
walls, it is frequently considered separately because endocardial and endothelial cells, in
direct contact with blood flow, are exquisitely sensitive to shear stress. In what follows, to
avoid confusion, we will refer to stresses in the heart wall (encompassing all stresses), or to
shear stress on the endocardium specifically.

The shear stress exerted by blood flow provides endocardial cells with a critical input
necessary to direct their responses to dynamic flows through changes in proliferation,
differentiation, cell shape, and permeability(Haack & Abdelilah-Seyfried, 2016; Hahn &
Schwartz, 2009). These shear stresses vary temporally and spatially due to the progression
of cardiac looping and the highly dynamic nature of blood flow during early heart
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morphogenesis (Haack & Abdelilah-Seyfried, 2016). An array of mechanosensors on the
surface of endocardial cells, including primary cilia and ion channels Trpv4/Trpp2, transmit
information about the hemodynamic environment in order to coordinate cellular responses
during development (Andrés-Delgado & Mercader, 2016). In particular, primary cilia may
play a critical role in sensing low velocity flows and can mediate proliferation and
differentiation of neighboring cardiomyocytes through Notchl signaling(Haack &
Abdelilah-Seyfried, 2016; Samsa et al., 2015). Also, prior to valve formation, blood flow is
oscillatory indicating that endocardial cells will be exposed to rapidly reversing shear
stresses during the cardiac cycle(Haack & Abdelilah-Seyfried, 2016; Heckel et al., 2015).
Studies in zebrafish embryos suggest that the mechanosensitive ion channels Trpv4/Trpp2
are activated by these oscillatory flows and mediate subsequent valvulogenesis by promoting
endocardial cushion development until unidirectional flow is established (Haack &
Abdelilah-Seyfried, 2016; Heckel et al., 2015; Koefoed, Veland, Pedersen, Larsen, &
Christensen, 2014).

Endocardial cells possess the unique ability to directly sense shear stress from blood flow,
but like all cardiac cells in the heart wall, they too experience stress from the cyclic active
contraction and expansion of the myocardium. These stresses result in cell deformation (or
stretch), which can also be sensed by cells and mediate responses to blood flow. In
endocardial cells, cell-cell adhesion complexes, like VE-cadherin and platelet endothelial
cell adhesion molecule 1(PEcam1), and integrins at the basal membrane can transmit tension
and induce changes in the neighboring myocardium via nitric oxide and endothelin
signaling(Andrés-Delgado & Mercader, 2016).

Similar to endocardial cells, myocardial cells, also known as cardiomyocytes, can sense
mechanical forces via complexes at their cell borders. However, cardiomyocytes directly
experience cyclic stress due to their intrinsic contractile behavior and as part of their
interaction with the flow of blood (Jacot et al., 2010). Mechanosensors attached to the
actomyosin cytoskeleton enable transmission of intercellular, intracellular, and extracellular
mechanical stimuli. Integrins act as mechanosensors at the cell-ECM interface through
costameric and focal adhesions to the ECM whereas neighboring cardiomyocytes transmit
mechanical force via N-cadherin adhesion complexes found on their intercalated disks at
cell-cell junctions(Chopra, Tabdanov, Patel, Janmey, & Kresh, 2011; Hersch et al., 2013; Li
et al., 2015). Through these mechanosensors, cardiomyocytes are able to respond to cardiac
tissue motion due to blood flow and adapt their form and function to adjust cardiac output
(Chopra et al., 2011; Li et al., 2015). For example, during heart morphogenesis,
cardiomyocytes respond to stress by altering their morphology (elongating in the direction of
maximal stretch) as well as proliferation rates (Lindsey et al., 2014; Andrés-Delgado and
Mercader, 2016). Furthermore, many cellular and molecular events driving heart
morphogenesis seem dependent on normal cardiomyocyte contractility (Koushik et al.,
2001; Berdougo et al., 2003; Huang et al., 2003; Bartman et al., 2004; Granados-Riveron
and Brook, 2012). Thus, there exists a complex interplay of mechanical stimuli and
differential cellular responses which allows the myocardium and the developing heart, as a
whole, to adapt to changing hemodynamic conditions.
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In order for cardiac cells to respond to stress/stretch, their mechanosensors must transduce
this mechanical stimuli into a biochemical response. Mechanotransduction pathways in
cardiac cells are incredibly intricate and are further complicated by the many levels of cross
talk between pathways. A detailed discussion of mechanotransduction pathways is out of the
scope of this review. However, in order to provide a sense of how mechanotransduction
pathways relate to some of the aforementioned mechanosensors, we would like to briefly
discuss the zinc-finger transcriptional regulator Krippel-like factor 2 (KLF2) which has
emerged as a key mechanotransducer of shear stress in the developing heart., In embryonic
chicken hearts, for instance, expression of K/f2in the endocardium correlates with wall
shear stress: regions of high shear stress on the endocardium, such as endocardial cushions,
present elevated expression of K/f2(Groenendijk et al., 2007). In general, KLF2 expression
is thought to guide heart morphogenesis through activation or suppression of critical
developmental pathways involving Notch, TGFB, VEGF, and nitric oxide (NO) (Dietrich et
al., 2014; Andrés-Delgado and Mercader, 2016). As described previously, primary cilia in
endothelial cells are membrane-bound organelles that act as flow sensors. Studies in
zebrafish endothelium have revealed that the degree of cilia bending, which is related to the
shear stress exerted by flow on the endothelium, also correlates with intracellular Ca2*
signaling and subsequent activation of k/f2a (the zebrafish ortholog to K/f2) (Goetz et al.,
2014). Further, zebrafish models have implicated k/f2aas an important mediator of
endocardial cell shape and size during development, implying that it is also essential for
normal valvulogenesis and primitive chamber formation (Dietrich et al., 2014; Heckel et al.,
2015; Andrés-Delgado and Mercader, 2016). Interestingly, ciliated endocardial cells are
most abundant in regions of low flow (and low wall shear stress) and absent from the
endocardial cushion area, a region with the highest shear stress and associated with high
expression of K/f2in chicken embryos (Egorova et al., 2011). Experiments with chick
endocardial cells suggest that absence of cilia at the endocardial cushions is crucial for
activation of the Tgfp/AIk5 signaling pathway (Egorova et al., 2011; Andrés-Delgado and
Mercader, 2016) required for EMT, and thus cilia absence may be required for normal
progression of EMT in endocardial cushions (Koefoed et al., 2014). While there is still much
to be learned about how the developing heart senses and responds to hemodynamic
conditions, the unique mechanical cues sensed by endocardial, myocardial and
mesenchymal cells during early development are known to actively mediate heart and valve
formation.

3. Altering Hemodynamic Conditions in Animal Models: Lessons Learned

In vivo interventions in animal models are a powerful tool for studying how the development
of the heart is affected by blood flow. There are multiple ways to alter hemodynamic
conditions, with procedures generally categorized as surgical manipulations, environmental
or drug exposure, and genetic manipulations. These different procedures alter the embryonic
hemodynamic environment by changing the blood viscosity, modifying pressure gradients,
and/or modifying cardiac cycle timings (Vermot et al., 2009). During early developmental
stages, when the heart is forming (looping and septation stages), the tiny (< 1mm)
dimensions of the heart and relatively small volume flow rate render small Reynolds and
Womersley number flows (Hove et al., 2003; Forouhar et al., 2006; Vermot et al., 2009). The
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flow of blood is therefore viscous-dominated.. However, it is important to note that cardiac
function and blood flow are intricately linked to each other in a closed-looped system. As
such, changing blood pressure affects blood flow, and thus shear stress on the endocardium;
changing viscosity also affects blood pressure and blood flow velocity. This implies that
after interventions shear stresses on endocardial cells as well as stresses in the heart wall will
both be modified. Thus, while different mechanisms can be investigated, when
experimenting /n vivo, it is impossible to completely uncouple the effects of shear stress on
the endocardium from those of blood pressure and cardiac mation that affect stresses in the
heart wall.

Because the early processes of heart formation are highly conserved amongst vertebrates, a
variety of species are used to study the effects of altered hemodynamics on cardiac
development, including chicken (Gallus gallus), zebrafish (Danio rerio), mouse (Mus
musculus), and sheep (Ovis aries). The avian, mouse, and sheep heart, like the human heart,
consists of four chambers (two ventricles and two atria). These models are useful to assess
four-chamber cardiac function and to reproduce conditions found in human babies.
Zebrafish have a two-chambered heart consisting of a single atrium and ventricle that push
blood into capillary beds in the gills before circulating throughout the body. Hence, their use
as a model is more restricted, but is still extremely valuable for understanding early
developmental processes such as valve formation. Avian and zebrafish embryos are
generated quickly, are economical to procure and maintain, and are readily accessible for
imaging and manipulation. Zebrafish tissue is optically clear, as is avian tissue at early
stages (looping stages and before), making them good candidates for video or light
microscopy studies. Zebrafish have the unique ability to survive without a heartbeat (i.e.
circulatory flow) throughout early stages of development, which enables researchers to
manipulate hemodynamic forces to a greater extent and further isolate their effects during
cardiac development (Kopp et al., 2005). Countless mutant lines are available for mice and
zebrafish, while genetic manipulation is hardly seen in avian models or sheep. Mice and
sheep can be used to study maternal-fetal hemodynamic interactions, especially during late
gestational stages (equivalent to third trimester pregnancy in humans). Extensive study of
fetal hemodynamic parameters in mammals often involves difficult invasive surgery and
instrumentation, which can be prohibitive in mice, and carries a high financial cost in sheep.
Each model, therefore, has advantages that can be exploited and disadvantages to overcome.

In summary, sheep models have been used to monitor the effects of blood flow conditions
during fetal, third-trimester human equivalent, stages. Meanwhile, early embryonic studies
have been performed in mouse, chicken and zebrafish models; chicken and zebrafish are
preferred due to their optical access and the relative ease of monitoring their blood flow. The
chicken embryo is widely used for surgical interventions to alter blood flow; mice and
zebrafish mutants are widely available for genetic studies. While the methods, stages, and
specific parameters assessed vary widely depending on the chosen animal model, the
different procedures to alter blood flow dynamics have been used to study complementary
aspects of the response of the developing heart to hemodynamic conditions.
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3.1 Surgical Manipulations

In order to study the direct effects of altered hemodynamics without the confounding effects
of drugs or genetic anomalies, many studies surgically modify blood flow to cause localized
and systemic changes in pressure and flow distributions. Because of their ease of access /n
ovo, avian embryos are primarily used in such studies, although certainly not to the
exclusion of other species.

Most surgical interventions to alter blood flow simply block or diminish flow going into or
out of the heart (Figure 3). Reducing blood flow into the heart frequently decreases cardiac
blood pressure and stroke volume, and therefore decreases cardiac hemodynamic load.
Occluding flow out of the heart results in increased cardiac blood pressure (with or without a
decrease in stroke volume), and thus increases cardiac hemodynamic load. In avian models,
surgical sutures or clips are used to reduce or halt blood flow through vessels or the heart.
Common manipulations to decrease load during tubular heart stages are left atrial ligation
(LAL) and left or right vitelline vein ligation (VVL) (Figure 3A and 3B, respectively); to
increase hemodynamic load, conotruncal or outflow tract banding (OTB) is performed
(Figure 3C) (Midgett and Rugonyi, 2014). Similar surgeries, albeit during fetal stages (fully
formed heart), have been performed in lambs wherein the left atrium is occluded with a
balloon catheter to block left ventricular inflow, or the ascending aorta is banded to partially
occlude left ventricular outflow (Fishman et al., 1978). In zebrafish, both heart outflow and
inflow have been occluded by inserting a microbead (Figure 3D and 3E) (Hove et al., 2003).
Cardiac defect phenotypes observed after interventions are listed in Table 2. Note that the
wide range of defects found in chicken embryos is in part due to different studies targeting
slightly different cardiac developmental windows, with perhaps slight differences in
interventions (for example, OTB phenotypes depend on band tightness and also the exact
location of the band or surgical suture employed). In all cases, both shear stress on the
endocardium and stresses (and deformations) in the cardiac wall have an important role in
the tissue remodeling that follows intervention, and perturbation in blood flow consequently
leads to structural cardiac defects. The range of cardiac defects found, moreover, is
indicative of the complexity and interlinkage of the mechanisms at play.

3.2 Teratogen or Pharmacological Exposure

When exposing embryos to potentially toxic environmental factors that alter blood flow, it
can be difficult to determine whether the observed effects are due to toxicity, unintended
consequences of the intervention, or the actual change in blood flow. There are, however, a
number of studies that subject embryos to substances specifically targeted at disrupting
hemodynamics. Since access to the cardiovascular system to surgically perturb blood flow is
difficult in zebrafish due to a proteinaceous membrane (chorion) enveloping the embryo
(Kohli and Elezzabi, 2008), pharmacological interventions are particularly common in
zebrafish embryos, although they exist in other animal models as well. For example, in
zebrafish, treatment with the calcium channel blocker and antihypertensive drug verapamil
caused a 50% decrease in ejection fraction, abnormally non-zero end-systolic area, and
decreased rates of diastolic filling and systolic pumping (Deniz et al., 2012). Anesthetics,
like tricaine, can also be used to reduce blood flow in zebrafish. Further, a compound like
2,3-Butanedione monoxime, an inhibitor of cardiac muscle contractions, affords researchers

Prog Biophys Mol Biol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Courchaine et al.

Page 10

the opportunity to study endocardial cushion formation and trabeculation in the absence of
blood flow and myocardial function (Bartman et al., 2004; Denvir et al., 2008). Avian
embryos exposed to trichloroethylene, an industrial solvent and short-term surgical
anesthetic, showed reduced dorsal aortic blood flow, increased passive-to-active
atrioventricular blood flow ratio, and increased mortality (Drake et al., 2006). Ethanol, a
well-known teratogen still being explored for its specific mechanisms of damage, caused
abnormal Doppler waveforms and increased levels of retrograde flow in conjunction with
underdeveloped atrioventricular cushions in avian embryos (Karunamuni et al., 2014).
Mouse embryos subjected to maternal lithium had both semilunar and atrioventricular valve
regurgitation, displayed a variety of altered hemodynamic parameters, and had decreased
morphometric measurements as compared to controls (Han et al., 2009). In all these cases,
although hemodynamic parameters are altered, other off-target pharmacological effects
cannot be ignored as they may lead investigators to make inaccurate conclusions. However,
with full characterization of compounds and careful experimental design (e.g. use of
complementary alternative models), pharmacological agents can be valuable experimental
tools for studying the effects of altering embryonic hemodynamics during heart formation.

3.3 Genetic Manipulations

Genetic manipulations are not commonly used to specifically investigate the relationship
between altered hemodynamic conditions and heart development; however, a handful of
transgenic and morphant models with altered flow have been instrumental in defining the
role of hemodynamics on cardiac formation. While surgical interventions physically impede
or restrict blood flow, genetic manipulations achieve perturbed blood flow by targeting genes
that regulate hematopoiesis (and therefore blood viscosity), cardiac contractility, or pace
making. Another interesting approach is to target genes that sense blood flow in order to
alter the normal response to hemodynamics. As with teratogenic or pharmacological
interventions, however, it can be difficult to tease apart the effects of genetically altered flow
from those of unintended genetic interactions and/or compensatory pathways.

Mouse and zebrafish models have been used extensively for genetic manipulations, and
transgenic lines are widely available for both species (Koushik et al., 2001; Huang et al.,
2003; Hwa et al., 2017). Transgenic lines that express fluorescent probes driven by a chosen
promoter have been widely used both for visualization and lineage studies, and are often
bred into other mutant lines to augment analysis (Auman et al., 2007; Zhang et al., 2014;
Samsa et al., 2015; Lee et al., 2016; Battista et al., 2017). Zebrafish embryos are especially
good candidates for genetic manipulation in developmental studies due to their small size,
external fertilization, rapid ontogeny, optical clarity, and accessibility. Transgenic mouse
models have played an important role in shaping our understanding of heart development;
however, in comparison to zebrafish, generation time is longer and associated costs are
higher. Moreover, as a mammalian model, access to the mouse embryo for in vivo imaging
and manipulation is hampered. Nevertheless, since some processes in zebrafish heart
development are divergent from those of mammals (e.qg., the zebrafish heart has only two
chambers, and the placenta is absent), mouse models are irreplaceable in some studies.
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Genetic manipulations to alter flow mainly include approaches aimed at altering
hematopoiesis and cardiac contraction. For example, by silencing gatal and gataZ? genes,
which control early hematopoiesis in zebrafish, morphants with significantly reduced blood
viscosity were obtained. GataZ morphants had no circulating red blood cells and a 90%
reduction in blood viscosity; gataZ morphants had 72% fewer red blood cells and 70% lower
blood viscosity compared to control embryos (Vermot et al., 2009). These morphants were
used to establish the role of oscillating flows and shear stress on the endocardium in
valvulogenesis (Vermot et al., 2009) and ventricular trabeculation (Lee et al., 2016).

Another commonly studied example is the sifent heart (sih™”") zebrafish, which has a
mutation in the gene encoding cardiac troponin T (Tnnt2), a protein that is essential for
myocardial sarcomere assembly and contractility. Sifent heart mutants lack a heartbeat and
therefore blood flow (Bartman et al., 2004). Similarly, by knocking out the AMcxI gene
encoding the sodium-calcium exchanger protein 1 in mice, mutant embryos without a
heartbeat or blood flow were obtained. In both the si7~ zebrafish and the McxZ knockout,
embryos lacked endocardial cushion development, while looping and chamber specification
remained unaffected (Koushik et al., 2001; Sehnert et al., 2002; Bartman et al., 2004).
Studies with s~ zebrafish and NcxZ knockout mice support the idea that endocardial
cushion development is exquisitely sensitive to changes in myocardial function (Koushik et
al., 2001; Bartman et al., 2004; Bartman and Hove, 2005; Hwa et al., 2017).

As an alternative to direct perturbation of embryonic blood flow, other studies have used
genetic approaches to target mechanosensory pathways to impair the developing
cardiovasculature’s ability to sense changes in hemodynamics. Knockdown of a gene
encoding a protein subunit required for assembly of primary cilia, the intraflagellar transport
protein 88 (/7t88), resulted in mouse embryos with non-ciliated endothelial cells (Clement et
al., 2009). Phenotypic analysis revealed malformations in the OFT and ventricles of //887~
embryos. These findings support the idea that primary cilia act as wall shear stress
mechanosensors for endothelial and endocardial cells, allowing them to regulate OFT
maturation and trabecular development in the ventricles in response to flow (Clement et al.,
2009; Andrés-Delgado and Mercader, 2016). The observed structural anomalies of /72887~
embryos, however, undoubtedly alter blood flow patterns, making it difficult to isolate the
primary and secondary effects of cilia loss (Slough et al., 2008; Clement et al., 2009). As is
the case with any genetic model, careful consideration must be given to the unintended
effects of targeted knockouts.

3.4 Altered Hemodynamics: an Underlying Cause of Cardiac Malformation

Numerous studies have demonstrated that hemodynamics cannot be neglected as a variable
affecting cardiac development. Blood flow is intricately linked to any manipulation that
alters heart development, including genetic modifications, which frequently result in
perturbations to blood flow. Perhaps not surprisingly, perturbed blood flow conditions lead
to cardiac malformation phenotypes that independently arise from known gene mutations
and teratogen exposures (Rugonyi, 2016; Midgett et al., 2017b). Whether some of these
mutations and exposures also lead to altered blood flows that could ultimately underlie the
cardiac malformation is not known, but it is certainly an interesting topic of investigation. It
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is worth mentioning, however, that since different processes that shape heart development
occur during specific developmental periods, the temporal window of exposure to altered
blood flow conditions (as well as teratogens and genetic modifications) plays an important
role in the range of cardiovascular defects that could result from the exposure. When taken
together, the wealth of studies done over the last half century (and more) point to a highly
complex interplay of blood flow patterns and tissue remodeling in which physical and
biological variables play intricately interwoven and crucial roles in the development of the
cardiovascular system.

4. Characterizing Early Changes in Hemodynamic Conditions

A growing number of methods exist for characterizing the hemodynamic conditions under
which the early embryonic heart develops. The challenges presented by the small size of the
embryonic heart, the frequency at which it beats, and its optical access are considerable, and
technology has been continually evolving to provide more detailed and accurate information
about flow dynamics within the embryonic cardiovascular system. Each measurement
technique has its own advantages and limitations and must be carefully chosen to suit the
experimental application, taking into consideration the species, stage of development, and
parameters of interest. Moreover, methods are frequently used in conjunction with each
other to present a more complete picture of the hemodynamic environment. Common
technologies for direct measurement of embryonic hemodynamic parameters and cardiac
motion currently include servo-null micropressure systems, ultrasound, video microscopy,
confocal microscopy, light sheet microscopy, and optical coherence tomography (OCT). In
addition, particle image velocimetry (PIV) is a common technique that uses data from
diverse imaging modalities to compute velocity profiles. Moreover, computational fluid
dynamics (CFD) modeling is used to precisely compute shear stresses on the endocardium
and the details of blood flow velocity distributions in two or three dimensional models of the
heart or region of interest within the heart or vasculature.

4.1 Servo-null Micropressure Systems

The instrument most often employed to measure embryonic blood pressure is the servo-null
micropressure system, which is specifically designed to measure small blood pressure values
in tiny regions with good dynamic performance. The method is widely applied and has been
used in chick, zebrafish, mice, rat, and frog embryos (Nakazawa et al., 1985; Stewart et al.,
1986; Nakazawa et al., 1988; Hu and Clark, 1989; Hou and Burggren, 1995; Chabert and
Taber, 2002; Ishiwata et al., 2003; Kopp et al., 2005; Lucitti et al., 2005). In a servo-null
system, blood pressure is measured at the tip of a fluid-filled micropipette inserted into the
lumen of the heart or vascular vessel. The saline fluid inside the micropipette (which
produces an electron concentration gradient) is displaced when the lumen pressure changes.
By measuring the internal pressure needed to force the micropipette fluid back to a user-set
neutral point, blood pressure can be measured accurately and with good temporal resolution
(https:/iwww.wpiinc.com/products/top-products/sys-900a-micropressure-system/). In
contrast, traditional solid-state catheter pressure systems are generally too large for use in
developing embryos (Le et al., 2012), and conventional fluid-filled transducers have poor
temporal resolution for the high frequency at which the embryonic heart beats (Ishii et al.,
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2001; Le et al., 2012). The drawbacks of the servo-null system include its requirement for
custom-pulled nonconductive glass or polyethylene micropipettes (Heineman and Grayson,
1985; Le et al., 2012), and that the system’s zero balance is sensitive to temperature
(Nakazawa et al., 1986). However, the micropipettes’ small size (0.5-10um (Wiederhielm et
al., 1964; Heineman and Grayson, 1985; Stewart et al., 1986; Nakazawa et al., 1988; Hu and
Clark, 1989; Chabert and Taber, 2002), depending on the application) minimally disturbs the
blood flow environment while an accurate pressure curve is recorded. Servo-null blood
pressure measurements are often taken in the ventricle(s)(Hou and Burggren, 1995; Chabert
and Taber, 2002; Shi et al., 2013), vitelline arteries (Nakazawa et al., 1985; Nakazawa et al.,
1986; Stewart et al., 1986; Hu and Clark, 1989; Broekhuizen et al., 1999), and the dorsal
aorta (Lucitti et al., 2005; Shi et al., 2013), and have been taken in the truncus arteriosus and
conus arteriosus as well (Hou and Burggren, 1995). This method allows researchers to
monitor blood pressure in the embryonic cardiovascular system /7 vivo.

4.2 Ultrasound

Ultrasound is possibly the most ubiquitous method for assessing hemodynamic parameters
in developing embryos. It is popular for use in humans (Chang et al., 2000; Liu et al., 2016)
and in mice, and while the size of the probe can be cumbersome for chick studies; it has
been used both /7 ovoand ex ovo (Figure 4A) (Stewart et al., 1986; Hu and Clark, 1989;
Lucitti et al., 2005; McQuinn et al., 2007; Oosterbaan et al., 2009). In conjunction with
ultrasound structural images, pulsed-wave Doppler ultrasound enables depth-specific blood
velocity measurement (Atkinson and Wells, 1977) and is the basis for color Doppler
technology, which provides images of color-mapped flow fields. However, because velocity
is measured in the direction of the Doppler beam, the angle of the vessel centerline and the
angle of the beam must be known in order to calculate absolute velocity magnitude
(Kowalski et al., 2014). While this is a limiting factor, the non-invasive nature, good
temporal resolution and availability of ultrasound systems have made ultrasound the
standard method for decades (Hove, 2006; Kowalski et al., 2014). High-frequency
ultrasound, also known as ultrasound biomicroscopy (UBM), has been further developed to
examine morphological changes in the smaller embryonic cardiovascular systems. UBM
transducers have frequencies between 30 and 55 MHz, considerably higher than the 2-15
MHz used in human clinical applications (McQuinn et al., 2007; Hahurij et al., 2014; Liu et
al., 2016). These high frequencies allow for up to 30 um axial and 75 um lateral spatial
resolution (Phoon and Turnbull, 2003; McQuinn et al., 2007). Such detail is sufficient to
capture accurate structural and flow velocity images of mouse and chick embryonic
morphology and heart dynamics, as early as late tubular stages. UBM in combination with
Doppler ultrasonography is a powerful tool for studying the mechanics of the developing
heart.

4.3 Video Microscopy

For optically accessible hearts, such as those in early chick (<5 days of incubation)
(McQuinn et al., 2007), frog (Deniz et al., 2012), and zebrafish embryos, simple video
microscopy can provide a wealth of information on the hemodynamic conditions within the
heart. A camera mounted on an inverted microscope records the beating heart, and the
resulting images are used to measure heart rate, cardiac rhythm, vessel diameters, blood

Prog Biophys Mol Biol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Courchaine et al.

Page 14

velocity, heart tube shape, and/or changes in heart wall motion (Suga et al., 1973; Hou and
Burggren, 1995; Kopp et al., 2005; Lucitti et al., 2005; Jamison et al., 2013; Liu et al.,
2016). From these measurements and possibly in combination with pressure data,
parameters such as shear stress on the endocardium, stroke volume, cardiac output, ejection
fraction, systolic and diastolic area as well as inflow/outflow rates, total arterial compliance,
and total vascular resistance may be calculated (Kopp et al., 2005; Lucitti et al., 2005; Deniz
et al., 2012; Jamison et al., 2013; Stovall et al., 2016). Video microscopy is limited in that it
can provide very little information in the direction perpendicular to the imaging plane.
However, depending on the capabilities of the camera and optical microscope, spatial and
temporal resolution can be excellent, making video microscopy an ideal and readily
available method for experimental use in cardiac developmental studies (Figure 4B).

4.4 Confocal and Light Sheet Microscopy

Confocal and light sheet microscopy are used on optically clear (living or fixed) tissue
samples that have endogenous or labeled fluorescence. Due to the combined need for easy
access and optically clear tissue, these techniques have been used /in vivo mainly with
chicken and zebra fish embryos. In confocal microscopy, a laser beam focused to a point
through a pinhole (Liebling et al., 2005; Huss et al., 2015) excites the fluorophores in a
specific small region of the sample, and the fluorescent light intensity is collected and
recorded to form an image. In light sheet microscopy, a plane of tissue is excited by
illuminating the sample through a slit aperture. The emitted fluorescence perpendicular to
the plane is then captured and recorded, forming an image (Lee et al., 2016). Fluorescence
from cardiovascular tissue yields structural information (Hove et al., 2003; Hove, 2006;
Hierck et al., 2008), and, when combined with either time lapse microscopy or a fast
acquisition system, can provide data on morphogenesis and tissue motion (Liebling et al.,
2005; Huss et al., 2015; Lee et al., 2016). Fluorescence from labeled blood cells, on the
other hand, renders data on flow dynamics (Hove et al., 2003; Hove, 2006; Lucitti et al.,
2007; Larina et al., 2009; Boselli and Vermot, 2016). Images are typically collected in plane,
but 3D (Hierck et al., 2008) and 4D (3D through time) (Liebling et al., 2005; Lee et al.,
2016) reconstructions can be assembled by collecting image sequences in z-stacks (Figure
4C). Confocal and light sheet microscopy, therefore, have the capability to provide all the
information of video microscopy with the crucial addition of the third (perpendicular to the
imaging plane) spatial dimension.

4.5 Optical Coherence Tomography

OCT is often described as the optical analog to ultrasound. Light interferometry is used to
measure the echo time delay of a light beam directed at a sample, which captures the native
contrast between tissue layers (Figure 4 D1), enabling tomographic images. Additionally,
the velocity of light-scattering particles (i.e. red blood cells) can be calculated from their
Doppler phase shift between adjacent scan lines (Larina et al., 2011; Midgett et al., 2015)
(Figure 4 D2). A main advantage of OCT is that it can simultaneously acquire structural and
Doppler images of the heart or a portion of the vasculature, allowing evaluation of both
cardiac motion and blood flow dynamics. Penetration depth, resolution, and acquisition
speed all depend on the specifics of the system. Penetration depth in embryonic tissue is at
most a couple of millimeters, but OCT is capable of axial resolution as fine as 2um (Jenkins
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etal., 2007; Larina et al., 2011). The most advanced OCT systems can gather 2D image
sequences at well over a hundred frames per second (Jenkins et al., 2007; Shi et al., 2013),
enabling accurate structural and Doppler velocity acquisition over the embryonic cardiac
cycle. OCT’s ability to capture detailed structure and flow information in real time has made
it an increasingly popular tool for studying embryonic hemodynamics, and it has been
applied to studies in avian, frog, zebrafish, mouse, and rat embryos (Larina et al., 2011).

4.6 Particle Image Velocimetry

PIV is used to calculate flow velocity profiles and flow fields from /in vivoimages. Through
a specialized algorithm, PIV tracks the motion of blood cells or other particles (typically
added to the flow) imaged with modalities such as video microscopy (Jamison et al., 2013),
confocal microscopy, light sheet microscopy or other methods (Poelma et al., 2010). By
tracking motion, in-plane particle velocities can be computed and velocity profiles depicted
on a 2D region of interest (Vennemann et al., 2006; Poelma et al., 2010) (Figure 4B). While
optical access is typically required, PIV provides information on blood flow velocity
distributions in 2D. PIV is useful in cases where ultrasound is infeasible, such as areas of
very slow flow or in very small, early embryos, and when the velocity profile is needed to
estimate shear stress on the endocardium or secondary flows.

4.7 Computational Fluid Dynamics

Computational methods typically take as input experimental data and use theoretical models
to calculate parameters that cannot be measured directly. CFD can calculate detailed 3D and
4D blood flow fields (3D velocity vectors over time) and distributions of shear stress on the
endocardium using cardiovascular geometries extracted from micro computed tomography
(microCT) (Butcher et al., 2007; Kowalski et al., 2013), OCT (Goenezen et al., 2015;
Midgett et al., 2015), confocal microscopy (Hierck et al., 2008; Menon et al., 2015; Boselli
and Vermot, 2016), light sheet microscopy (Lee et al., 2013; Lee et al., 2016) or other
imaging modalities (Figure 4C). This is in contrast to Doppler techniques, which can only
measure one component of the three-dimensional velocity vector, and PIV techniques, which
measure two dimensions. Furthermore, CFD can be applied in vessel structures that are not
optically accessible for PV (Kowalski et al., 2014) and/or too small for accurate Doppler
ultrasound acquisition. Reconstruction of cardiovascular geometries and their motion over
the cardiac cycle for CFD simulations is achieved through a combination of image
acquisition strategies and image registration algorithms. Care must be taken with
assumptions about material properties, and validation strategies are required to ensure that
calculated velocities are accurate, but the ease with which detailed flow distributions within
the lumen volume (including recirculating regions and secondary flows) and shear stresses
on endocardial and endothelial layers can be calculated makes CFD an invaluable
methodological asset.

In practice, a combination of measurements and flow modeling techniques are used to
quantify hemodynamics during heart development. These quantifications will eventually
lead to a better understanding of the forces and hemodynamic stimuli exerted by blood flow
during development and how these stimuli influence cardiovascular formation.
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The focus of this section is on reviewing the effects of altering hemodynamic conditions in
chicken embryos during a particular developmental window. The targeted developmental
window is important, as it defines the developmental processes that might be affected by
perturbations in blood flow. The looping stages of cardiac development have been the target
of several interventions to alter blood flow, e.g., (Clark et al., 1989; Hogers et al., 1997;
Keller, 1998; Sedmera et al., 1999; Midgett and Rugonyi, 2014; Menon et al., 2015; Rennie
et al., 2017), because the looping tubular heart is very sensitive to flow conditions. In
chicken embryos, altering blood flow between HH18 and HH24 (about 3 to 4 days of
incubation) potentially affects the development of ventricular trabeculation, OFT EMT,
migration and proliferation of secondary heart field and mesenchymal cells, and in general
the maturation of myocardial cells and the cardiac conduction system. We will focus here on
previous studies by our group which examined flow perturbations in this developmental
window (HH18 to HH24; see Figure 5).

Surgical interventions to alter hemodynamics (OTB and VVL, Figures 3C and 3A,
respectively) were performed at HH18 (~day 3 of incubation, Figure 5). In VVVL embryos,
blood flow was totally obstructed in all samples and angiogenesis bypassed the ligation
about 5 hours after intervention, which resulted in a transient but consistent reduction in
flow of about 50% (Figure 6A) (Midgett et al., 2017b). In contrast, flow disruptions from
OTB persisted until the band was removed 24 hours later (Figure 6A), and increases in blood
flow velocity at the band site depended on the degree of constriction of the outflow tract, i.e.
the band tightness (see Figure 6B) (Shi et al., 2013; Midgett et al., 2014). Furthermore, the
band tightness had a direct effect on the degree of remodeling within the banded OFT
cushions: Relative to controls at the same stage, cardiac tissues collected 24 hours after OTB
showed increases in cushion cell density and decreases in endocardial cell and VE-cadherin
surface density proportionate to their band tightness (see Figure 7) (Midgett et al., 2017a).
Since anomalous endocardial cushion formation and remodeling are associated with heart
malformations, these studies imply that varying the degree of hemodynamic perturbation
could lead to specific cardiac anomalies in a ‘dose-response’ way.

In order to investigate whether type and degree of hemodynamic perturbation would indeed
lead to distinct malformation phenotypes, embryos were incubated until HH38, when the
heart is fully formed (Figure 5). By carefully analyzing /n vivo cardiac ultrasound data and
microCT images of the HH38 hearts, we were able to draw two main conclusions about the
effects of early transient flow perturbation on heart formation. First, we found that the
number of hearts with overt structural malformations was significantly higher for surgically
intervened embryos than for controls. Control embryos had no defects, VVL showed about
35% incidence of defects, and for the more constricted banded cases (20-60% band
tightness), defect incidence in surviving embryos was as high as 60% (Figure 8A). Second,
we found that phenotypic incidence seemed to depend on the hemodynamic perturbation
(Midgett et al., 2017b) (Figure 8B). Among malformed hearts, by far the most common
malformation was a ventricular septal defect (VSD), which is also the most common cardiac
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malformation in humans. Perimembranous VSD, which is a discontinuity in the upper
section of the interventricular septum, occurred in the range of 20-40% band tightness.
Conoventricular VSD, wherein the septum is discontinuous just below the semilunar valves,
occurred for > 30% band tightness and in VVVL embryos. There was a single incidence of a
muscular VSD, characterized by discontinuity in the lower, muscular section of the septum,
in the 30-40% band tightness range. We also found cases of Tetralogy of Fallot (TOF),
characterized by VSD in combination with pulmonary stenosis, right ventricular
hypertrophy, and oversized, overriding aorta; and cases of double outlet right ventricle
(DORYV), which is characterized by VSD in combination with an anomalous alignment of
the great arteries with the right ventricle. Both TOF and DORYV are rare malformations in
human babies, but are also among the most serious conditions; they occurred for >30% band
tightness, with DORV appearing more frequently than TOF. The incidence of TOF and
DORYV for the more constrained cases (> 30% band tightness), which underwent the most
severe changes in blood pressure and shear stress on the OFT endocardium (Figure 6B),
perhaps reflects on the low incidence of these defects among human babies. We also found
cases of pharyngeal arch artery (PAA) malformation. Interestingly, PAA alone (not in
combination with DORV or TOF) was only found in VVL embryos. In sum, while a given
early hemodynamic perturbation does not exclusively correspond to a specific cardiac
defect, malformation phenotypes occur within specific and sometimes distinct ranges of
hemodynamic perturbation.

6. Conclusions

Human babies with congenital heart disease present with many different malformation
phenotypes. While the most common form of cardiac malformation is VSD, certainly other
cardiac defects such as TOF, DORYV, and valve malformations, among others, occur.
Interestingly, these defects can be reproduced by genetic manipulations, teratogen exposure,
and particular perturbations in blood flow. The several different etiologies that lead to the
same heart malformation argue in favor of a complex interplay among diverse factors
(genetic, biochemical, biomechanical, environmental) leading to cardiac malformations.
Hemodynamics plays a historically underappreciated but essential role in regulating cardiac
morphology and cardiac tissue responses. New research into how exactly hemodynamics
regulate cardiac development and the effects of disturbing those regulatory mechanisms is
emerging and has the potential to revolutionize the way we understand malformation
phenotypes and the causes of congenital heart disease.

In the meantime, it is interesting to consider how seemingly different insults to the
developing cardiovascular system can all lead to the same heart defect(s), and vice versa. In
analyzing and treating human cases with the same diagnosis, i.e. the same cardiac
malformation phenotype, the first and perhaps more important issue may be to question how
similar the cases really are. In particular, was convergence to the same phenotype achieved
through entirely different biological paths, or through paths that converged before the
malformation fully developed? The answer to this question may have important implications
for how we treat congenital heart disease. If different etiologies for the same malformation
lead to different heart tissue compositions or cellular responses (meaning, the same
phenotype was achieved through different biological paths), then each case might need to be

Prog Biophys Mol Biol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Courchaine et al.

Page 18

considered independently, through personalized approaches. On the other hand, if similar
malformation phenotypes are also accompanied (perhaps in a subset of cases) by similar
cardiac composition and cell responses (phenotype convergence was through convergent
paths), then we can envision treatment strategies — beyond surgical repair — tailored to the
phenotype (e.g. anti-fibrotic treatment). In the latter case, an interesting question also
emerges: how is it that different insults result in exactly the same defects? What is it that
ultimately drives convergence to the malformation phenotype? In this context, it is also
interesting to point that the same “insult’ such as a change in hemodynamic conditions can
lead to different malformation phenotypes depending on the level (‘dose’) of the
perturbation. This finding perhaps argues for some level of predictability in the response to
flow. It also prompts a fundamental question, can flow be manipulated early on to avoid or
diminish the severity of heart malformations? In answering all these questions, we might
find ways of treating cardiac malformations before they completely develop, and ultimately
devise ways of rescuing babies from congenital heart disease.
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Abbreviations

VSD ventricular septal defect
TOF Tetralogy of Fallot

DORV double outlet right ventricle

AVV atrioventricular valve malformation
PAA pharyngeal arch artery malformation
OCT optical coherence tomography

PIV particle image velocimetry

UBM ultrasound biomicroscopy

microCT  micro computed tomography

CFD computational fluid dynamics
OoTB outflow tract (conotruncal) banding
VVL vitelline vein ligation

LAL left atrial ligation

OFT outflow tract (conotruncus)

AVC atrio-ventricular canal
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HH Hamburger-Hamilton stage
EMT endothelial-to-mesenchymal transition
ECM extracellular matrix
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A

Figure 1. Cardiac formation stages
(A) Cardiogenic cords, (B) linear tubular heart, (C) looped tubular heart, (D) cardiac

septation, and (E) fully formed four-chambered heart. OFT: outflow tract, AVC:
atrioventricular canal, C: endocardial cushion, V: primitive ventricle, T: trabeculae, A:
primitive atrium, RA: right atrium, LA: left atrium, RV right ventricle, LV: left ventricle,
IVS: interventricular septum, PV: pulmonary valve, PA: pulmonary artery, MV: mitral valve,
AoV: aortic valve, TV: tricuspid valve. The roman numbers in (C) and (D) correspond to the
numbers assigned to the pharyngeal arch arteries (6 in total over developmental stages).
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endothelial cells

Figure 2. Schematics of endothelial-to-mesenchymal transition (EMT)
Left: schematic representation of the looped tubular heart depicting cushions in the outflow

tract (OFT) and atrioventricular canal (AVC), as well as trabecular structures in the primitive
ventricle (V). Inset: details of EMT in the AVC cushions, wherein a subset of activated
endothelial cells (navy) delaminate from the endocardium, elongate, develop filopodia,
migrate into the cardiac jelly, which is composed of extracellular matrix including some
fibril proteins, and acquire a mesenchymal phenotype (pink). See Table 1 for relevant
developmental periods.
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A

Figure 3. Surgical Manipulations
Illustrations of (A) VVL in an HH17 avian embryo (B) LAL in an HH21 avian heart, (C)

OTB in an HH18 avian heart, (D) microbead outflow occlusion and (E) microbead inflow
occlusion in a 57 hpf zebrafish heart. See Table 1 for staging details. Illustrations adapted
from Midgett 2014 and Hove et al 2003, with reference to videos from (Al Naieb et al.,
2013). Blue shapes indicate sutures/clips/beads, red lines indicate blood flow. A lone bar-
headed line indicates complete occlusion (A,D, and E) and a bar-headed line paired with a
dashed arrow-headed line (B, C) indicates partial occlusion and perturbed flow. H: heart, E:
eye, AVC: atrioventricular canal, OFT: outflow tract, V: ventricle, RA: right atrium, LA: left
atrium, SV: sinus venosis, A: atrium.
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Figure 4. Characterizing Hemodynamics
(A) Ultrasound trace for 1) untreated and 2) ethanol-injected HH19 avian embryos.

Reproduced from (Peterson et al., 2017). (B1) video microscopy frame of a 3 dpf zebrafish
heart, overlaid with 2D velocity vector field calculated using PIV; (B2) 2D WSS distribution
calculated using the velocities from (B1). Reproduced from (Jamison et al., 2013). (C1)
surface reconstructed from a confocal microscopy z-stack of an HH14 avian embryo; (C2)
confocal microscopy image, overlaid with 3D velocity vector field calculated using PIV and
validated with CFD performed using the mesh from (C1). Reproduced from (Hierck et al.,
2008). (D1) OCT structural image of an HH18 avian outflow tract; (D2) concurrently
collected Doppler OCT image (both overlaid with blue curves delineating the myocardium).
Adapted from (Midgett et al., 2014). WSS: wall shear stress, OFT: outflow tract, V:
ventricle, AVC: atrioventricular canal, A: atrium, dpf: days post fertilization.
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Figure 5. Schematics of experimental design
Blood flow was perturbed at HH18 through VVL or OTB, and resulting blood flow

dynamics were measured 2 hours after intervention. Embryos were then reincubated to
HH24 (~24 hours after intervention) and either collected for further analysis or had their
hemodynamics restored (for OTB embryos). Embryos that were not collected were then re-
incubated and analyzed for structural cardiac malformations at HH38, when the heart was
fully formed.
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Figure 6. Measured hemodynamics after interventions
(A) Maximum blood velocity after interventions. Interventions performed at HH18; band

removed at HH24. Constriction of banded embryos ranged between 21 and 52% tightness.
Standard deviation is displayed as error bars. Asterisk: statistically significant differences
between experimental and control embryos (n=8, p<0.05). (B) Altered hemodynamics after
outflow tract banding. Hemodynamic response to outflow tract band tightness, produced
from previously published data (Shi et al., 2013; Midgett et al., 2014). Vertical lines outline
ranges of constriction used for further analysis, and standard deviation of controls are
displayed as error bars. CON: surgical sham control, VVL.: vitelline vein ligated, OTB:
outflow tract banded. Reproduced from (Midgett et al., 2017b).
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Figure 7. EMT vs band tightness in chicken embryos at HH24 with banding performed at HH18
(A) Cushion cell density and cell count per endocardium length quantitated from DAPI stain

imaged with confocal microscopy. (B) Endocardial cell junctions per endocardium length
guantitated from confocal immunofluorescent images stained for VE-cadherin. Reproduced

from (Midgett et al., 2017a).
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Figure 8. Cardiac defects depend on the level of hemodynamic perturbation
(A) Overall defect incidence among surviving embryos. Embryos were grouped by band

tightness, VVL intervention, and controls were also included. (B) Separate defect type
incidence among surviving embryos, by embryo group. CON: normal control, OTB: outflow
tract banded embryos, VVL: vitelline vein ligated embryos, VSD: ventricular septal defect,
CV VSD: conoventricular VSD, PM VSD: perimembranous VSD, M VSD: muscular VSD,
DORYV: double outlet right ventricle, TOF: Tetralogy of Fallot. Reproduced from (Midgett et
al., 2017b).
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Table 1

Timings of major events in heart development.

Human(days) Mouse(E) Chick (HH (days)) Zebrafish (hpf) Major events in heart development
15 7.5 7(1) 175 Cardiac crescent
21-22 85 8-9 (1.3) 18-19.5 Fusion of paired heart tubes
22 8.5 10 (1.5) 22 First myocardial contractions
22 8.5 9-10 (1.5) 30 Cardiac looping initiates
24 85 10 (1.5) 24 First blood flow through the heart
26 9.5 16-17 (2.5) 48 Ventricular trabeculation starts
28 9.5 12-13 (2) 60 First definable endocardial cushions
56 125 21-23 (3.5-4) 105 Appearance of primordial atrioventricular valves
56 125 28-29 (5.5-6) Appearance of primordial semilunar valves
48-56 10.5-13.5 16-46 (2-21) Atrial septation
52-56 11.5-135 25-34 (4.5-8) Outflow tract septation
52-64 11.5-135 19-34 (3-8) Ventricular septation

Page 35

Comparison among human, mouse, chick and zebrafish; the latter three are frequently used as models of heart development. Human staging is
given in days, mouse staging in embryonic day (E), chick staging in Hamburger-Hamilton staging (HH)(Hamburger and Hamilton, 1992) and
approximate days of incubation, and zebrafish staging in hours post fertilization (hpf).

Note: The zebrafish heart has a single atrium and ventricle thus some aspects of heart morphogenesis differ from those of human, mouse and
chicken. Adapted from (Lindsey et al., 2014)with additional data from (Stainier et al., 1993; Hu et al., 2000; Beis et al., 2005; Martinsen, 2005;
Martinsen and Lohr, 2005; Martin and Bartman, 2009; Krishnan et al., 2014; Captur et al., 2016).
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Common surgical manipulations to alter hemodynamics and their effects on heart development.

Decreased hemodynamic load

Increased hemodynamic load

Avian (Midgett 2014)

VVL:

- AVV
- SLvV
DORV

LAL:
- LHH

- PAA
- AVV
- SLvV

OTB:

- VSD
- PAA

- AWV

- DORV

- TOF (Midgett 2017)

Zebrafish (Hove et al
2003)

Blocked inflow:
- severe regurgitation of blood inside heart

- reduced blood flows

dramatically reduced (~tenfold) shear forces
- lack of heart looping

unformed bulbus

walls of inflow and outflow tracts collapsed
and fused (sign of altered/missing AV valve)

Blocked outflow:

severe regurgitation of blood inside heart

- reduced blood flows

dramatically reduced (~tenfold) shear forces
- lack of heart looping

unformed bulbus

walls of inflow and outflow tracts collapsed and
fused (sign of altered/missing AV valve)

Lamb (Fishman et al
1978)

LV inflow obstruction:
- decreased mean LVO

- decreased LV/right ventricular (RV) weight
ratio

decreased mean LV/RV chamber volume
(early form of LHH)

decreased fetal placental blood flow

LV outflow obstruction:

- decreased mean LVO

- doubled mean LV/RV wall thickness

- halved mean LV/RV chamber volume

- increased LV mass occurred (hyperplasia)

decreased mean LV/RV weight ratio, almost
nonexistent LV chamber (severe congenital
aortic stenosis)

decreased fetal placental blood flow

VSD: ventricular septal defect, PAA: pharyngeal arch artery malformation, AVV: atrioventricular valve malformation, SLV: semilunar valve
malformation, DORV: double outlet right ventricle, LHH: left heart hypoplasia, LVO: left ventricular output; LV: left ventricle, RV: right ventricle.
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