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ABSTRACT OF DISSERTATION 

 

Integrating Light-Sheet Imaging and Cardiac Hemodynamic Shear Forces to Study 

Trabeculation 

 

by 

 

Juhyun Lee 

Doctor of Philosophy in Bioengineering 

University of California, Los Angeles 2016 

Professor Tzung Hsiai, Chair 

 

Hemodynamic forces such are intimately linked with cardiac morphogenesis. 

Defects in genetic programming during cardiac development result in functional and 

functional anomalies. During heart development, the trabeculae form a network of 

branching outgrowths from the ventricular wall, and both trabeculation and compaction 

are essential for normal cardiac contractile function. A significant reduction in 

trabeculation is usually associated with ventricular compact zone deficiencies 

(hypoplastic wall), whereas hypertrabeculation (non-compaction) is closely associated 

with left ventricular non-compaction (LVNC). The former condition predisposes patients 

to embryonic heart failure and lethality, and the latter to arrhythmia and heart failure with 

preserved ejection fraction. Left ventricular non-compaction (LVNC) is the third most 

common cardiomyopathy after dilated and hypertrophic cardiomyopathy in the pediatric 
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population. Its prevalence was estimated from 4.5 to 26 per 10,000 adult patients referred 

for echocardiographic diagnosis. Despite these important clinical observations over the 

past 3 decades, the etiology of LVNC is largely unknown. While the majority of clinical 

studies is based on the anatomical feature of LVNC in the adult patients, there remains a 

poor genotype-phenotype association in LVNC patients, and a paucity of knowledge on 

the mechano-signal transduction of trabeculation and compaction during cardiac 

development. Notch signaling, and Notch pathway mediates differentiation and 

proliferation of trabecular myocytes. However, the mechanotransduction mechanisms 

underlying endocardial shear stress and the initiation of trabeculation remain elusive.  

The goal of my work was to study how endocardial WSS activates Notch signaling 

to promote the initiation of trabeculation. Zebrafish was utilized as our model organism to 

study the changes in Notch signaling during trabeculation since they provide many 

advantages in studying these developmental phenomena, such as rapid organ 

development, high fecundity, and are optically transparent during early embryonic stages. 

Furthermore, the genes related to congenital heart disease genes in humans are 

conserved in zebrafish. This study will provide a deeper understanding of the 

mechanisms that drive of cardiac morphogenesis in zebrafish model and contribute to 

developing therapies for humans with CHD. 

Zebrafish cardiac development can be visually assessed in transgenic zebrafish 

with fluorescently labeled proteins to visualize the heart or endocardium. Through a series 

of acquired image, we computationally reconstructed 4-dimensional (x,y,z,t) in vivo 

cardiac images using Selective Plane Illumination Microscopy (SPIM) using a custom 

synchronization algorithm. These 4-D SPIM images provided the visual assessment of 
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zebrafish cardiac mechanics and cardiac flow, which allowed for the quantification of 

endocardial WSS by Computational Fluid Dynamics (CFD). Zebrafish blood viscosity, a 

key parameter in calculating endocardial WSS, has not been previously measured due to 

technical challenges with small sample size and extremely limited blood volumes. To 

address this issue, we have developed a capillary pressure-driven microfluidic channel to 

measure viscosity across a range of shear rates. This allowed us to also determine the 

relationship between zebrafish hematocrit and blood viscosity in our studies. We then 

modulated zebrafish endocardial WSS by genetically reducing blood viscosity and 

hematopoeisis via gata1a-MO injection to examine changes in trabeculation. We 

observed changes in Notch signaling related genes expressions which was supported by 

Tg(tp1:gfp) which provided spatial Notch signaling expression levels. Furthermore, co-

injection of Nrg1 mRNA with gata1a-MO was applied to rescue Notch activation by 

promoting cardiac contractility induced by trabeculation. This multidisciplinary approach 

to study ventricular morphogenesis via Notch signaling clarifies the mechanistic 

understanding of NC. 

Furthermore, we utilized adult zebrafish to study cardiac regeneration in addition 

to the embryonic model. Unlike the human heart, zebrafish hearts naturally regenerate 

and undergo rapid scar degradation. To study the electrical and mechanical changes in 

the zebrafish heart, we developed an ECG gated pulse-wave Doppler ultrasound device 

to monitor changes in cardiac electrical-mechanical properties during regeneration. 

Although zebrafish hearts become fully regenerated 90 days after injury, their cardiac 

electrical conduction remains damaged, as indicated by longer QT intervals in injured fish. 

This synchronous ECG gated pulse-wave Doppler provides synergistic information that 
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would otherwise be undetected. This integrated approach can be further applied to 

assess changes in electrophysiological cardiac diseases, including arrhythmias and atrial 

fibrillation.  
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1.1 Cardiac Mechanotransduction and Development in Notch signaling 

Fluid shear stress (τ) is defined as the frictional force that acts tangentially on the surface 

of endothelial cells (EC)[1]. For a Newtonian fluid, shear stress at steady state is defined 

as:  

dxdu        (1) 

where  represents viscosity, and dxdu is the vertical velocity gradient along the y-axis[2]. 

In addition to its effects on endothelial genotype and phenotype [3-6], shear stress has 

been implicated in cardiac morphogenesis[7-9]. Mechano-signal transduction to the 

vascular endocardium is linked with valvular formation[9]. Also, shear stress is intimately 

linked with cardiac ventricle morphogenesis[7]. During ventricle development, the 

myocardium differentiates into two layers: an outer compact zone and an inner 

trabeculated zone[10]. The trabeculae form a network of branching outgrowths from the 

ventricular wall. Both trabeculation and compaction are essential for normal cardiac 

contractile function. 

Previous studies have revealed the critical roles of Notch signaling in proliferation and 

differentiation of cardiac trabeculation[11]. Furthermore, VEGF-Notch signaling is 

activated by wall shear stress (WSS)[6]. The mechano-signal transduction underlying 

WSS and initiation of trabeculation is clinically and developmentally relevant to congenital 

heart disease. While hemodynamic forces generated by circulating blood are the key to 

modulating cardiac morphogenesis[7-9], it remains elusive whether alteration of 

hemodynamics affects the Notch signaling pathway. Shear stress induces endocardial 

stretch and during ventricular loading, which is implicated in intracellular Notch signaling 

pathway to drive trabeculation[9]. The initiating site of myocardial protrusion into the 
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cardiac lumen provides an interesting observation that strong shear stress contacts to 

trabecular ridges before the trabecular grooves and dissipate energy [10]. Hemodynamic 

shear stress induces vascular endothelial Notch signaling,[6] and Notch pathway 

mediates differentiation and proliferation of trabecular myocytes.[11, 12] However, the 

mechanotransduction mechanisms underlying endocardial shear stress (ESS) and the 

initiation of trabeculation remain elusive.  

To study mechanotransduction in development of Notch signaling in cardiac trabeculation, 

we choose zebrafish as a model organism. Zebrafish possess the essential cardiac 

anatomy and have similar electrophysiology despite there only being a single atrium and 

ventricle[13]. Despite having a two-chambered heart and a lack of pulmonary vascular 

system, the zebrafish represents an emerging vertebrate model due to the ease of 

maintenance and breeding. Furthermore, the embryonic zebrafish is a genetically 

tractable model for investigating cardiac morphogenesis. Its transparency and short 

developmental time enable high throughput analysis of developmental stages and drug 

screening[14]. 

 

1.2 Light-Sheet Microscopy  

Current imaging techniques, including wide field microscopy and confocal microscopy, 

are limited by their intrinsic depth penetration and z-resolution to resolve the dynamic 

changes of developmental milestones[15]. Selective Plane Illumination Microscopy 

(SPIM) is a first-of-its-kind technique that is capable of high z-resolution and isotropic 

imaging over a wide range of scales. Unlike the wide field microscopy and laser scanning 

microscopy, SPIM applies two separate set of lenses for illumination and detection[16, 
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17], offering numerous advantages over conventional and confocal microscopy, including 

improved axial resolution, increased dynamic range, and reduced photo-bleaching (Table 

1.1). Although confocal microscopy is able to provide high resolution 3-D images, imaging 

volumetric dynamic samples is not suitable due to point scanning methods. Since a light-

sheet microscope illuminates the entire plane, we can integrate a synchronized 4-D 

(x,y,z,t) algorithm to reconstruct in vivo beating zebrafish heart. Our 4-D SPIM technique 

is capable of resolving both the penetration depth and z-resolution to image entire 

embryonic zebrafish hearts during cardiac cycles. A SPIM setup uses a low numerical 

aperture (NA) objective lens combined with a pair of cylindrical lens to generate a light 

blade used to section the sample. In result, the z-axial resolution of the sample is 

dominated by the SPIM illumination side that will not be limited by the objective of the 

detection lens. Furthermore, the low magnification lens allows for a large field of view and 

a wide dynamic range, from micron to millimeter scales, to capture the entire tissue or 

organ systems without sacrificing the axial resolution. We have also demonstrated the 

feasibility of imaging cardiac trabeculation development at different developmental 

milestones in response to altered WSS. These images provide wall boundary condition 

of time-dependent 3-D CFD for understanding intracardial hemodynamics. 

Table 1.1: Comparison of modern imaging techniques 

 SPIM Confocal 
Microscopy 

Conventional 
Microscopy 

Unique 
features 

Single-sided light-
sheet illumination  

Easy to change 
sample orientation 

Point 
illumination 
(laser focus)   

Point detection 
(pinhole) 

Uniform sample 
illumination  

Advantages Fast acquisition  

Low-photo bleaching 

Optical 
sectioning 

Easy to use 

Low cost 
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High depth 
penetration 

Multi-view 
reconstruction 

Improved 
resolution (√2) 

Disadvantages Shadows 

Stripes 

Slow scanning 

Low depth 
penetration 

No optical sectioning 

Ideal 
applications 

Extended time lapse 
imaging of large 
sample size 

High speed scanning 

Medium-thick 
sections 

Surface of 
embryos 

Screening 

Thin sections 

References Huisken et al., 
2004[15] 

Pawley, 
2010[18] 

 

 

1.3 Computational Fluid Dynamics  

Recently, noninvasive imaging techniques have developed rapidly with resolution 

enhancement; thus image-based biomedical research is actively ongoing to predict future 

disease. However, translational studies, especially in the case of aneurysm assessment, 

are still difficult to predict over time. With the introduction of phase-contrast magnetic 

resonance angiography (MRA), computational fluid dynamics has been highlighted to 

study and predict cardiovascular disease due to its capability in visualizing the areas 

under high mechanical stress such as shear stress. Furthermore, it is clinically used for 

patent specific simulation before bypass or Fontan operation to find an optimum location 

of graft insertion[19].   

Although CFD is commonly used in cardiovascular research, there is paucity of work 

using CFD to analyze cardiac development in an embryonic model[20]. Particle image 

velocimetry (PIV) has been widely used to map velocity vector fields due to its high speed 

data processing and non-intrusive techniques [21]. However, PIV is an optical technique 

that provides primarily 2D information and has limited utility for three dimensional analysis 

in capturing WSS [22]. For our study to capture beating heart dynamics, we used Easy 
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Lagrangian tracking of the endocardial wall motion through individual frame segmentation. 

Nodes from segmented images were interpolated using spline functions. The use of a 

high-frame mode cMOS camera provided the necessary temporal resolution to resolve 

the beating zebrafish heart. These time-dependent 3-D CFD simulations establish a 

quantitative baseline for understanding the hemodynamic forces underlying mechano-

transduction signaling and heart morphogenesis.  
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Chapter Two: Blood Flow Modulation of Vascular Dynamics 
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2.1 Introduction  

Atherosclerosis is a systemic disease; however, its manifestations tend to be eccentric 

and focal. Detection of atherosclerotic lesions prone to rupture is of clinical importance in 

the management of patients for acute heart attack or stroke. In addition to genetic 

predisposition and epigenetic factors, the pathogenesis is modulated by a combination of 

biochemical and hemodynamic factors.  Hemodynamic force, such as wall shear stress 

on the endothelial cells, modulates inflammatory and metabolic effects in the vascular 

system [23]. At the lateral walls of bifurcations, disturbed flow, including oscillatory flow 

(bidirectional and axially misaligned flow), is considered to be an inducer of oxidative 

stress in favor of initiating atherosclerosis, whereas in the medial walls of bifurcations, 

pulsatile flow (unidirectional and axially aligned flow) down-regulates inflammatory 

cytokines, adhesion molecules, and oxidative stress [24-26] (Figure 2.1). In this review, 

we focus on how fluid shear stress imparts both metabolic and mechanical effects on 

vascular endothelial function to influence vascular remodeling with clinical implication in 

arterial restenosis after angioplasty [27-29] 

 

2.2 Fluid mechanical principle of hemodynamic shear forces  

Fluid shear stress is generated by the frictional force by virtue of the viscosity that acts 

tangentially on the endoluminal surface. In the case of Couette flow, the fluid is embedded 

between two parallel plates separated by a displacement H. Shear force is applied to 

move the upper plate with velocity U while the lower plate is fixed. Shear stress (τ) is 

defined as the slope of tangential velocity (du/dy), and is proportional to the dynamic 

viscosity (µ). 
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𝜇
𝑈

2𝐻
≈ 𝜇

𝑑𝑢

𝑑𝑦
|𝑦=−𝐻 = τ 

At a constant pressure (P) throughout the fluid domain, the equation of fluid motion known 

as Navier-Stokes equation is defined as follows: 

𝑑𝑃

𝑑𝑥
= 0, μ

𝑑2𝑢

𝑑𝑦2
= 0  

When the upper plate at 𝑦 = 𝐻 is moving with velocity 𝑈 (𝑈𝑡𝑜𝑝 = 𝑈), and the lower plate 

at 𝑦 = −𝐻 is fixed (𝑈𝑏𝑜𝑡𝑡𝑜𝑚 = 0), fluid motion is linearly defined as (Figure 2.2a): 

u =
𝑈

2
(

𝑦

𝐻
+ 1) 

In the case of Poiseuille flow, both the upper and lower plates are fixed. The Navier-Stoke 

equation for 2-D blood flow at a constant pressure applied throughout the fluid domain is 

defined as: 

𝑑𝑃

𝑑𝑥
= constant ≠ 0, μ

𝑑2𝑢

𝑑𝑦2
=

𝑑𝑃

𝑑𝑥
 

The velocity profile is parabolic; that is, the velocity is maximal at the center, and zero at 

the wall or y =  H for the non-slip flow (Figure 2b). 

u =
1

2𝜇

𝑑𝑃

𝑑𝑥
(𝑦2 − 𝐻2) 

In the case of 3-D Poiseuille flow in the blood vessel, fluid shear stress at steady state 

(d/dt = 0) is directly proportional to the flow rate of blood (Q) and dynamic viscosity (µ), 

and inversely proportional to the cube of arterial radius (R). 

τ =
4𝜇𝑄

𝑅3
 

Therefore, a small decrease in diameter significantly influences wall shear stress.  
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Fully developed Poiseuille blood flow seldom occurs in the arterial circulation in which 

the dynamic viscosity () is not constant and the blood flow is non-Newtonian.  Spatial 

and temporal variations in pulsatile flow prevents fully developed flow. For this reason, 

disturbed flow, including oscillatory flow, preferentially and geometrically occurs in the 

lateral wall of branching points (Figure 2.1). This atherogenic flow promotes vascular 

oxidative stress and inflammatory responses to initiate atherosclerosis [30]. 

 

2.3 Spatial variations in hemodynamic shear stress  

In the arterial system, the greater curvature of aortic arch and the lateral walls of 

bifurcating regions are prone to develop endothelial dysfunction (Figure 2.1e). Oscillatory 

shear stress (OSS) in the aortic arch or bifurcation induces oxidative stress via 

nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase enzyme system 

production of cytosolic superoxide (O2
-), and up-regulates atherogenic gene expression, 

including nuclear factor- kB (NF-B)-mediated adhesion molecules and chemokines [31]. 

In these regions (Figure 2c-e), the time-averaged shear stress and pressure are relatively 

low as compared to the straight regions or the greater curvature.  As fluid flows from high 

to lower pressure regions, blood flow tends to divert towards the lower pressured regions 

where the inertia force retards the fluid motion, giving rise to flow separation known as 

eddies. Therefore, OSS develops downstream or in the post-stenotic regions, where the 

time-averaged shear stress is low to promote inflammatory responses. In contrast, high 

shear stress develops upstream in the pre-stenotic regions, where the “shoulder” of the 

plaque is susceptible to fluid and mechanical mismatch or Von Mises stress to destabilize 

the plaque for  rupture [32]. Thus, hemodynamic shear stress is low in post-stenotic but 
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high in pre-stenotic regions [33]. The combination of OSS and low mean shear stress 

favors atherogenesis, whereas pulsatile and high shear stress confers protection [34]. 

These combined effects highlight the mechanical mechanisms underlying the rupture-

prone shoulder regions, where inflammatory cells, including macrophages, release 

metalloproteinase (MMP). Despite the highest shear force occurring at the narrowing or 

the throat of stenotic lesions, OSS and low mean shear stress developed in post-stenotic 

regions increase the residence time for LDL and inflammatory cells, including monocytes, 

to transmigrate to the subendothelial layer.  

In the throat of stenotic lesions, the high shear stress caused by narrowing of the 

plaque  presents an opportunity for shear-activated nanotherapeutic thrombolytic agents 

to treat stenotic plaques [35].  Micro-aggregates of nanoparticles were recapitulated in 

the mouse model in which tissue plasminogen-coated nanoparticles disintegrate into 

nano-scale components in response to high fluid shear stress, leading to rapid clot 

dissolution in a mesenteric injury model to restore blood flow [35]. Although nanotoxicity 

remains a translational barrier, the integration of nanotherapeutics with hemodynamic 

shear force presents a promising direction to address post-stenotic lesion growth. 

Despite improvement in imaging modalities such as intravascular ultrasound or 

magnetic resonance angiography to visualize anatomic structures, detecting areas of flow 

separation or low shear stress in post-stenotic regions remains challenging.  Given the 

limitations in real-time prediction of rupture-prone regions, Ai et al. demonstrated flow 

reversal in a 3-D eccentric stenotic model by high frequency ultrasonic transducer (45 

MHz) [36]. By interfacing microelectromechanical system (MEMS) thermal sensors with 

the high-frequency pulsed wave Doppler ultrasound, real-time assessment of changes in 
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fluid shear stress upstream, downstream, and at the throat of the stenosis was validated 

by both computational fluid dynamics (CFD) codes and the ultrasound-acquired flow 

profiles. Furthermore, post-stenotic regions are prone to vascular oxidative stress and 

inflammatory responses, features of clinical relevance [36].  In this context, the advent of 

micro shear stress sensors holds promise to identify vascular regions of flow reversal with 

high spatial and temporal resolution [37-39]. In corollary, the application of shear-

activated nanotherapeutic particles opens a new area of nanomedicine to address 

atherosclerotic lesions in the regions of flow separation or reversal when the blood flows 

though the lesser curvature of the aortic arch or the lateral wall of bifurcations. On the 

other hand, exercise-augmented pulsatile shear stress (PSS) up-regulates 

atheroprotective genes, including endothelial nitric oxide synthase (eNOS) [40-44], 

conferring cardioprotection.  

 

2.4 Shear stress-mediated mechanotransduction 

Shear stress imparts both metabolic and mechanical effects on vascular endothelial 

cells (EC) [45]. A complex flow profile develops at the arterial bifurcations; namely, flow 

separation and migrating stagnation points, creating low and oscillating shear stress (Figure 2c-

e).  In response to fluid shear stress, transmembrane proteins (including G-protein, Lectin-like 

oxidized LDL receptor-1 [LOX-1 receptor], Toll-like receptor, and caveolin) [46-48], junctional 

proteins [49], and subendothelial mechanosensors (integrin) [50] are considered to be the 

mechano-receptors that transmit shear forces to mechano-signal transduction (Figure 2.3). In 

addition to mechanosensing, EC sense shear stress via deformation of the cell surface which 

leads to the activation of transmembrane ion channels [51, 52], realignment of endothelial 
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cytoskeleton [53-55], and transmission of intracellular signaling pathways to modulate gene 

expressions [56-60].  

At the lateral walls of bifurcations, disturbed flow, including OSS is considered to be an inducer 

of oxidative stress. OSS-activated NADPH oxidase enzyme system promotes superoxide (O2·-) 

production. In the presence of superoxide dismutase (SOD), O2·- is converted to hydrogen 

peroxide (H2O2) and hydroxyl radicals (·OH). These two reactive oxygen species (ROS) promote 

LDL oxidation, NF-ҡB-mediated adhesion molecule and matrix metalloproteinase (MMP) 

expression to destabilize atherosclerotic lesions. In parallel, O2
.- reacts with NO· at a rapid 

diffusion-limited rate to form peroxynitrite (ONOO·-) as a substrate to lipid oxidation and 

nitrotyrosine formation [25, 28, 61-64]. OSS further up-regulates NADPH oxidase-dependent 

receptors for advanced glycation endproducts (RAGE) as an inflammatory mediator in diabetes 

[65]. In contrast, in the medial wall of bifurcations, pulsatile flow (PSS) down-regulates oxidative 

stress and inflammatory responses, but up-regulates eNOS and antioxidant expression to 

promote vasodilatory, anti-inflammatory, anti-oxidative and anti-thrombotic properties [24, 66*].  

Furthermore, PSS or laminar flow (steady flow at d/dt = 0) decreases RAGE expression and 

attenuates RAGE signaling to inhibit NF-ҡB translocation to the nuclei [67]. 

 

2.5 Shear stress modulation of low density lipoprotein (LDL) post-translational 

modifications 

The post-translational modifications of LDL particles initiate and modulate the 

progression of atherosclerosis. Myeloperoxidase (MPO), present in phagocytes such as 

macrophages, is released in response to oxidative stress and inflammatory responses. 

MPO produces hypochlorous acid by the reaction of H2O2 and chloride ions [68]. While 

this key reaction contributes significantly to the antimicrobial activity of phagocytes [69], 
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a large body of evidence now supports oxidation of LDL by the MPO-H2O2-chloride 

system as a harbinger in the development of atherosclerosis [70*].   

In addition to cytosolic ROS production, OSS induces mitochondrial O2
.- production 

[71]. OSS activates NADPH oxidase-ROS-JNK signaling, leading to an increase in 

mitochondrial O2
.- production [72, 73], whereas PSS increases eNOS activities and 

mitochondrial membrane potential (m) accompanied with an increase in Mn-SOD 

activities [74, 75]. Furthermore, oxLDL activates JNK to promote Mn-SOD ubiquitination 

and protein degradation [72, 73, 76]. Using a targeted proteomic approach, we have 

gained mechanistic insights into shear-modulated relative ratios of reactive oxygen 

species (ROS) and reactive nitrogen species (RNS), leading to ONOO·- formation and 

specific post-translational nitration in the  and  helices of the apoB100 protein [74, 77, 

78]; namely, -1 (Tyr144), -2 (Tyr2524), -2 (Tyr3295), -3 (Tyr4116), and -2 (Tyr4211) [74]. 

Nitration leads to Apolipoprotein-B100 unfolding, and the modified particles are 

endocytosed by the scavenger receptors LOX-1, CD36 and SR-A (scavenger receptor-

A), further contributing to the progression of atherosclerosis [79]. Similarly, high-

performance liquid chromatography analyses of EC exposed to OSS demonstrates 

increased expression of the catalytic subunits of NADPH oxidase gp91phox or Nox4 with 

an ensuing increase in O2·- production [25]. In contrast, pulsatile shear stress (PSS) up-

regulates eNOS expression accompanied with NO· production, further conferring an 

atheroprotective role to attenuate post-translational oxidative and nitrative modifications 

of LDL particles [62] [25].  

 

2.6 Shear stress regulation of inflammatory cell recruitment 
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Oscillatory flow induces up-regulation of adhesion molecules and cytokines, allowing 

monocyte/endothelial interactions central to atherosclerosis over a dynamic range of 

shear stress, as demonstrated with high spatial and temporal resolution using micro-

electro-mechanical systems (MEMS) sensors [61].  Indeed, EC exposed to low shear 

stress and flow reversal respond to inflammatory stimuli with increased monocyte binding 

[80], an effect mediated in part by the endothelial expression of ICAM-1 (intercellular 

adhesion molecule-1) [81] and release of the central atherogenic chemokine MCP-1 

(monocyte chemoattractant protein-1) [82].   

The transcription factor Krüppel-like factor 2 (KLF2) is an atheroprotective molecule 

induced by statin [83] and resveratrol [84] therapy. Recently, shear stress-induced KLF2 

expression has been implicated in regulating endothelial metabolism[66**]. KLF2 is 

selectively induced in vascular EC exposed to the biomechanics of atheroprotected 

regions of the vasculature [85, 86].  Laminar shear stress reduced endothelial glycolysis 

by repressing the expression of phosphofructokinase-2/fructose-2,6-bisphosphatase-3 

(PFKFB3) in a KLF2-dependent manner to maintain the quiescent metabolic state of EC 

and to inhibit angiogenesis. KLF2 further confers anti-inflammatory, anti-thrombotic, and 

anti-oxidative properties. In response to disturbed flow, particular biochemical stimuli, 

including cytokines, high glucose, and oxidative stress, KLF2 expression are reduced, 

resulting in an increase in glycolysis and angiogenesis [87**]. In human carotid arteries, 

the induction of KLF2 results in the regulation of endothelial transcriptional programs 

controlling inflammation, thrombosis, vascular tone, and blood vessel development [85]. 

KLF2, therefore, serves as a mechano-sensitive and athero-protective transcription factor 

[85]. However, the underlying mechanisms whereby shear stress regulates cellular 
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metabolism, including glycolysis and mitochondrial redox state, to maintain endothelial 

homeostasis remains to be explored. 

 

2.7 Shear stress regulation of atherothrombosis 

The most common complication of atherosclerosis is fibrous cap rupture leading to 

plaque thrombosis and clinical manifestation of acute coronary syndromes or stroke. The 

biomechanical properties of plaque mineralization were recapitulated in in vitro or in silico 

models. When cultures of calcifying vascular cells (CVC), a subpopulation of smooth 

muscle cells that spontaneously mineralize, are subjected to increasing magnitude in 

pulsatile shear stress,  calcification does not increase plaque vulnerability to 

fluid shear stress, but may contribute a slight stabilization [88]. Destabilization of 

atherosclerotic plaques occur in the presence of active metabolic states; namely, oxidized 

lipids and activated MMP are released by macrophages [26]. Disturbed flow or extreme 

high shear stress also regulates the expression of tissue factor, also known as factor III, 

to initiate the coagulation cascade following plaque rupture and subsequent thrombotic 

events [89].   

 

2.8 Shear stress modulation of vascular development and repair 

In the era of stem cell and regenerative medicine, hemodynamic shear stress provides 

a biomechanical cure to modulate the microenvironment for vascular differentiation and 

repair.  The transcription factor Runx1 (Runt-related transcription factor 1) is a master 

regulator of hematopoiesis [90].  Hemodynamic shear forces increase the expression of 

Runx1 in CD41+c-Kit+ hematopoietic progenitor cells, thus augmenting their colony-
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forming potential [90]. Additionally, shear force-mediated mechanotransduction is 

implicated in the differentiation of stem cells to EC [91-93], and modulates hematopoietic 

and multilineage engraftment potential during embryogenesis [94**].  The effects on 

hematopoiesis are mediated in part by a cascade downstream of wall shear stress to 

regulate calcium efflux and to activate the prostaglandin E2-cyclic adenosine 

monophosphate-protein (AMP) kinase A signaling axis [94**].   

Steady laminar shear stress was further demonstrated to affect pluripotency, as well 

as germ specification to the mesodermal, endodermal, and ectodermal lineages, as 

indicated by gene expression of OCT4, T-BRACHY, AFP, and NES in mouse embryonic 

cells [95]. OSS induces directional reorganization of F-actin to mediate the fate choice of 

mesenchymal stem cells (MSCs) through the regulation of the β-catenin/Wnt signaling 

pathway in a time-dependent manner [96*]. OSS also activates angiopoietin-2 (Ang-2) 

expression critical to angiogenesis via canonical β-catenin/Wnt signaling in human aortic 

EC [97*]. Low and disturbed flow patterns up-regulate Notch1 expression in EC with 

translational implication for arteriovenous identity [98]. Steady shear stress induces 

VEGF-Notch signaling pathway to increase expression of the arterial endothelial marker 

EphrinB2, but down-regulates the venous endothelial marker EphB4 in murine embryonic 

stem (ES) cells [6]. Thus, the hemodynamic cue in the vascular microenvironment 

modulates vascular differentiation and proliferation. 

 

2.9. Conclusion 

Shear stress imparts both metabolic and mechanical effects on vascular EC, with a 

clinical implication in the focal and eccentric nature of atherosclerotic plaques. Physiologic 
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shear stress up-regulates vasodilators, antioxidant enzymes, and tissue plasminogen 

activator (tPA) to confer atheroprotective responses, whereas oscillatory shear stress  

induces vasoconstriction, growth factors, and adhesion molecules to prime atherogenic 

responses.  PSS increases endothelial mitochondrial membrane potential (m) 

accompanied by a decrease in mitochondrial superoxide production (mtO2
.-), whereas 

OSS oxidized LDL increase mtO2
.- production to promote apoptotic pathways. Recently, 

shear stress-reactivated developmental Wnt-Ang-2 signaling in mature vascular EC was 

implicated in vascular formation and repair. Shear stress-activated VEGF-Notch signaling 

regulates the fate of arteriovenous differentiation. In this context, the spatial (/x) and 

temporal (/t) variations in shear stress largely determine the focal nature of vascular 

oxidative stress and pro-inflammatory states. While sedentary life-style promotes flow 

separation and disturbed flow, exercise-augmented pulsatile shear stress remains a 

timeless therapeutic strategy for maintaining endothelial homeostasis. 
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Figure 2.1. Spatial variations in shear stress and blood flow profiles in different 

regions (a) Shear stress profiles at the lateral and medial walls of arterial bifurcations. 

(b) PSS occurs at the medial wall (red circle), whereas OSS occurs at the migrating 

stagnation point of the lateral wall (blue circle). (c) Flow separation and disturbed flow 

develops at the lateral wall. (d) Angiogram supports the predilection sites for 

atherosclerosis. (e) Spatial variations in wall shear stress profiles at an instantaneous 

moment in systole. The magnitude of wall shear stress is relatively high in the ascending 

aorta, greater curvature, and descending aorta. Cross-section at the aortic arch reveals 

an eccentric distribution of high shear stress in the greater curvature but low in the lesser 

curvature. Cross-section from the descending aorta reveals concentric high shear stress.  
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Figure 2.2. Comparison between Couette and Poiseuille flow. (a) When top plate 

moves with velocity U and bottom plate is fixed, fluid motion shows a linear profile.  Also, 

shear stress profile shows the constant profile. (b) When constant pressure is applied to 

fluid which is trapped between two fixed plates, fluid motion shows a parabolic flow. Shear 

stress profile shows a linear profile. Anatomic variation promotes low reversal occurring 

from the high pressured to low pressured regions. (c) In the bifurcated region, low 

pressure develops at the lateral wall of bifurcation, lesser curvature, and the post-stenotic 

region. (d) In the wake of post-stenotic region, low pressure promotes flow separation 

and flow reversal. (e) In aortic arch, Greater curvature has higher pressure than the lesser 

curvature. 
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Figure 2.3. Oscillatory shear stress mediated mechanotranduction signal 

modulates inflammatory responses, whereas pulsatile shear stress activates G-

protein and PIP3-AKT pathway, leading to phosphoyrylation of eNOS 
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Chapter Three: Moving Domain Computational Fluid Dynamics to 

Interface with An Embryonic Model of Cardiac Morphogenesis 
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3.1 Introduction 

Hemodynamics has a significant impact on cardiac development[7]. Currently, 

assessment of mammalian mechano-transduction underlying intracardiac 

morphogenesis is hampered by the complexity of surrounding internal organ systems, 

coupled with a prolonged duration of development. Embryonic zebrafish (Danio rerio) is 

a genetically tractable model for investigating cardiac morphogenesis. Its transparency 

and short developmental time enables imaging and high throughput analysis of various 

developmental stages. 

Fluid shear stress generated by circulating blood is intimately linked with cardiac 

morphogenesis. The shear forces impart mechano-signals to up-regulate developmental 

genes, with implications in endocardial cushion and atrioventricular (AV) valvular 

formation[7, 8, 99, 100]. The exposure of the endocardium to shear forces also transmits 

mechano-signals to the myocardium[10, 11], with implications in cardiac looping and 

trabeculation [10, 101]. Clinically, developmental defects in the atrioventricular (AV) valve 

result in flow regurgitation, while the absence of an endocardial cushion results in AV 

septal defects in patients with congenital heart disease (CHD) [102]. Thus, hemodynamic 

analyses and interpretation of cardiac morphological changes are both clinically and 

developmentally significant. 

Computational fluid dynamics (CFD) has been widely applied to simulate blood flow, 

to facilitate clinical decision-making, and to study the progression of cardiovascular 

diseases [103, 104]. Despite a few studies about aortic arch morphogenesis and vascular 

morphogenesis [105-109], there is a paucity of literature in developmental embryonic 

zebrafish cardiac model reconstruction and application of CFD codes to establish 
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quantitative analysis underlying morphological changes during development[20]. One 

report did directly measure intracardiac pressure in the adult zebrafish[110], however the 

technique is invasive, causing local flow disturbances when applied to the embryonic 

circulation. Indirect measurement of intracardiac shear stress requires high-resolution 

images for establishing the regions of interest, and for calculating fluid shear stress [7, 8]. 

Particle image velocimetry (PIV) has been widely used to map the velocity vector fields 

because of its high speed data processing and not intrusive technique [21]. However, PIV 

is an optical technique, providing primarily 2D information, and with limited utility for three 

dimensional analysis capturing wall shear stress [22].  

In this study, we sought to develop a two dimensional moving domain CFD model to 

model the progression of cardiac development. Segmentation of fluorescent microscope-

generated image data provided boundary conditions to prescribe wall motion in the 

simulations. Endocardial boundaries were well demarcated between 20-30 hours post 

fertilization (hpf) and 110-120 hpf in the zebrafish embryos. Time-dependent CFD with 

moving boundaries was performed to provide biomechanical parameters relevant to 

development; namely, wall shear stresses (WSS) at the AV canal and pressure gradients 

(P) between the atrium and ventricle during embryonic zebrafish cardiac morphogenesis. 

Hemodynamic changes often precede and are correlated with morphogenesis [7, 8, 10]. 

Our computational approach, coupled with imaging of green fluorescent protein (GFP)-

labeled transgenic zebrafish embryos, allowed for delineating the time-varying 

endocardium boundaries and for tracking blood particles to quantify the hemodynamic 

milieu in which cardiac looping, atrioventricular (AV) valve and ventricular development 
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occur. The moving domain CFD simulations establish a quantitative baseline, enabling 

hemodynamic analyses underlying mechano-transduction and heart morphogenesis.  

 

3.2 Methods 

3.2.1 Zebrafish maintenance and embryos collection 

Adult Tg(fli1a:EGFP)y1 and Tg(gata1:dsRed)sd2 transgenic zebrafish were raised in 

the aquarium system (Aquaneering Inc. San Diego, CA) located in the vivarium of 

University of Southern California (USC). All the experiments were performed in 

compliance with the approval of USC Institutional Animal Care and Use Committee 

(IACUC) protocol (Zebrafish IACUC Protocol number: 11767). These fish were 

maintained with filtered fresh water under 14 hours of incandescent light and 10 hours of 

dark conditions[111]. The fli1a promoter-driven enhanced green fluorescent protein 

(GFP) is expressed predominantly in vascular endothelial and endocardial cells. The 

gata1, the red fluorescent protein, is an erythroid-specific transcription factor. The 

crossline embryos between Tg(fli1a:EGFP)y1 and Tg(gata1:dsRed)sd2 were transferred 

to a petri dish and incubated in 28.5oC [8]. To maintain transparency of zebrafish 

embryos, embryo medium was supplemented with 0.003% phenylthiourea (PTU) to 

suppress pigment formation at 10 hpf (Figure 3.1a-b)[112].   

 3.2.2 In vivo Imaging 

At 30 hpf, 6 zebrafish embryos were anesthetized in 0.05% tricaine mesylate in 

compliance with the IACUC protocol [7, 113]. Next, they were transferred onto the petri 

dish containing 1% low-melt agarosegel (UltraPure™ Low Melting Point Agarose, 

InvitrogenTM, Carlsbad, CA, USA) for immobilization. An inverted epifluorescence 
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microscope (IX71, Olympus, Tokyo, Japan) with 20x lens, QIClickTM digital CCD camera 

(Surrey, BC, Canada)  and Qcapture Pro software (Surrey, BC, Canada) was used to 

visualize circulating red blood cells in the embryonic heart for velocity measurement. 

Moving endocardial boundaries were acquired with GFP-labeled endothelial cells (Figure 

3.1c-d). The experiment was repeated with 6 embryos (n=6). After recording videos for 

20-30 hpf samples, embryos were returned to the incubator at 28.5oC. This procedure 

was repeated every 20 hours until the zebrafish reached 110-120 hpf, at which time a 

morphological heart has developed. The individual cardiac developmental stages are 

illustrated in Figure 3.2. 

 3.2.3 Velocity, viscosity, and density for simulations 

Inlet boundary velocities were acquired from the red fluorescent video (Figure 3.1e), 

and the movement of red blood cells was tracked by a particle image velocimetry (PIV) 

code written in Matlab (Mathworks, Natick, MA). Two-dimensional cross-correlations 

based on fast Fourier transform (FFT) were used in the PIV code to calculate the velocity 

vectors of the red blood cells. A multi-pass approach was used to avoid in-plane loss 

limitation [114]. This velocity boundary synchronized with the heart movement defined by 

atrial contraction and relaxation. The composition of zebrafish blood was assumed to be 

similar to that of humans, and viscosity was estimated from the relative viscosity and 

particle volume fraction using literature data [8, 115]. The obtained value, 7 centipoise 

(cP), was close to that of the trout (8cP) [111]. The density of blood was assumed to be 

similar to that of humans (1.06g/cm2).  

 3.2.4 Moving domain CFD simulation 
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The individual developmental stages were captured and the video frames were 

extracted by ImageJ (National Institute of Health, Bethesda, MD, USA). A custom 

program written in Matlab was used to create two dimensional segmentations and 

meshes from the recorded images.  For the individual images, the program allows the 

user to select points on the image to trace the boundary of the endocardium. Spline 

curves were generated from the manual boundaries, from which equidistant points were 

created to define nodes on the segmentation.  For each set of data, a constant number 

of nodes were created in the segmentation of the endocardial wall in each individual 

image frame, allowing for easy Lagrangian tracking of the heart wall motion. This process 

creates segmentations to describe the wall movements with a temporal resolution similar 

to the resolution of the image acquisition.  The movements of the nodes in the 

segmentations were then interpolated over time using spline functions, producing wall 

motion data at high temporal resolution for the simulation. The frame rate of recorded 

video was 20 frames per second (fps), and the wall motion for three cardiac cycles was 

re-analyzed into 100 time points per second to enable smooth wall motion prescription. 

For each simulation, a two dimensional unstructured mesh was generated using a 

Delaunay triangulation algorithm from the segmentation representing the heart at its most 

contracted time point.  Based on the wall motion described by the segmentations over the 

cardiac cycle, the mesh was then deformed accordingly during the CFD simulation as 

described below.  

An in-house finite element model was employed, assuming an incompressible and 

Newtonian fluid. The computational domain, Ω = Ω(t), moved with prescribed wall motion. 
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Hence, an arbitrary Lagrangian Eulerian approach was used to formulate this problem 

[116]. In this framework, the Navier-Stokes equations are as follows: 

,0)~(  Tuuuu        (1) 

,0 u       (2) 

),( TuupIT       (3) 

gxgu  , ,     (4) 

hxhnT  , ,     (5) 

 

Where  denotes the density, u = ),( txu  represents the velocity time derivative acquired 

with respect to a fixed spatial location, u = ),( txu , the fluid velocity vector, u~ = ),(~ txu , the 

mesh velocity (spatial domain velocity), p = ),( txp , pressure, and T , the stress tensor. In 

Equations (4) and (5), the Neumann and Dirichlet boundaries are denoted by h  and 
g

, respectively. A no-slip boundary condition was assumed, and g = ),( txg  described the 

prescribed motion based on the image data. Assuming zero traction for the outlets, we 

imposed h = 0 at the outlets and an essential (Dirichlet) boundary condition at the inlet. 

Due to the presence of reversed flow at the outlets, special care was taken to avoid rapid 

simulation divergence by using a minimally intrusive method, in which an advective 

stabilization term was added to the weak form [103]. 

In the discrete setting, a stabilized formulation [117-120] was used to allow for equal-

order velocity and pressure interpolation, and for addressing the convective instability 

associated with Galerkin’s method. The second order generalized-α method for the time 

integration [121], linear finite elements in space, and a modified Newton-Raphson method 
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is used for linearization of Equation (1) and (2). The linear system of equations was then 

solved by forming the Schur compliment and by using a combination of GMRES[122, 123] 

and conjugate gradients methods. 

Using a Quasi-direct coupling method [124], after solving Equations (1) and Equation 

(2) and obtaining the velocity and pressure for the entire domain, a linear elasticity 

equation was solved to capture the mesh motion. This was accomplished in an iterative 

loop to ensure simultaneous convergence of both equations. To preserve mesh quality, 

we used the Jacobian stiffening procedure, in which the mesh Young’s modulus was 

inversely proportional to the determinant of the element Jacobian [125]. 

The simulation was run for 5 seconds of physical time, the run-time of the video, with 

a time step size of 2 ms. The non-linear iterations were continued until the norm of the 

residual vector reduced below 0.001 or the number of iterations exceeded 5. After 

simulation, the post-processing tool Paraview (Clifton Park, NY, USA) was used to 

visualize the calculated intracardiac shear stress, the pressure gradient between the 

atrium and ventricle, and velocities past the AV canal.  

 3.2.5 Calculating Parameters 

Averaged WSS was obtained from the nodes near the AV canal. The region of interest 

was specified by cropping near the AV canal, averaging the values at the highest 10 

nodes. Shear stress is defined as velocity gradient multiplied by dynamic viscosity (μ) as 

follows: 

dy

ydu )(
  ,      (6) 

where μ is the dynamic viscosity of blood of the embryonic zebrafish.  
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Since exact pressure was not provided as a boundary condition, pressure gradient 

was calculated. Nodes in the center of both chambers were selected to compare the 

pressure value . To avoid error, 10 points were averaged at the location of maximum 

pressure.. 

To plot the trajectory of blood particles with instantaneous streamlines, stream 

functions were used. The two-dimensional stream function is defined: 

u       (7) 

where   ,0,0 , and  0,, yx uuu  , which in 2D is:
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The ventricular ejection fraction (VEF) was estimated on the assumption of an ellipsoidal 

bipolar shape [7, 126, 127] as follows: 

21
6

DDLV


 ,     (8) 

where V denotes the ventricular volume, L is the longest length of the ventricle, and D1 

and D2 are the orthogonal minor diameters of the ventricle[126, 127]. Assuming that D1 

and D2 are equal, we applied the VEF equation: 

VolumeDiastolicEnd

VolumeSystolicEndolumeDiastolicVEnd

VolumeDiastolicEnd

VolumeStoke
VEF


 ,   (9) 

The Reynolds number at the AV canal and the Womersley number at the inflow tract 

were calculated based on following equations: 



uD
Re ,             (10) 
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 ,                (11) 

where D is the diameter of the AV canal, ω is the angular frequency, and R is the radius 

of the inflow tract. 

3.2.6 Statistical Analysis  

All values will be expressed as means ± SD.  For statistical comparisons of averaged 

peak shear stress and pressure gradients, we used a paired t-test with values of 

P<0.01for WSS and pressure gradients considered as significant. A comparison of 

multiple mean values was performed by one-way analysis of variance (ANOVA), and 

statistical significance among multiple groups was determined using the Tukey 

procedure. 

  

3.3 Results 

3.3.1 Validation of CFD with PIV at different developmental stages 

To validate the time-dependent CFD code, we compared with the Matlab derived-

particle image velocimetry (PIV) data at the AV canal. The average velocity over the cross 

section during atrial contraction closely overlaps with those of CFD during the upstroke 

of atrial systole at 20-30 hpf, 60-70 hpf, and 110-120 hpf, respectively, despite moderate 

underestimation during the down stroke (Figure 3.3). While both velocities and heart 

rates increase, the duration of atrial systole shortens from the early to later developmental 

stages (Table 3.1). The CFD and PIV provide a reasonable agreement to investigate the 

dynamics in physiological parameters during cardiac morphogenesis.  
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 3.3.2 Spatial and temporal variations in wall shear stress (WSS) and velocity 

profiles  

CFD simulations were compared at five developmental stages from 20-30 hpf to 110-

120 hpf. At 20-30 hpf, peristalsis of a tube-like structure begins with atrial contraction, 

followed by ventricular contraction. The AV canal oscillates moderately in relation to atrial 

and ventricular diastole. Atrial systole produces forward flow, while ventricular systole 

results in reversal flow or regurgitation across the AV canal (Figure 3.4a-c). The second 

peak of WSS magnitude reflects flow regurgitation at the AV canal during atrial diastole, 

with a magnitude of about half that of forward flow. The green fluorescent protein (GFP)-

labeled tubular heart structure is visualized and the direction of blood flow is indicated 

(Figure 3.4d-f). CFD highlights spatial and temporal variations in velocity profiles (Figure 

3.4g-i). During diastasis, velocity through the AV canal is minimal. Furthermore, there is 

peristaltic atrium motion during systole from the inflow tract to the AV canal. At the end of 

peristaltic wave, contraction of tubular structure induced the flow reversal through the AV 

canal. The following wave from the inflow tract prevents flow reversal into the inflow tract 

from the atrium chamber [20, 99], though the ventricular motion is simple contraction. 

At 40-50 hpf, the tube-like structure undergoes cardiac looping, accompanied by a 

nearly 9-fold increase in the magnitude of peak WSS during atrial systole, but a 3-fold 

reduction during ventricular systole compared to atrial systole (Figure 3.5a-c). Cardiac 

looping is associated with diminishing flow regurgitation (Figure 3.5d-f). At this stage, the 

morphological ventricle increases in diameter in comparison with the atrium, and absolute 

values of peak velocity also increase by approximately 33% (Figure 3.5g-i). 

At 110-120 hpf, peak systolic WSS increases by nearly 20-fold compared to early 
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stage values at 20-30 hpf during atrial contraction, while peak diastolic WSS induced by 

regurgitation further diminishes in the presence of the morphological AV valve (Figure 

6a-c). At this stage, the AV valve leaflets and bulbus arteriosus adjacent to the ventricle 

develop, resulting in reduced velocity magnitude during atrial diastole (Figure 3.6d-f). 

Furthermore, spatial and temporal variations in the velocity profiles reveal reduction in the 

magnitude of backward flow compared to forward flow (Figure 3.6g-i). Thus, these 

hemodynamic findings are consistent with physiologic changes during heart 

development. 

 3.3.3 Linking hemodynamic parameters with cardiac morphogenesis  

We assessed changes in mean peak shear stress (MPSS), pressure gradient (P), 

and vorticity fields in relation to structural changes. MPSS at the AV canal increases by 

5-fold from 20-30 hpf to 40-50 hpf, during which cardiac looping occurs ( p < 0.01, n = 6) 

(Figure 7a). MPSS further increases by 2-fold from 60-70 hpf to 80-90 hpf (p < 0.01, n = 

6), during which the AV cushion starts to develop into a morphological AV valve[128, 129] 

(Figure 7a). The pressure gradient (P) across the AV canal also increases significantly 

from 40-50 hpf to 60-70 hpf and from 60-70 hpf to 80-90 hpf (Figure 3.7b) (p < 0.01, n = 

6), during which trabeculation is forming in the ventricle[11].  

 3.3.4 Development of ventricular vortices during chamber morphogenesis  

Vorticity fields and instantaneous flow streamlines reveal laminar flow profiles 

occurring in both early (20-30 hpf) and later stages (110-120 hpf) (Figure 3.8). At 20-30 

hpf, unsteady vortex features develop during atrial relaxation (Figure 3.8b). At 110-120 

hfp, unsteady vortices develop in both the atrium and ventricle (Figure 3.8c-d). While the 

mechano-biological implication of disturbed or vortical flow remains to be established, 
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trabeculation, highly organized sheets of cardiomyocytes forming muscular ridges, was 

observed during later developmental stages, suggesting clinical relevance for future 

investigation[11]. 

Furthermore, we compared changes in heart rates, ventricular ejection fraction, 

Reynolds, and Womersley numbers (Table 3.1). Heart rates steadily rose while 

ventricular ejection fraction remained relatively unchanged between 60% and 65% at later 

stages of development. Despite incremental increase, the Reynolds numbers at the AV 

canal remained less than 0.23 consistent with laminar flow. The Womersley numbers at 

the inflow tract also remained less than 0.13, consistent with parabolic inlet velocity 

profiles. Taken together, the moving boundary CFD modeling provides a hemodynamic 

basis to elucidate mechano-transduction underlying cardiac morphogenesis. 

 

3.4 Discussion 

While direct measurement of intracardiac properties remains an unmet bioengineering 

challenge, the advent of CFD analysis is conducive to linking hemodynamics with cardiac 

morphogenesis. While WSS clearly impacts genetic programming of the developmental 

heart, there is a paucity of methodologies for assessing shear stress in real-time in small 

animal models of heart development. Thus, the novelty of our approach lies in the 

reconstruction of time-dependent moving endocardial boundaries and interpolation 

between measurements using in vivo imaging of the zebrafish heart.  

In this proof-of-concept study, we applied two-dimensional simulations together with 

advanced imaging of the zebrafish heart. Tg(fli1a:EGFP)y1 zebrafish has been used in 

angiogenesis studies due to their optically translucent green fluorescent endothelial cells 
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[130]. The use of Tg(fli1a:EGFP)y1 transgenic embryos allows for clear delineation of the 

inner wall for reconstructing the moving boundary for CFD. These genetically engineered 

zebrafish embryos express green fluorescent protein (GFP)-labeled fli1a gene in 

endothelial cells lining the endocardium and blood vessels. Treatments with PTU 

beginning at 10 hpf further prevents pigmentation, enhancing organ visualization.  To 

reconstruct the two-dimensional CFD models, we focused on the mid-plane of the atrium 

and AV valve where milestones in intracardiac development occur in relation to blood flow 

across the AV canal. Recorded video was extracted frame-by-frame to track the motion 

of the beating heart. Wall motion was generated by the interpolation between frames. The 

inlet velocity boundary condition from PIV was employed in the simulation. 

Comparing the average peak shear stress at various stages revealed key milestones 

of cardiac morphogenesis. A significant increase in peak shear stress correlated with 

cardiac looping at 40-50 hpf (Figure 3.7a), during which shear stress on the endothelial 

and endocardial inner lining of the vascular system will be transmitted either 

intracellularly, resulting in changes in gene expression, e.g., Krüppel-like factor-2 (klf2a) 

[131], or trans-epithelially, leading to signaling the underlying mesenchyme or 

myocardium [132]. Furthermore, the significant increase in shear stress between 60-

70hpf and 80-90 hpf is implicated in endocardiac cushion formation, which is a precursor 

to AV valve formation [128, 133], and is associated with up-regulation of klf2a mRNA [8] 

as well as Notch, NFAT, ErbB and Tgf-β signaling[100, 128, 129, 134].     

Clinically, left ventricular non-compacted cardiomyopathy is associated with a dense 

ventricular trabeculations, and thus, reduced cardiac systolic function [135]. In humans, 

trabeculae form as the ventricular myocardium protrudes into the lumen of the chamber, 
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resulting in increasing muscle mass and altered cardiac output. In zebrafish embryos, 

trabeculation is not evident before 48 hpf, and trabeculation starts at the end of cardiac 

looping [10, 110]. Prior to trabeculation, the inner surface of the heart is smooth and the 

cardiomyocytes have uniform thickness [10]. In the current study, CFD simulation 

unravels that the incremental increase in pressure gradient across the AV canal prior to 

50 hpf is relatively low compared to the later developmental stages (Figure 3.7b). 

However, a significant increase in pressure gradient coincides with trabeculation after 50 

hpf-90 hpf, during which trabeculation ridges, bundles, and stalks thicken and begin to 

protrude into the ventricle [10]. In this context, significant changes in pressure gradient 

may be implicated in the initiation of trebaculation. However, further investigation is 

warranted to address changes in pressure gradient versus shear stress as the potential 

mechanism underlying the formation of trabeculation. 

Vortices induced by blood flow are also implicated in remodeling of the left 

ventricle[136]. The velocity field and instantaneous streamlines reveal structures 

occurring during atrial diasotle at the early stage of the tube-like structure (Figure 3.8). 

When the diameter of the AV canal is reduced and the morphological AV valve forms, 

vortices are present in both the atrium and ventricle during both atrial systole and diastole. 

Despite the relative small size of vortical structures based on the vorticity fields (Figure 

3.8), implications in mechano-signal transduction from endocardium to myocardium 

warrant further investigation.  

PIV provided validation to changes in velocity across the AV canal at three different 

developmental stages. The findings support the physiological changes in heart rates in 

relation to the increase in blood velocity. At 120 hpf, the heart rate was in the range of 120 
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and 180 bpm, approaching those of adult zebrafish (Table 1) [137]. We further estimated 

ventricular ejection fraction (VEF) as a global approach to assess cardiac 

performance[112]. At early embryonic stages, VEF varies considerably (n=6), and this 

value was close to that of humans [138]. Reynolds numbers, defined as a ratio of inertial 

forces to viscous forces [20, 139], are less than 1, and Wormersley numbers, defined as 

a ratio of transient inertial forces to viscous forces [139], are also less than 1. Together 

with vorticity fields and instantaneous streamlines (Figure 3.8), laminar flow was 

observed in the zebrafish embryonic heart. 

The limitations of the current study lie in the use of PTU and the slow frame rate for 2-

D CFD simulations. Treatment of embryos with PTU to prevent pigmentation is reported 

to delay development, and to promote cardiac developmental defects in some embryos 

[140]. While PIV validates the CFD analysis, PIV focuses solely the movement of the 

particles, whereas the CFD code requires additional physical parameters, including the 

moving boundary, inlet velocity, and heart rate. Approximation of structure by a heart mid-

plane analysis also posed a challenge for non-planar anatomy among atrium, ventricle, 

inflow tract, outflow tract, and AV canal. Particularly, during cardiac looping, especially, 

the image acquiring among two chambers, inflow tract, and outflow tract is challenging in 

the plane.  The low frame rate may have underestimated wall deformation after 

interpolation between frames. Higher pixel binning of the microscope would increase both 

signal to noise (SNR) and temporal resolution (frame rate) despite a decrease in spatial 

resolution. However, increasing the magnification of the lens coupled with increasing 

binning would hold promise to enhance both temporal and spatial resolution[141, 142]. 
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In summary, our moving domain CFD simulation provides a quantitative basis to link 

hemodynamics with cardiac morphogenesis; namely, cardiac looping, AV canal and 

endocardial formation, and future study of trabeculation. The 2-D simulation data paves 

the way to further develop 3-D CFD models of heart development, coupled with the 3-D 

moving boundary data from customized optical imaging techniques [143, 144]. The 

translational implication of our study is to elucidate mechano-signal transduction with 

clinical relevance to congenital heart disease and left ventricular non-compacted 

cardiomyopathy.   
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Figure 3.1. Dorsal view of zebrafish embryos illustrated cardiac system prior to and 

after pigmentation removal. (a) Pigmentation opacifies internal organ systems at 120 

hpf. (b) Treatments with PTU beginning at 10 hpf prevented pigment formation, allowing 

for clear organ visualization. (c) PTU-treated zebrafish heart observed under bright field 

microscope at 120 hpf. Despite visualization of outer wall, inner wall is poorly demarcated. 

(d) The use of transgenic Tg(fli1a:EGFP)y1 embryos allows for clear delineation of inner 

wall for reconstructing the CFD model. (e) Tg(gata1:dsRed)sd2 transgenic zebrafish 

allows to visualize the blood particle in order to take velocity by particle tracking technique. 

A, atrium; V, ventricle; B, bulbus arteriosus. 
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Figure 3.2. Schematic drawing of cardiac development in each stages. At the early 

embryonic stage, heart shape is a tube-like structure. At about 20 hours, zebrafish heart 

is undergoing looping. After completion of cardiac looping, AV cushion starts to develop 

into a AV valve. 

 

  



41 
 

 

Figure 3.3. CFD simulation data was obtained at AV canal at three different 

developmental stages; namely, 20-30 hpf, 60-70 hpf, and 110-120 hpf. The velocity 

profiles were validated by comparing with those of particle image velocimetry (PIV) via 

the Matlab-coded PIV tool. The CFD simulations overlapped reasonably with those of 

PIV. Noticeable are the increase in both the blood velocities and heart rates at later stages 

in development. 
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Figure 3.4. At 20-30 hpf, zebrafish heart is morphologically a tube-like structure 

with a AV canal (AV) separating the atrium (A) and ventricle (V).  (a) Atrial contraction, 

the first peak, engenders an increase in shear stress profiles through the AV canal. (b) 

Diastasis between atrial and ventricular contraction result in a decrease in shear stress 

across the AV canal. (c) Ventricular contraction, the second peak, results in flow reversal 

or regurgitation through the AV canal. The magnitude of wall shear stress (WSS) across 

the AV canal is about half of the forward blood flow at AV canal. (d) The green fluorescent 

protein (GFP) delineated the tubular structure. Unidirectional forward flow from the 

contracting atrium into the ventricle develops through the AV canal. (e) The GFP image 

reveals movement of peristaltic wave to the end of tubular heart structure. (f) Flow 

reversal develops in response to the contraction of tubular structure. (g) Velocity profiles 

show the maximal magnitude through the AV canal. (h) The magnitude of velocity is 
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minimal at AV canal. (i) The magnitude of flow reversal or regurgitation is about half of 

the forward blood flow at AV canal. Contoured velocity profiles confirm the observed result 

(g-i). Red bars in (a-c) represent the time points at which the corresponding velocity 

profiles were reconstructed. A, atrium; V, ventricle.  
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Figure 3.5. At 40-50 hpf, the zebrafish heart begins to undergo looping. (a-c) 

Compared to 20-30 hpf, WSS across the AV canal is increased by ~9-fold during atrial 

contraction. However, the magnitude of flow reversal or regurgitation-induced WSS 

during ventricular contraction decreases by ~33% in comparison with the earlier stages 

as the AV canal is developing into a valvular structure. (d-i) The ventricle has increased 

in size when compared to the atrium and absolute values of velocity have increased by 

33%, A, atrium; V, ventricle. 
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Figure 3.6. At 110-120 hpf, the morphologic AV valve is distinct and left ventricle is 

enlarging. (a-c) WSS across AV valve in response to atrium contraction is significantly 

higher than that of ventricular contraction. (d-i) Complete formation of the AV valve and 

bulbus arteriosus was observed at this stage, and amount of flow reversal reduced. The 

ventricle has become larger than the atrium in size, and the flow reversal through the AV 

canal during ventricular contraction is reduced due to small size of AV canal. A, atrium; 

V, ventricle; B, bulbus arteriosus. 
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Figure 3.7. Statistical data for average peak shear stress and pressure gradient. 

(a)Average peak shear stress increases during developmental stages. At 50 hpf, the heart 

has undergone cardiac looping, which corresponds to an increase in magnitude of shear 

stress by 5-fold from 30 to 50 hpf (*p < 0.01, n = 6).. (b) In corollary, average peak pressure 

gradient across morphological AV canal increased from early to later developmental 

stages (*p < 0.01, n = 6).  
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Figure 3.8. Instantaneous streamlines from early to the later stages. (A-B) At the 

early stage (20hpf-30hpf), vortices in the morphological atrium is present in response to 

flow reversal during contraction of the morphological ventricle. (C-D) At 110 to 120 hpf, 

vortices are present downstream from the AV valve during atrial contraction and upstream 

(in the atrium) during ventricular contraction.  
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Table 3.1. Hemodynamic parameters  

   30hpf  50hpf  70hpf  90hpf  120hpf  

Heart Rate (bpm)  54±2  75±16  92±36  117±25  149±20  

Averaged VEF(%)  76±10.6  65±7.2  59±5.0  65±6.6  63±3.9  

Re* at AV canal when atrium 

contract  
0.07±0.03  0.09±0.03  0.13±0.02  0.17±0.03  0.23±0.07  

α# at inflow tract of the heart  0.11±0.01  0.20±0.01  0.13±0.00  0.14±0.01  0.13±0.01  

*Reynolds number, #Womersley number 
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Chapter Four: A Compact Plane Illumination Plugin device to enable 

light sheet fluorescence imaging of multi-cellular organisms on an 

inverted wide-field microscope 
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illumination plugin device to enable light sheet fluorescence imaging of multi-
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50 
 

4.1 Introduction 

Light Sheet Fluorescence Microscopy (LSFM) is a prominent imaging technique that 

uniquely enables multidimensional imaging over a wide range of scale from several 

microns to several millimeters [1-3]. Compared with the conventional wide field 

microscopy and confocal laser scanning microscopy, LSFM can significantly reduce 

photo-damage, enhance image contrast, and improve axial resolution when imaging 

multi-cellular organisms by optically sectioning the sample using a thin plane illuminating 

light sheet [1]. LSFM is currently on the verge of becoming a predominant visualization 

technique for life science research. In the past decade, several structure variants of 

LSFM, including Selective Plane Illumination Microscopy (SPIM), Multidirectional SPIM 

(mSPIM), Digitally Scanned Light sheet Microscopy (DSLM), Objective-Coupled Planar 

Microscopy (OCPI), Oblique Plane Microscope (OPM), Bessel-Beam-based Light sheet 

Microscopy, have been developed and widely used for various research topics, such as 

embryogenesis, tissue culture and brain mapping [4-17]. LSFM technology is 

characterized by its orthogonal illumination and detection setting which are comprised of 

four major components in the system: light sheet illumination, sample mounting, 

fluorescence detection, and data acquisition. The majority of current LSFM modalities, 

such as SPIM [1] and DSLM [2, 3], are based on completely new designs of all the four 

units and are therefore fully independent from conventional wide field microscopy or 

confocal scanning microscopy. A few other LSFM modalities, such as OCPI [12] and 

iSPIM [18], have been created on existing inverted microscopes. However, their LSFM 

functions remain independent from the microscope base. The inverted microscope in this 



51 
 

case, complements the LSFM system by merely providing additional bright field 

observation or wide field fluorescence collection. 

Despite a unique orthogonal illumination path, LSFM shares similar configurations of 

fluorescence detection and data acquisition parts with the widely used wide-field 

fluorescence microscopy. On one hand, constructing an entirely new LSFM system may 

not always be feasible due to the high requirements of resources as well as skills; on the 

other hand, the addition of an extra light-sheet illumination in the horizontal direction and 

utilization of delicate sample manipulation strategy can be accomplished on a common 

conventional microscope by combining the light-sheet illumination with existing optical 

path of the conventional microscope. However, several challenges in the implementation 

of this concept remain: (1) conventional wide-field microscope requires samples 

positioned on a glass slide, but the rough side-wall surface of the glass slide makes 

horizontal plane illumination nearly impossible; (2) the short working distance of the 

objective results in a limited space for integration with regular optics or mechanics; and 

(3) a majority of  conventional microscopes has no z-translation apparatus on the sample 

stage; thus, rendering them incapable of performing light sheet scanning. 

In this context, we addressed the aforementioned issues by using a simple, compact and 

cost-effective Plane illumination plugin (PIP) add-on device. The PIP was developed to 

be mounted onto the inverted microscope to enable the light sheet fluorescent imaging of 

a specimen. The PIP device has a compact structure that utilizes small and inexpensive 

electronics and optics elements. The lightweight bracing structure of the device was 

designed through Solidworks, produced by rapid 3-D printing, and easily mounted onto 

the stage of the inverted microscope. Three key parts were employed to generate the 
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light sheet illumination: a laser diode module as the light source, an adjustable aperture 

for tuning the beam profile, and a cylindrical lens for line-focusing the beam. All of the 

components can be easily mounted onto a sliding rail with their center automatically 

aligned. As a result, this illumination arm of the PIP was able to generate a tunable 

Gaussian beam light sheet on the horizontal plane with a short optical path measuring 

only about 5 cm. The tunability of the cylindrical lens along the light propagation direction, 

allowed the waist of light sheet to be located properly on the sample. We simply mounted 

the sample tube onto the L shape adapting rod. The tube was then manually rotated on 

the rod until the sample’s least scattering side faces the light sheet and  thereafter the 

sample can be vertically scanned (Z-scanning) through the light sheet with a steerable 

step size. Unlike other LSFM modalities, while the plane illumination on the sample takes 

place inside the PIP, the inverted microscope system maintains its functions for 

fluorescence detection and image acquisition. With the integration of PIP, superior in-

focus excitation helps the conventional microscope to acquire sharp, haze-free sectional 

images. For example, the clear beating motion of a zebrafish embryo heart, which was 

otherwise difficult to visualize using either conventional microscope or confocal 

microscope, could be successfully captured using our PIP-added system. In addition, the 

axial confinement from PIP’s plane illumination significantly improved the axial resolution 

of the system, which was previously unsatisfactory due to the wide-field excitation. Thus, 

Z-scanning a multi-cellular branched structure was further performed to achieve the three-

dimensional reconstruction of the entire cellular architecture and to resolve the complete 

intracellular structure. Unlike the common LSFM modalities that rely on expensive 

components and experienced operators, the PIP device makes full use of the existing 
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microscopic platforms. Therefore, aside from being an inexpensive light sheet imaging 

solution and easy-to-use modality, PIP also avoids complicated optics alignment and 

imaging operation, for adaptation in resource-limited environments. 

 

4.2 Methods 

4.2.1 Design of horizontal plane illumination 

Our PIP design was initiated on the basis of two concepts. First, in light sheet 

microscopy, the comparatively low requirements on excitation source and shaping of 

hyperbola Gaussian light sheet enabled the miniature of the plane illumination path using 

a compact laser diode source and small optics. Second, state-of-art 3D printing 

techniques allowed for the fast and inexpensive prototyping of sophisticated structures, 

which were necessary for accommodating multiple components of a functional system. 

Based on these two concepts, we chose a compact laser diode as the excitation source, 

a tunable diaphragm or slit for beam control, and a cylindrical lens as the line-focusing 

generator to create an illuminating light sheet in the PIP. A sliding rail with several built-

in racks was designed as the illumination part of PIP to house these optical elements. 

The laser holder fitted various types of laser diodes with a maximum diameter of 17.5mm 

by using appropriate laser adapters. A 450 nm wavelength blue laser diode module with 

80 mW power was used in our experiment for the excitation of GFP samples. A tunable 

diaphragm with a 0.7 mm to 2 mm diameter clean aperture was used to control the vertical 

extent of the incident laser beam to further determine the axial confinement of the laser 

sheet as well as its confocal region, wherein the Gaussian laser sheet could be treated 

as uniform[13, 19, 20]. A 10mm x 20mm cylindrical lens with 30 mm focal-length lens was 
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mounted at the end of the illumination path to generate a line-focused laser sheet on the 

horizontal plane. All the aforementioned elements were assembled onto the racks in the 

PIP. The optics housed racks allowed smooth sliding on the rail along the laser 

propagating direction (x-axis) for coarse tuning. The schematic of a working PIP device 

was shown in Figure 4.1(a). 

4.2.2 Design of sample mounting and control 

The PIP was designed to house a small chamber (12.5mm by 12.5mm by 37.5 

mm) at the center of the device. A  micro-actuator driven L shaped aluminum rod was 

inserted into this water chamber for adapting a piece of Fluorinated Ethylene Propylene 

(FEP) tube in which the samples were packaged inside using hydrogel (Figure 4.1(b)). 

We chose FEP tube because it has a refractive index of ~1.34, which is similar with the 

refractive index of both biological samples and the DI water (~1.33). This property 

minimized the light refraction on the curved water-FEP interface and significantly reduced 

the side effect of aberration while the excitation light and emission signal pass through 

this interface. The micro-actuator with 1 μm travel resolution was vertically fastened on 

top of the PIP to finely tune the z-position of the sample during 3D scanning. The sample 

could be positioned concurrently in the x-y plane into the center field of view by 

manipulating the microscope stage. For use, the PIP device could be easily mounted on 

the stage using the mounting holes. We transported samples into the FEP tube first, and 

then we attached the FEP tube to the aluminum rod, which was already inside the cuvette. 

We rotated the tube to adjust sample to the desired orientation. We prepared the cuvette 

by drilling two holes on one side of the wall, one for the L shape rod and another for filling 

water. At last, we filled the cuvette with DI water (Figure 4.1(b)). The aperture size of iris 
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diaphragm, axial extent and confocal range of laser sheet sectioning were adjusted based 

on the sample dimensions. To optimize the plane illumination on the sample, we slid the 

cylindrical lens to roughly focus the light sheet into the sample region, approximately 

fitting the sample inside the confocal range of the Gaussian beam [21, 22]. However, 

since the confocal range could be ~300 μm in its shortest case, the precise tuning of the 

lens holder using bare hands became unpractical. Thus, we introduced a small rotation-

to-translation mechanics to finely tune the cylindrical lens by rotating the screw-nut sets. 

The screws had one end attached into the threaded holes in the base track, and another 

end fixed with the lens holder. It enabled the fine movement of cylindrical lens along the 

laser propagation direction and the overlapping of light sheet’s confocal region with the 

sample’s region-of-interest (Figure 4.1(c)). In Figure 4.1(e) and Figure 4.1(f), we 

included the photographs of the real device in stand-alone mode and working status. 

More specific details of the PIP device are presented in the supplementary materials, 

including the CAD drawings with design specification and dimensions of all the 

customized parts, following by a step-by-step assembling protocal, which allow 

researchers to reproduce our device in a rapid and affordable way, the exploded 

assembling animation of the whole device illustrating the assembling of PIP from 

independent parts, and a part list of the device with vendors and prices.  

4.2.3 Image acquisition  

The PIP generated a thin laser sheet propagating in the horizontal plane, which 

was orthogonal to the detection path of the inverted microscope. The laser sheet replaced 

the standard wide-field excitation of the inverted microscope and imposed a sharp plane 

illumination on the sample. The fluorescent signals emitted from the illuminated planes of 
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the sample were collected by the inverted microscope and projected onto the camera via 

the microscope’s internal optical path. The confocal parameter of the laser sheet was 

widely tuned from hundreds of microns to several millimeters for imaging various multi-

cellular organisms to match the dimension of the samples. The axial extent of the light 

sheet correspondingly varied from 5 to 10 microns, which represented the improved axial 

resolution compared to wide-field epi-fluorescence. When implementing 3D imaging, we 

used the micro-actuator to scan the sample through the steady light sheet along the z-

direction with a step size at least half of the axial extent of the light sheet [23]. Normally, 

a low power objective such as 4X/0.13 and 10X/0.3, was used to cover the field-of-view 

(FOV) of the sample and a digital camera was mounted at the image plane to continuously 

record the sequence of the sectional images with high speed. The schematic diagram of 

entire PIP-aided light sheet microscopy is shown in Figure 4.1(d). 

4.3 Sample preparation 

4.3.1 3D culture of human aortic endothelial cells 

Human aortic endothelial cells (HAEC) (Cell Applications) were cultured in endothelial 

growth medium (Cell Applications) supplemented with 5% Fetal Bovine Serum (FBS) 

(Gibco).  HAEC were treated with recombinant GFP-LC3 adenovirus, kindly provided by 

Dr. Junichi Sadoshima from Rutgers New Jersey Medical School, at a multiplicity of 

infection (MOI) 1:100 to induce GFP expression and allow for fluorescent visualization of 

the cells. The transfected HAEC cells were grown in a 96-well plate at 20,000 cells/well 

on a 100 μL Matrigel Growth-factor-reduced matrix (BD Biosciences) that was allowed to 

gel before seeding cells in DMEM + 5% FBS + 25 ng/mL VEGF. Tube formation was 

visualized following 6 hours incubation at 37°C. 
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4.3.2 Zebrafish embryo culture  

Adult Tg (fli1a: EGFP) and Tg (cmlc2: GFP) transgenic zebrafish were raised in the UCLA 

zebrafish core facility. All the experiments were performed in compliance with the 

approval of GLA Institutional Animal Care and Use Committee (IACUC) protocol 

(Zebrafish IACUC Protocol number: 101004-14). The fish were maintained with filtered 

fresh water under 14 hours of incandescent light and 10 hours of dark conditions. In 

Tg(fli1a:EGFP) fish, the fli1a promoter-driven enhanced green fluorescent protein (EGFP) 

was expressed predominantly in vascular endothelial and endocardial cells. In 

Tg(cmlc2:GFP) fish, the cmlc promoter-driven green fluorescent protein (GFP) was 

expressed exclusively in myocardia cells. The embryos were transferred to a petri dish 

and incubated in 28.5°C. To maintain transparency of zebrafish embryos, embryo 

medium was supplemented with 0.003% phenylthiourea (PTU) to suppress pigmentation 

at 10 hpf. 

4.3.3 Sample preparation for PIP  

Samples, such as trans-genetic zebrafish embryo or GFP-labeled cell macro-structures, 

were mounted using low melt point agarose at 0.5% to 1% concentration in 2 mm 

diameter FEP tubing, which has a refraction index (1.34) very similar to water (1.33) and 

minimized the index mismatch with surrounding phosphate buffered solution in PIP’s 

sample cuvette during imaging[1]. 

 

4.4 Result 

4.4.1 Light sheet calibration 
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The tunable light sheet profiles generated by PIP were characterized to verify the 

feasibility of the device. A Sony monochrome CCD profiler with 2.2 μm pixel size was 

mounted on a motorized translation stage to sequentially acquire the projections of the 

light sheet along its propagation direction (Figure not shown). Two representative light 

sheets generated at the iris diaphragm size of both 1.8 mm and 1 mm were profiled for 

imaging the embryonic zebrafish hearts and HAEC tube formations. The smallest Full-

Width-at-Half-Maximum (FWHM) of the light sheet at each diaphragm setting could be 

directly obtained from the projection image recorded at the focus (Figure 4.2(a)) and the 

range showing FWHM variation could be further reconstructed and measured through 

stacking the projections (Figure 4.2(b)). In Figure 4.2(b), the confocal parameter, within 

which the light sheet thickness could be considered as constant, were labeled with 

double-headed arrows to show the optimal region for sectioning. The theoretical 

calculation of the confocal parameter and Rayleigh range, which determined the region 

of an ideal Gaussian beam [21, 22, 24], were detailed and compared with the 

experimental data. The 1.8 mm diaphragm size generated a sharper light sheet with 

thickness of ~5.5 μm and a shorter confocal parameter of ~300 μm, suitable for small 

samples, such as embryonic zebrafish heart or C. elegans. Meanwhile, the 1 mm 

diaphragm offered a thicker light sheet of ~10μm and longer confocal parameter of ~1mm, 

to enable the sectioning on macroscopic objects, such as early-stage zebrafish embryos 

and 3D-cultured cellular branches, etc. The intensity distribution of the light sheets was 

further mapped in 3-D space [25]. 

4.4.2 System resolution measurement 
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A micro-sphere (~400 nm in diameter) was used as the point source to compare the 

resolving power among 3 different imaging configurations, including the inverted 

microscope, PIP-mounted inverted microscope with 1 mm aperture and PIP-mounted 

inverted microscope with 1.8 mm aperture, shown in Figure 4.3(a-c), respectively. The 

normalized line intensity profiles of the resolved bead images along the lateral (x) and 

axial (z) directions were further plotted in Figure 4.3(d) and Figure 4.3(e). The 50% peak 

intensity levels were labeled correspondingly in cyan contour lines to display the FWHM 

intensities that indicated the lateral and axial extents of the point source under 3 settings 

[5, 8, 14, 17]. For these three cases, FWHMs at lateral direction were measured all around 

1.7 μm. The lateral resolutions were similar due to the use of identical detection objectives. 

However, the axial FWHMs of the resolved point source were significantly improved from 

~23 μm to ~6 μm by replacing the original wide-field excitation with plane illumination of 

the plugin device. 

4.4.3 Haze-free motion capture of beating embryonic zebrafish heart in vivo 

Imaging dynamic structures with fast cardiac contraction presents technical challenges to 

the traditional light microscopy. Conventional microscopy is limited by out-of-focus 

excitation, which prevents the system from yielding sharp sectional images. In addition, 

confocal microscopy has a limited scanning speed and thus lacks the capability of 

freezing the fast motion. Light-sheet microscopy could outperform both conventional 

microscopy and confocal microscopy to image highly dynamic structures, such as a 

beating embryonic zebrafish heart, by including both sharp, in-focus sectioning and rapid 

plane acquisition [23, 26-30]. The advantages of the PIP were demonstrated by imaging 

the zebrafish embryonic heart (Figure 4.4(a)) in a multi-step approach. First, regular epi-
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fluorescence images of the embryonic heart were captured by an inverted microscope 

(Nikon Eclipse TE-2000) using 10X/0.3 objective and sCMOS camera (Hamamatsu 

ORCA Flash 4.0). The serial time frames were shown in Figure 4.4(b) at 100 ms intervals. 

Due to the limited axial resolution [measured ~28 μm in Figure 4.3(a) and extensive out-

of-focus excitation (Figure 4.4(b)) from the wide-field fluorescence illumination, the 

images were poor in quality to demarcate cardiac structure from out-of-focus blurs. Since 

PIP device did not block either the wide-field illumination or epi-fluorescence illumination, 

the experiment was done with sample mounting on PIP, while the external PIP laser was 

turned off. 

After turning on the laser diode and activating the plane illumination, we re-imaged the 

beating heart using the additional light-sheet mode with ~5.5 micron axial sectioning. The 

resulting optical power density at the focus was around 7 μJ / μm2. The PIP significantly 

improved the image contrast by greatly confining the axial excitation and reducing the 

image contamination by the out-of-focus fluorescing (Figure 4.4(c)). As a result, the 

selective plane of the cardiac motion could be digitally visualized with both high temporal 

and spatial resolution, revealing the dynamic change in the endo- and epicardial 

boundaries. We further compared the performance of PIP with a standard Selective Plane 

Illumination Microscopy (SPIM) system that we assembled on an optical bench. Our SPIM 

system was a home-built SPIM system consisted of several costly components and at the 

same time required considerable space and highly skillful people to align the optics (data 

not shown). Figure 4.4(d) showed the control heart images (same stage embryo) from 

the SPIM system containing identical illumination (a laser sheet of ~6 μm FWHM) and 

detection (10X/0.3 detection objective plus Hamamatsu Flash 4.0 camera) configurations 
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of PIP imaging. With an integrated PIP system, a conventional wide-field microscope 

could perform optical sectioning with sharp contrast comparable to that of a professional 

light-sheet microscopy. Though in term of light sheet imaging, the standard SPIM was 

more powerful than PIP-integrated inverted microscope with higher tunability, because of 

some advanced functions, such as multi-view fusion, we did prove that the PIP is eligible 

in assisting the inverted microscope with superior light sheet imaging. In addition, with the 

improved axial resolution, reconstruction of the complete cardiac cycle from the 3-D 

beating heart could be further accomplished using either a high speed camera or 

retrospective cardiac synchronization algorithm[31]. 

4.3.4 Image-based quantification of beating embryonic zebrafish heart  

The cardiac mechanics of a beating embryonic zebrafish heart was further characterized 

by quantifying changes in volume and strain rate during a cardiac cycle based on the 

improved image results. For the computation of the heart dynamics, a clear segmentation 

of the myocardium boundary was substantially required as input for the analysis. Due to 

the low image contrast caused by excessive out-of-focus fluorescence contamination, 

only the outer boundary of the ventricle could be distinguished and segmented in 

conventional microscope result (Figure 4.5(a), 1st row). The inner boundary of the 

ventricle remained vague. However, light sheet illumination with either PIP (2nd row) or 

SPIM (3rd row) enabled a significant contrast enhancement in resolving the endocardial 

boundary. As a result, the clear segmentation of the fluid domain was established to 

perform Computational Fluid Dynamics (CFD) analysis over a time scale (Figure 4.5(a), 

2nd row and 3rd row). 
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With segmenting the outer (epicardial) boundary, the changes in volume of the entire 

heart were calculated and further plotted with respect to the 400-millisecond time span 

(Figure 4.5(b)). More importantly, a resolvable inner boundary acquired from the PIP 

image further enabled the segmentation of the fluid domain and complete myocardium 

architecture for future investigation of cardiac mechanics. The changes in volume in the 

aforementioned 400 ms time were shown in Figure 4.5(c) and Figure 4.5(d), respectively. 

The strain rate of the beating heart could also be computed based on the girth variation 

of the outer segmented boundary within a cardiac cycle [32] (Figure 4.5(e)). As a result, 

the successive occurrence of cardiac contraction (systole), active and passive filling 

during cardiac relaxation (diastole), was identified as red, blue and green lines showed. 

4.3.5 3D visualization of branched cells column using PIP 

We set the PIP aperture size to 1 mm, formulating a 10 μm-thick light sheet (Figure 4.2) 

to optically section an entire branched HAEC cells column with hundreds of micron length 

in each dimension. The aforementioned 10X/0.3 objective and Hamamatsu ORCA Flash 

4.0 sCMOS camera were used to acquire the images. The cellular branching structure 

was further scanned through the light sheet with a step size of 3 μm, to obtain a Z-stack 

for reconstructing the complete 3-D architecture. A stack of wide-field fluorescent images 

were obtained with the same detection objective and Z-scanning parameters. Selected 2-

D plane images from regular wide-field fluorescence mode and light-sheet mode were 

compared in Figure 4.6(a) and Figure 4.6(b), in which adjacent frames had a 40 μm 

interval of step size. In the wide-field group (Figure 4.6(a)), due to the blunt sectioning 

and severe out-of-focus excitation, several cells at different depth were illuminated 

together with excessive out-of-focus blurs overlapping, resulting that the adjacent frames 
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showed inconspicuous difference. After PIP laser was switched on, through the sharp 

axial sectioning, the cells with Z depth diverging greater than 10 μm could be easily 

sensed, so that fewer cells displayed on each Z frame, making significant difference 

among the frames. At the same time, the side illumination of the PIP provided superior 

confinement of the excitation along z direction, and substantially reduced the out-of-focus 

blurs. Therefore, in Figure 4.6(b), clean and haze-free cells could be visualized in each 

frame of the stack. Figure 4.6(c) and Figure 4.6(d) further compared the projections of 

the x-y, x-z and y-z planes, in wide-field mode and light sheet mode respectively [14, 18, 

33]. With remarkably enhanced axial resolution and contrast, a clear volumetric 

reconstruction of complete branched structure was achieved exclusively under light sheet 

mode (Figure 4.6(d), rightmost subgraph). It could potentially benefit a variety of image-

based analysis, such as precisely locating the cells and quantifying the formed patterns, 

which are both valuable for understanding the mechanisms underlying branch 

morphogenesis. Therefore, in addition to handling a small region-of-interest within live 

animals, PIP also demonstrated its superior performance on imaging larger organisms. 

We further validated this feature by three dimensionally visualizing the vessel system of 

zebrafish tail labelled with GFP [28, 34, 35] , and significant quality enhancement were 

also obtained (data not shown). 

 

4.4 Discussion  

While conventional epi-fluorescence microscopy is currently still the backbone of most 

life science research and medical diagnosis despite its imperfect axial performance and 

inefficiencies of 3D imaging, light sheet microscopy provides significantly improved axial 
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performance and greatly reduced photo-toxicity. The similarities between conventional 

epi-fluorescence microscopes and LSFM provided motivation for the development of the 

plane illumination plugin (PIP) to enhance the performance of conventional epi-

fluorescence microscopes in a simple and cost-effective way. 

We first simplified the generation of plane illumination, using a compact laser diode and 

a cylindrical lens to form the light sheet. A tunable aperture was designed to tune the light 

sheet properties, such as thickness and usable region. To create plane illumination 

horizontally proximal to the microscope’s objective, we then designed a bracing structure 

for PIP, with a flat rail structure holding the optical elements and aligning the illuminating 

light path.  Alongside the rail and illumination path, we designed an L shape hollow rod, 

dipping it into a customized cuvette filled with water, to hold a FEP tube with sample 

mounted inside and deliver the sample precisely at the intersection of sheet illumination 

and fluorescence detection[36-38]. To enable the Z-scanning of sample which is 

necessary for 3D imaging, the rod was designed to be controlled by a vertical micrometer 

fixed on the top of PIP. By tuning the micrometer, the sample could be scanned vertically 

through the light sheet in the water chamber, together with the tube. In current proof-of-

principle study, we used manual micrometer for scanning, which could be inconvenient 

when the experiment setup requires hundreds of steps to image larger specimens. In 

future designs, the micrometer could be further replaced by a miniature motorized 

actuator, to carry out automated 3D scanning with higher precision. In our work, we used 

Nikon CFI Plan Fluor 10X objective as the detection lens most. It has a convenient 

working distance of 16 mm and comparatively small NA of 0.3, with which we can easily 

make PIP work well with the microscope and at the same time, the spherical aberration 
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could be kept minor during our 3D scanning (Figure 4.6(b)). At the same time, we realized 

that we cannot always rely on the low-to-middle magnification objective if we want to scale 

up this technique to help epi-fluorescence microscope with even higher resolution 

(subcellular resolution) 3D imaging, in which the spherical aberration will become much 

more significant and water-dipping lens is always required. This problem can be smoothly 

solve by customizing the cuvette with thinner walls and designing a larger and flatter 

bottom space that allows the objective to move really close to the cuvette with aqueous 

medium sandwiched in between. 

Some of the previous research, such as OpenSPIM [39, 40], had already developed step-

by-step guides on how to build in-house LSFM systems. These user-friendly instructions 

were aimed for the spread of advanced light sheet imaging in a way of standardized 

design, moderate cost, and easy operation. Likewise, PIP shares the similar spirit of these 

methods, while it goes further on simplifying the design and reducing a significant amount 

of cost via fully utilizing the traditional inverted microscopy, which many of research labs 

have already owned. The total expense of the prototype of PIP we demonstrated in this 

work was merely ~400 USD. It is noteworthy that the capability of PIP can be 

strengthened and upgraded for more advanced light sheet imaging, such as dual side 

illumination after including precise vertical motion control, multi-color imaging after the 

integration of fiber guided light source, and fast automatic scanning after the integration 

of motorized actuator. It could be roughly estimated that even with the upgrades, the cost 

of PIP can still be well below 5K.  

Although current version of PIP remains insufficient to achieve the same powerful 

performance of those high-cost light sheet modalities, such as Zeiss Light Sheet Z.1, it 
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has the advantages of compact add-on mode, simple design, easy fabrication and 

significantly low cost, which offer a promising solution for conducting advanced imaging 

in a resource-limited environment.  

 

4.5 Conclusion 

In summary, as an alternative to stand-alone systems, which are currently the dominant 

way to access cutting-edge light sheet microscope, we have developed a simple and cost-

effective device, called plane illumination plugin (PIP), to turn a conventional inverted 

microscope into a light sheet microscope. PIP has integrated several compact optical and 

mechanical elements into a small form factor which is rapidly prototyped by 3D printing 

technology. The elements that form the illumination path were self-aligned in PIP, and 

generated a tunable light sheet to illuminate the sample horizontally from the side. The 

sample-mounting aspect of PIP allows the precise manipulation of the sample, locating it 

at the intersection of plane illumination path and fluorescence detection path, with a water 

environment surrounded and 3D Z-scan enabled. PIP was designed to be highly 

compatible with the conventional inverted microscope, which has been ubiquitously used 

for a broad range of applications. We have made full use of the inverted microscope’s 

fluorescent detection system. By combining PIP with inverted microscope, we have 

shown the conventional inverted microscope is capable of harvesting superior images on 

various multi-cellular organisms, with greatly suppressed out-of-focus blurs in 2D plane 

images and significantly enhanced axial resolution in stacked 3D image. The palm-size 

PIP device could be an excellent enhancement to the conventional microscopy and 

provide an affordable solution to conduct advanced light sheet imaging under various 
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resource-limited environments, such as ordinary laboratory, and for various research 

fields such as developmental biology, regenerative medicine and tissue engineering.  
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Figure 4.1.  Schematic of the Plane Illumination Plugin (PIP) and its working 

principle. (a) The configuration of the PIP, which is based on fast 3D printing and several 

small optics. The key components include a laser diode module as light source, a 

cylindrical lens for light sheet generation, a micrometer drive for optical control, and a 

disposable cuvette as the sample holder. (b) Sample manipulation setup in PIP. A FEP 
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tubing with sample mounted inside is connected to a micrometer via an L shape adapter. 

By tuning the micrometer, the sample together with the tubing can be vertically scanned 

through the light sheet, inside a water environment. (c) The working status of the PIP. The 

laser sheet propagates horizontally through the sample, generating a plane illumination 

on the fluorophores. The existing fluorescence detection system inside the microscope 

collects the sample signal and images it onto the camera. (d) The working principle of PIP 

with a Nikon Eclipse TE-2000 inverted microscope. A lens adapter is added on the 

objective lens to increase the working distance. Through mounting the PIP on the stage 

and inserting the sample, LSFM is enabled on a conventional wide-field microscope. (e), 

(f) show the photographs of the real PIP device with (e) the scene of PIP device working 

with a Nikon TE-2000 inverted microscope. (f) The image of PIP with ruler showing its 

dimensions.   
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Figure 4.2.  Characterization of the tunable laser sheet of PIP. (a) Tuning the laser 

sheet thickness simply by adjusting the diaphragm. As the beam width decreases through 

reducing the aperture size of diaphragm from 1.8 mm (top) to 1 mm (bottom), the laser 

sheet becomes less focused and linearly thicker at the waist. The scale bars are 200 μm 

in i to ii, and 10 μm in inserts, respectively. (b) The corresponding change of the confocal 

region, which represents the available area for light sectioning. The double-headed arrow 

line shows the length of the confocal range (x direction), within which the light sheet can 

be considered uniform. The length of the confocal range is inversely proportional to the 

square of the light sheet thickness. The scare bars are 100 μm.   
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Figure 4.3. The comparison of resolving power measured before and after the PIP 

was mounted. (a) Visualization of the 400 nm point source by regular inverted 

microscope using a 10X/0.3 air objective. The subsets from the left to the right 

correspondingly show the x-y, x-z, y-z planes and the volumetric rendering. The axial 

extent is obviously larger than the lateral extents, due to the relatively low numerical 

aperture. (b) - (c), Visualization of the 400 nm point source by the same optical setting of 

the inverted microscope, but with PIP mounted. In (b), the aperture of the PIP are set to 

be 1 mm while in (c), this value is 1.8 mm. With PIP mounted, the axial extents become 

significantly smaller due to the sharp plane illumination. Scale bars in (a) to (c) are 5 

microns. (d) - (e), normalized line intensity plots of the resolved point source images, 

along lateral and axial directions, respectively. 1/2 intensity levels are drawn in the cyan 

lines, to show the FWHMs that reflect the resolutions of the systems. 1/e2 intensity level 

is drawn in green line to indicate the actually resolved diameters of the nano-particle.   
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Figure 4.4. Contrast-enhanced light sheet imaging of beating embryonic zebrafish 

heart by PIP mounted microscope. (a) Light sheet sectioning inside a live embryonic 

zebrafish heart (4 d.p.f., Tg: (cmlc : gfp) ). PIP enables the selective plane illumination on 

specific region of interest of the beating heart. (b) and (c) show the image comparison 

between regular inverted microscope and PIP mounted inverted microscope. The 

dynamic inner and outer boundaries of the beating heart can be clearly resolved when 

PIP is added. (d) shows the control heart images (same stage embryo) from a home-built, 

standard SPIM system with identical illumination and detection settings of PIP imaging. 

Scale bars in all images are 50 μm.  



73 
 

 



74 
 

Figure 4.5. Quantifying the area dynamics of beating embryonic zebrafish heart. (a) 

Segmentation of the ventricle’s inner and outer boundary. In the wide-field fluorescent 

image, due to the out-of-focus blur, only the outer boundary of the ventricle can be 

identified (yellow line). In PIP and SPIM images, by significantly enhancing image 

contrast, the inner boundary as well as ventricle’s myocardium structure (red area) can 

be accurately segmented. Scale bars in all sub-graphs are 50 μm. (b) The calculated area 

variation of the complete ventricle area in 400 millisecond time. (c) The normalized area 

change of the inside fluid domain, which is only enabled in PIP and SPIM image results. 

(d) The corresponding area change of the segmented ventricle muscle during heart 

beating. (e) The strain rate of the beating embryonic zebrafish heart during a cardiac 

cycle. The strain under each time point was calculated based on the girth variation of the 

ventricle inner boundary.  
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Figure 4.6. Visualization of 3D-cultured cell branches using PIP-integrated 

conventional microscope. (a) Sequential image slices acquired by a conventional 

inverted microscope using 10X/0.3 air objective. Out-of-focus excitation caused drastic 

image deterioration. (b) Sequential image slices acquired at the same z depths using 

identical wide-field detection plus 10 μm optical sectioning of PIP. (c) - (d) The maximum 

intensity projections (MIPs) and the volume renderings obtained without and with PIP, 

respectively. y-z, x-z projections of the 3D reconstructed images were also shown. The 

incorporation of PIP achieved significant axial resolution enhancement and background 

noise reduction. The cells geometry and intracellular morphology were also exclusively 

revealed by clear volume rendering in PIP group (rightmost). Scale bars in all images are 

100 μm.  
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Chapter Five: Cardiac Light-Sheet Fluorescent Microscopy for Multi-

Scale and Rapid Imaging of Architecture and Function 
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5.1 Introduction 

The advent of three dimensional imaging of biological organisms and tissues provides 

a paradigm shift to interfacing optical imaging with cardiovascular research. To unravel 

the cardiac morphogenesis, regeneration, differentiation and proliferation require deep 

tissue penetration to visualize the dynamic events with high spatiotemporal and depth 

resolution. While modern light microscopy techniques, such as wide-field microscopy and 

confocal scanning microscopy, have enabled spatial resolution to image intracellular 

organelles, insufficient axial resolution and noticeable photo-damage remain a challenge. 

The 3-D post-imaging reconstruction and stitching for large sample size renders the 

imaging processes laborious and prolonged[145-147]. The advent of Optical Coherence 

Tomography (OCT) and Optical Projection Tomography (OPT) has enabled 3-D and non-

invasive imaging of large specimens. OCT allows for imaging living samples by light 

sectioning through coherence[148, 149] and OPT operates on the similar principle with 

X-ray computed tomography to image chick embryos with intermediate sizes at high 

resolution. However, OCT is limited from fluorescent imaging due to the lack of coherence, 

and OPT is limited by its spatial resolution and recording rate[150]. Recently, the use of 

micro-Computed Tomography (CT) with the intrinsic resolution limit (15-45 m) has 

provided high spatial and temporal resolution for imaging newborn (<3.5 mm) and fetal 

mouse hearts (< 2 mm) with routine operation (<35 min) for congenital heart disease[151] 

and micro–Magnetic Resonance Image (MRI) has allowed for live imaging of mouse brain 

with high spatial resolution (30x30x60 m) and compatible scanning acquisition time (<45 

min) [152]. Similarly, both micro-CT and –MRI are limited from tracking the fluorescently 

labeled live zebrafish and neonatal hearts for cardiac development, injury and repair. In 
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this context, Light Sheet Fluorescence Microscopy is an emerging imaging modality for 

multi-dimensional, -scale, and -channel visualization of cardiac architecture and 

physiology accompanied by rapid and precise tracking of multi-fluorescently labeled 

intracellular, cellular or tissue components from several microns to millimeters[100, 153, 

154].  

Light Sheet Fluorescence Microscopy (LSFM) has allowed for the high speed, precise 

tracking of multi-fluorescently labeled cells or tissues of interests within a complex and 

dynamic cardiovascular environment[100, 154]. Unlike conventional wide-field and laser 

scanning microscopy, LSFM applies two separate optical paths for plane illumination and 

fluorescence detection. Instead of wide-field excitation or point scanning in which the 

excitation path is in parallel with the detection path, LSFM selectively illuminates an ultra-

thin plane of the sample via a sheet of light orthogonal to the detection path. By providing 

sharp and in-focus excitation along the axial direction, LSFM reduces the photon burden 

to the sample, enhances the image contrast via eliminating the out-of-focus 

contamination, and improves the axial resolution under a large field-of-view. With its 

numerous structure variants, including Selective Plane Illumination Microscopy (SPIM), 

Multidirectional SPIM (m-SPIM), Digitally Scanned Light Sheet Microscopy (DSLM), 

Objective-Coupled Planar Microscopy (OCPI), Oblique Plane Microscope (OPM), and 

Bessel-Beam-based Light Sheet Microscopy, being widely developed in recent years, 

LSFM is on the verge of becoming a predominant visualization technique for a broad 

range of life science research.[15, 155-158].  Ahrens et al. demonstrated functional 

imaging of neurons at nearly one-second resolution[159].  Schmid et al. further measured 

endothelial cell migration patterns and tissue remodeling in the early endoderm[160]. 
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LSFM is uniquely powerful for multi-scale imaging to unravel developmental milestones 

over a dynamic range of length and time scales.  

Here, we developed a cardiac LSFM (c-LSFM) system to image various cardiac 

architectures ranging from hundreds of microns to several millimeters.  To image rapid 

cardiac contraction from a large region-of-interest (ROI), we integrated several 

optimization algorithms with the c-LSFM system to enhance temporal and spatial 

resolution.  When imaging a contracting embryonic zebrafish heart, the 2-D plane images 

obtained from the conventional LSFM significantly improved demarcation of the cardiac 

boarders for computational fluid dynamics and myocardial strain studying (Video S1).  

However, we further enhanced the temporal resolution to reconstruct the rapidly 

contracting 4-D embryonic zebrafish hearts (3-D spatial and time domain) by integrating 

a retrospective gating algorithm with the c-LSFM system.  Next, we introduced a 

resolution-enhancement technique to offset the decreased spatial resolution from the low 

numerical aperture (N.A.) and low magnification of the detection lenses; thereby, allowing 

for imaging macro-scale neonatal mouse hearts with high spatial resolution under a large 

field-of-view (FOV).  We further achieved cellular resolution to uncover the helical 

orientation of individual myocardial fibers, as well as the bi- and tri-cuspid valves, 

muscular ridges and trabecular network.  In this context, we have built on the established 

SPIM principle for tunable c-LSFM imaging to uncover cardiac architecture, development 

and remodeling otherwise challenging with the existing imaging modalities. We 

introduced a widely tunable c-LSFM system for high-speed, large-FOV, and long-term 

multi-scale imaging ranging from zebrafish model to the higher vertebrate with 

translational implication to studying congenital heart diseases in the mouse models.  
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5.2 Results 

5.2.1 Implementation of Cardiac Light-Sheet Fluorescence Microscopy (c-LSFM)  

The workflow of c-LSFM was characterized by the orthogonal optical paths and multi-

dimensional reconstruction of multi-scale cardiac structures with high resolution (Figure 

5.1). The optical setting is based on Selective Plane Illumination Microscopy (SPIM)[161]. 

In the plane illumination path, the combination of a cylindrical lens together with an 

objective line-focused the collimated beam into a hyperbolic light sheet with tunable 

parameters for illuminating cardiac structures (Figure 5.1a).  The orthogonal detection 

path collected the correspondingly excited fluorescence signals under various 

magnifications ranging from 2X to 20X. To cater the need of frequent switch of detection 

objective for various sizes of cardiac samples, we use the long working distance air 

detection objective combined with post resolution enhancement to replace the water 

sealing design in original SPIM and improve the convenience of operation. When the 

heart scanned through the light sheet along the z direction, the sCMOS camera 

(Hamamatsu, ORCA flash 4.0) located at the terminal end of the detection path 

simultaneously recorded a stack of 2-D plane images along different z depths (Figure 

5.1b).  At each z depth, only the thinly illuminated plane emitted fluorescence; thus, the 

captured frames were free of out-of-focus excitation and had high axial resolution.  The 

plane illumination mode and high-frame rate of sCMOS camera allowed completion of the 

entire 3-D scanning and data acquisition within a few minutes. While the single view 

scanning was commonly applied for the vast majority of our cardiac specimens, multiple 

view scanning was an alternative to image the high-scattering cardiac tissues. The multi-
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view fusion technique restored the entire cardiac architecture from the computationally 

acquired multi-view dataset[162].  Finally, a spline interpolation and an iterative 3-D 

deconvolution were subsequently applied to the reconstructed image stack to 

compensate for the under-sampling of camera and remove the image blurs (Figure 5.1c-

1d).  As a result, a 3-D “digital heart” was reconstructed in the last step to provide 

visualized output with high spatiotemporal resolution and high dynamic range. 

5.2.2 Calibration of light-sheets for multi-scale imaging  

In our c-LSFM system, the light-sheet profile was widely tunable for multiple-scale 

cardiac samples.  Typically, three light-sheet configurations were generated to illuminate 

the embryonic zebrafish heart (100-150 m), adult zebrafish heart (500-1500 m), and 

neo-natal mouse heart (3000-5000 m) (Figure 5.2a).  To provide a uniform plane 

illumination across the entire sample, the confocal region of the light sheet was finely 

tuned to cover the sample’s transverse dimension (Figure 5.2b and Figure 5.S1).  Within 

a certain size of lateral confocal region, the axial extent of axial resolution of the light 

sheet was also determined by the property of Gaussian beam (Figure 5.2a).  To 

characterize the generated light sheets, we used a monochrome CCD profiler to 

sequentially acquire the projections of the light sheets along their propagation.  The extent 

of axial projection was directly imaged at the waist of the light sheet by the profiler, and 

the confocal range was further reconstructed by stacking the projections.  The thickness 

of the light sheet, defined as the axial full width at half maximum (FWHM) value of the 

beam waist, was measured at ~5 μm for the embryonic zebrafish heart (i), ~9 μm for the 

adult zebrafish heart (ii), and ~ 18 μm for the neo-natal mouse heart (iii) (Figure 5.2a).  

The lateral confocal ranges with respect to these three axial extents were profiled (Figure 
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5.2b, i - iii).  The detection objectives were 20X/0.5 for the embryonic zebrafish heart, 

10X/0.3 for the adult zebrafish heart, and 4X/0.13 for the neonatal mouse heart to capture 

the full region-of-interest (ROI).  Once the thickness of the light-sheet for excitation and 

the objective lens for detection were determined, we obtained the lateral and axial 

resolution for each configuration by measuring the point spread function (PSF).  We 

imaged the fluorescent point source (polystyrene beads, average size ~400 nm) by 

applying the aforementioned 3 light-sheet configurations, and demonstrated the lateral 

and axial resolution of the c-LSFM system for the individual configurations by measuring 

the FWHMs from x-y, x-z, and y-z plane images (Figure 5.2c).  Under the macro 

configuration, we further compared the results before and after the resolution 

enhancement applied (Figure 5.2c, III and IV). The resolved FWHMs of the point source 

have been reduced from ~ 4.5 μm to ~ 2 μm laterally and from ~18μm to ~10 μm axially. 

5.2.3 Functional analyses of zebrafish embryos 

The global longitudinal strain rate is defined as the shortening of a defined global 

longitudinal length over time.  We measured the strain rates at 100 hours post fertilization 

(hpf) over the cardiac cycle period (Figure 5.3a).  We applied high frame-rate acquisition 

and acquired multiple image sequences to improve the spatial and temporal resolution in 

response to variable cardiac cycles[154].  The 4-D synchronized LSFM post-image 

processing allowed analysis of the instantaneous changes in ventricular volume in living 

zebrafish embryos in the x-y, y-z, and x-z planes (Figure 5.3b and Figure 5.S2), from 

which we quantified the mean stroke volume (4.1 x 105m3) and ejection fraction (74.5%) 

(Table 5.S1).  At 100 hpf, we revealed the prominent trabecular network that provides 
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oxygenation and nutrition to the myocardium to enhance cardiac contractile function 

[163]. 

5.2.4 Doxorubicin-induced cardiac injury in adult zebrafish 

By integrating tissue clearing technique with c-LSFM, we were able to implement rapid 

3-D imaging of the intact adult zebrafish hearts without cryostat sectioning.  The fast 

BABB (1:2 benzyl alcohol:benzyl benzoate mixture) clearing technique rendered the 

entire hearts translucent with preservation of the fluorescently-labeled tissues of interest.  

The combination of sustained fluorescent signal from the transgenic Tg(cmlc:gfp) green 

fluorescent protein–labeled cardiomyocyte light-chain (cmlc) and the high detection 

efficiency of the c-LSFM system allowed for rapid light-sheet scanning of the entire hearts 

within 1 minute, followed by high resolution 3-D reconstruction using Amira visualization 

software.  We demonstrated the coronal, sagittal, and transverse plane images of a wild-

type heart at 120 days post fertilization (dpf), revealing the trabecular network and 

atrioventricular valve (AV) (Figure 5.4a).  The volumetric rendering of the heart was 

achieved by stacking 500 z-slices together, allowing for 3-D visualization and 

quantification of functional phenotypes from various image views (Figure 5.4a).  Prior to 

Doxorubicin (DOX) injection, the trabecular network appeared compact in association 

with a small ventricular cavity.  Following chemotherapy injection at 90 dpf, adult zebrafish 

developed an accentuated trabecular network and an enlarged ventricle at 120 dpf in 

comparison with the wild-type (Figure 5.4b).  We further validated these findings by 

quantifying the occupancy ratio of the myocardium to the entire heart as ~65% in wild-

type fish versus ~52% in DOX-injected fish (Figure 5.4c).  As a corollary, the volume ratio 

of the ventricle cavity was 27% versus ~41% (Figure 5.4d).  These findings suggest that 



84 
 

the c-LSFM system unravels hypertrabeculation as a new phenomenon of myocardial 

response to injury and repair. 

5.2.5 Cardiac LSFM (c-LSFM) to image neonatal mouse architecture  

We further calibrated the light-sheet configuration to image the neonatal mouse heart 

with a size in the range of several millimeters.  A 15 μm light-sheet sectioning plus a 

4X/0.13 detection lens were applied to image the entire sample with a large FOV.  By 

stacking the recorded z slices into a volume (600 slices with 6 μm in the step size), we 

demonstrated the reconstructed sagittal and transverse planes, as well as the original 

coronal planes, to reveal the 4-chamber cardiac structures (Figure 5.5a).  The volumetric 

renderings of the reconstructed “digital heart” further revealed the 3-D morphology with 

high axial and spatial resolution.  By cropping and rotating the 3-D heart, we highlighted 

the bicuspid, tricuspid, and pulmonic valves, the trabecular network in the atrial 

appendages, as well as the myocardial fiber orientation (Figure 5.5b-c). 

However, the space-bandwidth-product of our c-LSFM system was limited by the use 

of a low power objective lens (4X/0.13) and relatively raw voxel sampling under large FOV 

(1.625 by 1.625 by 8 μm in case of normal sampling).  Thus, the lateral and axial 

resolution prior to post-imaging processing appeared insufficient to resolve the cellular 

details, such as a single myocardial fiber under a large FOV. For this reason, we 

implemented deep over-scanning of the sample and applied a resolution enhancement 

processing based on the over-scanned data to increase the space band-width product. 

First, to reduce the information loss from under-sampling as much as possible, we ran an 

over-scanning of 3 μm step size (being 6 times smaller than the light sheet thickness) at 

axial direction during image acquisition and scaled up the obtained 3-D image 3 times at 
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lateral direction using b-spline interpolation. Then, we deconvolved the pre-processed 3-

D image with measured 3-D point-spread-function of the optical system (interpolated to 

the same voxel spacing with the image data), to further recover the image from blurring 

and substantially enhance the resolution. The iterative 3-D deconvolution conducted in 

this work is ran on open source ImageJ platform using its “parallel iterative deconvolution” 

plugin, “3-D iterative deconvolution” module. We selected the MRNSD (Modified Residual 

Norm Steepest Descent) or WPL (Wiener Filter Preconditioned Landweber) option, which 

are both non-negatively constrained algorithms, with appropriate preconditioning 

parameters to solve the final resolution-enhanced output (Figure 5.S3). During 

computation, we set the max number of iteration (e.g., 50) and mean delta threshold (e.g., 

0.01) to determine the convergence. In most of the cases, the 3-D deconvolution could 

be completed within 20 iterations and generated the final deblurred output.  In Figure 

5.6c, the top panels (i) show the raw c-LSFM imaging with blurred cellular structure. The 

middle panels reveal enhanced resolution to map the cardiac architecture at the cellular 

resolution.  Upon zooming into the left ventricular wall, the volumetric rendering unraveled 

the myocardial fibers with diameter < 10 μm.  In the lower panels, images illuminated by 

the 9 μm light-sheet and detected by the 10X/0.3 objective lens were compared with the 

upper and middle panels.  This comparison demonstrated the super-resolved cardiac 

architecture with the use of a lower magnification lens to achieve a resolving power 

superior to those of higher magnification.  We further demonstrated this enhanced 

imaging capability to reveal the distinct helical orientation of cardiomyocyte fibers in the 

ventricular and septal walls, as well as the muscular ridges and trabeculation in the left 

atrial appendage (Figure 5.6). Overall, by integrating our c-LSFM with resolution-
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enhancement computation, we decoupled limited resolution from the large FOV and 

achieved cellular resolving power over a meso-scale specimen. 

 

5.3 Discussion 

The main contribution of our in-house c-LSFM system lies in its multi-scale and rapid 

cardiac imaging with high axial and temporal resolution to uncover cardiac developmental 

structures in both zebrafish embryos and neonatal mice as well as revealing ventricular 

changes in response to chemotherapy-induced cardiotoxicity.  The application of optical 

clearing of the adult cardiac samples for c-LSFM, followed by the post-enhancement 

algorithms, revealed 3-D hypertrabeculation in response to c Doxorubicin-induced injury 

in zebrafish hearts (hundreds of microns) and valvular structures and helical orientation 

of cardiomyocyte fibers in the ventricular walls of the neonatal mouse hearts (a few 

millimeters) (Figure 5.S4).  We quantified the time-dependent contractile function of 

zebrafish embryos at 100 hpf.  We visualized the neonatal cardiac architecture by using 

a low power magnification to resolve cellular structures otherwise challenging with 

existing micro-CT imaging modalities.[151]  We distinguished between bicuspid and 

tricuspid valves, and unraveled trabecular network; thereby, providing anatomical, 

functional, and pathophysiological phenotypes to drive the future investigation of cardiac 

injury, repair, and development. 

Unlike the conventional Selective Plane Illumination Microscopy (SPIM), our c-LSFM 

system was designed to accommodate multi-scale cardiac samples.[164, 165]  SPIM 

requires the illumination and detection lenses being sealed into a water chamber, in which 

the samples are in close alignment with a short working distance; whereas our c-LSFM 
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system applies long working distance and non-water dipping objectives.  In addition, the 

large working space allows for scanning of entire macro-size samples, and the integration 

of the resolution enhancement technique decouples the requirements for high numerical 

aperture (N.A.), water-dipping objectives for high resolution, and the large space-

bandwidth product.  Moreover, avoiding the need to seal the objectives in the water 

chamber enables frequent changes of objectives for various sample conditions and 

dimensions.  Based on the optical principle of SPIM, we have developed a tunable c-

LSFM system for multi-scale and rapid cardiac light-sheet imaging. 

When imaging a large size of cardiac structure, such as the neonate mouse heart, the 

raw LSFM data obtained under a low magnification and a large field-of-view setting were 

subject to significant image blurring caused by (1) limited optical power (the small N.A. of 

the detection objective and thick illuminating light-sheet), and (2) insufficient digital 

readout (under-sampling from the camera).  This image blurring generated an 

unsatisfactory resolution to distinguish the fine cellular structures.  To address this issue, 

we implemented a step-by-step image processing to recover the 3-D sacrificed spatial 

resolution over the entire volume-of-view. To reduce the information loss from under-

sampling, we performed 4 to 8 times over-scanning (the step size is 4-8 times smaller 

than the thickness of light-sheet) along the axial direction during image acquisition, 

followed by scaling up the obtained 3-D image by 2- to 4-times at lateral direction using 

b-spline interpolation. To further de-blur the image and to substantially enhance the 

resolution, we deconvolved the pre-processed 3-D image with the measured 3-D point-

spread-function of the optical system (that was interpolated to the same voxel spacing 

with the image data). The iterative 3-D deconvolution was run on ImageJ platform using 
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its “parallel iterative deconvolution” plugin, and “3-D iterative deconvolution” module. We 

chose the MRNSD (Modified Residual Norm Steepest Descent) or WPL (Wiener Filter 

Preconditioned Landweber) option, both of which are non-negatively constrained 

algorithms, with appropriate preconditioning parameters to solve the final resolution-

enhanced output. During computation, we set the max number of iteration (e.g., 50) and 

mean delta threshold (e.g., 0.01) to determine the convergence. In most of the cases, the 

3-D deconvolution could be completed within 20 iterations. We further provided image 

dataset prior to and post 4-D synchronization algorithm. Prior to synchronization, image 

dataset from Z1, Z2 Z3, and Z4 at same time point are in all different cardiac cycle. However, 

post 4-D synchronization, Z1, Z2 Z3, and Z4 are synchronized at same time point (Figure 

5.S5). Therefore, 3-D images at each time point permitted analysis of cardiac mechanics 

based on time-dependent volume changes (Table 5.S1). 

While the 4-D synchronized beating zebrafish heart was reported (Mickoleit, et al. 

"High-resolution reconstruction of the beating zebrafish heart." Nature Methods (2014)), 

we performed additional 4-D functional analysis of cardiac mechanics by time- dependent 

3-D volume change based on our resolution enhancement algorithm; thereby, uncovering 

4-D in vivo physiological parameters, including end-diastolic volume, end-systolic volume, 

stoke volume, ventricular ejection fraction, heart rate, and cardiac output We have added 

the detailed analyses of cardiac mechanics derived from c-LSFM imaging in Table 5.S1. 

 In addition, we applied retrospective synchronization algorithms and resolution-

enhancement post-processing to the raw c-LSFM datasets to enhance spatial and 

temporal resolution.  Our c-LSFM system is capable of capturing the beating embryonic 

zebrafish (3-D space + time) and meso-scale neonate mouse hearts.  While the current 
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cardiac cycle synchronization and spatial resolution enhancement algorithms were 

separately implemented to the beating and isolated hearts, we anticipate further 

resolution enhancement in 4-D images by fusion of these two algorithms in future 

investigations. 

Unlike the transparent zebrafish embryos, light-sheet imaging of adult zebrafish and 

neonatal mouse hearts entails significant light scattering due to large size and non-

homogeneous samples.  The current approach to visualize completely opaque hearts is 

to perform cryostat sectioning, followed by confocal scanning which necessitates manual 

and precise sectioning of the samples.  The sectioned slices need to be placed on 

microscopy glass slides for individual imaging over several hours of neonatal mouse 

samples, and the individually acquired images need to be ‘stitched’ together.  In this 

context, the use of confocal microscopy is theoretically feasible to generate 3-D and high-

resolution architecture; however, the sample preparation, acquisition time, and data 

processing warrant a rapid and multi-scale light-sheet strategy for both living embryos 

and large-sized samples. Without sectioning the mid-size sample such as 120 dpf adult 

zebrafish heart, c-LSFM provides better axial resolution on visualizing the cardiac 

trabecular network that is not able to be clearly discerned by confocal axially (Figure 

5.S6). Besides the advantage of better axial resolution for imaging large samples, c-LSFM 

further shows outstanding acquisition speed advantages of plane illumination over 

confocal’s point scan. In our control experiment, the acquisition rate of c-LSFM is ~209 

mega pixels per second (8 s for 2048*2048*400 volumetric image) versus 0.19 mega 

pixels per second of confocal (1800 s for 1024*1024*322 volumetric image). Along with 

the high scanning speed, the c-LSFM also has high fluorescence detection efficiency over 
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90%, due to its wide-field detection. In the contrast, confocal blocks most of the excited 

fluorescence for out-of-focus plane (95-97% under 1 Airy unit) and thus has a very poor 

detection efficiency as well as higher rate of photo-bleaching.  

We have further minimized optical scattering which commonly occurs in myocardial 

imaging.  In addition to applying tissue clearing, we performed rapid plane-by-plane 

scanning to attenuate photo-bleaching.  Following pre-processing and re-construction 

with both image analysis software and our post-processing algorithms, the acquired 

series of virtual sections (as opposed to the manually sectioned heart slices by the 

confocal approach) have allowed for precise 3-D re-construction of the cardiac structures.  

In particular, internal anatomic cardiac structures, such as valves and trabeculation, are 

clearly visualized.  Similar to the fluorescence microscopy techniques, sub-cellular 

organelles of interest may be labeled prior to sacrificing the animals (e.g. transgenic 

zebrafish lines with green fluorescent protein-labeled cmlc) or may be targeted by 

fluorophore-labeled antibodies to specific epitopes.  Intrinsically occurring auto-

fluorescence from elastin and/or collagen as well as NADPH (nicotinamide adenine 

dinucleotide phosphate) in cardiomyocytes may bypass the need for fluorescent labeling.  

Despite optical clearing with BABB, streaking artifacts can remain from local absorption 

or scattering of the non-homogeneous sample (Figure 5.5a).  The streaking artifacts can 

be eliminated by incorporating bilateral even plane illumination to engender a thinner 

pivoting light sheet.[166]  Thus, our c-LSFM is capable of performing optical sectioning in 

an intact heart for 3-D visualization and analysis of a structure of interest from various 

views.  
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Adaptive optics may be considered to enhance our c-LSFM system. Adaptive optics 

is first derived from Astronomy to rectify the light paths that are scattered by the 

atmosphere into a clear image, and has been widely used in biological imaging for 

recovering the signals from the severely scattered tissues. Several techniques, such as 

Optical Phase Conjugation, Digital Optical Phase Conjugation, Wavefront Reversion, 

have been invented to refocus the scattered light for deep tissue penetration. The 

adaptive optics is designed to address the turbid medium in which vast majority of the 

components are beyond the ballistic regime. In our work, the zebrafish embryo heart is 

highly transparent without significant scattering observed. Both the adult zebrafish and 

neonatal mouse hearts are opaque. To visualize the ultra structure such as valves and 

trabecular formation, we chemically cleared the heart samples, rendering them 

transparent for laser penetration into the entire tissue and for fluorescent signal collection 

without scattering. Thus, our focus is to establish the application of LSFM for visualizing 

both anatomy and function/physiology of transparent and scattering-free cardiac samples 

with high spatial-temporal and depth resolution. 

Using the c-LSFM strategy, we observed that Doxorubicin treatment, an anthracycline 

class of chemotherapeutic agent, induced an enlarged ventricular cavity but cardiac 

hypertrabecualtion in an attempt to provide oxygenation and nutrition to the myocardium 

for maintenance of cardiac contractile function.[163]  Besides the adult zebrafish hearts, 

our c-LSFM has further provided the axial resolution to elucidate the 3-D helical 

architecture of cardiomyocytes in association with the programmed perinatal changes of 

cardiac mechanics for coordinated cardiac contractile function.[167]  Cardiomyocyte 

architecture has been visualized by 3-D fiber tracking and quantified by measuring helix 
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angle via diffusion-weighted magnetic resonance imaging (MRI) in fetal, neonatal, and 

adult pig hearts.[168]  The helical architecture of cardiomyocytes was observed as early 

as the mid-gestational period, and postnatal changes of cardiomyocyte architecture were 

observed from postnatal day 1 to 14 in the septum and right ventricular free wall.[168]  

The transmural gradient of cardiomyocyte orientation undergoes progressive changes 

during cardiac development in response to mechanical workload.[169]  Superior to the 

contrast-enhanced microcomputed tomography (micro-CT) imaging,[151] our c-LSFM 

elucidated the distinct orientation of cardiomyocyte fibers, muscular ridges and 

trabeculation in the left atrial appendage, as well as papillary muscle in the left ventricle 

(Figure 5.6).[170]  Thus, a c-LSFM strategy opens a new avenue to unravel functional 

and structural phenotypes in genetically engineered mouse models otherwise challenging 

with micro-CT or fetal echocardiography[171], and to elucidate lineage tracing of 

cardiomyocyte blasts[172] and patterns of mesenchymal-endothelial transition for 

neovascularization.[173]  

 

5.4 Methods 

5.4.1 Ethics statement 

Zebrafish and mice were maintained in accordance with UCLA Institutional Animal Care 

and Use Committee (IACUC) protocols, under a project license also approved by the UCLA 

IACUC. 

5.4.2 Preparation of the Transgenic and Mutant Zebrafish Lines 

In compliance with the UCLA IACUC protocols, transgenic Tg(cmlc2:gfp) lines were raised 

in the UCLA Zebrafish Core facility.  Cmlc2 is expressed with gfp, and is cardiomyocyte-

specific.[174]  To maintain optical clearance of the embryos, the medium was supplemented with 
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0.003% phenylthiourea (PTU) to suppress pigmentation at 20 hpf.[175]  Tg(cmlc2:gfp) embryos 

were anesthetized in 0.05% tricaine,[7, 113] and immersed in 0.5 % low-melt agarose at 37oC 

from 50 to 100 hpf.  This procedure allowed for imaging myocardial movement prior to agarose 

solidification.  The embryos immersed in low-melt agarose were transferred to a fluorinated 

ethylene propylene (FEP) tube (Refractive Index (RI): ~1.33) to provide optical clarity for 

fluorescence detection.  The FEP tube was immersed in a water chamber (water RI: ~1.33) 

connected to the LSFM system.  The samples were allowed to rotate in the x-y-z directions via 

an automated device. 

5.4.4 Doxorubicin (DOX) Treatment to Adult Zebrafish Hearts 

Transgenic zebrafish Tg(cmlc2:GFP) lines with gpf-labeled cardiac myosin light 

chain were used to allow for visualization of the 3-D cardiac structural reorganization in 

response to DOX, an anthracycline agent for chemotherapy.  The aforementioned optical 

clearing technique enabled gfp signal to remain unquenched.  Adult fish following DOX 

injection were imaged by LSFM at 30 days following injection.  Images were analyzed 

using ImageJ and Amira softwares, allowing for delineation of the volumes of interest. 

5.4.5 Murine heart preparation 

In compliance with the UCLA IACUC protocols, αMHCCre (B6.FVB-Tg(Myh6-

cre)2182Mds/J) and TdTomato (B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) mice 

were obtained from the Jackson laboratory (ME, USA).  To readily identify 

cardiomyocytes based on intrinsically expressed fluorescent proteins, we generated a 

double transgenic mouse model (αMHCCre;TdTomato) in which cardiomyocytes were 

indelibly marked by TdTomato.  Hearts were harvested from one to three days old 

αMHCCre;TdTomato mice.  Prior to extraction, hearts were stopped in diastole by injection 



94 
 

of KCl (3M) followed by washing with 1X PBS.  The tissue was subsequently fixed in 4% 

paraformaldehyde for 2 hours, followed by three washes with 1X PBS. 

5.4.6 Optical Clearing of Myocardium 

The agarose gel containing the heart samples (adult zebrafish heart or neo-natal 

mouse hearts) was dehydrated by immersing the gel into 40, 60, 80 and 100% ethanol at 

room temperature, for 10 to 30 minutes sequentially.  Next, the agarose gel with the 

samples was immersed into a BABB solution (1:2 benzyl alcohol:benzyl benzoate) for 30 

to 120 minutes, to remove the lipid components from the cell membranes and replace 

them with BABB solution.  Then the refractive index of chemically treated tissue was 

perfectly matched with that of BABB (RI ~1.51).  The optical clearing greatly reduced 

scattering from thick cardiac tissues and enabled light transmission through the entire 

transparent heart. 

5.4.7 4-D Imaging of Embryonic Zebrafish Hearts  

We incorporated post-computation with c-LSFM to study the cardiac mechanics of 

live embryonic zebrafish heart.  Living Tg(cmlc:gfp) fish embryos were selected for 4-D 

visualization of cmlc-labeled myocardium.  As the light-sheet sectioned a thin layer of the 

beating heart at a certain z depth, the sCMOS camera (Hamamatsu ORCA flash 4.0) 

continuously recorded the dynamic plane images of this layer (depth) for 4 to 5 cardiac 

cycles at a high frame rate ~ 100 fps.  Every 300 frames were acquired from each z layer 

in response to the relatively fast heart rate (~2 bps) of zebrafish embryos.  We reiterated 

this process for each z layer till the light-sheet scanned through the entire heart.[176]  A 

retrospective synchronization algorithm was applied to the non-gated LSFM dataset, 

followed by computational synchronization of the cardiac cycles at different z layers.[154, 
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176]  Finally, we sequentially reconstructed the multiple 3-D structures from systole to 

diastole during a cardiac cycle to generate a “3-D beating heart” in both spatial and time 

domains (Figure 5.S5, 5.S7). 

There are four sequentially executed image processing steps to reconstruct the 

zebrafish beating heart.  These are period determination, relative shift determination, 

absolute shift determination and post-processing.  First, period determination is designed 

to estimate an accurate heart rate.  In short, we iterate through a set of estimated period 

hypotheses, and back-project all samples into the first period with respect to the 

hypotheses.  By comparing the samples at the same spatial location, we evaluate each 

of the period hypotheses.  The best hypotheses will be selected accordingly.  Second, 

relative shift determination aimed at aligning the starting sample of each individual image 

sequences.  Starting from a number of relative shift hypotheses, we adopted a quadratic 

cost function to measure the alignment.  By maximizing the alignment, we select the best 

possible relative shift for each image sequence with respect to the other sequences.  

Third, absolute shift determination targeted to obtain the absolute shift of each individual 

image sequence with respect to the first sequence.  We use the relative shift result, and 

calculate a weighted averaged shift for each slice respectively.  Finally, we post-process 

the images by resampling each image sequence with respect to period, truncate image 

sequence to align the starting sample, and remove noise. 

5.4.8 Confocal Microscopy 

Zeiss LSM 5 PASCAL was used to compare the image resolution and acquisition 

speed against c-LSFM. After clearing 120dpf zebrafish heart, we placed it coverslip and 

image with 10x/0.3 air objective lens. 
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5.4.9 Quantification of Cardiac Mechanics  

To assess changes in ventricular function during cardiac development, volumetric 

dimension throughout the cardiac cycle was acquired by LSFM at 100 hpf using a sCMOS 

camera.  Captured images were used for segmentation to create a 2-D moving boundary 

with 600 nodes.[177]  The nodes were guided to provide cardiac wall motion as previously 

described.[177]  Matlab (Mathworks, Natick, MA, USA) was used to calculate the global 

longitudinal strain rates based on changes in displacement (𝐷)  between two time 

frames.[178]  

                                            Strain rate =
𝑑𝐷

𝑑𝑡
≈

𝐷2−𝐷1

𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝
 ,               

(5) 

where D1 denotes the early stage and D2 the later stage at a time-step of 0.05 seconds.  

Based on LSFM images coupled with non-gated 4-D synchronization computational 

algorithm,[154, 176] changes in end systolic (ESV) and end diastolic volume (EDV) were 

determined by the Amira imaging software (FEI software, Hillsboro, OR).[178] 
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Figure 5.1. Implementation of cardiac Light-Sheet Fluorescence Microscopy (LSFM).  (a) 

The optical setting of LSFM.  A laser beam (purple) is collected and focused by the beam 

expander to optimize the beam size.  A cylindrical lens (CL) converts the laser beam to a 

sheet of laser light to illuminate a thin layer of the sample.  The sample is mounted at the 

intersection of the illumination lens (IL) and detection lens (DL).  The illuminated 2-D layer 

(fluorescent detection in green) is captured by the high-frame rate CMOS camera.  The 

illumination axis is orthogonal to the detection axis, and the illumination optics is designed 

to illuminate a very thin volume around the focal plane of the detection objective.  The 

configurations of light-sheet illumination and fluorescent detection are highly tunable to 

accommodate for various heart samples.  (b) The plane fluorescent images at different 
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axial (z) depths are sequentially captured by the camera (c)-(d).  For non-transparent 

fetal mouse hearts, multi-view (MV) techniques are applied to rotate the samples for multi-

view imaging, followed by registering and fusing these views into a 3-D cardiac 

architecture.  An iterative deconvolution technique is applied to the blurred sequence for 

high resolution.  (e) A digitally reconstructed heart is accomplished by stacking the 

deconvolved images. 
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Figure 5.2.  Light-sheet profiles for reconstructing cardiac architecture.  (a) The axial 

confinement of the light-sheet (LS) was used for sectioning the (i) embryonic zebrafish, 

(ii) adult zebrafish, and (iii) neonatal mouse hearts.  The small aperture of the slit reduced 

the beam width to render the waist of laser sheet less focused and wider (shown in the 

inserts).  LS: light sheets.  (b) The changes in Rayleigh Range corresponded to the area 

available for light-sheet sectioning.  The double-headed arrow line indicates the Rayleigh 

range (confocal region), in which the light-sheet is considered to be uniform. The scale 

bars are 100 μm in length for the sub-images in (i), (ii), and (iii).  (c) Imaging a 400 nm 

fluorescent bead (sub-resolution point source) was compared with the (i) 5μm light-sheet 

(LS) detected by the 20X/0.5 detection objective (DO), (ii) 9 μm LS by 10X/0.3 DO, (iii) 
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18 μm LS by 4X/0.13 DO, and (iv) 18 μm LS by 4X/0.13 DO, with resolution enhancement 

applied. The FWHM extent of image blurring from the point source in the x-y, x-z and y-z 

plane reflects the lateral and axial resolution.  
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Figure 5.3.  4-D synchronized images to quantify global longitudinal strain rates and 

volume change of the ventricle at 100 hours post fertilization (hpf).  (a) Changes in global 

longitudinal strain rates were quantified during the entire cardiac cycle.  (b) The 
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ventricular volume was measured in terms of EDV at 95.4 x 105m3 and ESV at 1.5 x 

105m3, respectively.  (c) LSFM images captured the zebrafish hearts in the x-y, x-z, and 

y-z planes during cardiac cycle.  (d) 4-D synchronized LSFM-acquired images revealed 

endocardial trabeculation in the x-y, x-z, and y-z plane during cardiac cycle.  (e-f) 4-D 

zebrafish cardiac motion was captured during ventricular diastole and systole.  A: Atrium, 

V: Ventricle. Scale bar: 50µm  
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Figure 5.4.  Rapid 3-D images to recapitulate trabeculated network in response to 

Doxorubicin (Dox) treatment in the adult zebrafish.  (a) A representative wild-type 

zebrafish heart at 120 dpf.  The coronal, sagittal and transverse planes of the heart 

displayed a compact trabecular network.  The atrioventricular valve (AV) was identified 

(yellow arrows).  Scale bars are 200 μm in length.  In the rightmost column, a 3-D 

rendering of the “digital heart” was reconstructed by stacking 500 slices of plane images 

in volume.  The 3-D structure of the “digital heart” can be assessed by arbitrary cropping.  

(b) A representative Dox-injected zebrafish heart at 120 dpf.  The endocardial cavity 
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appeared enlarged and the trabecular network was accentuated.  (c) The quantified 

volume ratios of the myocardium (left) and the ventricle cavity (right) in the whole heart. 
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Figure 5.5.  Cardiac LSFM (c-LSFM) imaging of a 1 day neonate mouse heart with 

enhanced cellular resolution.  (a) The coronal, sagittal, and transverse planes at different 

depths uncover 3-D architecture.  Scale bars are 1 mm in length in all of the sub-graphs.  

(b) The boxes were cropped from the volume rendering of the reconstructed “digital heart” 

to reveal the endocardial architecture.  (c) The cardiac architecture is compared with the 
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(1) 18 μm light-sheet and 4X/0.13 objective, (2) 9 μm light-sheet and 10X/0.3 objective, 

and (3) 4x/0.13 resolution enhanced images.  Magnification from left to right reveals the 

field of view, lateral, and axial resolving power, followed by the volumetric rendering 

effects of 3 configurations.  Myocardial orientation was resolved in details in the 

resolution-enhanced c-LSFM group.  All scale bars are 500 μm, except for 50 μm in the 

rightmost column.   
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Figure 5.6.  High resolution architecture of neonatal mouse hearts.  (a) 3-D LSFM 

revealed the distinct helical organization of individual cardiomyocyte fibers from the right 

ventricular wall to septum to left ventricular walls (zones 1, 2, and 3), providing insights 

into the mechanics of ventricular contraction in RV vs. LV.  Endocardial structure of the 

left atrial appendage revealed the muscular ridge and muscular trabeculation (zone 4).  

The yellow curved arrows indicate the orientation of cardiomyocyte fibers.  (b) 

Ultrastructure in the RV (zone 1) and LV cavity (zone 2) unravel trabeculation/papillary 

muscle (zone 1).  LV: left ventricle; RV: right ventricle; LA: left atrium.    
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Figure 5.S1. The schematic diagram of cardiac-LSFM (c-LSFM) modality.  (a) The 

regular SPIM seals two high power, water immersion lenses into a water chamber, 

aligning them nearby the small sample, for both illumination and detection.  (b) In contrast, 

the c-LSFM system uses low power, long working distance, air objectives with ample 

room between the sample and the front pupil of objective.  (c) The photograph of the c-

LSFM system shows that on one hand, the large sizes of the cardiac structures 

necessitate a large working space for scanning of entire samples as well as convenience 

of operation.  On the other hand, the involvement of the resolution enhancement 

technique substantially decouples the need of high N.A., water dipping objectives from 

the high resolution, large space-bandwidth product.  Furthermore, eliminating the sealing 

of the objectives into a water chamber additionally benefits the frequent changes in 

immersing mediums for different samples.  Therefore, the c-LSFM modality we specially 

designed is very efficient in performing trans-scale cardiac light sheet imaging 

conveniently.  
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Figure S2. 4-D zebrafish beating heart reconstruction methods.  (a) When scanning in a 

single layer, cardiac contraction is time-dependent.  While moving in the z-axis to scan 

the following z layer, we captured time-dependent contraction images from each layer 

from top to bottom of the heart.  (b) For proper synchronization, heartbeat period was 

determined by frame.  We iterated through a set of hypothesized periods and back-

projected all samples into the first period with respect to the hypotheses.  After back-

projection, we compared samples at a same spatial location but from different periods 

and evaluated each of the period hypotheses.  The best hypotheses were selected 

accordingly.  Relative shift determination aimed at aligning the starting sample of each 

individual image sequence.  The heart may not be in the same contraction state at the 

beginning of all sequences when we start taking images at each z layer.  Starting from a 

number of relative shift hypotheses, we adopted a quadratic cost function to measure the 

alignment.  The cost function is calculated via measuring the similarity between two 

hypothetically aligned images from two adjacent image sequences with respect to the 

relative shift hypotheses.  By maximizing the alignment, we select the best possible 

relative shift hypothesis for each image sequence with respect to the other sequences.  
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Absolute shift determination targeted to obtain the absolute shift of each individual image 

sequence with respect to the first sequence.  In the previous step, relative shift between 

any close-by image sequences are obtained.  We recursively calculate relative shift 

between the current image sequence and an early sequence until obtaining the relative 

shift with respect to the first image sequence.  The above process is applied to every 

image sequence, and all such processes can be compactly implemented by one matrix 

multiplication. 
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Figure. 5.S3. Post-image processing of adult zebrafish heart with resolution 

enhancement by different deconvolution techniques.  (a) Zebrafish atrium and ventricle 

are visualized on one section of raw image.  (b) The individual cardiomyocytes were 

unresolvable from the selected region-of-interest from the atrium due to the optics blurring 

and under-sampling by the camera.  (c) The image was first scaled up with 3X b-spline 

interpolation to partially recover the information loss from incomplete sampling.  (d), (e) 

and (f) illustrate the interpolated images deblurred by iterative MRNSD, WPL and CGLS 

deconvolution, respectively.  The WPL algorithm generates most effective deblurring to 

recover sharp and high frequency signals.  However, it also generates image 

discontinuity, likely due to the application of wiener filter.  The CGLS algorithm appears 

to be mild, generating the least degree of deblurring.  Of the three resolution enhancement 

algorithms, the MRNSD method provides optimal trade-off between the resolution 

enhancement and information preservation. 
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Figure 5.S4. The day 1 neonatal mouse hearts before and after BABB clearing.  (a) 

Photograph of the raw isolated hearts.  (b) Photograph of the cleared heats treated by a 

rapid BABB clearing.  BABB chemical clearing of the tissue is fast and potent.  We 

optically cleared the day 1 neonatal mouse heart with 2 hours serial ethanol dehydration 

followed by 2 hours benzyl alcohol-benzyl benzoate clearing.  Compared to the raw hearts 

that were completely opaque before clearing (a), the treated hearts showed significantly 

reduced scattering and became highly translucent on a scale board. 
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Figure 5.S5. Comparison between prior to and post 4-D synchronization algorithm.  (a) 

Before synchronization, zebrafish cardiac contractions at different Z positions were not in 

the same stage.  (b) After synchronization, all Z positions were synchronized in the same 

cardiac contraction stage.  Therefore, stacked images for 3-D reconstruction at certain 

time points were obtained and provided volume information.  Scale bar = 50m. 
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Figure 5.S6. Imaging comparison between c-LSFM and confocal microscopy using 120 

dpf zebrafish hearts.  (a) The original x-y plane image, reconstructed x-z and y-z plane 

images obtained from confocal data.  (b) The original x-y plane image, reconstructed x-z 

and y-z plane images obtained from c-LSFM data.  The zoomed-in images shown in the 

right columns (2, 4, 6) indicate the lateral and axial resolving powers of confocal and c-

LSFM. 
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Figure 5.S7. Comparison of 4-D synchronized images with a combination of 3 different 

parameters.  (a & b) Both low frame rate and low z resolution were inadequately 

synchronized.  Both images demonstrated a crinkled pattern in the cardiac wall.  (c) 

Reducing the capturing number to 5 heartbeats (cardiac cycles) revealed similar 

synchronization with capturing 10 beats.  However, negligible artifact appeared behind 

the wall (yellow circle).  (d & e) Increasing the frame rate to 200fps revealed identical 

image quality to that of 100fps.  Therefore, we selected (d) as the optimal combination for 

4-D synchronized imaging parameters.  Scale bar = 10m.   
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Table 5.S1. Analysis of cardiac mechanics in 4dpf zebrafish from 4-D in vivo imaging.   
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Chapter Six: 4-D Light-Sheets Microscopy to Elucidate Shear Stress 

Modulation of Cardiac Trabeculation 
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6.1 Introduction 

Hemodynamic forces such as shear stress are intimately linked with cardiac 

morphogenesis and function [7, 179]. In addition to cardiogenic differentiation and 

transcription factors, intracardiac fluid forces are essential for embryonic cardiogenesis 

[20, 180-185]. Occlusion of flow at either the cardiac inflow or outflow tracts resulted in 

hearts with an abnormal third chamber, diminished looping and impaired valve formation 

[181]. The myocardium differentiates into two layers, an outer compact zone and an inner 

trabeculated zone. The trabeculae form a network of branching outgrowths from the 

myocardial wall [10], and both trabeculation and compaction are essential for normal 

cardiac contractile function. A significant reduction in trabeculation is usually associated 

with ventricular compact zone deficiencies, whereas hyper-trabeculation (non-

compaction) is closely associated with left ventricular non-compaction (LVNC) [186]. 

LVNC is the third most common cardiomyopathy after dilated and hypertrophic 

cardiomyopathy in the pediatric population [187]. Its prevalence was estimated from 4.5 

to 26 per 10,000 adult patients referred for echocardiographic diagnosis [187, 188]. 

However, the mechanotransduction mechanisms underlying trabeculation during cardiac 

development remain elusive [186].  

We have demonstrated that peristaltic contractions of the embryonic heart tube 

produces time-varying shear stress (/t) and pressure gradients (P) across the 

atrioventricular (AV) canal in a zebrafish model of cardiac development [177]. The advent 

of genetic manipulation in zebrafish has enabled the application of fli1 promoter to drive 

expression of enhanced green fluorescent protein (EGFP) throughout the vasculature 

during embryogenesis (Tg(fli1a:EGFP)y1) [189], thereby allowing for 3-D visualization of 
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the moving boundary conditions (2-D + time) for computational fluid dynamics (CFD) 

simulation. However, 4-D (3-D + time) imaging throughout the cardiac cycle requires fast 

tissue scanning and deep axial penetration. For these reasons, a laser light-sheet 

approach known as selective plane illumination microscopy (SPIM) coupled with non-

gated 4-D synchronization algorithm enabled us to capture live 3-D cardiac 

morphogenesis. By illuminating with a thin plane of light and detecting with a high-speed 

sCMOS camera, we were able to acquire a stack of cardiac sections with both high axial 

and temporal resolution (Figure 6.1, Figure 6.S1-6.S2). The 4-D SPIM imaging technique 

revealed dynamic architecture in response to changes in hemodynamic forces, 

cardiomyocyte contraction, and Notch signaling. 

To elucidate hemodynamic forces underlying the initiation of trabeculation, we lowered 

hemodynamic shear forces via (1) micro-injection of gata1a morpholino oligonucleotides 

(MO) at 1 to 4-cell stage to reduce hematopoiesis and viscosity by 90% [8, 190], (2) micro-

injection of troponin T type 2a (tnnt2a) MO to arrest cardiomyocyte contraction in embryos 

[101, 191], and (3) genetic mutation of the weak atrium m58 (wea) to inhibit atrial 

contraction [10, 192]. A myocardium-specific green fluorescence protein (GFP) transgene 

in zebrafish allowed for visualization of the ventricular wall. SPIM imaging characterized 

the attenuated trabecular myocardial network in response to both gata1a MO and tnnt2a 

MO injection. Both the wea mutants with non-contractile atrium and clochesk4 (clo) 

mutants with deletion of endocardium expressed significantly lower levels of Notch-

related genes as compared to that of wild type, and both developed non-trabeculated 

myocardium. Integrating computation with quantitative analyses, we demonstrated that 

attenuation of trabeculation in response to gata1a MO, ErbB2 inhibitor (AG1478) and wea 
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mutation were associated with decreased ventricular strain and ejection fraction. The 

aforementioned loss-of-function was rescued with neuregulin1 (Nrg1) mRNA to restore 

trabeculation and contraction in association with up-regulation of Notch-related genes. 

We further cross-bred Tg(flk:mCherry) with the Tg(tp1:gfp) Notch reporter line to localize 

shear stress-mediated endocardial Notch activation. In addition, we demonstrated using 

a dynamic flow system that pulsatile shear stress (PSS) up-regulated Notch ligands and 

target genes in human aortic endothelial cells (HAEC).  Overall, interfacing 4-D light-sheet 

imaging with the zebrafish system opens a fundamental direction to demonstrate shear 

stress modulation of trabeculation to influence contractile function via Notch signaling. 

 

6.2 Results 

6.2.1 Trabeculation Formation 

Trabeculation was visualized with the transgenic zebrafish line, Tg(cmlc2:gfp), in 

which a cardiac specific promoter drives the expression of green fluorescent protein (gfp) 

in cardiomyocytes. Trabeculation starts to appear after cardiac looping [193]. At ~50 

hours post fertilization (hpf), 3-D SPIM imaging revealed a non-trabecular myocardium 

(Figure 6.1G). At ~60 hpf, trabecular ridges started to form in the region exposed to 

ventricular inflow across the atrioventricular (AV) canal (Figure 6.1H). At ~70 hpf, these 

ridges developed into a network of trabecular myocardium (Figure 6.1I) [194].  

6.2.2 Reduced Hemodynamic Shear Stress Attenuated Trabecular Formation 

Gata1a MO micro-injection reduced hematopoiesis and viscosity by 90% [8, 190], 

leading to a reduction in hemodynamic shear stress and a delayed initiation of trabecular 

network at 75 and 100 hpf when compared to control  Tg(cmlc2:gfp) zebrafish (Figure 
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6.2C-F). Furthermore, gata1a MO injection significantly down-regulated Notch ligands 

(Dll4, Jag1, and Jag2), receptor (Notch1b), and downstream signaling components (Nrg1 

and ErbB2) (p < 0.05, n=5) (Figure 6.3A) [10-12], whereas co-injection with Nrg1 mRNA 

(5 pg/nL) rescued trabecular formation at 75 and 100 hpf in association with up-regulation 

of  Notch signaling-related genes (Figure 6.2G-H, Figure 6.3A).  Tg(tp1:gfp) zebrafish 

allows assessment of  Notch activation in response to shear stress [195]. Cross-breeding 

Tg(flk:mCherry) with Tg(tp1:gfp) lines further localized altered shear stress-activated 

Notch signaling in endocardium in response to gata1a MO injection (Figure 6.4), whereas 

tp1-gfp signal was present outside of the endocardium in response to co-injection of Nrg1 

mRNA with gata1a MO. Thus, gata1a MO injection reduced hemodynamic shear forces, 

leading to down-regulation of Notch signaling, whereas co-injection with Nrg1 mRNA 

restored trabecular formation and resulted in the up-regulation of Notch related genes.  

To further elucidate hemodynamic modulation of trabeculation via Notch signaling, we 

introduced the wea mutants to reduce atrial contraction, leading to reduced ventricular 

inflow. Wea mutants developed down-regulation of cardiac mRNA levels of Notch 

signaling-related genes as compared to that of wild type, and developed small, non-

trabeculated ventricles (Figure 6.2I and Figure 6.3B). However, micro-injection of Nrg1 

mRNA (10 pg/nL) to wea mutants at the 1-4 cell stage partially rescued trabecular ridges 

to enhance contractile ventricular function, accompanied with up-regulation of Notch 

signaling genes (Figure 6.2J) [10]. In this context, the wea mutants demonstrated that a 

non-contractile atrium engendered a non-trabeculated ventricle, underscoring the need 

for synchronized alternating atrial and ventricular contraction to generate hemodynamic 

forces to up-regulate Notch signaling for trabeculation. 
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6.2.3 Tnnt2a MO Inhibited Trabecular Formation 

 Tnnt2a MO micro-injection inhibited cardiac troponin Type 2a, leading to the arrest of 

myocardial contraction and absence of hemodynamic forces [101, 191]. Micro-injection 

of tnnt2a MO significantly down-regulated Notch signaling (p < 0.05 for all comparisons, 

n=5) (Figure 6.3C). Tnnt2a MO-injected fish persistently harbored a non-trabeculated 

and thin ventricular wall at 100 hpf (Figure 6.2K). These observations further support 

hemodynamic forces underlying the initiation of trabeculation. 

6.2.4 Cloche sk4 (clo) Mutants Attenuated Notch Signaling and Trabeculation  

To demonstrate hemodynamic force-mediated Notch signaling in the endocardium, 

we abolished endothelial lining with the clo mutants [196, 197]. At 100 hpf, clo mutants 

displayed a small and thin ventricle as previously described (Figure 6.2L) [197] [177], 

accompanied by a reduction in cardiac mRNA for Notch ligands, receptor, and target 

genes as compared with that of wild type (Figure 6.3C). Using the well-calibrated in vitro 

flow system, HAEC were exposed to pulsatile shear stress (PSS) with the time-averaged 

shear stress (avg) at 23 dyn·cm-2 and 1 Hz cycle [28, 31, 97, 198]. We were able to 

recapitulate PSS-mediated up-regulation in endothelial Notch signaling-related genes, 

which were inhibited in the presence of the Adam10 inhibitor, GI254023X, which blocks 

proteolytic cleavage of Notch and formation of Notch intracellular domain (NICD) (Figure 

6.3D). In addition, we demonstrated Notch signaling-mediated trabecular formation by 

inhibiting the translocation of NICD to the nuclei with the -secretase inhibitor (DAPT) 

[199, 200], where we observed down-regulation of cardiac Notch-related gene expression 

and absence of trabecular formation (Figure 6.S3). Taken together, hemodynamic forces 

were implicated in the initiation of trabeculation via endocardial-dependent Notch 
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signaling. 

6.2.5 Erythropoeitin (EPO)-Augmented Viscosity Induced No Additional Trabecular 

Network  

We further cloned EPO mRNA which was injected at the 1-2 cell stage at 20 pg/nL to 

increase hematopoiesis and thus, blood viscosity (Video S6 and S7) [201]. Since heart 

rates remain regular assuming that pressure gradients was not affected by injection of 

EPO mRNA, shear stress increased by keeping the tangential velocity gradient normal.  

Despite an EPO-augmented time-averaged shear stress, the Notch-related genes were 

not up-regulated, and the trabecular network appeared to be the same as that of wild type 

(Figure 6.5A and C).  We further used Isoproterenol (ISO), a 1- and 2- adrenoreceptor 

agonist, at 50 M to increase myocardial contractility and heart rate. However, neither 

Notch-related genes nor trabecular network were significantly affected (Figure 6.5B-C) 

[202]. Moreover, ISO treatment moderately reduced Notch activation. We further 

corroborated the effect of ISO in HAEC, where treatment at 24 hours resulted in reduced 

Notch signaling (Figure 6.5D). 

6.2.6 Over-expression of Notch Signaling Induced Abnormal Ventricular 

Morphogenesis 

We showed that injection of co-injection of Nrg1 mRNA (10pg/nL) with gata1a MO and 

Nrg1 mRNA alone engendered thickened ventricular wall and disrupted trabeculation 

(Figure 6.6A).  Furthermore, both treatments increased Notch signaling and Notch-

related genes (Figure 6.6B). Zhao et al. reported that while Notch signaling in both endo- 

and epicardium is considered important in cardiac regeneration in response to ventricular 

amputation, hyperactivation of Notch signaling is found to suppress cardiomyocyte 
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proliferation and heart regeneration in zebrafish [203]. Therefore, our data also suggested 

that a well-defined level of Notch signaling is indicated to induce trabeculation during 

cardiac morphogenesis.  

6.2.7 Trabeculation Contributed to Contractile Function  

To demonstrate the role of trabeculation on ventricular function, we quantified the 

volume of trabecular myocardial ridges in response to gata1a MO, tnnt2a MO injection, 

and assessed the effects of Nrg1 mRNA rescue. At 75 hpf, the volume of trabecular 

myocardial ridges was reduced by ~2.7 ± 0.4-fold in response to gata1a MO (0.7×10-4  

0.3×10-4 µm3), by ~19.0 ± 0.3-fold to tnnt2a MO (0.1×10-4  0.1×10-4 µm3), and by ~1.7 ± 

0.4-fold to co-administration of Nrg1 mRNA with gata1a MO (1.1×10-4  0.4×10-4 µm3) as 

compared with the wild type (1.9×10-4  0.4×10-4 µm3) (Figure 6.7). At 100 hpf, the volume 

of trabecular myocardial ridges was reduced by ~1.5 ± 0.4-fold in response to gata1a MO 

(1.5×10-4  0.3×10-4 µm3), by ~23.0 ± 0.3-fold to tnnt2a MO (0.1×10-4  0.1×10-4 µm3), 

and by ~1.0 ± 0.5-fold to co-administration of Nrg1 mRNA with gata1a MO (2.0×10-4  

0.5×10-4 µm3) as compared with the wild type (2.3×10-4  0.4×10-4 µm3 (Figure 6.7). This 

reduction in volume remained persistent in the tnnt2a MO-injected group at 100 hpf. 

However, Nrg1 mRNA co-injection partially rescued trabecular formation in the gata1a 

MO group. 

To assess contractile function, we analyze time-dependent changes in ventricular 

strain in terms of circumferential displacement (𝐷) during cardiac cycles in response to 

gata1a MO and ErbB signaling inhibitor (AG1478) at 50 hpf, 75 hpf, and 100 hpf (Figure 

6.8A–C). Treatment with AG1478 significantly reduced strain during ventricular diastole 

at 100 hpf (Figure 6.8C), accompanied by a decreased fractional shortening (Figure 
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6.8D). Both gata1a MO and AG1478 treatment reduced ventricular ejection fraction (EF), 

as assessed by the changes in 4-D SPIM-acquired ventricular volume during the cardiac 

cycle (Figure 6.8E-F). Both groups developed an increased end-systolic and diastolic 

volume (Table 1). Nrg1 mRNA rescue to gata1a MO injection normalized the ventricular 

strain, fractional shortening, and EF. Interestingly, trabeculated myocardium in the control 

fish demonstrated higher local strain and local deformation than the non-trabeculated 

myocardium (Figure 6.S4A and C-D).  In the AG1478 group, trabeculation was absent, 

and the local strain was similar to that of the non-trabeculated regions of control fish 

(Figure 6.S4B-D). 

The combination of reduced atrial contractility and absent active ventricular filling in 

the wea mutants resulted in a significant reduction in ventricular volume (Table 6.1 and 

Figure 6.S5). Injection of Nrg1 mRNA to the wea mutants at 1-4 cell stage partially 

restored trabecular formation (Figure 6.2J), and partially improved the strain, stroke 

volume, and ventricular contraction (Figure 6.S5B). Thus, the reduced-contractile atrium 

in the wea mutants is associated with 1) an absence of hemodynamic force to generate 

active ventricular filling, 2) down-regulation of Notch-related genes, and 3) absence of 

trabeculation to contribute to contractile function. Taken together, hemodynamic shear 

force-mediated trabeculation contributed to cardiac contractile function (Figure 6.9).   

 

6.3 Discussion 

The main contribution of integrating 4-D SPIM technique with hemodynamic forces 

resides in the elucidation of the interplay between shear stress and Notch activation to 

initiate trabeculation during cardiac morphogenesis. By implementing the non-gated 4-D 



126 
 

synchronization algorithm with SPIM, we have unraveled the trabecular network in 

association with ventricular contractile function. While the development of trabeculation 

is conserved between the zebrafish and chick, mouse, and human embryos [12, 163, 180, 

204, 205],  there are numerous layers of cardiomyocytes in mice, [12], and there is a thin 

layer of cardiomyocytes for trabeculation in zebrafish embryos. For this reason, 4-D SPIM 

imaging enables uniform illumination to uncover shear stress-induced endocardial Notch 

signaling to form trabecular network for contractile function with high axial, spatial, and 

temporal resolution. We demonstrated that 1) gata1a MO decreased hematopoiesis to 

reduce shear stress, 2) tnnt2a MO inhibited ventricular contractile function to reduce 

hemodynamic shear forces, 3) wea mutants lacked atrial contraction, resulting in a 

reduction of hemodynamic forces to the ventricle. All 3 conditions resulted in down 

regulation of Notch-related genes and attenuation of trabeculation. As a corollary, clo 

mutants lacked endocardium, resulting in the absence of trabeculation. Subjecting 

endothelial cells to pulsatile shear stress in the presence of Adam10 inhibitor 

corroborated that shear stress activated Notch signaling.  

The use of the Tg(flk:mCherry;tp1:gfp) line further localized and corroborated Notch 

signaling in endocardium (Figure 6.4). In addition, Notch activation was present beyond 

endocardium in both the wide type and Nrg1 mRNA-rescued groups (Figure 6.4A, C, G, 

and I). Notch1a is recognized to be present in the endothelium during angiogenesis[206] 

and vascular development [207]. Endothelial cells lining the coronary arteries 

communicate from endocardium to myocardium to epicardium [208]. As development 

proceeds, the trabecular myocardium collapses toward the myocardial wall, forming a 

thick and compact ventricular wall [209]. Recently, Tian et al. reported that trabecular 
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compaction traps endocardial cells to mature into the inner-wall-vasculature [210]. 

Furthermore, Notch signaling in both endo- and epicardium is considered important in 

cardiac regeneration in response to ventricular amputation [203]. In this context, we 

speculate that Notch signaling is present from endocardium to myocardium and 

epicardium via the coronary vasculature. Nevertheless, there remains a complicated role 

of Notch signaling beyond endocardium to activate Nrg1, and the precise mechanism 

remains to be investigated. 

Current imaging techniques, including confocal microscopy, are limited by their 

intrinsic depth penetration, axial resolution, and long scanning time [15]. Confocal 

microscopy is often times limited from capturing the entire live zebrafish embryo and the 

beating hearts due to its small working distance for the objective lens and the long 

acquisition time. Digital particle image velocimetry (DPIV) is inherently limited in analyzing 

3-D cardiac mechanics due to its time-dependent 2-D image (2-D + time domain) and 

assumption needed for volumetric analysis. Images acquired with the conventional 

microscopy techniques incur (1) significant background noise due to out-of-focus 

illumination, and (2) low axial resolution due to a large depth of field.  Whereas our SPIM-

based imaging applies two separate sets of lenses for illumination (IL) and detection (DL) 

through selective plane excitation via laser light-sheet which greatly reduces background 

noise with the use of long working distance objectives (Figure 6.S2) [16, 17].  

Furthermore, SPIM-based system is able to visualize the neonatal mouse hearts, 

following euthanasia and optical clearing [211].  SPIM is superior to  ultra-high frequency 

ultrasound (U-HFU) for its capability in tracking fluorescently labeled proteins, cellular 

structures, and cells of interest with superior spatial resolution (0.6 μm for SPIM vs. ~ 30 
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μ m for U-HFU) as well as deep penetration into tissues  cleared by ClARITY [212, 213]. 

Thus, we integrated 4-D SPIM (3-D + time domain) with a post-imaging synchronization 

algorithm to address the irregular periodicity of zebrafish heart rhythms; thereby, providing 

a basis to overcome time-dependent 3-D computational fluid dynamics (CFD) simulation 

[177]. In this context, our SPIM system has advanced optical imaging for (1) deep axial 

resolution, (2) large dynamic ranges, (3) fast acquisition, and thus, (4) reduced photo-

bleaching/toxicity (Figure 6.S1).   

During heart development, the myocardium differentiates into two layers: an outer 

compact zone and an inner trabeculated zone. In the developing non-zebrafish embryonic 

hearts, trabeculation facilitates oxygenation and nutrition to the myocardium and 

enhances cardiac contractile function [163].  As development proceeds, the trabecular 

myocardium collapses toward the myocardial wall, forming a thick and compact 

ventricular wall [209]. The formation of a multilayered spiral myocardium during the late 

fetal and neonatal stage is essential for cardiac contractile function [214]. A recent study 

of the highly trabeculated zebrafish heart demonstrates that Nrg1 and ErbB2, in addition 

to their role in promoting cell proliferation, have another important function in regulating 

cardiomyocyte delamination to initiate ventricular trabeculation [12].  

Biomechanical forces up-regulate Notch ligands and receptors, and Notch up-

regulation establishes force-induced proteolysis as a mechanism of cellular 

mechanotransduction [215, 216]. We demonstrated that pulsatile shear stress (23 

dyne·cm-2 at 1 Hz for 24 hours) up-regulated Notch activation in HAEC in vitro (Figure 

6.3D). We further recapitulated hemodynamic forces-mediated endocardial Notch 

activation by genetic manipulation of hematopoiesis (gata1a MO), cardiac contraction 
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(tnnt2a Mo), atrial contraction (wea), endocardial endothelial deletion (clo mutants), and 

localization of Notch activation in endocardium (cross breeding Tg(flk:mCherry) with  

Tg(tp1:gfp) Notch reporter line). We further demonstrated that Nrg1 mNRA rescue 

restored trabeculation in association with an improved ventricular strain and ejection 

fraction. Concomitant up-regulation of Notch-related genes, including Dll4, Jag1, and 

Jag2 suggests that Nrg1 mRNA-restored trabeculation and contractile function is 

implicated in activation of Notch ligands (Jag1, Jag2 and Dll4) and receptor (Notch 1b) to 

promote proteolytic cleavage of Notch [215, 216]. Masumura et al. have demonstrated 

shear stress further induced time-dependent Notch signaling in murine embryonic stem 

cell-derived vascular endothelial cells [6]. De la Pompa et al. reported a positive feedback 

loop between Notch ligands and target genes [217], and inactivation of Notch in 

embryonic endocardium results in a decrease in Dll4 expression [11, 129].   

Notch activation by Dll1 or Dll4 in the endocardium results in the transcription of 

EphrinB2, which in turn regulates Nrg1 [218]. As a secreted factor, Nrg1 signals to the 

adjacent cells to promote their differentiation into trabecular myocytes. In a parallel 

pathway, Notch activity in the endocardium activates BMP-10 expression in the adjacent 

myocytes to promote proliferation [218]. Unlike mouse and chick development, ErbB2 

contributes to both proliferation and differentiation in zebrafish cardiomyocytes to form a 

relatively thin layer of myocardium [12].  

Nrg1 contributes to cardiac contractility [218, 219]. Disruption of Nrg1 expression after 

ischemic insult impairs cardiac contractility [220], whereas Nrg1 preconditioning confers 

cardiac protection from ischemic injury [221]. Nrg1 mRNA injection rescued trabeculation 

to restore cardiac strain (Figure 6.8). This gain-of-function is suggested by the increase 
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in contractile function-mediated hemodynamic forces to activate Notch signaling (Figure 

6.3). We further demonstrated that shear stress-activated Notch signaling is 

endocardium-dependent. Co-injection of Nrg1 mRNA with gata1a-MO restored both 

trabecular formation (Figure 6.2) and contractile function (Figure 6.8). Although 

increasing Nrg1 mRNA injection from 5 to 10 pg/nL increased Notch-related gene 

expression by ~2-fold, it led to abnormal ventricular morphogenesis, suggesting that a 

well-defined level of Notch signaling is required for trabeculation (Figure 6.6). In response 

to gata1a MO, tnnt2a MO, wea mutation, or AG1478-treatment, Notch-related genes were 

significantly down-regulated, and trabeculation was attenuated or inhibited (Figure 6.2-

3). However, in response to EPO mRNA-augmented shear stress, neither Notch-related 

genes nor trabeculation were altered (Figure 6.5).   

Gata1a MO and AG1478-treatment reduced strain and fractional shortening, leading 

to decreased ejection fraction. Interestingly, both gata1a MO and AG1478 treated 

embryos developed large ventricular volumes. However, the wea mutants developed 

small ventricles and low ventricular volumes (Table 6.1).  

Overall, we provide new mechanotransduction insights into shear stress modulation of 

cardiac trabeculation via endocardial Notch signaling (Figure 6.9). Interfacing 4-D light-

sheet imaging with the genetically engineered zebrafish system introduces a dynamic 

model to establish the significance of blood flow underlying cardiac architecture and 

function with clinical relevance to non-compaction cardiomyopathy.  

 

6.4 Methods 

6.4.1 4-D Cardiac SPIM Imaging with Synchronization Algorithm  
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We have integrated our in-house 4-D SPIM imaging system with post-processing 

synchronization (Supplementary Methods) to visualize the dynamic cardiac architecture 

with high axial resolution (Figure 6.S1). Using the SPIM technique, we scanned 300 

sections from the rostral to the caudal end of the zebrafish heart. Each section was 

captured with 300 x-y planes (frames) at 10 ms exposure time per frame via a sCMOS 

camera (Hamamatsu Photonics, Hamamatsu City, Japan). The thickness of the light-

sheet was tuned to ~5 µm to provide a high axial (Z-axis) resolution for adequate 

reconstruction of the 3-D cardiac morphology, and the Z scanning was set to 1 µm for 

lossless digital sampling according to the Nyquist sampling principle. To synchronize with 

the cardiac cycle, we determined the cardiac periodicity on a frame-to-frame basis by 

comparing the pixel intensity from the smallest during peak systole to the largest 

ventricular volume during end-diastole [154, 176]. The reconstructed 4-D images were 

processed by the Amira software (Berlin, Germany) (Video S8). 

6.4.2 Zebrafish Embryos 

Zebrafish were bred and maintained at the UCLA Core Facility, and experiments were 

performed in compliance with UCLA IACUC protocols [222]. The transgenic 

Tg(cmlc2:gfp), Tg(flk:mCherry;tp1:gfp) and Tg(cmlc2:mCherry;tp1:gfp) zebrafish lines 

(Tg(tp1:gfp) line was a gift from Dr. David Traver at UCSD, La Jolla, CA) were used under 

the following conditions: 1) control (wild type), 2) gata1a MO, and 3) tnnt2a MO micro-

injection [223]. Gata1a MO reduced hematopoiesis and blood viscosity by 90% as 

previously reported [8, 190]. Fluid shear stress (𝜏) is characterized as the frictional force 

that acts tangentially on the surface of endothelial cells [1]. For Newtonian fluids, shear 

stress is defined as: τ = μ ∙ 𝑑𝑢 𝑑𝑦⁄ , where µ represents viscosity, and 𝑑𝑢 𝑑𝑦⁄  is the 
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velocity gradient along the y-axis perpendicular to the wall [2]. In Newtonian fluid 

mechanics, reduction in viscosity (µ) by 90% resulted in a proportional reduction in wall 

shear stress ( ) [194, 224]. Tnnt2a-MO inhibited cardiac troponin T type 2a to prevent 

cardiomyocyte contraction, leading to non-contractile atrium and ventricle [101, 191].  The 

clo mutants with specific deletion of endocardium were used to verify endocardium-

dependent Notch signaling in response to shear stress. The non-contractile wea mutants 

(a gift from Dr. Deborah Yelon at UCSD, La Jolla, CA) were used to inhibit the 

development of atrioventricular gradients. 0.5% Tricaine Mesylate was used to humanely 

sacrifice the embryos.   

6.4.3 Chemical Treatment to Modulate Trabeculation 

ErbB signaling inhibitor, AG1478, at 5 µM (Sigma–Aldrich, St. Louis, MO) in 1% 

DMSO was diluted in E3 medium at 30 hpf. Similarly, -Secretase Inhibitor, DAPT 

(Sigma–Aldrich, St. Louis, MO), at 100uM in 1% DMSO was diluted in E3 medium to 

inhibit Notch signaling at 40 hpf. GI254023X, an Adam10 inhibitor at 5 M, was added in 

HAEC culture medium and incubated for 30 minutes. 5 M of premixed GI254023X was 

added to the culture medium for HAEC subject to PSS in the ensuing experiments. To 

increase shear stress in the ventricular cavity, 50 µM of DL-Isoproterenol (isoprenaline 

hydrochloride, I5627, Sigma–Aldrich, St. Louis, MO) was applied at 50 hpf, thereby 

increasing heart rate and contractility [202]. 

6.4.4 Blood Shear Stress Modulation 

Shear stress () is characterized as dynamic viscosity () of fluid multiplied by shear 

rate (�̇�), defined as a gradient of velocity between  two adjacent fluid layers [225].  

 𝜏 = μ ∙ �̇� = 𝜇
𝜕𝑢𝑥

𝜕𝑦
      (1) 
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where 
𝜕𝑢𝑥

𝜕𝑦
 is the tangential velocity gradient between two adjacent fluid layers. Since 

shear stress is a function of velocity (ux), injection of tnnt2a MO and use of wea mutants 

reduced ventricular contractility, which in turn decreased shear stress to the endocardium.  

In addition, we applied Isoproterenol (ISO) treatment to increase heart rate and 

contractility thereby augmenting shear stress.  Furthermore, shear stress is also 

interpreted as time rate of momentum change (�̇�) as the rate of fluid mass (�̇�) acting on 

the surface per unit area (A) as follows:    

𝜏 =
�̇�

𝐴
=

�̇�〈𝑢𝑥〉

𝐴
      (2) 

�̇� = 𝜌�̅�𝐴,   〈𝑢𝑥〉 = 𝜆
𝜕𝑢𝑥

𝜕𝑦
              (3) 

𝜏 = ρ�̅�𝜆 ∙
𝜕𝑢𝑥

𝜕𝑦
= 𝜇 ∙

𝜕𝑢𝑥

𝜕𝑦
             (4) 

where ρ is the density of blood, �̅� is the average molecular speed, 〈𝑢𝑥〉 is the mean 

velocity along the x axis of fluid molecule hitting the unit area, 𝜆 is mean free path defined 

as the average traveling distance of moving particle between collisions.  Injecting gata1a 

MO inhibited hematopoiesis to decrease the hematocrit, leading to a decrease in 

viscosity, whereas injecting EPO mRNA increased hematopoiesis, leading to an increase 

in viscosity and shear stress to the endocardium (Video S7-S8) 

6.4.5. Quantification of Strain and Fractional Shortening 

To measure 2-D ventricular diameter change, we used SPIM imaging to follow the 

ventricular developmental stages at 50, 75 and 100 hpf via a sCMOS camera. The 

captured images were segmented to create the 2-D moving boundary conditions with 600 

nodes [177]. The nodes were guided to replicate cardiac wall motion captured by SPIM 

segmentation as described previously [177]. Matlab (Mathworks, Natick, MA, USA) was 
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employed to calculate the strain as defined by the time-dependent changes in 

displacement (𝐷) between the individual time steps:  

Strain =
𝜋×𝐷−𝜋×𝐷0

𝜋×𝐷0
,             (2) 

 

The changes in displacement between end diastole and systole were used to calculate 

the fractional shortening [178]: 

 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑆ℎ𝑜𝑟𝑡𝑒𝑛𝑖𝑛𝑔 = (
End Diastolic Displacement−End Systolic Displacement

End Diastolic Displacment
) ×100, (3) 

where Do denotes the initial displace at time = 0, and D at time= t. Accuracy of repetition 

error was tested by calculating the strain of coefficient of variation at end-diastole (Table 

S1). 

6.4.6. 3-D Quantification of the Volume of Trabecular Ridges 

To quantify changes in volume of trabecular myocardial ridges (µm3), we employed 

Amira 3-D software to reconstruct the cardiac volume. The ventricular volume without 

trabeculation was simulated by removing trabecular ridges. The volume of trabecular 

myocardial ridges was derived by subtracting the volume of smooth curve ignoring 

trabecular ridges from the total myocardial volume.    

6.4.7. Stroke Volume and Ejection Fraction 

Based on SPIM images with non-gated 4-D synchronization computational algorithm 

[154, 176], the time-dependent changes in ventricular chamber volume throughout the 

cardiac cycle were measured by Amira. End systolic volume (ESV) and end diastolic 

volume (EDV) were obtained by determining the ventricular volume during systole and 

diastole, respectively. Ejection fraction (EF) was calculated using ESV and EDV [178]. 
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6.4.8. Preparation of Nrg1 and EPO mRNA for Rescue 

Human Nrg1 cDNA (a gift from Dr. William Talbot from Stanford University, Stanford, CA) 

was amplified from a donor plasmid (purchased from GE Health) and cloned into the 

plasmid pCS2+ at the BamH I and EcoR I sites (Figure 6.S6A).  Clones with the human 

Nrg1 cDNA insert were selected by PCR screening.  Two clones with human Nrg1 cDNA 

insert were verified by transfecting the plasmids into HEK-293 cells, and Nrg1 protein 

expression was detected by Western blot with anti-Nrg1 antibody (Figure 6.S6B).  mRNA 

was made from the clone 1 plasmid using the mMessage SP6 kit (Invitrogen, CA) 

following the manufacturer’s instruction. In vitro transcribed Nrg1 mRNA was purified with 

Bio-Rad’s total RNA isolation kit for in vivo rescue experiments.  Zebrafish EPO cDNA 

was amplified from a donor plasmid and cloned into pCS2+ at the EcoRI and XhoI sites 

(Creative Biogene, Shirley, NY).  Zebrafish EPO mRNA was prepared and purified with 

the same procedure as described above. 

6.4.9 Genes Knocked Down by Morpholinos and Rescued by Nrg1 mRNA 

Morpholino oligonucleotides (GeneTools, Corvalis, OR) were designed against the 

ATG of gata1a (5’-CTGCAAGTGTAGTATTGAAGATGTC-3’), and  

tnnt2a (5’- CATGTTTGCTCTGATCTGACACGCA-3’). Morpholinos were re-suspended in 

nuclease-free water and injected at 8 ng/nL and 4 ng/nL at 1-4 cell stages, respectively. 

Nrg1 mRNA at 5 or 10 pg/nL was co-injected at 1-4 cell stages with gata1a MO to over-

express Notch target genes and restore trabeculation. 20pg/nL of EPO mRNA was also 

injected at the 1-4 cell stage to increase hematopoiesis [201].  

6.4.10. Dynamic Shear Stress Model  
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Confluent HAEC were exposed to pulsatile shear stress at 23 dyn·cm-2 at 1 Hz at a 

slew rate (/t) of 71 dyn·cm-2s-1 for 24 hours [31] in a well-defined dynamic flow system 

[31]. The pulsatile flow simulates hemodynamic shear stress in the arterial system [25, 

61]. Notch ligands (Dll4, Jag-1, and Jag-2) and target genes (Hes) were quantified by 

qRT-PCR as previously described [97].  

6.4.11. Zebrafish Heart RNA Isolation for Notch Ligands, Receptor, and Target Gene 

Expression 

Zebrafish embryos were humanely sacrificed by overdosing with Tricaine Methylate. 

The embryonic hearts were isolated under a dissecting microscope as previously 

described [226]. Total RNA was isolated from the extracted hearts using Aurum Total 

RNA Mini Kit (Bio-Rad, Hercules, CA), and cDNA was synthesized using iScript cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA). PCR primers for Notch ligands (Jag1 and Jag2, 

Dll4), receptor (Notch 1b), and signaling related genes (Nrg1 and ErbB2) were designed 

(Table S2-S4). The mRNA expression levels were determined by quantitative RT-PCR 

and normalized to zebrafish α-actin. 

6.4.12. Statistics 

All the values were expressed as mean ± SD. For statistical comparisons between 

two experimental conditions, unpaired 2 tailed t-test was used. P values of < 0.05 were 

considered significant. Comparisons of multiple mean values were performed by one-way 

analysis of variance (ANOVA), and statistical significance among multiple groups was 

determined using Tukey’s method.  
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Figure 6.1. Fluorescent light-sheets to image cardiac morphogenesis. (A) The 

sample is placed at the orthogonal intersection between the illumination lens (IL) and 

detection lens (DL) in the SPIM system. (B) A cylindrical lens generates a thin laser light-

sheet, and the IL excites a thin slice of the sample in a 2-D plane. The fluorescence from 

the illuminated planes is orthogonally detected by the DL. (C) A schematic diagram 

illustrates the laser light-sheet sectioning across a zebrafish embryo. (D) The entire 

embryo can be imaged within 30 seconds at a single cellular resolution. Inset reveals the 

trabecular endocardium. (E) Magnification of the heart reveals the contracting cmlc2-gfp-

labeled myocardium and flowing DsRed-labeled red blood cells across the atriventricular 
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valve. (F) The integration of SPIM image with 4-D synchronization algorithm reveals a 

beating 4-D heart. (G) Trabecular ridges were absent in the myocardium at ~50 hpf. (H) 

Ridges protruding into the ventricular cavity occurred at ~60 hpf near the myocardial lining 

experienced high ventricular inflow. (I) Distinct trabecular ridges occurred at ~70 hpf. 

SPIM: Selective Plane Illumination Microscopy. 
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Figure 6.2. The dynamics of 3-D cardiac architecture in response to genetic 

manipulations of the Tg(cmlc:gfp) zebrafish system. (A) A 3-D Cartesian coordinate 

system provides the orientation of the ventricle. (B) The ventricular inflow tract from the 

atrium relates to the outflow tract from 3-D ventricle. (C) Trabecular network developed 

in the ventricle at 75 hpf in the wild type (control). (D) Trabeculae formed a prominent 

sponge-like structure at 100 hpf in the wild type. (E) Gata1a MO micro-injection at 1-4 cell 

stage attenuated trabeculation at 75 hpf. (F) Gata1a MO-treated fish delayed trabecular 

formation at 100 hpf. (G) Co-injection of Nrg1 mRNA promoted trabeculation at 75 hpf. 

(H) Co-injection of Nrg1 mRNA nearly restored trabecular network at 100 hpf. (I) 

Trabeculation was absent in the wea mutants with a small ventricle. (J) Injection of Nrg1 

mRNA to the wea mutants promoted trabecular formation. (K) Tnnt2a MO micro-injection 

inhibited trabeculation at both 75 hpf (not shown) and 100 hpf. (L) The clo mutants 

developed non-trabeculated endocardium at 100 hpf.  Red arrows: trabecular ridges. 

hpf:  hours post fertilization.  MO:  morpholino oligonucleotides, A: atrium, V: ventricle. 

Scale bars: 50 μm, Magnification: 10x 
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Figure 6.3. Hemodynamic shear stress modulation of Notch ligand, receptor, and 

target gene expression. (A) At 100 hpf, gata1a treatment significantly down-regulated 

the mRNA expression of Notch1, Nrg1, and Jag2 (t-test, *p < 0.05, n=5 vs. wild type). Co-

injection of Nrg1 mRNA with Gata1a MO significantly increased the expression of 

Notch1b, Nrg1, ErbB, and Jag1 genes compared to the wild type. (B) wea mutations 

resulted in down-regulation of Notch-related gene expression (t-test, *p < 0.05, n=5 vs. 

wild type). Nrg1 mRNA injection to the wea mutants increased Notch-related gene 

expression; in particular, Jag1 and Jag2 were significantly up-regulated as compared to 

the wild type. (C) Tnnt2a MO injection and clo mutation significantly down-regulated 

Notch-related gene expression (t-test, *p < 0.05, n=5 vs. wild type).  (D) Pulsatile shear 

stress (average = 30 dyn·cm-2 ·s-1 at 1 Hz) up-regulated Notch target genes and ligands in 
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HAEC, which were down-regulated in the presence of Adam 10 inhibitor that blocks the 

extracellular cleavage of Notch intracellular domain (NICD). (t-test, *p <0.05, n=5)  
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Figure 6.4. Endocardial Notch activation in Tg(cmlc2:mCherry;tp1:gfp) zebrafish. 

(A) Tp1-gfp signal was present throughout the ventricle. (B) Following gata1a MO 

injection, Notch signaling was diminished in the endocardium as demonstrated by 

reduced tp1 signals. (C) Nrg1 mRNA co-injection restored Notch signaling signals. (D, E, 

F) flk:mCherry transgene was used to delineate the endocardium. (G, H, I) The merged 

gfp and mCherry channels revealed endocardial Notch signaling. Scale bars: 50 μm, 

Magnification: 20x. 
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Figure 6.5. EPO-augmented shear stress and Notch signaling and trabeculation at 

100 hpf.  (A) EPO mRNA injection and (B) Isoproterenol treatment were ineffective in 

increasing trabecular network.  (C) Augmented shear stress failed to increase Notch 

signaling (t-test, P not significant for all gene transcripts, n=5).  (D) Treatment with 50µM 

of Isoproterenol for 24 hours moderately down-regulated Notch target genes and ligands 

in HAEC (t-test, *p <0.05, n=5). Scale bars: 50 μm, Magnification: 10x. 
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Figure 6.6. High-dose Nrg1 mRNA (10 M) did not restore trabeculation in the 

gata1a MO injected zebrafish. (A) While gata1a MO injection alone attenuated 

trabeculation, co-injection of gata1a MO with 5 µM of Nrg1 mRNA partially restored 

trabeculation (Figure 3). However, co-injection with 10 µM of Nrg1 mRNA promoted the 

development of a thick and small ventricular wall rather than restoring trabeculation at 75 

hpf and 100 hpf. (B) Injection of 5µM Nrg1 mRNA alone to wild-type up-regulated Notch 
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signaling-related mRNA expression and failed to develop trabecular formation (t-test, *p < 

0.05, n=5).  
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Figure 6.7. 3-D quantification of myocardium from the trabecular ridges. (A) 

Transgenic cardiac myosin light-chain-labeled GFP, Tg(cmlc:gfp), lines were visualized 

by SPIM imaging. Myocardium from trabecular ridges was highlighted in violet and the 

outside layer in magenta. (B) Gata1 MO and tnnt2a MO significantly reduced myocardium 

volume from trabecular ridges (µm3) at 75hpf and 100 hpf, respectively. Tnnt2a MO had 

a stronger effect than gata1 MO (t-test, *p < 0.05, n=5). Co-injection of Nrg1 mRNA with 

gata1 MO showed a trend toward restoring the trabecular myocardial volume as 

compared to the wild type.  Scale bars: 50 μm, Magnification: 10x. 
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Figure 6.8. Effects of trabeculation on strain and fractional shortening. Strains were 

depicted at (A) 50 hpf, (B) 75 hpf, and (C) 100 hpf in response to AG1478 treatment and 

gata1a MO injection. (C) A significant decrease and delay in strain was observed in 

response to AG1478 (red) and gata1a MO (green) as compared to the wild type (control-

black) at 100 hpf. Co-injection of Nrg1 mRNA (blue) with gata1a MO improved strain at 

100 hpf.  (D) AG1478 and gata1a MO significantly decreased fractional shortening (FS) 

at 100 hpf. Co-injection of Nrg1 mRNA with gata1a MO improved FS. (E, F) Integrating 

4-D synchronization algorithm with SPIM revealed that AG1478 and gata1a MO groups 

developed an increased systolic and diastolic volume. 
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Figure 6.9. Shear stress activation of Notch signaling to promote trabeculation. (A) 

Shear stress modulates trabecular formation in the myocardium. The inset reveals the 

activated Notch signaling in the endocardial cells (colored blue). (B) A host of genetic 

manipulations elucidates the mechanotransduction of Notch signaling pathway 

underlying shear stress and initiation of trabeculation. (C) Nrg1 mRNA injection rescues 

trabeculation, which, in turn, restores cardiac contractile function. The gain-of-function in 

contractility generates hemodynamic shear forces to activate Notch signaling.    
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Table 6.1.  Ventricular volume and ejection fraction in response to Gata1a MO and 

AG1478-treated zebrafish.   

 Control AG1478 Gata1a MO 

Gata1a MO 

+ Nrg1 

mRNA 

wea 

wea 

+ Nrg1 

mRNA 

End-diastolic 

volume (10
5
 µm

3
) 

5.50.5 6.90.5 8.50.8 7.30.6 0.80.2 1.00.2 

End-systolic volume 

(10
5
 µm

3
) 

1.50.6 2.70.4 2.90.6 2.20.6 0.70.2 0.70.1 

Stroke volume  

(10
5
 µm

3
) 

4.00.5 4.20.5 5.40.8 5.20.6 0.10.1 0.30.1 

Ejection Fraction (%) 72.24.2 60.83.5 66.23.1 69.84.0 12.52.8 30.03.6 
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Figure 6.S1. Our in-house Fluorescent Light-Sheet Microscopy (LSM) and 3-D 

images. (A) Optical components for the LSM set-up include the laser source(s), 

illuminating and detecting lenses, and a high-frame rate CMOS camera. (B) A zoomed-in 

image highlights the sample at the orthogonal intersection between the detecting and 

illuminating lenses. (C) 3-D LSM images reveal the hepatic cell network at the mm scale, 

(D) the branching airway at the sub-millimeter scale, (E) the sprouting human umbilical 

endothelial cells grown in Matrigel, as well as (F) the entire zebrafish embryo imaged at 

the micron scale. 
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Figure 6.S2. Schematic diagram of LSM system. Our in-house LSM consists of an 

illumination and a detection unit. A laser beam (blue line) from one or more lasers is 

collected and focused by the beam expander to optimize the beam size. A cylindrical lens 

(CL) converts the laser beam to a sheet of laser light that can transversely illuminate a 

thin section of sample (A) (B). The sample is mounted at the intersection between 

illumination lens (IL) and detection lens (DL). The illuminated 2-D thin section (fluorescent 

detection in green) is captured by the high-frame rate sCMOS camera (C). Note that the 

illumination axis is orthogonal to the detection axis. The illumination optics is designed to 

illuminate a very thin volume around the focal plane of the detection objective. M: Mirror, 

BS: Beam splitter, BE: Beam expander, TL: Tube lens.  
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Figure 6.S3. -secretase inhibitor (DAPT) prevented transmigration of NICD to 

inhibit Notch signaling and trabeculation. (A) Treatment with DAPT blocked 

trabeculation.  (B) Notch-related mRNA expression was down-regulated in DAPT-

treated fish. (t-test, *p < 0.05, n=5). A: Atrium, V: Ventricle.    
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Figure 6.S4.  Regional strain measurements.  (A) Trabecular (yellow lines) and non-

trabecular (red lines) regions from controls as well as their combined myocardial segment 

(purple lines) are illustrated at end-systole and end-diastole.  (B) ErbB signaling inhibitor 

(AG1478) treatment inhibited trabeculation. Non-trabeculated myocardium (dark blue 

lines) and the combined myocardial segment (sky blue line) are illustrated at end-systole 

and end-diastole.  (C) Segmental strain curves from trabeculated control regions (red 

lines), non-trabeculated control regions (yellow lines) and AG1478–treated non-

trabeculated regions (dark blue lines) are illustrated.  (D) Comparing the combined strain 

between controls (purple) and AG1478 treatment (sky blue) illustrates the decrease in 

contractility in response to AG1478.   
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Figure 6.S5. Contractile function in response to wea mutation. (A) The wea mutants 

developed reduced strain rates when compared to the wild type. Injection of Nrg1 mRNA 

moderately restored strain rates. Strain remained at zero during diastole. (B) The wea 

mutants developed a reduced ventricular volume when compared to the wild type. The 

ventricular contractility (volume change) was partially restored with Nrg1 mRNA injection 

at 1-4 cell stage.  
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Figure 6.S6. Cloning and verification of human Nrg-1 (zNrg-1) mRNA for zebrafish. 

(A) Human Nrg-1 (hNrg-1) cDNA was cloned into pCS2+ vector at the multiple cloning 

sites. (B) HEK293 cells were transfected with vector alone or two clones from the pCS2-

hNrg-1 plasmids. Cell lysates were applied to perform the Western blots with anti-Nrg-1 

antibody. Both pCS2-hNrg-1 clones expressed Nrg-1 protein at the anticipated band size.   

  



156 
 

 

 

 

 

 

Chapter Seven: A Rapid-Pressure Driven Micro-Channel to 

Demonstrate Newtonian Fluid Behavior of Zebrafish Blood at High 

Shear Rates 
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7.1 Introduction 

  Blood viscosity is influenced by the ratio of the volume of red blood cells to the volume 

of whole blood or known as hematocrit. In the clinical setting, newborns with cyanotic 

congenital heart disease or adults with hematological diseases develop disorders in their 

hematocrit.[227, 228] In developmental biology, blood viscosity modulates fluid shear 

stress to regulate mechano-signal transduction during cardiac morphogenesis.[181, 229] 

However, acquiring accurate measurements of blood viscosity in developing embryos 

remains experimentally challenging. Furthermore, a high-throughput methodology to 

interrogate small-scale blood viscosity has not previously been performed. 

 To measure small-scale blood viscosity, we chose the zebrafish model for their 

high fecundity and short life cycle. Zebrafish provide a genetically tractable animal model 

system for organogenesis, disease, and drug discovery.[230-232] Embryonic zebrafish 

hearts develop contractile function within 120 hours post-fertilization, allowing for light-

sheet microscopy and hemodynamic interrogation of cardiac development.[229, 233] 

Additionally, adult zebrafish have the capacity to regenerate their injured hearts to restore 

contractile function at 60 days post apical ventricular amputation.[234, 235] Evaluating 

the hemodynamics in these developmental and disease model contexts requires an 

accurate measurement of the blood viscosity, and thus interrogating the dynamics of 

blood viscosity during these developmental or disease stages is fundamentally significant.  

 The minute amount of adult zebrafish blood (~20μL) hampers viscosity 

measurement.[236] Conventional viscometers, including the cone-and-plate mechanism, 

require a large sample volume and prolonged measurement.[237] The scanning capillary-

tube viscometer, mass detecting capillary viscometer, and pressure-scanning capillary 
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viscometer provide rapid measurements (<3min) without anti-coagulants.[238-240] 

Unfortunately, a large sample of blood volume (~3mL) is required, rendering these 

devices less desirable for point-of-care applications and incompatible with measuring the 

blood viscosity of individual zebrafish. For this reason, most investigators empirically 

assume similar blood components in both zebrafish and humans, and most estimate the 

zebrafish blood viscosity on the basis of area or volume fraction.[8, 177, 241] However, 

previous studies have demonstrated variations in blood viscosity from different species 

at a given hematocrit count,[241] and thus these assumptions may be inaccurate. 

In this context, we applied the capillary pressure-driven principle to develop 

microfluidic channels for the small-scale blood viscosity to achieve high-throughput 

measurement (Figure 7.1). The microfluidic design allows for a minute sample volume 

(<3μL) for rapid (<2min) and continuous blood viscosity measurement over a wide range 

of shear rates. The experimentally acquired blood viscosity of water, blood plasma, and 

whole blood was further validated with a vacuum-driven parylene tube at high shear rates, 

at which point the zebrafish blood behaved as a Newtonian fluid. We further established 

a calibration curve for zebrafish blood viscosity to predict the transient rise and fall of 

viscosity during embryonic development. Thus, our capillary pressure-driven microfluidic 

platform provides a fundamental system to rapidly measure zebrafish blood viscosity, to 

reveal the Newtonian fluid behavior at high shear rates, and to demonstrate the dynamic 

blood viscosity during development.  

 

7.2 Results 

7.2.1 Measurement of water viscosity for calibration of microfluidic channel  
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Water was used to calibrate the pressure-driven microfluidic channels. The 

displacement (L) of water as a function of time was in agreement with the power 

law fluid model (Figure 7.2A). For a Newtonian fluid, the power law exponent (n) 

is commonly considered to be 1.[242] The power law exponent of water from our 

microfluidic device was 1.059 (Figure 7.2C), and the geometry factor was 

calibrated by the known water viscosity of 0.85 cP at 27°C (Figure 7.2D).  

7.2.2 Adult zebrafish blood viscosity  

After calibrating the microfluidic channel, we varied the zebrafish hematocrits at a 

given volume of 3μL. We applied samples of zebraflish blood with different 

hematocrits to the microfluidic channels. The travel displacement (L) of blood flow 

was in agreement with the power law fluid model (Figure 7.3A). Increasing the 

hematocrit of a sample resulted in an increase in its velocity through the microfluidic 

channel (Figure 7.3B).[243] The power law exponent of zebrafish blood remained 

close to 1 over a range of hematocrits, suggesting the Newtonian fluid behavior of 

zebrafish blood (Figure 7.3C).[244] By changing the hematocrits, the power law 

exponent was slightly increased, likely due to the delayed air exposure time. 

However, the viscosity of blood plasma was fairly consistent at 1.5 cP over a range 

of shear rates. The viscosity of whole blood also behaved as Newtonian fluids at 

high shear rates > 500 s-1, but the viscosity increased up to 10 cP at low shear rate 

of 147 s-1 (Figure 7.3D).  

7.2.3 Validation of viscosity  

To validate the pressure-driven microfluidic channel, we induced vacuum pressure 

(-0.9 bar) to micro-fabricated Parylene-based tubes (inner diameter = 400 μm), in 
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which a contact angle was maintained at 90° to minimize the capillary pressure 

interrupting the vacuum pressure during vacuum suction. We compared the 

viscosities of water, plasma, and whole blood. A negative pressure of -0.9 bar was 

applied to the Parylene-based tubes filled with heparinized zebrafish blood and 

plasma, respectively (Figure 7.S2). This system of Parylene-based tubes 

reproduced and validated the viscosity values measured by our microfluidic 

channels. Thus, the values of our vacuum-driven methodology were in agreement 

with those obtained by the capillary pressure-driven microfluidic channel-based 

strategy (Figure 7.4).  

7.2.4 Embryonic zebrafish blood viscosity 

A second order polynomial curve was derived from the experimentally acquired 

adult zebrafish blood viscosity over a range of hematocrits (Figure 7.5A), from 

which the viscosity of embryonic zebrafish was predicted. We measured the 

hematocrits starting at 2 days post fertilization (dpf) to 5 dpf, during which cardiac 

looping and valvular formation occurred.[181] We discovered an increase in 

viscosity from 2dpf to 4dpf, followed by a decrease from 5dpf to adult stage when 

the hematocrit decreased from 47% to 36% (Figure 7.5B). In line with Figure 7.3D, 

zebrafish blood plasma behaved as a Newtonian fluids at 1.5 cP. 

 

7.3 Discussion 

The novelty of our study lies in 1) demonstrating the Newtonian fluid behavior of 

zebrafish blood at shear rates > 500 s-1, and 2) predicting the dynamics of blood 

viscosity during embryonic development (Figure 7.5B). Our pressure-driven 
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microfluidic channels addressed the experimental challenge of micro-scale sample 

volume. The operational principle and channel designed were compared with the 

vacuum-driven Parylene tube system to validate the viscosity values in water, 

blood plasma, and whole blood (Figure 7.4).[177] The power law exponent of 

zebrafish blood remained close to 1 over a range of hematocrits in support of its 

Newtonian fluid behavior.[244] Zebrafish blood develops Newtonian behavior at 

shear rates >500 s-1 while human blood develops Newtonian behavior at shear 

rates >100 s-1.[243] In their respective ranges of non-Newtonian fluid behavior, 

both human and zebrafish blood viscosity increase exponentially with decreasing 

shear rates[243]. We also established a calibration curve for zebrafish blood 

viscosity, and we provided the first observation for the dynamic rise and fall of 

viscosity during embryonic development.  

 Capillary pressure-driven channels allow for direct interrogation of blood 

viscosity from the small-scale volume as opposed to the use of area or volume 

fraction rate of blood particles.12,13,21 Previous single representative zebrafish blood 

viscosity was inadequate to study blood rheology at a low shear rate (500 s-1). Our 

experimentally derived calibration curve (Figure 7.5A) provides a dynamic range 

of zebrafish blood viscosities as a function of hematocrit as a basis to investigate 

fluid shear stress modulation of developmental gene expression and cardiac 

development.[8, 229]  

 We demonstrated the dynamics of zebrafish blood viscosity during embryonic 

development, with an increase in viscosity from 4.9 cP at 2 days post fertilization 

(dpf) to 7.64 cP at 4 dpf, followed by a decrease to 4.1 cP at 5 dpf. In the early 
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embryonic stage, zebrafish develop a tube-like structure undergoing peristaltic 

contraction.[177] At about 20 hours post fertilization (hpf), the zebrafish heart 

undergoes cardiac looping. The atrio-ventricular (AV) cushion starts to develop into 

an AV valve from ~80 hpf to 120 hpf. In parallel, time-dependent computational 

fluid dynamic (CFD) simulation reveals that blood velocity at the AV canal 

increases from ~0.1 cm•s-1 at 20 hpf, to 0.35 cm•s-1 at 60 hpf, to 0.5 cm•s-1 at 120 

hpf.[177] The CFD simulation for pressure gradients across the AV canal also 

reveals an increase from 0.4±0.05 mmHg at 20 hpf to 1.0±0.2 mmHg to 2.5±0.6 

mmHg at 120 hpf.[177] Using the empirically-derived blood viscosity, we previously 

demonstrated CFD-derived average peak shear stress increases from 

4.0±0.1dynes•cm-2 at 20 hpf to 29±8 dynes•cm-2 at 60 hpf to 81±11dynes•cm-2 at 

120 hpf. Our current capillary pressure-based microfluidic channel further provides 

an experimental basis to determine the temporal variations in shear stress during 

cardiac development.  

 Fluid shear stress is intimately linked with valvular formation. Reducing viscosity 

due to flow regurgitation across the atrio-ventricular valves was implicated in 

valvular anomalies in the zebrafish embryos.[8] Reducing viscosity by gata1a 

morpholino oligonucleotide injection reduced endocardial Notch signaling to 

attenuate trabeculation in the zebrafish embryos, whereas increasing viscosity by 

erythropoietin mRNA injection elevated shear stress to promote endocardial ridge-

like formation for trabeculation.[229] In addition, shear stress activated endothelin-

1 (ET-1), lung Krüppel-like factor (KLF-2) and endothelial nitric oxide synthase 

(eNOS) expression in the chicken embryonic model of cardiac development.[245] 
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Shear stress further activated Wnt-Angiopoietin-2 signaling to restore vascular 

repair in zebrafish embryos.[97] Thus, direct measurement of viscosity provides a 

fundamental basis to interface the biomechanics of cardiac structure and function 

during development.  

 The advent of a MEMS-based viscometer has enabled a micro-scale of sample 

volume.[246] This MEMS-based oscillating micromechanical viscometer measures 

zebrafish viscosity at a specific shear rate at one time point, rendering the process 

laborious and prolonged when the viscosity values for a wide range of shear rates 

are desired. Our pressure-driven microfluidic channel allows for small sample 

volume, rapid acquisition, and reproducible viscosity values as validated by the 

vacuum-driven Parylene tubes. The limitation of the current study lies in the need 

for the heparin-coated capillary channel to prevent acute thrombosis due to 1) rapid 

blood coagulation and 2) pooling plasma from different zebrafish. Shear thickening 

occurred by altering hematocrit in the blood sample with power law exponent n > 

1. For this reason, blood coagulation, or thrombosis, developed when the whole 

blood was pooled from different fish. Also, we have ignored the entrance effect due 

to small size (ℎ = 60𝜇𝑚, 𝑤 = 240𝜇𝑚) of the microfluidic channel. This entrance 

effect becomes insignificant beyond a channel length of 10 times the cross length 

of channel.[247]  

 Overall, we demonstrated the Newtonian fluid behavior of zebrafish blood and 

we established the calibration curve for zebrafish viscosity as a function of 

hematocrit to predict the dynamics of blood viscosity during development. Thus, 

direct measurement of the blood viscosity from the zebrafish provides 1) the 
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rheological basis to study hemodynamics during development, and 2) the 

translational opportunity to develop point-of-care monitoring for newborn patients, 

as well as adult patients with hematological disorders.[227, 228] 

 

7.4 Methods 

7.4.1 Maintaining of Embryonic Zebrafish  

Wild type zebrafish and double transgenic line, Tg(fli1a:GFP;gata1:DsRed), were bred 

and maintained at the UCLA zebrafish core facility. All zebrafish experimentation in this 

study was carried out in accordance with animal protocols approved by UCLA 

Institutional Animal Care and Use Committee (IACUC) protocols (ARC#: 2015-055 and 

2012-039). Zebrafish aquarium was maintained at 27~28°C for the experiments. 

7.4.2 Collection of Zebrafish Blood 

Adult zebrafish blood was collected after euthanization with tricaine methane sulfonate 

(MS-222). A link-free paper tower (TexWipe, Kimberly-Clark, Irving, TX) was used to 

remove the water from zebrafish body surface. A small incision to the chest was 

performed with Vannas scissors (FST, CA) to expose the hearts. A link-free paper tower 

was used again to remove the fluid from the incised chest surface. After zebrafish heart 

incision, heparinized microhematocrit tubes (1-000-3200-H, Drummond Scientific, PA) 

were used to collect blood from the hearts by capillary forces. This procedure was 

performed at 27°C to maintain aquatic temperature at which the zebrafish were bred and 

raised.  

7.4.3 Alteration of hematocrits  
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After blood collection, one end of the microhematocrit tubes was sealed by the hematocrit 

sealer (CritosealTM, Leica Biosystem, IL). The sealing was accomplished by cutting 20μL 

pipette tips (MicroloaderTM, Eppendorf), followed by dipping these tips onto the hematocrit 

sealer as a cap. To dilute the blood, we first prepared the blood plasma by centrifuging 

one tube of whole blood sample at 10krpm (~9000xG) for 1 minute (MinispinTM, 

Eppendorf). Next, the plasma was fully mixed with another tube of whole blood sample to 

obtain the diluted blood. Afterwards, half of the diluted blood sample was added to the 

microfluidic channel to measure the viscosity and the other half was centrifuged again to 

determine the hematocrit (Figure 7.S1). The hematocrit was successfully lowered to 13% 

and 24% in two separate measurements. Thus, we were able to establish hematocrit 

values between 0% (blood plasma) and 35% (whole blood). 

7.4.4 Theoretical calculation of shear rate and viscosity 

The majority of shear thinning liquids, including blood, were modeled by using a two-

parameter power law fluid model, also known as the Ostwalt-de Waele relationship: 

𝜇 = 𝑚�̇�𝑛−1                                                                 (1) 

𝜏 = 𝜇�̇� = 𝑚�̇�𝑛                                                             (2), 

where 𝑚  and 𝑛  are parameters pertaining to the fluid characteristics, 𝜇  is the 

viscosity, �̇�  is the shear rate, and 𝜏  is the shear stress.[243, 248] The Navier-

Stokes equation at quasi-steady state is simplified for a quasi-1-dimensional 

Hagen-Poiseuille flow in the thin rectangular channel (Figure 7.1): [249-251] 

0 = −
𝑑𝑝

𝑑𝑥
+

𝜕𝜏

𝜕𝑦
=

∆𝑝

𝐿(𝑡)
+

𝜕(𝑚�̇�𝑛)

𝜕𝑦
                                            (3) 

∆𝑝 = 2𝜎 (
1

ℎ
+

1

𝑤
) cos 𝜃                                                   (4) 
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𝜏 = 𝜏(𝑦, 𝑡), �̇� = �̇�(𝑦, 𝑡)                                                      (5), 

where 𝜏 denotes shear stress, ∆𝑝 the Young-Laplace pressure drop, 𝐿(𝑡) the travel 

distance in the channel, 𝜎 the surface tension, 𝜃 the contact angle, ℎ the channel 

height, 𝑤 the channel width and �̇� the shear rate. 

The wall shear rate is related to the mean flow velocity  𝑣(𝑡)  as follows:[252] 

𝛾�̇�(𝑡) = �̇� (
ℎ

2
, 𝑡) =

𝑆𝑣(𝑡)

2ℎ

2𝑛 + 1

3𝑛
                                               (6) 

𝑣(𝑡) =
𝑑𝐿(𝑡)

𝑑𝑡
                                                             (7), 

where 𝑆 is a constant depending on the channel geometry.[253] By (1) solving the 

Navier-Stokes equation at quasi-steady state, and (2) applying the wall shear rate 

to the power-law model, the following two expressions for the wall shear stress are 

obtained: 

𝜏𝑤(𝑡) = −𝜏 (
ℎ

2
, 𝑡) =

ℎ∆𝑝

2𝐿(𝑡)
                                                (8) 

𝜏𝑤(𝑡) = 𝑚[𝛾�̇�(𝑡)]𝑛 = 𝑚 [
2𝑛+1

6𝑛ℎ
𝑆𝑣(𝑡)]

𝑛

                                 (9). 

Therefore, the relationship between the travel distance 𝐿(𝑡) and mean flow velocity 

𝑣(𝑡) is expressed as follows:[237]  

1

𝐿(𝑡)
=

2𝑚

ℎ𝑛+1∆𝑝
(

2𝑛+1

6𝑛
𝑆)

𝑛

𝑣(𝑡)𝑛                                              (10). 

Solving 𝐿(𝑡) as a function of time with the initial condition, 𝐿(0) = 0, the result is: 

𝐿(𝑡) = ℎ (
∆𝑝

2𝑚
)

1

𝑛+1
(

6𝑛+6

2𝑛+1

𝑡

𝑆
)

𝑛

𝑛+1
                                          (11). 

In addition, the mean flow velocity and fluid viscosity can be derived as: 

𝑣(𝑡) =
𝑑𝐿(𝑡)

𝑑𝑡
= 𝑛ℎ (

6

2𝑛 + 1

1

𝑆
)

𝑛
𝑛+1

(
∆𝑝

2𝑛 + 2

1

𝑚𝑡
)

1
𝑛+1

                          (12) 
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𝜇(𝑡) = 𝑚[𝛾�̇�(𝑡)]𝑛−1 = 𝑚
2

𝑛+1 (
2𝑛+1

12𝑛+12

𝑆∆𝑝

𝑡
)

𝑛−1

𝑛+1
                           (13). 

7.4.5 Calibration against water and estimation of the channel geometry factor 

During the calibration 𝐿(𝑡) was video recorded at 30 fps (EOS 7D, Canon, Tokyo, 

Japan) and later tracked frame-by-frame using ImageJ (Figure 7.S1). The contact 

angle 𝜃 was averaged from all frames (Figure 7.S2). The channel height ℎ and 

channel width 𝑤 were measured using the surface profiler (P-15, KLA-Tencor). To 

estimate the channel geometry factor (𝑆), water was chosen as the calibrating fluid 

given the well-defined power-law parameters 𝑚 , 𝑛 , and surface tension 

(𝑚=0.851cP, 𝑛=1, 𝜎 =71.8mN/m at 27°C). Then 𝑆  was estimated according to 

equation (11). 

7.4.6 Measuring the power-law parameters of blood 

The same experimental calibration was applied to measure the blood viscosity. 

The surface tension 𝜎  of whole blood and water at 27°C is 0.058N/m and 

0.072N/m, respectively[251]. We also assumed that the surface tension blood 

plasma and whole blood was the similar.[251, 254] Finally, the power-law 

parameters, 𝑚, 𝑛 were found by fitting the equation of 𝐿(𝑡) by assuming the same 

channel geometry factor 𝑆 from the water calibration. 

7.4.7 Embryonic zebrafish hematocrit 

The double transgenic zebrafish line, Tg(fli1a:GFP;gata1:DsRed), was bred at the 

UCLA zebrafish core facility. From 2dpf to 5dpf, we mounted fish to an inverted 

microscope (IX71, Olympus, Tokyo, Japan). GFP and DsRed images of the tail 

region were captured by camera (EOS 7D, Canon, Tokyo, Japan) and merged 

using ImageJ (NIH, Bethesda, MD). Using area fraction analysis, we were able to 
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derive the hematocrit counts at various developmental stages of zebrafish 

embryos.  

7.4.8 Fabrication of microfluidic channel 

The microfluidic channel was patterned on a silicon wafer by the DRIE process and 

then molded by PDMS (MED-6219, NuSil Technology). After releasing from the 

wafer, the PDMS mold and a Parylene-coated glass slide were made hydrophilic 

by oxygen plasma treatment and bonded together to create the rectangular 

channel. The entire device takes up an area about 1cm2, with channel height (h) = 

60μm and width (w) = 240μm (Figure 7.1). 

7.4.9 Vacuum-driven capillary viscometer 

A glass capillary tube (1‐000‐0050, Drummond Scientific, O.D.=940μm, 

I.D.=447μm) was uniformly coated with Parylene-N (thickness=2μm), a transparent 

and biocompatible polymer, by chemical vapor deposition (PDS 2010, SCS) at 

room temperature to maintain a ~90° water contact angle and minimize the 

capillary pressure. While one end of the tube acted as the inlet for blood inflow, the 

other end was connected to a vacuum chamber to generate a pneumatic pressure 

difference ∆𝑝=0.9bar (Figure 7.S2). The viscosity of blood 𝜇 was calculated from 

the Hagen-Poiseuille equation: 

∆𝑝 = 𝜇
32𝐿(𝑡)𝑣(𝑡)

𝑑2                                                         (14), 

where 𝑑 is the tube diameter, 𝐿(𝑡) the length of the blood column and 𝑣(𝑡) the 

mean flow velocity. The shear stress and shear rate at the inner tube wall are as 

follows: 

 𝜏𝑤 =
𝑑∆𝑝

4𝐿(𝑡)
, 𝛾�̇� =

8𝑣(𝑡)

𝑑
                                                 (15)  



169 
 

 

Figure 7.2. Capillary pressure-driven microfluidic channel.  (A) Side view of the 

application of the fluid sample (beige color) into the inlet port. The sample was added to 

the top of the channel, and due to capillary pressure, the microfluidic device imbibed the 

fluid sample immediately. Velocity distribution u(y,t), channel height (h), contact angle (θ), 

and fluid traveling distance (L) are highlighted and labeled. (B) Top view of the microfluidic 

device, providing a sample of the fluid sample being applied to the inlet port at the top left 

corner, and traveling through the microfluidic channel. channel was bonded with 

Parylene-coated glass after oxygen plasma treatment. (C) Schematic of the microfluidic 

device fabrication process, highlighting the bonding between the Parylene coated glass 

and PDMS-based microfluidic channel. 
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Figure 7.2. Calibration of water by the microfluidic device at 27°C. (A) Travel distance 

of water closely overlapped with that predicted by the power law fluid model. (B) Changes 

in velocity of the water traveling through the microfluidic channel developed over time. (C) 

Power law exponent of water as a function of the slope of log[1/L] vs. log[velocity] was 

1.059. (D) We established the viscosity of water at 27 °C to be 0.85 cP. This value 

provides the basis to calibrate our device geometry factor as 28. The viscosity values 

over a wide range of shear rates were consistent with those of a Newtonian fluid. 
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Figure 7.3. Alteration of zebrafish hematocrit in the capillary-pressure driven 

microfluidic channel at 27°C. (A) The travel distance of plasma was longer than that 

of the whole blood, and increasing the hematocrit of the sample increased the travel 

distance. All of the values were well-fitted by the power law fluid model. (B) Changes in 

velocity over time for the different samples. Increasing the hematocrit of the sample 

resulted in an increase of velocity through the microfluidic channel. (C) Power law 

exponent of blood as the slope of log[1/L] vs. log[velocity] was close to 1. (D) Zebrafish 

blood viscosity at 27 °C was nearly identical to that of a Newtonian fluid at shear rates > 

500 s-1. The viscosity of blood plasma was ~ 1.5 cP, and whole blood was ~ 4.17 cP. 
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Figure 7.4. Comparison and validation of zebrafish blood viscosity 

measurements. The values of viscosity acquired using the vacuum-driven Parylene 

tubes demonstrated good agreement with those obtained using the pressure-driven 

microfluidic channels. 
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Figure 7.5. Calibration curves for Zebrafish blood viscosity as a function of 

hematocrits. (A) A second order polynomial curve was in close agreement with the 

experimental values of blood viscosity. (B) The calibration curves in (A) predicted the 

dynamic rise and fall in embryonic zebrafish blood viscosity from 2 dpf to 5 dpf to 

adulthood. The labelled values are those of the predicted blood viscosities. 
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Figure 7.S1. Contact angle of (A) water and (B) zebrafish whole blood. 
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Figure 7.S2. Measuring viscosity by a vacuum pump. The vacuum pump generated a 

negative pressure at -0.9 bar to the chamber that was connected to the parylene tube 

filled with zebrafish blood. Camera was used to capture the motion of fluid by the suction 

force. 
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Figure 7.S3. Methods of altering hematocrit of zebrafish blood. (A) Collected 

zebrafish blood was immediately transferred to a 1.5mL tube for centrifuge at 10 krpm for 

1 minute to minimize blood coagulation. In parallel, heparinized glass capillary tubes were 

used to collect the whole blood. After centrifuge, the blood plasma and red blood cells 

were clearly separated. New tubes were used to mix the whole blood with the blood 

plasma. This blood was used to apply to the micrcofluidic channels and to determine the 

hematocrit. (B,C,D) Altered hematocrit was established.  
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Chapter Eight: Hemodynamic implications of ventricular trabeculation 

during cardiac morphogenesis 
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8.1 Introduction 

Precise cardiac development is essential to proper cardiac function. The cardiac 

developmental processes, including ventricular trabeculation and the formation of the 

cardiac valves and ventricular septum, are tightly regulated by cardiogenic transcriptional 

factors and growth/differentiation factors[180]. Defects in this genetic programming cause 

many different types of congenital heart disease (CHD), such as noncompaction 

cardiomyopathy. Ventricular trabeculation is important at the early stages of cardiac 

development, and a significant reduction in trabeculation is usually associated with 

ventricular compact zone deficiencies which lead to heart failure and high mortality in the 

embryonic stage of development[186]. Ventricular trabeculation involves a complex 

network of many trabeculae that invaginate into the ventricle and form ridges and 

branches[10].  

Many molecular pathways for trabeculation have been identified, including 

different pathways that regulate cardiomyocyte proliferation, differentiation, and 

migration[11, 12, 180]. Using RBPJk and Notch1 mutants, Grego-Bessa et al. found that 

RBPJk and Notch signaling affect two different pathways to regulate proliferation and 

differentiation, respectively[11]. The specific downstream pathways of Notch, such as 

Neuregulin1 and ErbB2, have been actively researched in the setting of trabeculae 

formation[10, 12]. Interestingly, recent studies have indicated that shear stress activates 

Notch signaling in endothelial cells, and this signal is essential to the development of 

trabeculation[6, 229]. Although the genetic events involved in cardiac trabeculation are 

an area of active investigation, hemodynamic forces at the local trabecular sites have yet 

to be described. Also, the mechanical role of the trabeculae themselves is unclear. We 



179 
 

employ computational fluid dynamics (CFD) to quantify wall shear stress (WSS), 

oscillatory shear index (OSI), and kinetic energy dissipation between a trabeculated and 

non-trabeculated ventricular wall. We hypothesize that the shear stress at first activates 

endocardial Notch signaling to initiate trabeculation. Later, when trabeculae develop, the 

trabecular grooves trap hemodynamic forces to further activate Notch signaling which 

subsequently regulates the growth of the trabecular ridges. Also, ridges are needed to 

increase the surface area of the endocardium to dissipate energy and protect the 

ventricular wall from excessive pressures that may result from the inflow of blood during 

atrial contraction, which may explain why hypotrabeculation of the ventricle leads to heart 

failure. 

To test this hypothesis, zebrafish are used as a model organism due to their fast organ 

development and optical transparency. Selective plane illumination microscopy (SPIM) 

with a computational synchronization algorithm is a suitable technique to visualize 

dynamic heart motion in studying cardiac trabecular morphogenesis[161].  

To investigate the role of trabeculation morphology, we treated zebrafish with a 

pharmacological ErbB signaling inhibitor, AG1478, to inhibit cardiac trabeculation and 

promote a smooth ventricular wall. Furthermore, we reduced shear stress by reducing 

viscosity with the use of gata1a morpholino oligomer (MO) and inhibited atrial contraction 

with weak atrium mutant (wea). CFD is used to quantify WSS and OSI within the ventricle 

and assess the differences in the presence and absence of trabeculation. Additionally, to 

better understand the hemodynamics of the trabeculae, we further investigated the WSS 

and OSI at the trabecular ridges and grooves in the untreated zebrafish.  
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Our computational approach coupled with 4-D imaging of zebrafish embryos allows 

for quantification of the hemodynamic forces imposed on the ventricular wall to better 

understand the local activation of Notch signaling for trabeculation and mechanical role 

of its protective mechanisms for the ventricle. 

 

8.2 Result 

8.2.1 Trabeculation Image 

The initiation of trabeculation was verified using a transgenic zebrafish line, Tg(cmlc:gfp) 

with the reporter transgene to drive expression of green fluorescent protein (GFP) in 

cardiomyocytes. Cardiac trabeculation develops after cardiac looping.[193] The 

ventricular surface has a smooth inner layer up to about 2dpf (Figure 8.1A) and starts to 

develop small bumps protruding towards the inner ventricular cavity at the area receiving 

the greatest shear forces, directly opposite the atrioventricular (AV) canal (Figure 8.1B). 

These bumps mature into distinct trabecular ridges at 4dpf (Figure. 8.1C)[194] and form 

a complex sponge-like network at 5dpf (Figure 8.1D)[10]. However, treatment with 

AG1478 to inhibit ErbB signaling successfully prevented trabeculation of the ventricular 

chamber (Figure 8.1E-H). 

8.2.2 Intraventricular Fluid Domain Volume Variation 

To analyze intraventricular fluid domain volume change, we used light-sheet microscopy 

with synchronization algorithm to reconstruct 4-D dynamic in vivo images of the zebrafish 

heart[154, 176, 229, 233]. We compared the fluid domain volume after segmentation in 

response to gata1a MO injection, AG1478 treatment and use of the wea mutant. 

Ventricular volume change in time, as assessed by the changes in 4-D light-sheet 
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microscope-acquired fluid domain volume throughout the cardiac cycles, was also 

reduced in response to gata1a MO and AG1478 groups (Figure 8.2). Due to the inhibition 

of atrial contraction, the ventricular fluid domain in wea only depends on ventricular 

motion, and ventricular contraction was minimal since there was abnormal development 

of the ventricle in these fish. End-diastolic and end-systolic volume are only 0.8×105um3 

and 0.7×105um3 , respectively. The AG1478 treated and gata1a MO injected group had 

larger end systolic and end diastolic volumes when compared to control. The end diastolic 

volumes of the AG1478 treated, gata1a MO injected and control fish were 6.9×105um3, 

8.5×105um3 and 5.5×105um3, respectively, and the end-systolic volumes were 

2.9×105um3, 2.7×105um3 and 1.5×105um3 , respectively. However, the ejection fraction of 

the control group was higher than the AG1478 treated and gata1a MO injected groups 

(72.2% for control, 60.8% for AG1478 treated and 66.2% for gata1a MO injected). Taken 

together, the trabeculated ventricle appears to contribute to cardiac contractile function 

although its presence reduces the size of the ventricular fluid domain. 

8.2.3 Wall Shear Stress Comparison 

We have first analyzed the averaged wall shear stress (AWSS) of the entire ventricle over 

time. The control group had a significantly higher AWSS than gata1a MO injected group 

(Figure 8.3A), as expected given the lower viscosity in the latter group. After injection of 

gata1a MO, there are no red blood cells in the circulation, and most likely only blood 

plasma is circulating in the vascular system. This results in reduced shear stress and 

subsequently a less trabeculated ventricle[8, 229]. Interestingly, when substituting the 

value of normal blood viscosity in this simulation, we observed the AWSS recovers close 

to that of the control group (Figure 8.3B). Therefore, the contribution of blood viscosity to 
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shear stress could be an important factor in initiating trabeculation[229]. Also, the 

AG1478-treated group has slightly lower AWSS, but lack trabeculae due to the inhibition 

of ErbB signaling, which is directly involved in trabeculation[10, 12]. Since the wea 

mutants have no atrial contraction, AWSS is close to zero. Overall time-averaged wall 

shear stress (TWSS) of the control group is greater than the AG1478-treated and gata1a 

MO-injected groups (Figure 8.3C). 

We further investigated AWSS over time at the trabecular ridges and grooves from control 

zebrafish. Since blood flow makes contact with the trabecular ridges before the trabecular 

grooves, the AWSS of trabecular ridges is 3.5 times higher than that in the trabecular 

grooves. After the initial protrusion of trabecular ridges, an alternating pattern of high 

shear and low shear stresses forms between the ridges and grooves, which could help 

propagate the development of trabeculation (Figure 8.4).   

8.2.4 Kinetic energy dissipation 

Since AWSS at the trabecular ridges and grooves are significantly different, we have 

investigated the kinetic energy dissipation that occurs in trabeculated and non-

trabeculated ventricles. The trabeculated ventricle has higher kinetic energy dissipation 

than the less trabeculated (gata1a MO-injected) and non-trabeculated (AG1478-treated) 

ventricles. (Figure not shown). Previous work has demonstrated that atrial contraction in 

zebrafish is much stronger than ventricular contraction.[235] When the atrium contracts, 

high kinetic energy from blood flow impacts on the ventricular wall. In a trabeculated 

ventricle, we found a 4-fold increase in kinetic energy dissipation compared to the non-

trabeculated ventricle, suggesting that the development of trabeculation protects the 

ventricular wall from high kinetic energies. Furthermore, since atrial contraction in the wea 
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mutant is inhibited, less kinetic energy is delivered to the ventricle, and thus kinetic energy 

dissipation of wea is much smaller than the other groups. 

8.2.5 Oscillatory Shear Index 

 Now that we have observed that WSS is an important factor to initiate trabeculation, 

now we moved on to studying the factor involved in promoting trabecular ridge formation. 

Due to the trabecular morphology, blood flow should recirculate at the trabecular grooves, 

resulting in oscillatory shear stresses. Therefore, we have calculated the oscillatory shear 

index (OSI) to compare in the trabeculated ventricle and non-trabeculated ventricle. OSI 

is a quantified measurement of change in direction and magnitude of WSS and helps to 

visualize the property of flow. The OSI ranges from 0 to 0.5, where zero means total 

unidirectional WSS from purely unsteady flow, and 0.5 signifies fully oscillatory flow with 

no net movement.  

OSI in the control group is high at the trabecular groove region and at the opposite side 

of the outflow tract at all stages (Labeled with * in Figure 8.5A). However, OSI in the 

AG1478 treated group is only high at the opposite side of outflow tract (Labeled with * 

in Figure 8.5B). The side opposite to the outflow tract contains a large cavity in which a 

vortex develops when blood flows from the atrium into the ventricle. Therefore, the OSI 

in this region is high because blood recirculates due to the presence of the vortex. Without 

trabeculae, the OSI in the AG1478-treated group is relatively lower at the site of the 

ventricle where blood flows in from the atrium during atrial contraction. Meanwhile, the 

control group demonstrates high OSI at the trabecular grooves.  

8.2.6 Notch signaling 
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 Notch signaling is activated in oscillatory flow[98] and sends a proliferation signal from 

trabecular grooves[11, 135, 255]. As such, OSI could be involved in promoting the growth 

of trabecular ridges growing.  Since trabecular formation has an alternating pattern 

(Figure 8.4A,B) and the hemodynamic pattern is different between trabecular ridges and 

grooves, we speculated that Notch signaling is spatially distributed in the grooves where 

oscillatory flow is present.  Using the Tg(cmlc2:mcherry;tp1:gfp) double transgenic line, 

we found that Notch signaling was only present in the endocardial layer at 3dpf and 

showed an alternating pattern with activity in the grooves but not on the ridges (Figure 

8.6A-C). After the initial formation of trabeculation, this interlocking Notch pattern is 

observed close to the outflow tract (Figure 8.6D-F). When trabeculation is fully formed at 

5dpf, Notch signaling is not only seen in the endocardium, but in the myocardium as well 

(Figure 8.6G-I). Also, endocardial Notch signal connected with the myocardium and 

covered the entire ventricular surface (Figure 8.6G-I). 

 

8.3 Discussion 

We investigated the mechanical aspect of trabeculae formation and quantified WSS and 

OSI to compare the ventricular morphology differences by light sheet microscopy with 

synchronization algorithm. We demonstrated that the trabecular ridges are important in 

dissipating high kinetic energy from incoming blood flow during atrial contraction. Also, 

WSS is important to initiate trabeculation, as elucidated by the use of gata1a MO 

treatment and the wea mutant. If WSS is significantly lower, trabeculation is reduced and 

the ventricular wall is left relatively smooth (Figure 8.1). By CFD simulation, when we 

input normal blood viscosity for the gata1a MO simulation, the WSS nears that of the 
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control group and should theoretically initiate trabeculation (Figure 8.3). Also, after 

inhibiting ErbB signaling by treating with AG1478, the ventricular wall remains smooth 

although their WSS is just slightly lower than control. Alternating growth pattern of 

trabecular ridges were able to trap the blood flow to induce oscillatory flow. Interestingly, 

after initiation of trabeculation, trabecular ridges were promoted from Notch signaling from 

trabecular grooves[255]. In our study, using CFD calculations, OSI was found to be higher 

at the trabecular grooves, and confocal microscopy revealed higher Notch signaling within 

the grooves, consistent with previous work showing that Notch signaling is activated by 

oscillatory flow (Figure 8.5)[255].  

According to green fluorescent signal from Tg(cmlc:mcherry;tp1:gfp), Notch signaling is 

localized at trabecular grooves and expressed interlocking formation against trabecular 

ridges (Figure 8.6). After 5dpf, however, Notch signaling covered the entire endocardium 

and was expressed in the myocardium[229]. 

Due to inhibition of atrial contraction in the wea mutant, ventricular ejection fraction (EF) 

is 13%. This EF is extremely low compared to other groups with normal atrial contraction. 

When atrial contraction is reduced, it causes ventricular remodeling. For zebrafish, 

peristaltic atrial contraction is much stronger than ventricular contraction, and initially their 

atrium is much bigger than the ventricle. However, ventricular EF increases when forceful 

blood flow from the atrium strikes the ventricular wall. This strong atrial contraction 

induces more stretch of ventricular relaxation caused by passive filling[235]. For the wea 

mutant, the ventricular wall motion is relatively small due to maladaptive ventricular 

remodeling that result from the inhibition of atrial contraction.  
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This study is the first to demonstrate that blood flow plays a key role to promote 

ventricular trabeculation. Trabeculae are important not only in a physiological aspect, but 

also potentially play a role in protecting the ventricular wall from the high kinetic energies 

imparted on it by incoming blood flow during atrial contraction. This explains the major 

role of trabeculation in physiology and quantitatively describes its mechanical role in 

protecting the ventricle from high energy stresses.  

 

8.4 Methods 

8.4.1 Zebrafish Embryos 

Zebrafish were bred and maintained at the UCLA Core Facility, and experiments were 

performed in compliance with UCLA IACUC protocols[222]. The transgenic Tg(cmlc2:gfp) 

and Tg(cmlc2:mCherry;tp1:gfp) zebrafish lines were used under the following conditions: 

1) control (wild type), 2) gata1a MO, and 3) AG1478 treated groups[223]. Gata1a MO 

reduced hematopoiesis and blood viscosity by 90% as previously reported [8, 190]. Fluid 

shear stress (𝜏) is characterized as the frictional force that acts tangentially on the surface 

of endothelial cells [1]. For Newtonian fluids, shear stress is defined as: τ = μ ∙ 𝑑𝑢 𝑑�̂�⁄ , 

where µ represents viscosity, and 𝑑𝑢 𝑑�̂�⁄  is the velocity gradient normal to the wall [2]. 

The non-contractile wea mutants (a gift from Dr. Deborah Yelon at UCSD, La Jolla, CA) 

were used to inhibit the development of atrioventricular gradients. 0.5% tricaine mesylate 

was used to humanely sacrifice the embryos. 

8.4.2 4-D Cardiac SPIM Imaging with Synchronization Algorithm  

We have integrated our in-house 4-D SPIM imaging system with post-processing 

synchronization to visualize the dynamic ventricular motion[143, 144, 154, 229]. Using 
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the SPIM technique, we scanned 300 sections from the rostral to the caudal end of the 

zebrafish heart. Each section was captured with 300 x-y planes (frames) at 10 ms 

exposure time per frame via a sCMOS camera (Hamamatsu Photonics, 

Hamamatsu City, Japan). The thickness of the light-sheet was tuned to ~5 µm to provide 

a high axial (Z-axis) resolution for adequate reconstruction of the 3-D cardiac morphology, 

and the Z scanning was set to 2 µm for lossless digital sampling according to the Nyquist 

sampling principle[233]. To synchronize with the cardiac cycle, we determined the cardiac 

periodicity on a frame-to-frame basis by comparing the pixel intensity from the smallest 

during peak systole to the largest ventricular volume during end-diastole [154, 176]. The 

reconstructed 4-D images were processed using the Amira software (Berlin, Germany). 

8.4.3 Computational Modeling 

The reconstructed 4-D zebrafish images are then processed through a series of steps to 

extract the computational model of a beating zebrafish ventricle. A detailed account of the 

computational modeling framework from zebrafish images to blood flow simulation and 

wall shear stress computation is presented in Vedula et al. [256] A brief overview of the 

framework is discussed here. Firstly, three-dimensional zebrafish images at mid-diastole 

are segmented using 3-D level set segmentation in SimVascular 

(http://simvascular.github.io/) to create a triangulated surface of the zebrafish ventricle. 

Secondly, in order to extract the motion of the ventricle, a non-rigid deformable B-spline 

based image registration method is employed[257]. In this approach, a source image (for 

e.g. at mid-diastolic phase) is registered to a target image (for e.g. at end-diastole) by 

minimizing a similarity function. A cubic B-spline transformation is used to deform the 

control points on the source image during registration. A Laplacian based smoothing 



188 
 

operator weighted by a regularization coefficient is added to the similarity function to 

ensure that the deformations are smooth and non-intersecting. Third, these computed 

deformations are then used to morph the initial segmented surface to extract the motion 

of the ventricle. The advantage of using this framework is that the image segmentation is 

performed only at one instant during the cardiac cycle whereas the registration is 

performed directly on images at all other time points to provide the ventricular 

deformation. This not only saves significant time for model creation (from several hours 

to a couple of minutes for each registration) but also reduces user intervention by avoiding 

to segment 3-D images at every time-point in the cardiac cycle followed by a template-

based registration to maintain a consistent surface mesh topology. A tetrahedral volume 

mesh is then created using TetGen (http://wias-berlin.de/software/tetgen/) open source 

meshing library that is integrated into SimVascular. 

8.4.4 CFD Simulation 

Once the computational model has been created, blood flow is simulated by solving 

Navier-Stokes equations written in arbitrary Lagrangian-Eulerian formulation, assuming 

blood flow to be incompressible and Newtonian with constant viscosity, using an in-house 

parallelized finite element solver[258]. The solver has been thoroughly validated[258-260] 

and is based on stabilized residue-based variational multiscale (RBVMS) finite elements, 

while the time integration is performed using generalized alpha method that is stable and 

second order accurate. The solver was earlier employed to simulate hemodynamics in 2-

D embryonic zebrafish ventricles[177] and was also used in studies of congenital heart 

disease in humans[261]. Another important caveat for simulating ventricular 

hemodynamics is the need for dynamic remeshing during the simulation. As the 
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ventricular wall moves and executes large deformations, typical for zebrafish ventricles, 

the initial mesh degenerates leading to highly skewed elements with possible self-

intersections and therefore has to be remeshed for the simulation to progress. Typically, 

remeshing is also followed by an interpolation step to transfer the solution variables from 

old mesh to the new mesh. In the present study, we employ dynamic remeshing using 

TetGen library and the criterion for remeshing is set as the Jacobian of the mesh element 

to be equal to 0 or becoming negative. We also employ advanced interpolation algorithm 

to reduce the interpolation cost[262]. Overall, each simulation of embryonic zebrafish 

ventricular hemodynamics is performed using 240 CPU cores on a mesh that dynamically 

varies from 2.5 million to 6 million tetrahedral elements and takes about 2 days per cardiac 

cycle. The computed velocity field is then post-processed to extract wall shear stress 

(WSS) related metrics and oscilatory shear index (OSI) in addition to kinetic energy and 

viscous dissipation. 

8.4.5 AG1478 Treatment 

ErbB signaling inhibitor, AG1478, at 5 µM (Sigma–Aldrich, St. Louis, MO) in 1% DMSO 

was diluted in E3 medium at 30 hpf. 

8.4.6 Confocal Imaging 

Zeiss LSM 5 PASCAL was used to compare the image resolution and acquisition speed 

against c-LSFM. We placed it coverslip and image with 10x/0.3 air objective lens. 
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Figure 8.1. Ventricular developmental stage with trabeculation and without 

trabeculation.  
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Figure 8.2. 4-D dynamic ventricular fluid domain rendering after image 

segmentation. 

  



192 
 

 

Figure 8.3. WSS visualization in the 4-D CFD model.  
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Figure 8.4. WSS measurements in the trabecular ridges and grooves. 
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Figure 8.5. OSI comparison between trabeculated and non-trabeculated ventricles 

during embryonic development.  
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Figure 8.6. Notch signaling expression in the ventricle during embryonic 

development.  
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Chapter Nine: Hemodynamics and Ventricular Function in a Zebrafish 

Model of Injury and Repair 
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9.1 Introduction 

Adult mammalian ventricular cardiomyocytes have a limited capacity to regenerate from 

the significant loss of myocardium[263-265]. Injured human hearts heal by forming scar 

tissue which lacks contractile phenotype and constitutes a substrate for arrhythmia and 

ventricular remodeling[266]. However, non-mammalian vertebrates such as Zebrafish 

(Danio rerio) are capable of removing scar tissue during heart regeneration; thus, 

providing a genetically tractable model in identification of barriers to sufficient cardiac 

regeneration in mammals[234, 267, 268].  

Despite having a two-chambered heart and lacking a pulmonary vasculature, the 

zebrafish heart action potential (AP) shape and electrocardiogram (ECG) patterns are 

remarkably similar to those of humans in P waves, QRS complexes, and T waves[269, 

270]. By using the micro-electrodes, we previously demonstrated the dynamic changes 

in QTc intervals in response to ventricular amputation[271]. Despite histological evidence 

of gap junctions such as CX43 in the regenerated cardiomyocytes, ECG repolarization 

(QTc intervals) remained prolonged when compared to the sham at 60 days[271], 

implicating the delayed rectifier potassium current (Ikr)[272]. Thus, microECG (µECG) 

offers a non-invasive approach to assess electrical rhythms during cardiac repair. 

High-frequency ultrasound has also provided a non-invasive approach to interrogate the 

intracardiac structures and hemodynamics in small animals. High-frequency ultrasound 

system capable of 75 MHz B-mode imaging and 45 MHz pulsed-wave (PW) Doppler 

measurements which allowed for assessing ventricular filling and diastolic flow reversal 

in zebrafish heart[273]. The development of a high-frame-rate duplex ultrasound linear 

array imaging system has further allowed for both B-mode imaging and PW Doppler 
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measurements of mouse heart[274]. Thus, high-frequency PW Doppler provides 

opportunity to assess passive filling of ventricle (early [E] wave velocity) and active filling 

during atrial systole (atrial [A] wave velocity). 

In this context, we sought to co-register surface µECG with PW Doppler signals to 

interrogate ventricular diastolic function during heart regeneration. Cryocauterization to 

the apical region of ventricle was used to simulate epicardial injury during myocardial 

infarction[267, 268]. Synchronous µECG with PW Doppler signals allowed for 

identification of passive filling (early [E] wave velocity) and active filling (atrial [A] wave 

velocity) of ventricle during diastole. Unlike that of human hearts, the A wave is greater 

than the E wave in zebrafish, and the E/A ratio is less than 1 at baseline. Previous studies 

also demonstrated that E/A ratio of neonatal mice is less than 1 and increased about 4 

as matured[275, 276]. E/A ratios increased at 3 days post cryocauterization (dpc) due to 

an increase in E waves. The E/A ratios and E waves gradually decreased at 35 and 65 

dpc toward the baseline. PR and RR intervals remained unchanged during cardiac 

regeneration; however, QTc intervals remained prolonged, reminiscent of ventricular 

amputation[271]. These findings demonstrate that integrating µECG and PW Doppler 

provide a novel strategy to elucidate changes in cardiac rhythms, hemodynamics, and 

ventricular function during cardiac repair. Distinct from humans, E/A ratio is < 1 at the 

baseline level and passive filling (E-wave) increased in response to injury in a 2-chamber 

system in which pressure gradient across atrio-ventricular valve is higher than that of 

ventriculo-bulbar valve. 

 

8.2 Designs and Methods 
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Zebrafish experiments were performed in compliance with the Institutional Animal Care 

and Use Committees (IACUC) at University of Southern California (USC) (IACUC with 

permit number #11110). Animals were euthanized for signs of suffering in compliance 

with the Guide for the Care and Use of Laboratory Animals of the National Institutes of 

Health. Adult zebrafish (>1 year old), 3-4 cm in length (Tong’s Tropical Fish and Supplies, 

Los Angeles, CA, USA) were maintained in a recirculating aquarium system 

(Aquaneering, Inc, San Diego, CA, USA) that provide physiological environment for 

zebrafish habitat, including automatic light cycle, temperature control at 28°C and pH 

monitoring.   

9.2.1 µECG Acquisition 

Prior to measurement, an open-chest procedure was performed and the silver lining layer 

underneath the fish skin was removed to allow for detection of µECG signals via the 

micro-needle (AD Instrument, Colorado Springs, CO). The sedated fish (in 0.04% Tricaine 

methane sulfonate - Tricaine) were first placed in a damp sponge ventral-side-up and 

then the open-chest surgery was carried out[14, 271, 277]. For ECG acquisition, the 

working electrode was positioned closely above the ventricle between the gills while the 

corresponding reference electrode was placed close to the tail.  

The signals were amplified by 10,000-fold (A-M Systems Inc. 1700 Differential Amplifier, 

Carlsborg, WA), and filtered between 0.1 and 500 Hz and at a cut-off frequency of 60 Hz 

(notch). Wavelet transform and thresholding techniques were used to enhance signal-to-

noise ratios (Matlab, MathWorks, Inc.) for the individual ECG recording as previously 

reported [14].   
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µECG signals were analyzed for P-waves, QRS, QT, and RR intervals. QT intervals were 

corrected for heart rate variability due to the use of sedative agent (Tricaine) as
  

     RR

QT
QTc 

      [1] 

Alternatively, we established a correlation (R2) between QT (msec) and RR (sec) by 

recordings of multiple zebrafish as reported by Milan et al.[278].  A linear equation 

QT=QTc × √RR interval was established. 

9.2.2 Pulsed-wave Doppler Acquisition  

Blood flow velocities in zebrafish heart were measured using a high-frequency ultrasound 

array imaging system[279] with 30 MHz 256-element linear array transducer[279]. The 

sedated zebrafish were placed on a test-bed with its ventral side facing upward. The array 

transducer mounted on a mechanical positioner placed above the ventral side of the 

zebrafish. Under the guidance of B-mode imaging, Doppler gate (window) was positioned 

upstream from the atrioventricular (AV) valve and downstream from the ventriculo-bulbar 

(VB) valve to interrogate both inflow velocities from the atrium and outflow velocities to 

the aortic valves (Figure 9.1c). The pulse repetition frequency (PRF) for PW Doppler was 

set to be 9.5 kHz and the estimated Doppler angle was 0° since the blood flow of the 

zebrafish cardiac chambers was in the dorsal-ventral direction. PW Doppler signals for 

the peak early diastolic velocity (early passive filling E wave), and the peak late diastolic 

velocity (active filling A wave) were recorded for the control (sham) and the 

cryocauterization groups for ~3 seconds, and were stored for further off-line analysis 

using Matlab.  

The signal processing of PW Doppler was based on in-phase and quadrature (IQ) 

demodulation and complex fast Fourier transform (cFFT)[280]. The Doppler signals were 
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first IQ demodulated and then low-pass filtered to remove harmonics and to reduce noise. 

Wall filter was also used to remove clutter signals. Doppler shift frequency was obtained 

by processing the IQ demodulated Doppler signals using cFFT to generate the Doppler 

spectrum. The Doppler shift frequency was converted to velocity using the following 

equation[281]: 

    
2 cos

dfv c
f 

       [2] 

where fd is the measured Doppler shift frequency, f is the center frequency of the 

transducer, c is the sound velocity in blood (1540 ms-1) and θ is the angle between the 

ultrasound beam and the direction of the flow. 

9.2.3 Simultaneous acquisition of ECG and PW Doppler Signals 

In order to perform ECG and PW Doppler measurements simultaneously, the sedated 

fish was secured on a test-bed immersed in diluted Tricaine (0.02%) inside a container. 

The aquatic environment was necessary to propagate and receive ultrasound signals at 

a distance while the low concentration of Tricaine helped to keep the fish sedated for 10-

15 minutes during the experiment. The ultrasound array transducer was placed vertically 

above the ventral side of the fish at a distance of about 6 mm while the two ECG 

electrodes were introduced laterally. The ECG electrodes were customized in order to 

give free access to the array transducer. The setup is illustrated in Figure 9.1A and 9.1B. 

A trigger signal generated from the ultrasound system was sent to the ECG recording 

system thus we could synchronize the acquisitions. Experiments were initially performed 

independently to precisely locate the array transducer and the ECG electrodes, followed 

by simultaneous measurement. 
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8.2.4 Cryocautuerization 

Cryocauterization was performed as previously described[267]. Cryocauterization-

induced damage in zebrafish provides a pathophysiological model for the study of the 

mechanisms of scar removal post-myocardial infarction. Briefly, animals were 

anesthetized by immersion into 0.04% Tricaine (Sigma, St Louis, MO, USA) and 

immobilized by squeezing them ventral upwards into a foam holder mounted on a Petri 

dish. A small incision was made through the body wall to open the pericardial sac. A 0.3 

mm diameter copper filament (Goodfellow, UK) linked to a polyamide tube (Parker 

Hanninfin, Cleveland, OH, USA) was cooled in liquid nitrogen and placed on the 

ventricular surface until thawing could be observed (a few seconds). Sham operations 

consisted of touching the exposed ventricular surface with a copper filament at room 

temperature. After the operation, fish were placed in a tank of fresh water, and 

reanimation was enhanced by pipetting water onto the gills for a couple of minutes. Fish 

were swimming normally after half an hour.  

9.2.5 Ventricular inflow and outflow volumes 

The ventricular active filling (A wave), passive filling (E wave), and outflow volume during 

a cardiac cycle were determined by multiplying the cross-sectional area (CSA) of the 

atrio-ventricular (AV) valve or ventriculo-bulbar (VB) valve by the travel distance of blood 

in one heartbeat (dx) 

     𝑉𝑜𝑙𝑢𝑚𝑒 = 𝐶𝑆𝐴 ×𝑑𝑥     [3] 

We assumed that CSA of two cardiac valves is circular. Since B-mode ultrasound imaging 

technique could not provide high enough resolution to clearly measure the diameter 

across zebrafish heart valves, valve diameters were extracted from scanning electron 

microscope (SEM) images of adult zebrafish hearts, assuming that all of the samples 
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have the similar valve diameters[110]. The mean AV valve and VB valve diameters were 

95.94 µm and 122.68 µm respectively. 

    𝐶𝑆𝐴 = π (
𝐷𝑣𝑎𝑙𝑣𝑒

2
)

2

     [4] 

The Doppler velocity provided the red blood cell (RBC) displacement per unit time, and 

integrating the velocities as a function of time yielded the RBC displacement. 

𝑑𝑥 = ∫ 𝑣(𝑡)
𝑡

0
𝑑𝑡     [5] 

9.2.6 Transvalvular Gradients 

Based on the Doppler shift, blood flow velocities; namely, peak inflow and outflow 

velocities, can be converted to pressure gradients (mmHg) (P) according to the Bernoulli 

equation[282]. Assuming that flow acceleration and viscous terms are negligible, the 

pressure drop across a fixed orifice can be calculated with the simplified Bernoulli 

equation: 

    P = 
1

2
 (𝑣2

2-𝑣1
2) = 4𝑣2     [6] 

where  denotes mass density of the blood, v2 denotes the upstream velocity and v1 

downstream velocity across the valve. Furthermore, v1 is much lower than the peak flow 

velocity, v2. The pressure gradient can be expressed as 4v2  [283]. We applied Eq (6) to 

compare pressure gradients across AV and VB valves at baseline, 3, 35, and 65 dpc in 

both sham and cryocauterization groups. 

9.2.7 Statistical analysis 



204 
 

All values are expressed as mean ± SD.  For statistical comparisons, we performed a 

two-way analysis of variance (ANOVA) followed with Tukey’s method for poc-hoc 

analysis. P values < 0.05 were considered statistically significant.  

 

9.3 Results  

9.3.1 Synchronized surface ECG with PW Doppler signals 

Synchronizing µECG with PW Doppler confirmed the A-wave in response to atrial 

contraction (P-wave) as indicated by the red dotted line and the E-wave in response to 

passive ventricular filling by the dotted yellow line (Figure 9.2). PW Doppler signals for 

ventricular outflow were also detected, following QRS complex. Thus, synchronized 

µECG signals validated the hemodynamic events as demonstrated by PW Doppler: P-

wave (atrial contraction) corresponded to the A-wave; T-wave followed ventricular 

relaxation corresponded to E-wave; and QT intervals corresponded to ventricular outflow. 

A delay in electrical and mechanical coupling was observed at approximately 500 ms 

(Figure 9.1D). 

9.3.2 Intracardiac hemodynamics: Implication of E/A ratios for diastolic function 

In humans, the E-to-A ratio (E/A) is > 1 for the normal ventricular diastolic function [283]. 

In adult zebrafish, A-wave velocity is greater than that of E wave (Figure 9.3A, B), and 

E/A ratio is < 1, suggesting a distinct cardiac physiology in the two chamber system[284]. 

In response to apical injury, the E/A ratios increased due to an increase in E-wave at 3 

dpc while E/A ratios remained unchanged in sham fish (Figure 9.3A, C). Starting at 35 

dpc, E/A ratios gradually normalized to the baseline levels.  
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Both active and passive filling volume and ventricular outflow track volume were derived 

by integrating E-wave, A-wave, and outflow track velocities over time, respectively 

(Figure 9.4A-C). The ultrasound transducer was positioned to the apical region of the 

ventricle, and PW Doppler measured upstream from the AV valve and downstream from 

the VB valve (Figure 9.1C). While both E- and A-waves exhibited positive deflection, the 

outflow track exhibited the negative deflection. As indicated in Equation [2], the 

conversion of Doppler frequency shifts to velocity is dependent on the angle of the 

ultrasound beam to the direction of blood flow. As the angles of inflow versus outflow 

profiles varied in the individual zebrafish hearts, the velocities might be underestimated. 

Thus, the summation of active and passive filling volumes (inflow) was greater than the 

outflow track volume (Figure 9.4D). For example, the difference between inflow and 

outflow at 35 dpc was 5.3±1.5 (nL) in the cryocauterization group and 11.2±20 (nL) in the 

sham group. Nevertheless, the E/A ratios were not influenced by the angle of ultrasonic 

transducer, and remained a reliable hemodynamic parameter for ventricular diastolic 

function.  

We further compared pressure gradients across the atrio-ventricular (AV) during 

ventricular diastole and ventriculo-bulbar (VB) valves during ventricular systole (Figure 

9.5). Pressure gradient across AV valve increased at 3 dpc and dropped over the course 

of regeneration; whereas pressure gradient across VB valves dropped at 3 dpc and 

recovered at 65 dpc. Unlike humans, the range of pressure gradients across the inflow 

track or AV valves (P = 1.5 -3.3 mmHg) is significantly higher than those of outflow track 

or VB valves (P = 0.3-0.9 mmHg) in the two-chamber system. The magnitude of 

pressure gradients across AV by our PW Doppler was comparable to the previously 
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reported values by a servonull pressure system[110]. Thus, the differential pressure 

gradients between inflow and outflow tracks further supported the distinct 2-chamber 

physiology in association with E/A ratios <1.  

9.3.3 Cardiac rhythms in response to cryocauterization 

Cryocauterization induced epicardial injury, simulating myocardial infarction[267, 268]. 

While PR and RR intervals remained unchanged, the corrected QT intervals (QTc) 

remained prolonged at 65 dpc. Analogous to ventricular amputation[271], 

cryocauterization altered electrical repolarization phase of action potential.  Thus, 

synchronizing P waves and QT intervals with A- and E-waves offered a real-time and non-

invasive approach to couple hemodynamics with electromechanical coupling during 

cardiac repair.  

 

9.4 Discussion 

The novelty of our study is to elucidate hemodynamics and ventricular function in a 

zebrafish model of heart regeneration. Co-registration of P and T waves in µECG 

validated the direction and magnitude of velocity profiles across the AV valves in PW 

Doppler, as expressed by E/A ratios for ventricular diastolic function. Unlike humans, E/A 

ratio is < 1 in zebrafish at baseline, reflecting a higher active filling (A-wave) than passive 

filling (E-wave) velocities during diastole in the two-chamber heart system. The dynamic 

changes in E/A ratios in response to injury implicated restoration of diastolic function. 

When measuring E and A waves, the ultrasound transducer was placed in parallel to the 

AV valve. Given the proximity and orientation of the VB valve to the AV valve, the 

transducer and VB valve formed a greater angle of insonation, leading to an 



207 
 

underestimation of velocities across the VB valve. The slight variation in transducer 

interrogation angle between the AV valve and VB valve led to the expected 

underestimation of ventricular outflow track volume; namely, the inflow volume (E-wave 

+ A-wave) appeared to be greater than that of the outflow volume (Figure 9.4D). However, 

E/A ratios were captured from the identical ultrasound angle of insonation, and were not 

subjected to underestimation. For this reason, E/A ratio represents a reliable strategy to 

assess ventricular compliance or diastolic function. 

The pressure gradients across AV valves (inflow) and VB valves (outflow) during cardiac 

regeneration elucidated the distinct physiology in a 2-chamber system (Figure 9.5). The 

dynamics in pressure gradient across AV valve were consistent with the changes in A-

wave velocities (Figure 9.3B). Unlike humans, the mean outflow track gradient (mmHg) 

was significantly less than the inflow gradient in parallel with the E/A ratio < 1 in zebrafish. 

The magnitude of pressure gradients (P = 1.5-3.3 mmHg) across AV by our non-invasive 

PW Doppler was in close agreement with the previously reported values by an invasive 

servonull pressure system (peak ventricular pressure = 2.5 mmHg, and atrial pressure = 

0.7 mmHg)[110].  

While Zebrafish has been a well-recognized vertebrate model for regenerative 

medicine[234], its small size and aquatic nature poses a bioengineering challenge to 

interrogate cardiac hemodynamics. Our PW Doppler approach revealed that atrial 

contraction (A-wave) generated high ventricular filling pressures to the densely 

trabeculated ventricle in adult zebrafish[284]. In humans, myocardial infarction results in 

acute loss of large numbers of cardiomyocytes from necrosis[285]. The necrotic 

myocardium promotes recruitment of leukocyte infiltration, resulting in the clearing of 
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dead cells from the infarct zone and replacement of the damaged tissue with collage 

scar[267]. Heart remodeling ensures, leading to changes in ventricular architecture and 

geometry, and consequently, irreversible heart failure[285]. Unlike humans, resection of 

<20% zebrafish ventricle triggers regeneration of the myocardium and endocardial 

tissues at 60 days post-injury[234], resulting in a functional heart[286]. The increase in E 

wave or E/A ratios at 3 dpc and subsequent normalization to the baseline levels at 65 dpc 

seemed to be in parallel with scar regression[267, 268].  

Two studies have made Doppler ultrasound observations in mouse embryos. Using a 

closed-abdominal approach (20 MHz transducer), Gui et al. were measured aortic flow 

velocities in mouse embryos from days 10–19[276]. Using an open-abdominal approach, 

Keller et al. monitored both dimensions and flow in 10.5–14.5 day embryos. Embryonic 

C57BL/6J mice have E/A ratios of 0.4 and 0.43 at 15 and 19 days post coitum, 

respectively[287]. Zhou et al. also reported that neonatal mice also have E/A<1. The 

dense trabecular network in both adult zebrafish and neonatal hearts may be implicated 

in the E/A ratios <1. However, the E/A ratios increase as the neonates mature[275].  

Myocardial injury triggers the reactivation of epicardial marker genes[288]. In the case of 

zebrafish, this reactivation also occurs as a response to changes in pericardial fluid 

osmolality[289]. The epicardial reporter zebrafish line was used to recapitulate the 

expression of an endogenous epicardial marker gene in the cauterized hearts[267]. At 

early time points after injury, the epicardium exhibits a systemic response to injury for 

greater than 3 months[267]. An up-regulation of epicardial genes and a massive 

epicardial proliferation might indicate a need to cover the damaged area[267].  In 

response to cryocauterization, massive expansion of the epicardial layer increased 
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proliferation from the usual single cell layer to a multilayer of epicardial sheets[267]. The 

regenerated area ballooned outward, engendering a rounder morphology (Figure 9.S1). 

These shape differences implicated an association with the altered ventricular diastolic 

function as observed by the dynamic changes in E/A ratios[267]. However, the precise 

mechanisms underlying rapid scar regression and normalization of E/A ratios remains to 

be investigated. 

Assessing T-wave in µECG was challenging due to mechanical interference from low-

frequency components. In µECG signals, T waves remain in the low-frequency range, 

and are usually indistinguishable with the mechanical noises from cardiac contraction and 

gill respiration. The co-registration of µECG with PW Doppler signals enable unequivocal 

identification of E- and A-wave signals during cardiac regenerating[264, 271, 273, 290]. 

In the current study, we have applied high frequency ultrasound array imaging system 

with the use of PW Doppler, high-frequency ultrasonic array transducers (>30 MHz)[279, 

281]. Thus, electrical and mechanical coupling can be non-invasively interrogated in real-

time by µECG and E/A ratios[14, 271, 273]. 

The limitation of our current study lies in the sample size. Some animals failed to survive 

during the course of repeated sedation and ECG-gated PW Doppler interrogation. 

Furthermore, the degrees and types of ventricular injury have an impact on the relative 

recovery time and mortality. To minimize animal stress, we have developed the wearable 

and wireless microelectrode membranes for long-term monitoring of heart injury and 

regeneration[291]. To reproduce the precise injury sites, we have used micromanipulator 

to stabilize the 0.3 mm cupper filament for precise cryocauterization. 
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Overall, synchronizing µECG with PW Doppler signals is synergistic to study zebrafish 

hemodynamics and ventricular function.  The presence of T wave and P were co-

registered with the PW Doppler E- and A-waves to assess the inflow profiles from atrium 

to ventricle. In zebrafish, E/A < 1 at baseline is observed, suggesting a distinct physiology 

in the two chamber system in which atrial systole generates high ventricular filling 

pressure in the setting of highly trabeculated ventricle. Our integrated approach opens a 

new avenue to monitor hemodynamics and ventricular function with translational 

implication to assess small animal models of arrhythmias and cardiomyopathy. 
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Figure 9.1. Simultaneous micro-ECG and high-frequency PW Doppler. (A) Relation 

of microelectrodes and ultrasound probes. Adult zebrafish was sedated and placed 

ventral side up on a test-bed filled with 0.02% Tricaine. A small opening on the chest 

was made to reveal the epicardial sac. Ultrasound probe was positioned at 

approximately 6 mm directly above the heart. The needle electrode for ECG recording 

was introduced laterally to the chest, and the second needle electrode was positioned to 

the tail as a reference. (B) The ultrasound system sent a trigger signal to ECG recording 

system when PW Doppler recording started to synchronize both PW Doppler and ECG 

recordings. (C) Schematic diagram of zebrafish heart illustrates ventricular apical 

cryocauterization by liquid nitrogen. The red dotted square indicated the position of PW 
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Doppler gate window upstream from the atrio-ventricular (AV) valve and downstream 

from the ventricular outflow track (aortic valve). (D) Synchronized ECG features co-

registered with the hemodynamic events as captured by PW Doppler: P wave in ECG 

precedes atrial contraction, resulting in A waves in Doppler; and T wave in ECG 

preceded ventricular relaxation, resulting in E waves in Doppler. An integration of both 

modalities revealed ~500 ms delay in electro-mechanical coupling. 
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Figure 9.2. Representative co-registration of PW Doppler signals with ECG 

signals from 0dpc to 3dpc, 35dpc, and 65dpc. The baseline Doppler and ECG 

signals were established on 0 dpc. E wave velocity increased at 3 dpc, and gradually 

decreased toward the baseline. In parallel, QTc intervals prolonged at 3 dpc, and 

gradually regressed to baseline levels. 
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Figure 9.3. Cryocauterization induced changes in mitral inflow velocities. (A) 

Cryocauterization of the zebrafish ventricle significantly increased E wave velocities at 3 

dpc, which regressed toward the baseline levels at 35 dpc (*p < 0.001, n=6) in 

comparison with the sham. (B) A wave velocities decreased at 35 and 65 dpc in 

comparison with the sham (*p < 0.01, n=6). (C) Cryocauterization of the zebrafish 

ventricle significantly increased E/A ratios at 3 and 35 dpc (*p < 0.001, n=6), which 
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regressed to the baseline levels at 65 dpc. In humans, E/A ratio is clinically assessed 

for ventricular compliance, and it is >1 for the normal ventricular diastolic function. In 

zebrafish, E/A ratio is <1 at baseline. The increase in E/A ratio at 3 dpc was in parallel 

with the reported scarring or fibrosis, which regressed in parallel with the rapid scar 

regression[267]. 
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Figure 9.4. Cryocauterization injury induced changes in ventricular inflow and 

outflow volume. (A) Active filling volume (A-wave) remained unchanged in comparison 

with the sham. (B) Passive ventricular filling volume (E-wave) was increased and 

remained above the baseline (*p < 0.01, n=6). (C) Ventricular outflow volume was also 

increased above the baseline as compared to sham fish (*p < 0.001, n=6) (**p < 0.01, 

n=6). (D) When comparing the mitral inflow (sum of passive and active ventricular filling 

volume with ventricular outflow volume, the inflow volume was measured to be larger 

than that of outflow for both sham and cryoinjury. This difference was due to the angle 

of ultrasound beam to the direction of inflow and outflow (refer to Figure 2C).  
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Figure 9.5.  Pressure gradients across AV and VB valves. (A) P across atrio-

ventricular (AV) valves derived from the peak velocity (A-wave) increased in response 

to injury at 3 dpc, and decreased at 35 and 65 dpd (*p < 0.01, n=6). (B) P across 

ventriculo-bulbar (VB) valves dropped at 3 dpc and recovered at 65 dpc (*p < 0.001, 

n=6). 
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Figure 9.6. Cryocauterization induced electrophysiological changes. (A) PR 

intervals and (B) RR intervals remained unchanged between the cryoinjury and sham 

groups. (C) The QTc intervals were prolonged in response to cryoinjury and did not 

recover (*p < 0.001, n=6), reminiscent of the same observations with ventricular 

amputation.  
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Figure 9.S1. En face sectioning of representative adult zebrafish hearts between 

the sham and ventricular resection fish at 60 dpr. (A) Acid fuchsin orange G (AFOG) 

staining from the Sham fish. Insert showed the apical ventricle at 100x. (B) AFOG 

staining of the regenerated ventricle. Dotted line indicates the region of ventricular 

resection. Insert highlighted regenerated ventricle at 100x. The ventricle revealed 

complete cardiomyocyte regeneration as reported by Poss et al. Although endo-, mid- 

and epicardial layers seemed indistinct, trabecular network was prominent. A: atrium, V: 

ventricle, BA: Bulbus Arteriosus 
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