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ABSTRACT OF THE DISSERTATION 

 

Light-Sheet Fluorescence Microscopy and Molecular Imaging to Elucidate 

Mechanisms of Cardiovascular Development and Disease 

 

by 

 

Jeffrey John Hsu 

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology 

University of California, Los Angeles, 2019 

Professor Linda L. Demer, Chair 

 

 Cardiovascular development is a highly complex, coordinated process, and 

the investigation of the mechanisms governing this process has led to the 

identification of genes that not only orchestrate cardiovascular development, but 

also modulate disease processes in adulthood. The Notch signaling pathway, for 

instance, has been shown to orchestrate cardiac valve development during 

embryogenesis, while also regulating pathological aortic valve calcification in 

adulthood. Therefore, a deeper understanding of the mechanisms of 

cardiovascular development can help inform our research into pathophysiological 

processes such as ectopic calcification. The studies in this dissertation utilize 

advanced imaging techniques to examine the mechanobiological mechanisms of 

cardiac valve development and disease. 
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 In the first study, four-dimensional light-sheet fluorescence microscopy 

imaging of embryonic zebrafish hearts was combined with moving-domain 

computational fluid dynamic modeling to evaluate the relative influences of 

contractile and hemodynamic shear forces on cardiac valve development. The 

results showed that contractile forces appear to be necessary for initial cardiac 

valve formation, whereas hemodynamic shear forces contribute to valve leaflet 

growth. Further, these processes appear to occur by mechanosensitive, Notch1b-

mediated endothelial-to-mesenchymal transition.  

 In the second study, fused 18F-NaF micro-positron emission tomography / 

micro-computed tomography (µPET/µCT) imaging was performed on aged 

hyperlipidemic mice to evaluate the effects of an osteoporosis therapeutic drug, 

teriparatide, on the morphology of aortic calcification. The evidence presented 

shows that while teriparatide, a parathyroid hormone analog, does not affect the 

progression of pre-existing aortic calcification, it promotes the coalescence of 

calcification into macro-calcium deposits. These studies suggest that teriparatide 

therapy may promote a macrocalcification phenotype in atherosclerotic 

calcification, with potential implications on plaque stability. 

 In summary, these studies demonstrate the use of advanced imaging 

modalities, such as light-sheet microscopy and 18F-NaF-µPET/µCT imaging, to 

investigate the mechanobiological mechanisms of cardiovascular development, as 

well as cardiovascular disease, such as calcification.  
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CHAPTER I  

 

LINKING MECHANISMS OF CARDIOVASCULAR DEVELOPMENT 

WITH DISEASE 
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Introduction 

 

 Cardiovascular development is a highly complex, finely regulated process, 

the goal of which is to generate an efficient, unidirectional circulatory system to 

allow for the delivery of oxygen and nutrients to the end-organ systems.1 

Abnormal development of any of the cardiovascular structures, such as the 

cardiac chambers, valves, or blood vessels, can lead to defects that may prove 

fatal in the embryonic period, or can lead to disease at any time in the post-natal 

period. For instance, underdevelopment and severe obstruction of the aortic 

valve in utero can result in a condition known as hypoplastic left heart syndrome 

(HLHS), in which there is markedly impaired growth of the left ventricle and its 

intraventricular cavity.2 If an affected fetus survives to birth, without any surgical 

intervention, HLHS results in nearly universal mortality within a few weeks of life.2 

On the other hand, a more mild developmental abnormality is bicuspid aortic 

valve disease, in which only two aortic valve leaflets develop, instead of the 

normal three leaflets. While there are often no adverse effects in the first few 

decades of life, accelerated degeneration and calcification of the bicuspid aortic 

valve (BAV) leaflets can be seen as early as the fourth decade of life, requiring 

surgical intervention. However, there is wide heterogeneity in the progression of 

this disease process, and some patients may never require surgery.3 Disease 

processes that result from developmental abnormalities, such as HLHS and BAV 
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disease, are together classified as congenital heart disease (CHD), and the 

pathophysiological mechanisms of CHD remain incompletely understood. 

 Interestingly, the study of the mechanisms of CHD have helped to inform 

our understanding of acquired cardiovascular disease. In a seminal study by 

Garg et al, the investigators found that heritable mutations in the transcriptional 

regulator, Notch1, are associated with the development of BAV.4 This finding 

alone, while important, was not necessarily surprising, as Notch mutations had 

previously been known to lead to other inherited developmental syndromes, such 

as Alagille syndrome (multiple organ defects, where cardiac defects include 

pulmonary artery, pulmonic valve stenosis, and tetralogy of Fallot) and cerebral 

autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL).5 However, the investigators also discovered 

that inherited Notch1 mutations could lead to the development of accelerated 

calcification of the aortic valve in the absence of BAV disease. Thus, their study 

revealed that investigation of pathological developmental pathways could lend 

insight into an “adult” or acquired disease process, such as cardiovascular 

calcification. This introductory chapter focuses on the mechanisms of 

cardiovascular development, particularly the mechanobiological mechanisms, 

and how a deeper understanding of these pathways can help elucidate potential 

therapeutic targets for acquired cardiovascular disease. 

 



 

 

4 

Mechanobiology of Cardiac and Valvular Development 

The development of the cardiovascular system is a complex, highly 

regulated process influenced by not only genetic factors, but also epigenetic 

cues. For a dynamic organ such as the heart, biomechanical forces play a key 

role in guiding normal development.6 These forces include fluid shear stresses 

imposed on the cardiac and vascular walls by circulating blood flow, oscillatory 

flow that occurs in areas of flow reversal, tissue stretch that results from pulsatile 

flow, and local contractile forces from the muscular atrial and ventricular 

chambers.7  

The seminal study that introduced intracardiac fluid flow as a critical 

element of normal cardiac development was performed by Hove et al, in which 

micro-beads were injected in different regions of the embryonic zebrafish 

circulation.8 When these micro-beads impeded blood flow out of the ventricle by 

obstructing the outflow tract (OFT) or impeded blood flow into the atrium by 

obstructing the inflow tract (IFT), the investigators observed abnormal 

development, including a lack of normal cardiac looping and the absence of 

cardiac valves. Thus, this study implicated intracardiac blood flow as a necessary 

component of normal cardiac development. 

Similarly, inhibition of cardiac contraction was found to result in abnormal 

development of the embryonic zebrafish heart. Bartman et al. found that 

inhibition of myocardial function in the mutant silent heart (sih-/-) embryos, due to 
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a mutation of cardiac troponin T (tnnt2), results in the lack of endocardial cushion 

formation and as a result, the lack of atrioventricular (AV) valve development.9 

Subsequent work has helped to elucidate the mechanosensitive genes 

and pathways that are involved in various parts of cardiovascular development.7 

For instance, the transcription factor Krüppel-like factor 2a (klf2a) was found to 

be responsive to oscillatory blood flow in the developing zebrafish heart, 

regulating downstream targets such as endothelin-1 (edn1), neuregulin-1 (nrg1), 

and notch-1b (notch1b) to guide the development of the atrioventricular (AV) 

valve, which forms between the atrium and ventricle.10 Additional work has found 

that klf2a similarly responds to oscillatory flow by regulating other genes involved 

in valve development, including the calcium ion channels TRPV4 (trpv4) and 

TRPP2 (trpp2),11 as well as the extracellular matrix protein fibronectin 

(fibronectin1b).12 Another group reported that the expression of the micro-RNA, 

miR-21, is similarly flow-dependent in the developing zebrafish heart, and its 

expression at areas of increased shear stress induce cell proliferation that 

contributes to valve formation at these sites.13 

In addition, work by our group and others has found that biomechanical 

forces, including fluid shear stress and oscillatory flow, contribute to the 

trabeculation of the ventricle. Using 4-dimensional light-sheet microscopy 

imaging of transgenic zebrafish, Juhyun Lee and colleagues found that 

decreasing shear stress and/or cardiac contractility resulted in decreased 

myocardial trabeculation. Using the transgenic Notch-signaling reporter zebrafish 
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strain, Tg(tp1:GFP), they found that decreasing shear stress in vivo resulted in 

decreased endocardial Notch1b signaling, and implicated Notch signaling as a 

regulator of this mechanosensitive process.14  Further study incorporating 4-

dimensional computational fluid dynamic (CFD) modeling revealed that 

spatiotemporal variations in wall shear stress (WSS), as well as variations in 

oscillatory shear index (OSI), coordinates the pattern of trabeculation in the 

developing zebrafish ventricle.15 

 

Pathophysiology of Cardiovascular Calcification 

 Cardiovascular calcification is the pathological process in which 

biomineralization occurs within cardiovascular tissue, including cardiac valves 

and the vasculature.16 Previously thought to be a passive, degenerative process 

that occurred with advancing age as well as biomechanical wear-and-tear of 

valve leaflets, pioneering work over the past two decades by Linda Demer’s 

group and others has revealed active regulatory mechanisms that govern and, in 

some cases, accelerate this cell-mediated process.17 

  

Vascular Calcification 

The most common location for cardiovascular calcification is in the 

arteries; its prevalence increases with age, and over 60% of adults above the 

age of 60 years have calcification present in a major arterial bed, such as the 

thoracic aorta, coronary artery, or carotid artery.18 Computed tomographic (CT) 
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scanning has allowed for the visualization and quantification of coronary artery 

calcification (CAC), and a CAC scoring system is now widely used as a way to 

risk stratify patients with possible coronary artery disease, as the CAC score has 

been found to be a strong predictor of cardiovascular morbidity and mortality.19,20 

There are two major types of vascular calcification, which differ in their 

location within the vessel wall and their etiologies: (1) intimal calcification, and (2) 

medial calcification. Intimal calcification primarily occurs in atherosclerotic lesions 

and is driven by inflammatory mediators, which include cytokines such as tumor 

necrosis factor-a (TNF-a).21 Medial calcification occurs in the medial layer of the 

vessel wall, and is usually associated with conditions such as chronic kidney 

disease (CKD), promoted in part by the metabolic and mineral derangements 

seen in patients with CKD (uremia, hyperphosphatemia).  

While the pathophysiological effects of medial calcification include 

increased arterial stiffness and subsequent effects on systemic afterload and 

arterial wave reflections, one of the primary concerns in atherosclerotic 

calcification is the impact of the calcium deposits on atherosclerotic plaque 

stability. Cardiovascular events, such as myocardial and cerebral infarction, are 

often precipitated by rupture and subsequent thrombosis of atherosclerotic 

plaque. Absent of any iatrogenic or external disruption of these plaques, the 

prevailing thought is that mechanical stresses trigger these plaque rupture events 

at areas of vulnerability, which are dependent on the histological composition of 

the plaque.22 Previous biomechanical analyses performed by our group modeled 
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the presence of a calcium deposit within an artery wall, and found focal 

concentrations of increased mechanical rupture in the direction of vascular 

stress.23 These concentrations occurred at the interface between the calcium 

deposit and adjacent tissue, and the phenomenon is known as “compliance 

mismatch” or “debonding,” which is independent of scale and thereby applies to 

calcium deposits of all sizes. Compliance mismatch in atherosclerotic 

calcification is roughly proportional to the surface area of the calcium deposits, 

which interfaces with the surrounding tissue within the plaque. As the calcium 

deposits grow, this surface area increases, and theoretically, since the area of 

compliance mismatch increases, the risk of rupture also increases. However, 

once the deposits begin to coalesce, the interface area (and thus rupture risk) 

may then begin to plateau and even decrease somewhat, as demonstrated in 

Figure 1.1. This phenomenon may explain the belief that large calcium deposits 

within a plaque, which some term “macrocalcifications,” confer increased plaque 

stability.24 However, whether the presence of any calcification within a plaque, 

can truly be stabilizing remains up for debate.  
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Figure 1.1: Schematic of the biphasic effect of calcification on surface area. 

“With increasing calcification, the surface area of the deposits increases until 

they coalesce, at which point, surface area decreases. Based on engineering 

analyses, the rupture stress corresponds with surface area. These 

phenomena may explain the biphasic clinical risk associated with coronary 

calcification.” Reproduced in this dissertation with permission from Hsu et al.25 
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Valvular Calcification 

In addition to the vasculature, calcification can occur in the cardiac valves, 

predominantly the mitral and aortic valves. While calcification of the mitral valve 

most commonly occurs in the mitral valve annulus (and not the valve leaflets 

themselves), calcification of the aortic valve commonly occurs in the aortic valve 

leaflets. Calcific aortic valve disease (CAVD), like vascular calcification, 

increases in prevalence with age, and approximately 40% over the age of 70 

years old have mild CAVD, while over 10% in this older population have severe 

calcification of the aortic valve leaflets.26 As CAVD becomes severe, the primary 

clinical concern is related to the hemodynamic obstruction of blood flow from the 

left ventricle, which may lead to symptoms such as chest pain, lightheadedness 

or syncope, and ultimately, heart failure. From a seminal and oft-cited study by 

Ross and Braunwald, 50% of people with aortic stenosis who develop the 

previously mentioned symptoms die within 5 years, 3 years, and 1-2 years, 

respectively, without surgical intervention.27 Even in elderly patients with aortic 

sclerosis, who have aortic valve calcification without hemodynamically significant 

obstruction, there is an associated higher risk of cardiovascular events.28 Thus, 

the presence of CAVD imparts increased risk of cardiovascular morbidity and 

mortality. However, at this time there are no effective medical therapies to treat 

or mitigate the progression of CAVD once it has been detected.  

As with vascular calcification, CAVD was previously thought to be a 

passive process that occurred naturally with age, but relatively recent work has 



 

 

11 

identified active, cell-mediated mechanisms that contribute to and regulate the 

calcification process. One significant mediator that has been identified by our 

group and others is the inflammatory cytokine, TNF-a, and higher levels of TNF-

a have been associated with both atherosclerosis and CAVD progression.29,30 In 

work I helped to perform using our group’s in vitro 3-D culture model of aortic 

valve stenosis, TNF-a potently induced retraction (Figure 1.2A), calcified nodule 

formation (Figure 1.2B), and stiffening of collagen hydrogels (Figure 1.2C).31 

Calcified human aortic valve tissue showed similar stiffening (Figure 1.2B,D). 

Additionally, work by others has shown that treatment of a mouse model with the 

neutralizing TNF-a antibody, infliximab, reduced aortic valve calcification.32 

 



 

 

12 

 

 

Figure 1.2: Effects of TNF-α on retraction, stiffness, and formation of nodular 

structures. A: Murine valvular interstitial cells (VICs) were seeded in three-

dimensional collagen hydrogels (3-D VIC hydrogels) and treated with control 

vehicle or 25 ng/mL of TNF-α. The diameters of the hydrogels were normalized 

to the respective diameter at day 0. B: The 3-D VIC hydrogels (left) were treated 

with control vehicle or 25 ng/mL of TNF-α for 14 days and stained with Alizarin 

Red. Right: Human aortic valve tissue (non-calcified and calcified) were fixed 
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and stained with Alizarin Red. C:  Linear compressive testing was performed on 

hydrogels containing no cells or cells treated with control vehicle or 25 ng/mL of 

TNF-α for 8 days, and the stiffnesses (Young's compressive modulus) were 

measured. D:  The noncalcified or calcified aortic valve tissues were subjected to 

the same stiffness testing on an Instron machine. n = 8 noncalcified, n = 12 

calcified (D). ∗P < 0.05 versus control vehicle on the respective day (A); ∗P < 0.05 

versus control (C); †P < 0.05 versus no cell (C); ∗P < 0.05 (D). Scale bars: 200 

μm (B, left) and 3 mm (B, right). Reproduced in this dissertation with permission 

from Lim, Ehsanipour, Hsu, et al.31 

 

 

Mechanobiology of Cardiovascular Calcification 

 Longstanding observations of preferential locations of atherosclerotic 

lesions at sites of arterial branching and bifurcations helped to implicate the role 

of local fluid flow on the development of atherosclerosis.33 Such pioneering work 

by Shu Chien and colleagues were integral to creating the field of study now 

known as mechanobiology, which describes the interface between mechanical 

forces and biological signaling processes.  

 The initial studies by Chien and colleagues focused on the endothelial cell 

response to fluid shear stress imparted on the vessel wall by blood flow.33–35 

Subsequent work by numerous groups has identified shear stress patterns 

consistent with disturbed or turbulent flow, such as oscillatory shear or lower 
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shear stresses, to be associated with pathological responses such as increased 

oxidative stress, atherosclerosis, and calcification.36,37  

 With regard to CAVD, an important observation has been the marked 

predilection of calcified nodule formation on one side of the aortic valve (aortic) 

over the other side (ventricular), the latter of which is usually spared from 

calcification. Notably, the endothelial cells on the aortic side experience disturbed 

flow, while those on the ventricular side experience high velocity, pulsatile, and 

laminar flow, and a seminal study of the side-dependent endothelial cells by 

Craig Simmons and colleagues found differential gene expression for 

inflammatory and osteogenic genes that support a mechanobiological 

mechanism for this phenomenon.38  

 

Notch Signaling in Cardiovascular Mechanobiology 

 As mentioned previously, the Notch signaling pathway is a key regulator of 

cardiovascular development.39 Interestingly, while crucial during embryonic 

development, Notch signaling was shown in a recent study by Julia Mack, Luisa 

Iruela-Arispe and colleagues to be a mechanosensor in adult arteries.40 In their 

model, Notch1 signaling was found to be responsive to laminar shear, and loss of 

Notch1 signaling resulted in augmented hyperlipidemia-induced atherosclerosis, 

possibly due to dysregulated cell-cell junctional integrity and disrupted calcium 

signaling. Thus, Notch1 signaling maintained by laminar flow is proposed to be 
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atheroprotective. This finding is consistent with prior studies suggesting an anti-

inflammatory and atheroprotective role of Notch signaling in the vasculature.41–43 

 As opposed to its role in atherosclerosis, the role of Notch signaling in 

cardiovascular calcification is not well defined.  In vascular calcification, 

upregulation of Notch signaling pathways resulted in increased osteogenic 

signaling in vascular smooth muscle cells.44,45 However, with regard to aortic 

valve calcification, Notch1 signaling has been found to repress osteogenic 

pathways in sheep aortic valve interstitial cells.46 Studies by the same group also 

found that Notch1 mutations in humans were associated with severe aortic valve 

calcification, which they proposed may be through suppression of the 

osteoblastic transcription factor, Runx2, thereby also supporting an inhibitor role 

for Notch in aortic valve calcification.4 

 Thus, while the role of Notch signaling in cardiovascular development is 

complex, its role in adult-onset disease such as calcification is also complex and 

likely context-dependent. A deeper understanding of its role in development 

could help inform our knowledge of its possible regulatory cues in disease.  
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EFFECTS OF TERIPARATIDE ON MORPHOLOGY OF AORTIC 

CALCIFICATION IN AGED HYPERLIPIDEMIC MICE 
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Abstract 

 Calcific aortic vasculopathy is a common feature of coronary artery 

disease and atherosclerosis, which increases in prevalence with age. The 

presence of calcified deposits within an atherosclerotic lesion can affect the 

lesion’s vulnerability to plaque rupture, and there are reasons to believe the 

morphologies of these calcified deposits are a key factor in the biomechanical 

stability of calcified lesions. Notably, vascular calcification also correlates with 

bone loss in patients with osteoporosis, and therapies for osteoporosis may 

potentially impact the morphology of calcified deposits. Prior work suggests that 

teriparatide, the bioactive portion of parathyroid hormone (PTH) that is used as 

an anabolic treatment for postmenopausal osteoporosis, may inhibit the onset of 

aortic calcification. However, whether teriparatide affects progression of pre-

existing aortic calcification, widespread among this patient population, is 

unknown. Female apolipoprotein E-deficient mice were aged for over one year to 

induce aortic calcification, treated for 4.5 weeks with daily injections of control 

vehicle (PBS), teriparatide 40 µg/kg (PTH40) or 400 µg/kg (PTH400), and 

assayed for aortic calcification by micro-computed tomography (microCT) before 

and after treatment.  In a follow-up cohort, aged female apolipoprotein E-deficient 

mice were treated with PBS or PTH400, and assayed for aortic calcium 

deposition by serial microCT and micro-positron emission tomography.  In both 

cohorts, aortic calcification progressed similarly in all groups.  In contrast, mean 

aortic 18F-NaF incorporation, detected by serial micro-positron emission 
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tomography, was reduced following treatment in the PTH400 group (-33 ± 20%) 

but increased in controls (+14 ± 5%; p = 0.03), suggesting that PTH400 caused a 

decrease in mineral surface area.  Quantitative histochemical analysis by Alizarin 

red staining revealed a lower mineral surface area index in the PTH400 group 

compared with controls (p = 0.04). Quantitative histochemical analysis by 

Masson trichrome staining showed a significant increase in collagen deposition in 

the left ventricular myocardium of mice receiving PTH400 (2.1 ± 0.6% vs. 

controls, 0.5 ± 0.1%; p = 0.02). In summary, while teriparatide may not affect the 

calcium mineral content of aortic calcification, it may reduce mineral surface area 

by promoting the coalescence of pre-existing calcified deposits. These findings 

suggest potential impact of teriparatide therapy on atherosclerotic plaque 

stability.  
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Hsu JJ, Lu J, Umar S, Lee JT, Kulkarni RP, Ding Y, Chang
C-C, Hsiai TK, Hokugo A, Gkouveris I, Tetradis S, Nishimura I,
Demer LL, Tintut Y. Effects of teriparatide on morphology of aortic
calcification in aged hyperlipidemic mice. Am J Physiol Heart Circ
Physiol 314: H1203–H1213, 2018. First published February 16, 2018;
doi:10.1152/ajpheart.00718.2017.—Calcific aortic vasculopathy cor-
relates with bone loss in osteoporosis in an age-independent manner.
Prior work suggests that teriparatide, the bone anabolic treatment for
postmenopausal osteoporosis, may inhibit the onset of aortic calcifi-
cation. Whether teriparatide affects the progression of preexisting
aortic calcification, widespread among this patient population, is
unknown. Female apolipoprotein E-deficient mice were aged for over
1 yr to induce aortic calcification, treated for 4.5 wk with daily
injections of control vehicle (PBS), 40 !g/kg teriparatide (PTH40), or
400 !g/kg teriparatide (PTH400), and assayed for aortic calcification
by microcomputed tomography (microCT) before and after treatment.
In a followup cohort, aged female apolipoprotein E-deficient mice
were treated with PBS or PTH400 and assayed for aortic calcification
by serial microCT and micropositron emission tomography. In both
cohorts, aortic calcification detected by microCT progressed similarly
in all groups. Mean aortic 18F-NaF incorporation, detected by serial
micropositron emission tomography, increased in the PBS-treated
group (" 14 # 5%). In contrast, 18F-NaF incorporation decreased in
the PTH400-treated group ($ 33 # 20%, P % 0.03). Quantitative
histochemical analysis by Alizarin red staining revealed a lower
mineral surface area index in the PTH400-treated group compared
with the PBS-treated group (P % 0.04). Furthermore, Masson
trichrome staining showed a significant increase in collagen deposi-
tion in the left ventricular myocardium of mice that received PTH400
[2.1 # 0.6% vs. control mice (0.5 # 0.1%), P % 0.02]. In summary,
although teriparatide may not affect the calcium mineral content of
aortic calcification, it reduces 18F-NaF uptake in calcified lesions,
suggesting the possibility that it may reduce mineral surface area with
potential impact on plaque stability.

NEW & NOTEWORTHY Parathyroid hormone regulates bone
mineralization and may also affect vascular calcification, which is an
important issue, given that its active fragment, teriparatide, is widely
used for the treatment of osteoporosis. To determine whether teripa-
ratide alters vascular calcification, we imaged aortic calcification in
mice treated with teriparatide and control mice. Although teriparatide
did not affect the calcium content of cardiovascular deposits, it
reduced their fluoride tracer uptake.

aortic calcification; fibrosis; parathyroid hormone; teriparatide; vas-
cular calcification

INTRODUCTION

Calcific aortic vasculopathy is widespread, with increasing
prevalence with age, and it increases the risk of cardiovascular
and all-cause mortality (7, 23, 41, 45). Calcification reduces
vascular compliance, leading to clinical consequences, such as
hypertension, coronary ischemia, infarction, congestive heart
failure, and ventricular hypertrophy (55). In coronary arteries,
calcification independently predicts a 1.7-fold increase in mor-
tality (45). The mechanism of increased plaque vulnerability
may be compliance mismatch at the interface between com-
pliant vascular tissue and rigid mineral (27, 37), which is
increased by mineral surface area (MSA). Additionally, calcific
valve disease is associated with ventricular arrhythmias, syn-
cope, congestive heart failure, and ventricular hypertrophy, and
about half of patients with severe aortic valve calcification die
within 2 yr of symptom onset (11).

Epidemiological studies have shown that cardiovascular
disease correlates with osteoporosis in an age-independent
manner (22, 24, 26, 32, 43, 52). Secreted from the parathyroid
gland, parathyroid hormone (PTH; 84-amino acid peptide) acts
on bone and the kidney to maintain systemic calcium ho-
meostasis (46, 47). In rodents and humans, treatment with
teriparatide [PTH(1–34), the biologically active fragment of
PTH] increases bone mass and strength, improves micro-
architectural connectivity, and reduces fractures, leading to
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its successful clinical use as an anabolic agent for osteopo-
rosis (14, 38, 40, 45).

Prior studies in mice and rats have raised the possibility that
this bone anabolic treatment may also affect mineralization in
cardiovascular tissues. Using a mouse model of diet-induced
diabetes and hyperlipidemia, Towler and colleagues (54) found
that treatment of young mice with PTH (400 !g/kg) attenuated
the development of aortic valve leaflet calcification based on
histochemical staining. In a rat model of chronic kidney dis-
ease, Friedman and colleagues (53) found that PTH (40 !g/kg)
reduced the development of microcalcifications in the aorta and
that, after controlling for hyperparathyroidism with parathy-
roidectomy, teriparatide had no significant effect on aortic
calcification. In clinical use, most patients requiring teripa-
ratide treatment are expected to have preexisting calcific car-
diovascular disease (32, 43, 52), and its effects on preexisting
calcific disease are unknown. Given the prevalence of calcific
aortic vasculopathy and hyperlipidemia among osteoporotic
individuals, our objective was to determine whether teripa-
ratide halts and/or reverses the progression of preexisting
atherosclerotic calcification. In the present study, we tested the
effects of teriparatide on aged hyperlipidemic mice with pre-
existing cardiovascular calcification.

MATERIALS AND METHODS

Animals and Treatments

Experimental protocols were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of the University of Cali-
fornia-Los Angeles. Two independent cohorts of mice were studied.
In the initial cohort, female apolipoprotein E (ApoE)-null mice (12 wk
old, n " 23, C57BL/6 background, Jackson Laboratory, Bar Harbor,
ME) were aged on a chow diet to 70–78 wk old to induce aortic
calcification. Unfortunately, during the aging process, five mice had to
be euthanized because of severe ulcerative dermatitis. The remaining
mice were randomized into the following three groups (n " 6
mice/group): control (PBS), 40 !g/kg teriparatide (PTH40), and 400
!g/kg teriparatide (PTH400), and in vivo microcomputed tomography
(microCT) imaging was performed before and after treatment for 4.5
wk. Despite the excess loss of mice during aging, the group sizes were
comparable with those of prior studies of vascular disease in aged
mice (10, 48, 54). Mice were euthanized at 75–82 wk of age. In the
followup cohort, 52- to 70-wk-old female ApoE-null mice (PTH1rf/f

ApoE# /# ) were divided into the following two groups: control (PBS;
n " 5) and PTH400 (n " 6), and in vivo microCT/micropositron
emission tomography (microPET) imaging as well as echocardiogra-
phy were performed before and after treatment for 4.5 wk. In this
cohort, mice were euthanized at 57–75 wk of age. In both initial and
followup experiments, mice were fed a standard chow diet (6.2% fat
and 18% protein, Teklad 7013, Envigo, Madison, WI) and weighed
weekly, and teriparatide [human PTH(1–34), Bachem, Torrance, CA]
was administered by subcutaneous injection (5 days/wk). In both
cohorts, these aged mice developed aortic calcification spontaneously
on the standard chow diet.

Histochemistry

Hearts were embedded in optimal cutting temperature compound,
and 10-!m frozen sections were obtained. For the quantitation of
myocardial fibrosis, Masson trichrome stain was performed per the
manufacturer’s protocol (IMEB, San Marcos, CA). Note that the
PTH400-treated group had one less set of data because of processing
of the heart for light-sheet fluorescence microscopy. The extent of
fibrosis was quantified using Metamorph for Olympus software
(Waltham, MA), and the fibrotic regions (stained in blue) were

segmented by a threshold value; the total left ventricular (LV) myo-
cardial area was segmented manually before quantification of their
areas. For the quantitation of aortic calcification, aortic root frozen
sections underwent Alizarin red staining (1,25-dihydroxyanthraqui-
none, Sigma, St. Louis, MO). The calcified regions were segmented
using ImageJ software, and the total perimeter and area of each
calcified deposit were quantified using custom Matlab code (Math-
works, Natick, MA). A macrocalcium deposit was defined as any
single deposit with an area of !1,950 !m2 (corresponding to an
average diameter of !50 !m) and a microcalcium deposit had an area
$ 1,950 !m2, similar to previously described thresholds (29).

Alkaline phosphatase activity and Alizarin red staining were per-
formed as previously described (33, 34). To test for myofibroblast
activation, we performed immunohistochemistry using antibody spe-
cific to %-smooth muscle actin (Santa Cruz Biotechnology, Dallas,
TX), as previously described (33).

Echocardiography

Mice were anesthetized (3.0% isoflurane for initiation and 1.5–
2.0% isoflurane for maintenance delivered via nose cone), and pulsed-
wave Doppler echocardiography was performed using a VisualSonics
Vevo 2100 equipped with a 30-MHz linear transducer. LV ejection
fraction, LV wall thickness, and LV cavity dimensions were mea-
sured.

Ex Vivo MicroCT Imaging of Femurs

Right femoral bones were harvested, cleaned of tissues, and ana-
lyzed for cortical and trabecular bone surface normalized for total
volume (BS/TV) and percent bone volume (BV/TV) by microCT
(Skyscan 1172), as previously described (44).

Serial In Vivo MicroCT Imaging of Vascular Calcification

Mice were anesthetized by isoflurane (3% for initial sedation and
1.5–2.0% for maintenance via nose cone) and scanned by microCT.
For the initial cohort, the in-house microCT (CrumpCAT, University of
California-Los Angeles) (57) was used for pretreatment scans, and G8
microCT (Perkin-Elmer), the commercialized version of the CrumpCAT,
was used for posttreatment scans. One mouse in the PBS-treated group
was excluded, as it died before the end of the study. Images were
acquired using a 50-kVp, 200-!A X-ray source with a 45° cone angle,
positioned at 13–15 cm from the isocenter, reconstructed using the
Feldkamp algorithm with a voxel size of 125 !m (CrumpCAT) and
200 !m (G8), and calibrated for Hounsfield units (HU). Calcium
content was quantified from the images of the aortic root, aortic arch,
and great vessels using AMIDE software (version 1.0.5) (36). Indi-
vidual three-dimensional isocontour regions of interest (ROIs) were
drawn around each calcified region, and a conservative minimum
threshold was set at 350 HU (CrumpCAT) and 300 HU (G8) based on
the density of soft tissue versus bone in mice (21). The comparable
thresholds were determined, in a separate additional experiment, by
scanning a water and air calibration phantom as well as by the
same mice on both the CrumpCAT and G8 machines. The aortic
volumetric calcium content (vHU) was defined as the product of
mean ROI value (HU) and volume of the ROI (mm3), summed over
all ROIs for each mouse. To establish soft tissue anatomic land-
marks, 1 wk after the initial microCT scan, each mouse underwent
contrast-enhanced microCT imaging preceded by a tail vein injec-
tion of Omnipaque 350 (5 ml/kg, GE Healthcare, Princeton, NJ).

Because the G8 microCT is a commercialized version of the
low-resolution setting of the CrumpCAT scanner, the only differences
that would potentially affect the two data sets are in the resolution
settings (0.125 mm, 0.2 mm for CrumpCAT and 0.2 mm for G8) and
the HU calibration. For validation, in a separate study, we analyzed
the data from the same mice scanned on the CrumpCAT at high and low
resolutions and found that differences in HU attributable to resolution
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were minimal. Because the HU scale is a linear transformation of the data
based on water and air radiodensity, we identified the difference in the
linear transformation between the two scanners to arrive at the different
thresholding values for the isocontour ROI analyses. We further con-
firmed this correction in a third study by imaging the same three mice
on the G8 scanner and on the CrumpCAT, at both high and low
resolution, immediately one after the other.

Serial Fused In Vivo MicroPET/MicroCT Imaging

Fused microPET/microCT imaging was performed only in the
followup cohort before and after teriparatide treatment. Mice were
injected via tail vein with ~200 !Ci 18F-NaF (prepared as previously
described) (12), anesthetized (3% isoflurane for induction) 1 h postin-
jection, and imaged on the microPET (Focus 200 microPET, Con-
corde Microsystems, Knoxville, TN) and microCT (CrumpCAT)
scanners. MicroPET images were acquired for 10 min with an energy
window of 250–700 keV followed by three-dimensional histographic
analysis and reconstruction with a zoom factor of 4.7452 using
3D-OSEM with two iterations followed by maximum a posteriori with
18 iterations and resolution set at 1 mm. Images were analyzed, and
maximum-intensity projections (MIPs) were generated using AMIDE
software. For each microPET/microCT image set, an initial volumet-
ric ROI was drawn to isolate the cardiac and aortic regions from the
remainder of the body, three-dimensional isocontour ROIs were then
drawn of the calcified areas within this region, and, finally, quantifi-
cation of the isocontour ROIs was performed on the original images.
The minimum 18F-NaF isocontour threshold for aortic calcification
was defined as 2% injected dose per gram (%ID/g), a value above
18F-NaF uptake in normal heart tissue. The minimum microCT
isocontour threshold was 350 HU. The aortic calcium content (%ID
for microPET, vHU for microCT) was defined as the product of the
mean ROI value (%ID/g or HU) and volume of the ROI (mm3).
Notably, one mouse in the PTH400-treated group had to be removed
from the analysis because of a processing acquisition error with the
microPET.

Light-Sheet Fluorescence Microscopy

Anesthetized mice (under 3% isoflurane) were injected retroorbit-
ally with fluorescent bisphosphonate (5-FAM-ZOL, BioVinc, Pasa-

dena, CA) 5 days before euthanasia. Hearts were carefully dissected,
washed, and fixed overnight at 4°C in 4% paraformaldehyde. Hearts
were rendered nearly transparent by chemical tissue clearing using the
CLARITY technique, as previously described (56), for a duration of
2 mo. This optical clearing technique removes most of the lipid and
equalizes the refractive indexes throughout the tissue with that of the
mounting solution. Specimens were transferred to a borosilicate glass
tube (Pyrex 7740, Corning, Corning, NY) and imaged using our
in-house, light-sheet fluorescence microscope (LSFM) (17, 18). This
LSFM uses orthogonal lenses for dual illumination and detection,
allowing rapid scanning to achieve high axial resolution with low
levels of photobleaching. This LSFM applies a 473-nm laser line
(Laserglow Technologies, Toronto, ON, Canada) as the illumination
source of 5-FAM-ZOL (maximum absorption: 493 nm, maximum
emission: 521 nm), a stereomicroscope (MVX10, Olympus, Tokyo,
Japan) with a " 1 magnification objective (numerical aperture #
0.25), and a scientific complementary metal-oxide semiconductor
(ORCA-Flash4.0 LT, Hamamatsu, Bridgewater, NJ) image sensor as
the detection unit. The final thickness of the light sheet was ~18 !m
with an effective width of 40 mm. Green pseudocolor was set for
values exceeding a threshold of 76% over background tissue auto-
fluorescence.

Statistical Analysis

Values are expressed as means $ SD. Statistical analysis was
performed on Prism software (GraphPad) using a Student’s t-test
(2-tailed), paired t-test (2-tailed) for before and after comparisons
within the same treatment group, and one-way ANOVA with Tukey’s
multiple-comparison analysis for comparisons among the three
groups. Values of P ! 0.05 were considered statistically significant.

RESULTS

Effects of Teriparatide on Cardiovascular Calcification

Initial cohort. Calcium mineral deposits were demonstrated in
the aortic root, ascending aorta, and great vessels by microCT
scan (Fig. 1A). In hyperlipidemic (ApoE% /% ) mice aged to 70–78
wk of age with preexisting aortic calcification, the amount of

Fig. 1. Effects of teriparatide on aortic cal-
cification in the initial cohort. A: representa-
tive microcomputed tomography images
with an intravenous contrast agent, Om-
nipaque 350, of transverse (left), coronal
(middle), and sagittal (right) cardiac sections
showing calcium mineral deposits in the re-
gions of the aortic valve (closed arrow),
aortic root (arrowhead), and aortic arch
(dashed arrow). B: quantitative comparisons
of volumetric calcium deposition (vHU) be-
fore and after treatment (Tx) with PBS (n #
5), 40 !g/kg teriparatide (PTH40; n # 6),
and 400 !g/kg teriparatide (PTH400; n # 6)
for 4.5 wk. The aortic calcium deposition
(vHU), determined as the product of mean
region of interest (ROI) density [Hounsfield
units (HU)] and volume of the ROI, includes
mineral in the aortic valves, aortic root, and
aortic arch. A paired two-tailed t-test was
used for before and after comparisons within
the same treatment group, and one-way
ANOVA was used for comparisons among
the three groups.
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aortic calcium mineral before treatment was not significantly
different among the three groups (PBS: 2,005 ! 1,003 vHU,
PTH40: 2,496 ! 1,521 vHU, and PTH400: 1,923 ! 389 vHU,
P " 0.63). Aortic calcium mineral increased significantly over
the study period in all three groups (Fig. 1B), whereas the mean
percent increase of aortic calcium mineral over the treatment
period was not significantly different among the groups (PBS:
47.8 ! 18.4%, PTH40: 36.8 ! 17.4%, and PTH400:
63.5 ! 18.2%, P " 0.07).

We have previously found that the skeletal anabolic effects
of teriparatide are blunted in hyperlipidemic mice (28, 50).
Consistent with these findings, microCT analysis of excised
femoral bone from these mice revealed that treatment at the
conventional dose (PTH40) for mice failed to increase BS/TV
or BV/TV in cortical bone. Compared with the control (PBS)
group, mice treated with PTH400 developed significantly
greater cortical BS/TV but not cortical BV/TV, trabecular
BS/TV, or trabecular BV/TV (data not shown).

Followup cohort. Although our initial cohort did not dem-
onstrate any effects of teriparatide on the progression of aortic
calcium mineral content as detected on in vivo microCT, we
considered the possibility that microscopic calcium mineral
deposits and their surface area, which is associated with plaque
instability (27), may change independently of total calcium
content based on recent work by others using 18F-NaF PET
imaging (29, 30). Thus, we performed a followup cohort,
incorporating fused microPET/microCT to determine the ef-
fects of teriparatide on the surface area of aortic calcification.
In this study, we used a different cohort of aged hyperlipidemic
mice to compare both aortic calcium deposition before and
after treatment with either PBS or PTH400. Consistent with the
findings in the initial cohort, microCT imaging showed that
aortic calcification progressed significantly in both groups, and
the mean percent change in microCT-detected aortic calcifica-
tion was not significantly different between the two groups
(PBS: 44 ! 17% and PTH400: 51 ! 12%, P " 0.46; Fig. 2A).
In the PBS-treated group, microPET imaging also showed that
the mean percent change in 18F-NaF incorporation increased in
the aortic tissue of all mice (#14 ! 5% over pretreatment
baseline, P " 0.001; Fig. 2, B and C). In contrast, in the
PTH400-treated group, the mean percent change in 18F-NaF
incorporation decreased significantly ($33 ! 20% compared
with pretreatment baseline, P " 0.03; Fig. 2, B and C).

Effects of Teriparatide on the Morphology of Aortic
Calcium Deposits

Because microPET analysis showed a reduction of 18F
incorporation in the PTH400-treated group in the followup
cohort, we further characterized the morphology of calcium
deposits by Alizarin red staining of representative aortic root
sections from control and PTH400-treated mice (Fig. 3, A and
B). Consistent with our microCT findings, the mean calcified
area in these sections was similar between the control and
teriparatide-treated groups (Fig. 3, C– G). Although the total
perimeter of the calcified deposits was similar between the two
groups (PBS: 14.5 ! 9.8 mm and PTH400: 14.8 ! 7.9 mm,
P " 0.94), because the mice have different total calcified area
in each histological section, we normalized the perimeter for
total calcified area. This quantitative analysis showed that the
MSA index (total perimeter/total calcified area in each section)

was significantly lower in the teriparatide-treated group
(0.23 ! 0.10) than in the control group (0.33 ! 0.08, P " 0.04;
Fig. 3H). Consistent with these results, a significantly higher
percentage of total calcium area was present in larger deposits
in the teriparatide-treated group (40.9 ! 20.2%) compared
with the control group (62.7 ! 24.1%, P " 0.05; Fig. 3I),
indicating that the reduction of 18F incorporation and reduction
of the MSA index by teriparatide treatment may be a result of
mineral deposit fusion and coalescence.

Location of Calcium Deposits by Light-Sheet Fluorescence
Microscopy

The patterns of distribution of calcium mineral deposits in
the intact heart and aorta were demonstrated by LSFM, which
revealed preferential location of high-intensity bisphosphonate
fluorescence in the aortic valve, aortic root, lesser curvature of
the aortic arch, and innominate artery (Fig. 4, A– C). To exclude
signals from tissue autofluorescence, only areas exceeding a
threshold of 76% over background were shown in green
pseudocolor.

Effect of Baseline Calcium Mineral on Progression

To evaluate the influence of baseline calcium mineral on
progression of calcification, we analyzed microCT data from
all the groups combined (PBS-, PTH40-, and PTH400-treated
groups in both the initial and followup cohorts). The results
showed a significant correlation (r " 0.68, P % 0.0001, 95%
confidence interval: 0.41$0.84) between pretreatment baseline
aortic calcification and calcium mineral deposited over the
duration of the treatment, suggesting that calcium deposition
increases with the amount of preexisting aortic calcium (Fig.
4D). Each group alone also had a significant correlation be-
tween baseline aortic calcium and subsequent progression
during treatment (data not shown).

Effect of Teriparatide on Myocardial Fibrosis

As an incidental finding, we observed fibrotic changes in the
myocardium of some of the treated mice on routine histology
of the aortic root. To objectively determine whether teripa-
ratide affected myocardial fibrosis, we performed Masson
trichrome staining of the ventricles. Quantitative analysis
showed a significant increase in collagenous tissue in response
to PTH400 treatment in the LV myocardium, suggesting that
teriparatide may promote myocardial fibrosis (Fig. 5, A and B).
To test for myofibroblast activation, we performed immuno-
histochemical staining for &-smooth muscle actin. The results
showed that immunopositivity colocalized with the areas of
collagen deposition. These areas were negative for osteogenic
markers (alkaline phosphatase activity and Alizarin red stain)
by histochemical staining, suggesting that the collagen depo-
sition was due to fibroblastic activation but not due to osteo-
genic activation (Fig. 5C).

Given this unexpected finding, which raised the possibility
that teriparatide may alter cardiac function, we also performed
echocardiographic imaging in the followup cohort before and
after treatment to assess LV systolic function. No significant
differences in LV ejection fraction, internal diameter, and wall
thickness were observed over the treatment period or between
groups (data not shown), although this secondary analysis did

EFFECTS OF TERIPARATIDE ON AORTIC CALCIFICATION

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00718.2017 • www.ajpheart.org



 

 

31 

 

  

not have the statistical power to detect small differences in
these parameters.

DISCUSSION

Teriparatide is the most widely used bone anabolic therapy
for osteoporosis treatment. It is used primarily in postmeno-
pausal women, who, on the basis of epidemiological data, are
likely to have preexisting calcific aortic vasculopathy. To

model this population, we produced reproductively senescent
hyperlipidemic female mice with aortic calcification by aging
them on a chow diet to almost a year and half. These mice, in
which we confirmed preexisting vascular calcification, were
treated with teriparatide, the active subunit of PTH [PTH(1–
34)]. The results from in vivo microCT imaging showed that
the aortic calcium content increased in both control and treat-
ment groups and that teriparatide treatment neither reduced nor

Fig. 2. Effects of teriparatide on aortic calcification by microcomputed tomography (microCT) and micropositron emission tomography (microPET) in the
followup cohort. A: quantitative microCT analysis of aortic calcium content before and after treatment (Tx). vHU, volumetric calcium deposition; PTH40, 40
!g/kg teriparatide; PTH400, 400 !g/kg teriparatide. B: quantitative microPET analysis of fluoride uptake in the aortic region pre- and post-Tx. C: representative
fused microPET/microCT images showing fluoride uptake (representing calcium mineral surface area) in 12-mo-old PBS-treated control mice and 16-mo-old
PTH400-treated mice. Top left: transverse, coronal, and sagittal slices of the chest. Bottom left: corresponding views of maximum-intensity projections of the
mediastinal regions of interest. Right: lateral view of the microPET maximum-intensity projection superimposed on the microCT image of the skeleton. A paired
two-tailed t-test was used for the statistical analysis.
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enhanced the progression of aortic calcification. A particularly
strong correlation was found between the progression of aortic
calcium during the treatment period and the extent of aortic
calcium at baseline. This finding is consistent with the clinical
finding that the baseline calcium mineral predicts the rate of
coronary artery calcium progression in humans (61).

Initial studies by Derlin and colleagues (15, 16) demon-
strated that PET scanning with sodium fluoride (18F-NaF PET)
labels atherosclerotic plaque, and 18F-NaF activity was subse-
quently correlated with early stages of plaque formation (20).
More recently, 18F-NaF PET has been shown to identify
vulnerable plaque in humans (30), where histological evidence
suggests that this is by its correspondence with MSA rather
than calcium content (29). Our PET scans of female, repro-
ductively senescent, hyperlipidemic mice on teriparatide treat-
ment showed a reduction in 18F-NaF uptake, suggesting a
possible reduction in surface area of aortic calcium deposits.

Although this finding may appear inconsistent with the in vivo
microCT results, which showed increased calcium mineral
content in this group, this could be explained by fusion and the
coalescence of smaller calcium deposits, which reduces surface
area. The 18F-NaF incorporation quantified by microPET likely
reflects surface area (and perhaps degree of metabolic activity),
whereas microCT reflects calcium mineral content regardless
of shape/surface area or metabolic activity. Thus, the mismatch
between microPET and microCT may indicate a reduction in
available MSA (29). The kinetics of 18F-NaF, which depend on
blood flow (rapid) and renal clearance (rapid), as well as
exposure to MSA and ion exchange (slow) (4), support this
concept. Consistent with this interpretation, although early
calcification develops as a result of matrix vesicle formation
and, possibly, its deposition on collagen fibers (2), teriparatide
has been shown to increase the fusion and coalescence of
mineral microparticles in rats, probably via production of

Fig. 3. Effects of teriparatide on morphology of aortic calcium deposits. A and B: representative Alizarin red-stained aortic root sections from PBS-treated mice
(A) and 400 !g/kg teriparatide (PTH400)-treated mice (B). The arrow in A denotes a region containing microcalcium deposits, whereas the arrowhead in B
denotes a macrocalcium deposit. Scale bar " 500 !m. C– F: calcified deposits were computationally segmented, and their total perimeters (C and D) and areas
(E and F) were drawn and measured in their respective groups. G– I: comparison of the total calcified area (G), mineral surface area index (total perimeter/total
area; H), and percentage of calcified area present in macrocalcium deposits between groups (I). Statistical analysis was performed using a two-tailed Student’s
t-test.
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collagen-based osteoid, resulting in increased “micro-inter-
locks” (31). Indeed, further analysis of the morphology of
calcium deposits in aortic root sections by quantitative histo-
chemistry analyses confirmed that teriparatide treatment was
associated with a reduction in MSA despite similar levels of
total calcification. Decreased MSA of calcified deposits in
atherosclerotic lesions has important biomechanical signifi-
cance, as the extent of surface area corresponds with the degree
of mechanical compliance mismatch, which increases risk of
plaque rupture (1, 25).

Our findings demonstrate that teriparatide reduced 18F up-
take without affecting the progression of calcification seen on
microCT. This suggests that teriparatide promoted growth
preferentially at sites of existing calcium deposits, which, if
juxtaposed, would have coalesced into larger deposits, thereby
reducing their surface area. In contrast, the spontaneous calci-
fication in controls may have arisen at random sites, leading to
increased surface area and 18F uptake. It is also possible that
teriparatide has a direct effect on plaque inflammation, which
has been linked to ectopic calcification. Although chronically
elevated serum PTH levels have been associated with increased
inflammatory markers (9), the effects of teriparatide on inflam-
mation are largely unknown. In addition, on the basis of our
findings, we would speculate that, in younger mice, teriparatide
may not have the same effect because calcium deposits may be
too sparsely situated for coalescence.

In bone, teriparatide has been shown to promote collagen
synthesis, as transient exposure to PTH increases synthesis of

collagen type I in cultured osteoblasts (8), and teriparatide
treatment increases collagen deposition in bone in rats (49). As
an incidental finding, teriparatide (PTH400) treatment was
associated with greater collagen deposition in the LV wall,
suggesting that treatment may induce myocardial fibrosis.
Indeed, our histochemical analyses revealed increased
!-smooth muscle actin staining in the areas of collagen depo-
sition, supporting increased myofibroblastic activation, with no
evidence of adjacent osteogenic activity. The mechanisms by
which teriparatide exerts this effect may be mediated by the
cAMP pathway, which promotes cardiomyocyte necrosis from
increased myocardial uptake of calcium that depresses mito-
chondrial respiration and oxidative phosphorylation (5, 6, 59).
Such cardiomyocyte necrosis induced by activation of the
cAMP pathway has been shown to stimulate both fibroblast
proliferation and collagen production (3). In addition, although
calcification progressed similarly in both control and teripa-
ratide-treated groups, we cannot rule out the possibility that the
increased myocardial fibrosis is secondary to valve dysfunc-
tion.

Despite the increased collagen deposition in the LV wall, we
did not detect a significant difference in LV systolic function
between PBS- and PTH400-treated groups by echocardiogra-
phy although the analysis only had enough statistical power to
detect a large change. Prior studies have demonstrated that
PTH increases cardiomyocyte contractility in rodents (51, 58).
However, in a small study of postmenopausal women (42),
teriparatide treatment was associated with a mild decrease in

Fig. 4. Location of calcium deposits and
effect of baseline calcium mineral on pro-
gression. A: representative three-dimen-
sional reconstruction of light-sheet fluores-
cence microscopic images showing calcium
deposits in the aortic root and arch. The
vertical dimension was ~1 cm. B and C:
two-dimensional raw data of the distribution
of calcium mineral in the aortic root (B) as
well as the aortic valve, lesser curvature of
the arch, and innominate artery (C). Aortic
valve cusps are indicated by yellow ar-
rows. Green pseudocolor indicates values
" 76% of background tissue autofluores-
cence. D: correlation between the baseline
degree of calcification and progression
over the 4.5-wk treatment (Tx) period in
the aortic root, arch, and great vessels
(Pre-Tx calcium) in mice from both initial
and followup cohorts. MicroCT, micro-
computed tomography; vHU, volumetric
calcium deposition.
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LV fractional shortening. Nonetheless, given the established
relationship between ventricular fibrosis and ventricular ar-
rhythmias (39), further studies of the effects of teriparatide on
myocardial function and fibrosis are warranted.

Some limitations of this study warrant discussion. First,
because the echocardiographic analysis was added after our
incidental finding of myocardial fibrosis, the sample size was
small relative to the variance of the parameters. Further studies
are needed to address the question of the effects of teriparatide
on cardiac function. Second, because of the lack of diastolic
function assessment in our study, whether LV diastolic func-
tion was affected by the increased collagen deposition seen in
the treatment group is not clear. Additionally, despite some
loss of animals during the aging protocol limiting group size,
the numbers were comparable with those used in prior studies
of vascular disease in aged mice (10, 48, 54). More impor-

tantly, because of our ability to perform serial imaging in each
animal, we were able to use paired statistical analyses, which
allowed us to demonstrate statistically significant differences in
our primary end points over the treatment period. Furthermore,
in the initial cohort, because of technical reasons, mice were
scanned in different microCT scanners for the pretreatment and
posttreatment images. Although this could introduce errors,
corrective steps, as described in MATERIALS AND METHODS, were
taken to ensure comparability of the data. Indeed, the results
obtained from the followup cohort, where the same microCT
scanner was used for both pretreatment and posttreatment
images, showed the same trends as the initial cohort.

Our findings have clinical importance given the complex
metabolic interactions between the cardiovascular and skeletal
systems. Although most postmenopausal women with osteo-
porosis have ectopic calcification, especially in the aorta (13),

Fig. 5. Effects of teriparatide on collagen deposition in the left ventricular (LV) myocardium. A: quantitative analysis of collagen deposition by trichrome-positive
area (normalized to total tissue area) in the LV myocardium of mice (from both cohorts) treated with PBS (n ! 9) or 400 "g/kg teriparatide (PTH400; n ! 11).
B: representative images of transverse sections stained for collagen (blue) by Masson trichrome stain showing interstitial fibrosis in the PTH400-treated group.
Scale bar ! 200 "m. C: representative images of transverse sections of a mouse in the PTH400-treated group. Scale bar ! 200 "m. Statistical analysis was
performed using a two-tailed Student’s t-test.
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many of the osteoporosis treatment regimens, such as calcium
and vitamin D supplements and hormone-replacement therapy,
may conceivably aggravate extraskeletal calcification (60).
Until recently, teriparatide was the only bone anabolic therapy
available to these patients. However, with the recent Federal
Drug Administration approval of abaloparatide, a PTH-related
protein analog, to treat postmenopausal osteoporosis, it is
increasingly important to understand the potential effects of
these anabolic agents on preexisting ectopic calcification. In
the major clinical trials (19, 35, 40) evaluating the efficacy of
teriparatide on osteoporosis, there were no comments on car-
diac fibrosis, and it was not systematically assessed in these
trials. In the present study, our results raise the possibility that,
although teriparatide does not reverse or attenuate the progres-
sion of preexisting vascular calcification, it may modify the
morphology of calcified deposits by promoting fusion and
coalescence of small deposits into fewer large ones. This effect
may be beneficial in calcific atherosclerosis, specifically pos-
sible plaque stabilization through reduction of the size of the
areas subject to rupture attributable to compliance mismatch.

In conclusion, the increase in overall aortic calcium mineral
content in all groups suggests that teriparatide does not stop the
progression or cause regression of preexisting aortic calcifica-
tion. Meanwhile, on serial in vivo microPET imaging, although
18F uptake increased significantly in the control group, uptake
decreased significantly in the teriparatide-treated group. The
decreased MSA of calcified deposits in this latter group further
suggests a possible effect of teriparatide on stability of calcific
atherosclerotic plaque.
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Abstract 

Biomechanical forces and endothelial-to-mesenchymal transition 

(EndoMT) are known to mediate cardiac valvulogenesis. However, the relative 

contributions of myocardial contractile and hemodynamic shear forces remain 

poorly understood. We hypothesized that increased myocardial contractility and 

wall shear stress (WSS) promote valve formation in the developing outflow tract 

(OFT) by inducing Notch-mediated EndoMT. Integrating 4-D light-sheet imaging 

with moving-domain computational fluid dynamic modeling, we assessed the 

effects of hemodynamic modulation on ventriculobulbar (VB) valve development 

in the OFT of transgenic Tg(fli1a:GFP) zebrafish embryos, in which the 

endothelial and endocardial cells are fluorescently labeled, thereby allowing for 

visualization of the valve leaflets and the vasculature.  To modulate cardiac 

hemodynamics pharmacologically, we treated embryos with a selective b1-

receptor antagonist to reduce heart rate (metoprolol tartrate), a myosin inhibitor 

to decrease myocardial contractility (2,3-butanedione monoxime [BDM]), or a 

non-selective b-receptor agonist to increase myocardial contractility 

(isoproterenol). Further, we performed the following genetic modifications: 1) 

Gata1a MO injection to reduce hematopoiesis and subsequent blood viscosity 

and WSS, 2) EPO mRNA injection to increase erythropoiesis, viscosity, and 

WSS, 3) NICD mRNA micro-injections to induce Notch activity, 4) PLCg1 MO 

injection to inhibit ventricular contractility alone, and 5) Tnnt2a MO injection to 

inhibit both atrial and ventricular contractility. Augmentation of contractility and 
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WSS with isoproterenol resulted in VB valve hyperplasia, accompanied by an 

increase in Notch1b activity in the OFT of transgenic Tg(tp1:GFP) embryos, a 

Notch-signaling reporter line.  Increasing WSS in the OFT with EPO mRNA 

micro-injection also resulted in increased Notch1b activity and VB valve 

hyperplasia. Upregulation of Notch activity with NICD mRNA micro-injection 

produced similar findings. Conversely, decreasing myocardial contractility with 

BDM treatment, Tnnt2a MO, or Plcg1 MO micro-injection completely blocked VB 

valve formation, which could not be rescued by activating Notch. Decreasing 

WSS in the OFT without altering contractility, achieved by slowing heart rate with 

metoprolol or reducing viscosity with Gata1a MO, did not affect VB valve 

formation. Immunofluorescent staining with the mesenchymal marker, DM-

GRASP, showed increased EndoMT in the OFT of isoproterenol and EPO 

mRNA-treated embryos, and absence of EndoMT in BDM-treated embryos. In 

vitro flow experiments confirmed that increased WSS promotes the upregulation 

of mesenchymal genes (COL1A1, ACTA2, FSP1). Thus, biomechanical forces 

activate Notch1b signaling in the OFT accompanied by VB valve development. 

Increases in contractility and WSS result in Notch1b-mediated VB valve 

hyperplasia via EndoMT, whereas decreased contractility and WSS result in 

decreased Notch1b activity and VB valve underdevelopment in the absence of 

EndoMT. We provide developmental mechanotransduction mechanisms 

underlying Notch1b-mediated EndoMT in VB valve development. 
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Introduction 

Cardiac valve development is a critical step in the initiation of an efficient 

unidirectional flow system.1 Abnormalities of cardiac valves, including bicuspid 

aortic valves, aortic stenosis, and pulmonic stenosis, are frequently seen in 

congenital heart disease, affecting up to 2% of live births.2 Valve formation is 

known to be initiated by endocardial cushion formation and an endothelial-to-

mesenchymal transition (EndoMT), followed by valvular cell proliferation and 

subsequent remodeling of the valvular leaflets.3 In addition to genetic factors, 

these events are tightly regulated by epigenetic cues, particularly biomechanical 

forces imparted by hemodynamic shear stress and myocardial contraction.4–6 

Fluid flow reversal has been identified as a key hemodynamic factor that 

activates the mechanosensitive gene klf2a, a transcription factor in the Krüppel-

like factor (Klf) family.7 Fluid flow, rather than myocardial contractility, is 

considered to regulate the development of atrioventricular (AV) valves,6 whereas 

myocardial contractility was reported as the key factor in an earlier study, 

underscoring the challenge of uncoupling the fluid and solid mechanical forces 

acting on valve leaflet development. 

While technical limitations hamper the evaluation of these biomechanical 

forces in mammalian development, zebrafish (Danio rerio) embryos, with their 

optical transparency and short developmental time, have proven to be a 

genetically tractable model for mechanotransduction studies of cardiac 

valvulogenesis.8 Of its two cardiac valves, the AV valve has been the most 
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studied, and the ventriculobulbar (VB) valve, which forms between the ventricle 

and the bulbus arteriosus and is analogous to the human aortic valve, has 

received less attention. These valves are structurally similar to mammalian 

valves, and the developmental cellular events of valvulogenesis are largely 

conserved among species.1 Previous studies have focused on the role of fluid 

shear stress in valve development; however, there remains a paucity of data 

elucidating the relative importance of contractile and hemodynamic shear forces 

in the outflow tract (OFT) of the developing zebrafish embryo,5,9  and the 

downstream signaling pathways and effects on VB valve development remain 

largely unknown.   

One target of mechano-signaling in the OFT is the Notch pathway, which 

is highly conserved and regulates developmental events, including cell-fate 

specification, cell proliferation, and apoptosis.10 During cardiovascular 

development, Notch signaling is known to mediate the process of EndoMT11,12 

and ventricular chamber development,13 and mutations in the Notch pathway 

cause defects of the aortic valve and myocardial trabeculation.10,14–17 Changes in 

hemodynamic forces, such as low shear or disturbed flow, induce differential 

expression of endothelial Notch signaling genes.18 Additionally, myocardial 

contractile forces have been shown to activate endocardial Notch signaling in the 

developing zebrafish heart.19 In this context, we have sought to assess how 

alterations in myocardial contractile versus hemodynamic shear forces regulate 

Notch-mediated VB valve morphology.  
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In the present study, we used a custom-designed, four-dimensional (4-D), 

light-sheet fluorescence microscopy imaging system (selective plane illumination 

microscopy, SPIM) to image transgenic zebrafish lines in vivo (Fig. 3.1).17,20,21 

These images were coupled with moving-domain computational fluid dynamic 

(CFD) modeling20,22,23 to quantify the relative importance of contractile versus 

hemodynamic shear forces to activate Notch1b-EndoMT signaling and mediate 

VB valve morphogenesis.  
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Figure 3.1. 4-D light-sheet imaging of zebrafish embryos for assessment of 

myocardial contractility and valvular morphology. (A) Schematic diagram and (B) 

photograph of the orthogonal optical pathway for single-sided illumination and 

dual-channel detection of the sample. (C) Outline of cardiac anatomy 

superimposed on a brightfield image from a zebrafish embryo at 5 dpf indicating 

orientation of the inflow (IFT) and outflow tracts (OFT) (red arrows). (D) 

Schematic diagram of the embryonic heart (coronal section) highlighting the 

atrioventricular (AV) and ventriculobulbar (VB) valves, atrium, ventricle, OFT, and 

bulbus arteriosus (BA). (E-F) Light-sheet fluorescence microscopy image of the 

Tg(fli1a:GFP) zebrafish embryonic heart at 5 dpf, showing (E) the open VB valve 

during systole and (F) the open AV valve during diastole. (G) 3-D reconstruction 
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of the embryonic heart during systole with VB and AV valves in red and orange, 

respectively. 

 

Materials and Methods 

Zebrafish Maintenance 

Adult zebrafish were raised in the aquarium system located in the vivarium 

of the University of California, Los Angeles. Fish were maintained with filtered 

fresh water under 14:10 hour light:dark schedule. Embryos from the zebrafish 

were transferred to a Petri dish and incubated at 28.5oC. To maintain 

transparency of embryos, the medium was supplemented with 0.003% 

phenylthiourea (PTU) to suppress pigment formation. 

 

Transgenic and Mutant Zebrafish Lines 

The following transgenic zebrafish lines were used: Tg(fli1a:GFP), 

Tg(gata1:dsRed), Tg(tp1:GFP), and Tg(cmlc:mCherry). The fli1a promoter-driven 

enhanced green fluorescent protein (GFP) is expressed predominantly in 

vascular endothelial and endocardial cells, allowing for visualization of the 

cardiac valve leaflets as well as the vasculature. Gata1 is an erythroid-specific 

transcription factor allowing for visualization of blood cells with red fluorescent 

protein. The tp1 (Epstein-Barr Virus terminal protein 1) transgenic zebrafish 

belong to a Notch reporter line containing two RbpJҡ binding sites for Notch 

intracellular domain (NICD), thereby reporting regional Notch1b activation.24 We 
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also used the clochesk4 (cloche) mutant zebrafish line, in which the endocardium 

is absent.25  

 

Chemical Treatment and Genetic Manipulation to Modulate Cardiac 

Hemodynamics.  

At 24 hpf, isoproterenol hydrochloride (Sigma-Aldrich; 100 μM) was 

applied to E3 medium to increase heart rate and contractility,26 while metoprolol 

tartrate (Sigma-Aldrich; 100 μM) or 2,3-butanedione monoxime (BDM, Sigma-

Aldrich; 10 mM) were applied to reduce heart rate and contractility.5 Morpholino 

oligonucleotides (MO; GeneTools) were designed against the ATG of Gata1a (5′-

CTG- CAAGTGTAGTATTGAAGATGTC-3′), Tnnt2a (5′-CGCGTGGA- 

CAGATTCAAGAGCCCTC-3′), and Plcg1 (5’-AGAGCGTCCTCCTGA 

CCTTGATGAG-3’). The morpholinos were resuspended in nuclease-free water 

and injected at 8 ng/nl, 4 ng/nl, and 2 ng/nl, respectively, at 1- to 2-cell stages. 

Gata1a is a transcription factor that is essential for erythroid differentiation, and 

microinjection of embryonic zebrafish with Gata1a MO has been shown to reduce 

hematopoiesis and viscosity by 90%.27,28 Microinjection with Tnnt2a MO inhibits 

the expression of cardiac troponin T (Tnnt2a), resulting in a non-contractile 

atrium and ventricle.29 Microinjection with Plcg1 MO recapitulates the dead beat 

mutation, resulting in selective inhibition of ventricular myocardial contractility.30 

EPO mRNA (20 pg/nl) was injected at the 1-cell stage to increase blood viscosity 

by increasing hematopoiesis.31 NICD mRNA was injected at the 1-cell stage to 
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promote the ectopic overexpression of Notch signaling, as previously 

described.32 DAPT (Sigma-Aldrich; 100 μM), a gamma-secretase inhibitor that 

inhibits the cleavage of NICD from the Notch receptor, was diluted in 1% DMSO 

and added to E3 medium to inhibit Notch signaling at 24-72 hpf.17 

 

4-D Cardiac SPIM Imaging 

 To visualize the dynamic cardiac architecture and valvular leaflet 

morphology and motion, we integrated our in-house 4-D SPIM imaging system 

(Fig. 3.1) with post-processing synchronization, as previously described.17 

Briefly, using the SPIM technique, we scanned approximately 50 sections from 

the rostral to the caudal end of the zebrafish heart. Each section was captured 

with 50 lateral (or cross-sectional) planes at 10-ms exposure/frame via a sCMOS 

camera (Hamamatsu, Flash 4.0). The thickness of the light sheet was tuned to 

approximately 1 μm to provide a high axial resolution for adequate reconstruction 

of the 3-D cardiac morphology, and the axial scanning was set to 2 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 

ventricular volume during peak systole to the largest ventricular volume during 

end diastole.33,34 Reconstructed 4-D images were processed using Amira 

software (FEI; Berlin, Germany). To measure the VB valve leaflet volume, a 3-D 
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image stack was selected in mid-systole with the VB valve open, and the 

volumes of the leaflets were measured from base to tip. 

 

Cardiac Hemodynamic Measurements 

Based on SPIM-derived images with a non-gated, 4-D synchronization 

computational algorithm, the end-systolic volume (ESV) and end-diastolic volume 

(EDV) were measured at 56 hpf using Amira software. The ejection fraction (EF) 

was calculated as: (EDV – ESV) / EDV x 100. The stroke volume was calculated 

as: EDV – ESV. Heart rate (HR) was measured by counting the number of heart 

beats over a 15 second period. 

 

Moving-domain Computational Fluid Dynamic (CFD) Modeling 

 Moving domain CFD modeling of zebrafish embryos was used as 

described previously.22,23 Briefly, the individual developmental stages were 

captured using SPIM technique, and video frames were processed using ImageJ 

(National Institute of Health, Bethesda, MD). A custom program written in Matlab 

(Mathworks Inc., Natick, MA) was then used to create 2-D segmentations of the 

endocardial boundary and an unstructured mesh representing the blood volume. 

Points were selected on the image to trace the boundary of the endocardium, 

and then the MMG2D software35 was used to create a point cloud. A Delaunay 

triangulation algorithm was then used to generate an unstructured triangulated 

mesh. The segmentation step was performed with the heart at end-systole. A 
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non-rigid, deformable image registration technique was used to extract the 

motion of the endocardial boundary.23,36,37 Using this approach, a source image 

(e.g., at end-systole) was registered to a target image (e.g., at end-diastole) by 

minimizing a similarity function, and a cubic B-spline transformation was used to 

deform the control points on the source image during registration. A Laplacian 

based smoothing operator weighted by a regularization coefficient was added to 

the similarity function to ensure that the deformations were smooth and non-

intersecting. These computed deformations were then used to morph the initial 

segmented endocardium boundary and the process was repeated sequentially 

for all images throughout the cardiac cycle. Based on the wall motion determined 

by image registration over the cardiac cycle, the triangulated mesh was deformed 

accordingly during the CFD simulation as described below. 

We modeled blood flow in a moving domain as an incompressible and 

Newtonian fluid governed by the Navier-Stokes equation written in arbitrary 

Lagrangian-Eulerian (ALE) formulation as: 

𝜌 #
𝜕�̅�
𝜕𝑡 +

(�̅� − 𝑣+). ∇�̅�/ = −∇𝑝 + 2𝜇∇4�̅� 

∇. �̅� = 0, 

where, �̅� and p are the fluid velocity and pressure, respectively, 𝑣+ is the 

endocardial wall velocity, and 𝜌 and 𝜇 are the fluid density and viscosity, 

respectively. We solved the above equations using the open source svFSI solver 

from the SimVascular project, a parallelized finite element solver that employs 

stabilized linear finite elements for spatial discretization, the stable and second 



 

 

50 

order accurate generalized-a method for time integration, and a modified 

Newton-Raphson method for the linearization of the nonlinear Navier-Stokes 

equation  . The solver has been thoroughly validated22,39 and was earlier 

employed to simulate cardiac hemodynamics in zebrafish embryos22,23 and in 

studies of congenital heart disease in humans.40 The velocities were previously 

validated with velocities of red blood cell flow obtained via particle imaging 

velocimetry (PIV).22 The computed velocity field was then post-processed to 

extract WSS defined as: 

𝑊𝑆𝑆 ∶= �̅�; = �̅�< − (𝜏<̅. 𝑛+)𝑛+ 

where, 𝜏<̅ = 𝜇∇>�̅�𝑛+ ≝ 𝜇(∇�̅� + (∇�̅�)@)𝑛+ is the stress vector aligned along the axis 

normal to the endocardium boundary with a unit normal 𝑛+. We then computed 

WSS-derived metrics including, (a) time-averaged WSS (TAWSS), which is WSS 

averaged over the entire cardiac cycle; (b) oscillatory shear index (OSI), which 

indicates the change in the direction of the shear vector during the cardiac cycle; 

(c) time-averaged WSS gradients (TAWSSG), which captures the spatial 

variation of WSS along the endocardial surface; and (d) fluctuatory wall shear 

stress (FWSS), which determines the dynamic range of the WSS magnitude 

experienced by the endocardial layer during the cardiac cycle. The mathematical 

expressions for these quantities are given below: 

𝑇𝐴𝑊𝑆𝑆 =
1
𝑇D
E |𝜏;̅|	𝑑t
JK@L

M
		,			𝑂𝑆𝐼 =

1
2P1 −

Q∫ �̅�;	𝑑𝑡
JK@L
J Q
𝑇𝐴𝑊𝑆𝑆 S, 

𝑊𝑆𝑆𝐺 ∶= �̅�′; = �̅�′< − (�̅�′<. 𝑛+)𝑛+			,					𝐹𝑊𝑆𝑆 = (maxZ[[ − minZ[[),	 
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where, 𝜏̅′< = ∇𝜏;̅𝑛+ and Tc is the cardiac cycle duration. For this study, we 

computed the parameters only in the OFT region and the remaining ventricular 

surface was ignored. 

 

Localization and Quantification of Notch1b Activity  

 The Tg(tp1:GFP) Notch reporter line was used to visualize and quantify 

endocardial Notch1b signaling. At 3 dpf, embryos exposed to the indicated 

treatments were randomly selected to image cardiac Notch1b activity using either 

confocal microscopy (Zeiss) or SPIM. Confocal images of Notch1b activity and 

the endocardial/endothelial layers were acquired at 2 μm intervals in the Z-axis 

and superimposed to visualize the distribution and intensity of Notch1b signaling. 

SPIM-derived images were reconstructed into 3-D images using Amira software, 

and the mean intensity of the GFP signal was measured in the OFT. To account 

for variations in GFP signal intensities between samples, each OFT mean 

intensity was normalized to the mean GFP intensity of the ventricle from the 

same embryo. 

 

In vitro Pulsatile Flow Exposure 

Human umbilical vein cells (HUVEC) were plated on glass slides and 

grown in endothelial cell growth media (Cell Applications) supplemented with 5% 

FBS (Geneclone) and 1% penicillin-streptomycin (Thermo Scientific) until 

reaching approximately 80% confluency. A monolayer of HUVEC was then 
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subjected to two different flow conditions at 1 Hz for 4 hours as previously 

described41: (i) static control with no flow state, and (ii) pulsatile shear stress 

(PSS; time-averaged shear stress of 23 dyne∙cm-2 accompanied by stress slew 

rate ∂τ/∂t = 71 dyne∙cm-2 s -1). During flow exposure, HUVEC were maintained in 

low glucose DMEM culture medium (Thermo Scientific) supplemented with 1% 

FBS and 1% penicillin-streptomycin at 37°C.  

 

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

Notch signaling-related gene expression with and without PSS exposure 

were assessed by qRT-PCR. Following the manufacturer’s instruction, total RNA 

from HUVEC were isolated using the Total RNA Mini Kit (BioRad), and reverse 

transcribed to complementary DNA (cDNA) using the iScript cDNA synthesis kit 

(BioRad). PCR amplification was performed with the iScript RTPCR kit with 

SYBR Green (BioRad). The individual mRNA expression patterns were 

normalized to actin expression. The primer sequences for each gene can be 

found in Table 3.1.  
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Table 3.1. Primer sequences for qRT-PCR. 

 

Gene Sequence 

ACTB  

(ß-actin) 

Forward: ACCCACACTGTGCCCATCTAC 

Reverse: TCGGTGAGGATCTTCATGAGG 

DLL4 Forward: CGACAGGTGCAGGTGTAGC 

Reverse: TACTTGTGATGAGGGCTGGG 

HES1 Forward: TGAGCCAGCTGAAAACACTG 

Reverse: GTGCGCACCTCGGTATTAAC 

HEY1 Forward: GTTCGGCTCTAGGTTCCATGT 

Reverse: CGTCGGCGCTTCTCAATTATTC 

HEY2 Forward: GTACCATCCAGCAGTGCATC 

Reverse: AGAGAATTCAGTCAGGGCATTT 

JAG1 Forward: CAAAGTGTGCCTCAAGGAGTATCAGTCC 

Reverse: GAAAGGCAGCACGATGCGGTTG 

CD31 Forward: ATTGCAGTGGTTATCATCGGAGTG 

Reverse: CTCGTTGTTGGAGTTCAGAAGTGG 

CDH5      

(VE-cadherin) 

Forward: AACTTCCCCTTCTTCACCC  

Reverse: AAAGGCTGCTGGAAAATG  

ACTA2 Forward: AGGCGGTGCTGTCTCTCTAT 

Reverse: GACATTGTGGGTGACACCAT 

COL1A1 Forward: ACATGTTCAGCTTTGTGGACC 

Reverse: CATGGTACCTGAGGCCGTTC 

FN1 

(Fibronectin) 

Forward: CTGGGATGCTCCTGCTGTCAC 

Reverse: CTGTTTGATCTGGACCTGCAG 

FSP1 Forward: TTGGGGAAAAG GACAGATGAAG 

Reverse: TGAAGGAGCCAGGGTGGAAAAA 
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Whole Mount Fluorescence Immunostaining 

 At 4 dpf, whole mount zebrafish embryos were immunostained with mouse 

monoclonal antibodies against Zn5 and Zn8 (1:10; Developmental Studies 

Hybridoma Bank), which recognizes the cell-surface adhesion molecule DM-

GRASP, with Alexa Fluor 488-conjugated anti-mouse IgG antibody (1:200, 

Abcam) as the secondary antibody. Samples were stained with DAPI (1:3000) for 

nuclear visualization, and immunostained samples were imaged by confocal 

microscopy (TCS SP8, Leica Microsystems), using a 20X objective.   

 

Statistical Analysis 

All values are expressed as means ± SD unless otherwise indicated. 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 Dunnett procedure. A p value of <0.05 was deemed to be 

statistically significant.    

 

Study Approval 

All experiments with zebrafish were performed in compliance with the 

approval of a UCLA Institutional Animal Care and Use Committee (IACUC) 

protocol. 
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Results  

Effects of Hemodynamic Modulation on Cardiac Structure and Function 

To modulate cardiac hemodynamic shear force, we treated embryos with 

a selective b1-receptor antagonist to reduce HR (metoprolol tartrate), a myosin 

inhibitor to decrease myocardial contractility and subsequent HR (2,3-

butanedione monoxime [BDM]), or a non-selective b-receptor agonist to increase 

myocardial contractility (isoproterenol), starting at 24 hours post fertilization (hpf). 

Embryos treated with metoprolol and isoproterenol showed no gross 

abnormalities in cardiac morphology at 48 hpf (Fig. 3.2 A-B & D), whereas those 

treated with BDM showed significant accumulation of pre-cardial fluid (edema), 

associated with pooling of red blood cells in the sinus venosus (Fig. 3.2 C). Both 

metoprolol and BDM reduced the mean HR by 27.4% and 48.4%, respectively 

(Fig. 3.2 E), whereas isoproterenol increased mean HR by 7.5%. PLCg1 MO 

injection reduced mean HR by 56.3%, though notably there was only atrial 

contraction (no ventricular contraction) present in this group. Tnnt2a MO injection 

resulted in no heartbeat. EPO mRNA and Gata1a MO injections reduced the 

mean heart rates by 15.9% and 12.7%, respectively.  
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Figure 3.2. Effects of pharmacological interventions and genetic modification on 

cardiac hemodynamics in zebrafish embryos. (A-D) Brightfield microscopic 

images (2X magnification) of Tg(fli1a:GFP) zebrafish embryos treated with (A) 

control vehicle, (B) metoprolol, (C) 2,3-butanedione monoxime (BDM), and (D) 

isoproterenol-treated zebrafish embryos at 48 hpf. Pre-cardial edema 

(arrowhead) with pooling of red blood cells in the sinus venosus is seen in the 

BDM-treated embryo (arrow). Scale bar, 1 mm. Insets in (A-D) show 10X 

magnification images of the respective embryonic hearts (Scale bar, 100 μm). (E) 

Heart rates at 48 hpf in response to pharmacological and genetic manipulations 

(n = 10 for all groups except n = 6 for PLCg1 MO and Tnnt2a MO groups). Data 

are presented as means ± SD; *p < 0.05,†p < 0.01, ‡p<0.0001 vs. Control; one-

way ANOVA with Dunnett’s multiple comparisons test. 
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We determined ventricular ejection fraction (EF) using 4-D SPIM-acquired 

imaging (Table 3.2; n = 4 per group), which was considered a measure of 

ventricular contractility in this study.  Results showed that 1) metoprolol had no 

significant effect on EF (71 ± 5% vs. control at 74 ± 4%, p = 0.98), 2) BDM 

significantly decreased EF (55 ± 8%, p = 0.001 vs. control), and 3) isoproterenol 

significantly increased EF (89 ± 4%, p = 0.01 vs. control).  The end-systolic 

volume (ESV) was smaller in the isoproterenol group, and the stroke volume was 

lower in the BDM group (p = 0.04 vs. control). Altogether, these results indicate 

that isoproterenol and BDM impact myocardial contractility, while metoprolol did 

not significantly affect contractility.  

 

Table 3.2: Effects of pharmacological treatments and genetic modifications on 

ventricular hemodynamics. 

Treatment 
Group 

EDV (105 µl) ESV (105 µl) Stroke Volume      
(105 µl) 

Ventricular 
Ejection 

Fraction (%) 
Control 4.0 ± 0.8 1.1 ± 0.3 2.9 ± 0.5 74 ± 4 
Isoproterenol 3.0 ± 0.7 0.3 ± 0.1* 2.7 ± 0.7 89 ± 4* 
Metoprolol 3.6 ± 1.6 1.0 ± 0.3 2.6 ± 1.3 71 ± 5 
BDM 2.0 ± 0.7 0.9 ± 0.4 1.1 ± 0.4* 55 ± 8 
Gata1a MO 2.9 ± 2.2 0.6 ± 0.4 2.3 ± 1.8 77 ± 9 
EPO mRNA 3.6 ± 0.3  0.9 ± 0.1 2.7 ± 0.4 76 ± 4 
NICD mRNA 4.2 ± 1.3 0.9 ± 0.4 3.8 ± 0.8 79 ± 6  
Tnnt2a MO 1.2 ± 0.4† 1.2 ± 0.4 0‡ 0§ 
PLCg1 MO 0.7 ± 0.2‡ 0.6 ± 0.2† 0.09 ± 0.06‡ 13 ± 6§ 

 

Abbreviations: EDV, end-diastolic volume; ESV, end-systolic volume. n = 4 per group. 

*p<0.05, †p<0.01, ‡p<0.001, §p<0.0001 compared to Control group.  
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Further, we performed the following genetic modifications: 1) Gata1a MO 

injection to reduce hematopoiesis and subsequent blood viscosity and wall shear 

stress (WSS), 2) EPO mRNA injection to increase erythropoiesis, viscosity, and 

WSS, 3) NICD mRNA micro-injections to induce Notch activity, 4) PLCg1 MO 

injection to inhibit ventricular contractility alone, and 5) Tnnt2a MO injection to 

inhibit atrial and ventricular contractility. The Gata1a MO, EPO mRNA, and NICD 

mRNA groups demonstrated similar contractility to the control group (Table 3.2). 

Meanwhile, as expected, the PLCg1 MO and Tnnt2a MO groups demonstrated 

significantly reduced stroke volumes and contractility compared to the control 

group.  

 

Effects of Hemodynamic Modulation on Shear Forces in the Outflow Tract 

Intraventricular velocity streamlines (Fig. 3.3) and endocardial WSS 

parameters at 56 hpf (Fig. 3.4, 3.5) were reconstructed by time-dependent CFD 

simulation22,23 with the moving-domain based on SPIM-derived 4-D images. 

Effects of isoproterenol, metoprolol, and BDM treatments (n = 5 per group; Fig. 

3.4 C-D), as well as EPO mRNA and Gata1a MO micro-injections, on changes in 

velocity (U) were compared in the ventricles and OFT of embryonic hearts (Fig. 

3.4 A-B). WSS was averaged over one cardiac cycle to calculate the time-

averaged WSS (TAWSS) in the OFT (Fig. 3.4 E). Compared with controls, 

isoproterenol increased, but metoprolol and BDM decreased, time-averaged 

WSS (n = 5 per group, p < 0.0001 for isoproterenol, p = 0.0009 for metoprolol, p 
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= 0.0002 for BDM; Fig. 3.4 F). Additionally, as EPO mRNA injection increases 

hematocrit and thereby increases blood viscosity, this treatment increased 

TAWSS (p = 0.01), while Gata1a MO, which reduces blood viscosity by inhibiting 

blood cell production, significantly reduced TAWSS (p < 0.0001). We further 

assessed fluctuatory WSS (FWSS), time-averaged WSS gradient (TAWSSG), 

and oscillatory shear index (OSI) in the OFT for each of these treatment groups 

(Fig. 3.5). While the trends in both FWSS and TAWSSG were similar to those 

observed in TAWSS, there were no significant differences in OSI in response to 

any of the treatments. Taken together, isoproterenol augmented TAWSS and 

FWSS in the OFT, whereas metoprolol, BDM, and Gata1a MO injection 

decreased TAWSS and TAWSSG. 
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Figure 3.3. Velocity streamlines within the embryonic zebrafish ventricle. 

Moving-domain CFD was used to analyze images obtained from the light-sheet 

fluorescence microscopic imaging system and to model velocity streamlines 

within the zebrafish ventricle at early diastole (top row), late diastole (middle 

row), and mid systole (bottom row) of the cardiac cycle for control, isoproterenol, 

metoprolol, and BDM-treated embryos, and EPO mRNA and Gata1a MO injected 

embryos, at 56 hpf. The outflow tract (OFT) is depicted by the black arrowhead, 

and the direction of blood flow is depicted by the red arrows. The figures shown 

are from representative samples from each group, with n=5 per group. 
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Figure 3.4. Moving-domain 2-D CFD quantification of velocities and wall shear 

stress in the developing OFT.  (A-B) Velocity (U) profiles during (A) diastole and 

(B) systole of a Control embryo at 56 hpf. (C) Representative average velocities 

in the OFT of embryos at 56 hpf. (D) Average OFT velocities in the various 

treatment groups (n = 5 per group). (E) Representative endocardial border 

profiles of the time-averaged WSS (TAWSS) in the OFT of Tg(fli1a:GFP) 

embryos at 56 hpf, where (A) and (V) label the atria and ventricles. (F) 

Comparison of the TAWSS among the treatment groups (n = 5 per group). Data 

are represented as means ± SD (*p<0.05, †p<0.01, ‡p<0.001, §p<0.0001; one-

way ANOVA with Dunnett’s multiple comparisons test).  
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Figure 3.5: Moving-domain 2-D CFD assessment of wall shear stress properties 

within the developing OFT. Comparisons of the (A) FWSS, (B) TAWSSG, and 

(C) OSI between the treatment groups (n = 5 per group). Data are represented 

as means ± SD; *p<0.05, †p<0.01, ‡p<0.001, one-way ANOVA with Dunnett’s 

multiple comparisons test.  
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Effects of Contractile Force Modulation on Valve Leaflet Morphology 

To determine whether cardiac contractile force modulates VB valve leaflet 

morphology, we treated the embryos with pharmacological modifications. SPIM 

imaging revealed that control and p53 MO-injected embryos developed normal 

VB valves by 5 dpf (Fig. 3.6 A-B). Metoprolol (reduced TAWSS but normal 

myocardial contractility) had no effect on VB valve size (Fig. 3.6 C), whereas 

BDM treatment (reduced both TAWSS and myocardial contractility) resulted in 

absence of VB valve leaflets (Fig. 3.6 D). Tnnt2a MO injection (loss of 

myocardial contractility) resulted in an underdeveloped OFT and the absence of 

AV or VB valve leaflets (Fig. 3.6 E), Plcg1 MO injection (loss of ventricular 

contractility but preserved atrial contractility) led to similar findings (Fig. 3.7).  

Conversely, isoproterenol (increased TAWSS and increased myocardial 

contractility) resulted in elongated VB valve leaflets (Fig. 3.6 F).  Patency of the 

valve was demonstrated by imaging unidirectional flow of dsRed-labeled blood 

cells in Tg(gata1:dsRed) lines. Finally, depletion of the endocardial lining in the 

cloche mutant line resulted in the absence of VB valve leaflet formation (Fig. 

3.8). Thus, enhanced myocardial contractility and the resulting increase in 

TAWSS cause an increase in VB valve leaflet size, and reduced cardiac 

contractility inhibits VB valve formation. 
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Figure 3.6. Effects of changes in hemodynamic shear force on VB valve leaflet 

formation. Light-sheet fluorescence microscopic (LSFM) images of VB valves 

during ventricular systole and diastole at 5 dpf, with the corresponding outline of 

the endocardium/endothelium (with valve leaflets highlighted in red) in 

Tg(fli1a:GFP) zebrafish embryos.  (A) Control (untreated) embryo (B) Vehicle 

control p53 MO-injected embryo showing similar size of VB valvular leaflets. (C) 
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Metoprolol-treated embryo showing similar size of VB valvular leaflets despite 

reduction in heart rate. (D) BDM-treated embryo showing absence of VB valvular 

leaflets in response to significantly decreased heart rate and contractility. (E) 

Tnnt2a MO injected embryo showing absence of VB leaflets in response to 

complete inhibition of myocardial contractile forces. 3-D reconstruction at 5 dpf in 

a Tg(fli1a:GFP) zebrafish reveals an absence of cardiac looping accompanied by 

an underdeveloped OFT. The 2-D schematic outline delineates the endocardial 

borders. (F) Isoproterenol-treated embryo showing prominence of VB valvular 

leaflets in response to increased heart rate and contractility. (G) EPO mRNA 

injected embryo showing prominence of VB valve leaflets in response to 

increased blood viscosity with concomitant increase in shear stress. (H) NICD 

mRNA injected embryo showing enlarged VB valve leaflets. (I) Gata1a MO 

injected embryo showing normal leaflet morphology despite reductions in blood 

viscosity and endocardial shear stress. (J) Quantification of the VB valve leaflet 

volumes after 3-D reconstruction (n = 5 per group). Scale bar, 20 µm in all except 

50 µm in (E). Data are presented as means ± SD (‡ p < 0.001 and § p < 0.0001 

compared to respective controls; one-way ANOVA with Dunnett’s multiple 

comparisons test with respective control groups).  
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Figure 3.7: Microscopic images of zebrafish embryos showing inhibition of 

ventricular contractility with PLCg1 inhibition. Brightfield microscopic images 

(10X) at 48 hpf of (A) Control and (B) PLCg1 MO-injected embryos. Scale bar, 

100 μm. (C-D) Confocal microscopy of PLCg1 MO-injected transgenic 

Tg(tp1:GFP) embryos at (C) 3 dpf and (D) 4 dpf, demonstrating minimal Notch1b 

activity in the ventricle (v) and outflow tract (OFT). The atrium (a) and 

atrioventricular canal (AVC) are shown. Scale bar, 50 μm. (E) SPIM image of a 

PLCg1 MO-injected transgenic Tg(fli1a:GFP) embryo, demonstrating the 

endocardium of the embryonic heart. Notably, no valves are seen in the OFT or 

AVC. Scale bar, 50 μm.   
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Figure 3.8: Depletion of endocardial lining in the cloche mutant results in the 

absence of valvular structure. Brightfield and fluorescence microscopic images 

(2X) at 3 dpf of embryonic wild-type (A-B) and cloche mutants (C-D) that were 

crossed with transgenic Tg(fli1a:GFP) the zebrafish line. Cloche mutants 

developed marked pre-cardiac edema (red arrow in C). The fli1a reporter is 

present in the vascular endothelium and endocardium, and is notably absent in 

the cloche heart due to the absence of the endocardium. (E) Magnified (10X) 

image of the developing heart at 5 dpf, with visualization of the ventricle (v) and 

atrium (a) and absence of valvular structures. (F) Magnified (40X) brightfield 

image of the developing heart at 5 dpf, demonstrating an absence of cardiac 

looping, hypoplastic cardiac chambers, and an underdeveloped outflow tract 

(OFT). Scale bar, 25 μm.  
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Effects of Wall Shear Stress Modulation on Valve Leaflet Morphology 

To determine whether hemodynamic shear force modulates VB valve 

leaflets, we micro-injected EPO mRNA to increase erythropoiesis with resulting 

increases in viscosity and WSS.  Results showed increased VB valve leaflet 

volume, as quantified by 3-D reconstruction of SPIM-derived images, in the 

Tg(fli1a:GFP) line  (Fig. 3.6 G). The same enlargement occurred in response to 

NICD mRNA micro-injection (Fig. 3.6 H), which increased Notch activity in the 

Tg(tp1:GFP) Notch reporter line. However, VB valve leaflets were normal in size 

in response to Gata1a MO micro-injection (reduced hematopoiesis resulting in 

reduced blood viscosity) (Fig. 3.6 I). As a corollary, VB valve leaflet size 

increased significantly in response to isoproterenol and NICD mRNA (Fig. 3.6 J). 

Thus, augmented WSS promotes VB valve leaflet enlargement, whereas 

reduced WSS has no effect on leaflet size. 

 

Effects of hemodynamic modulation on Notch1b activity in the OFT 

 To demonstrate the role of contractile force-mediated Notch1b activity in 

VB valve morphogenesis, we assessed Notch1b signaling using tp1 expression 

as a reporter in transgenic Tg(tp1:GFP) embryos. Results showed Notch1b 

activity was prominent in both the OFT and atrioventricular canal (AVC) at 3 dpf 

(Fig. 3.9 A-B) and 4 dpf (Fig. 3.9 C-D). Notch1b activity in the OFT was 

significantly attenuated in response to BDM, DAPT (a γ-secretase inhibitor to 

inhibit cleavage of the Notch intracellular domain, NICD), and Tnnt2a MO micro-
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injection, as well as Plcg1 MO micro-injection (Fig. 3.7 C-D). Attempts to rescue 

VB valve leaflet formation in Tnnt2a MO-injected (Fig. 3.10 A), Plcg1 MO-injected 

(Fig. 3.10 B), or BDM-treated embryos (Fig. 3.10 C) with NICD mRNA injection 

to increase Notch signaling were unsuccessful. Attempts to rescue BDM-treated 

embryos by increasing blood viscosity with EPO mRNA injection were similarly 

unsuccessful, though this co-treatment results in 100% embryo lethality by 5 dpf.  
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Figure 3.9: Effects of changes in hemodynamic shear force on Notch1b activity 

in the developing OFT. Confocal microscopy images (maximum intensity 

projections) of the outflow tract (OFT) and AV canal (AVC) in the Tg(tp1:GFP) 

Notch1b-reporter zebrafish line at (A) 3 dpf and (C) 4 dpf with the indicated 

treatments. Scale bar, 50 µm. Notch1b activity was prominent in both the OFT 

and AVC in Control embryos. Notch1b activity was more prominent in the OFT in 

response to isoproterenol, as well as with increasing blood viscosity with EPO 

mRNA micro-injection and with upregulation of Notch activity with NICD mRNA 

micro-injection. Notch1b activity in the OFT was nearly absent in response to 

BDM and DAPT treatments. (B, D) 3-D quantification of the mean intensity of 
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Notch1b activity in the OFT (normalized to activity in the respective ventricle) at 

(B) 3 dpf and (D) 4 dpf was significantly higher with isoproterenol treatment and 

EPO mRNA injection, consistent with these groups having more prominent VB 

valvular leaflets. Additionally, Notch1b activity in the OFT was significantly lower 

with BDM and DAPT treatments (n = 5 per group). Data are presented as means 

± SD; *p<0.05, †p<0.01, ‡p<0.001, §p<0.0001 versus control, one-way ANOVA 

with Dunnett’s multiple comparisons test. 
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Figure 3.10: Activating Notch signaling is unable to rescue valve formation in 

non- and hypo-contractile conditions. (A) Tnnt2a MO and NICD mRNA: 3-D 

reconstruction of SPIM-acquired images of an embryonic zebrafish heart at 5 dpf, 

which was co-injected with Tnnt2a MO and NICD mRNA.  Image demonstrates 

absence of cardiac looping, hypoplastic cardiac chambers (V, ventricle; A, 

atrium), underdeveloped outflow tract (OFT), and absence of cardiac valves. (B) 

Plcg1 MO and NICD mRNA. 2-D optical slice through the ventricle and OFT of 

embryo co-injected with Plcg1 MO and NICD mRNA. In the presence of a 

contractile atrium but non-contractile ventricle, no valve forms in the OFT. (C) 

BDM and NICD mRNA.  2-D optical slice through the ventricle and OFT of 

embryo injected with NICD mRNA and treated with BDM. In the presence of a 

hypo-contractile ventricle, no valve forms in the OFT. Images are representative 

images of n = 5 samples for each group. Scale bars, 50 μm.  
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 Notch1b activity was accentuated in response to isoproterenol and EPO 

mRNA micro-injection in the OFT, but it was not affected by Gata1a MO micro-

injection. The mean intensity of Notch1b activity in the OFT (normalized to 

activity in the respective ventricle) based on 3-D reconstruction of SPIM-derived 

images (Fig. 5B and Fig. 5D) tended to increase with NICD mRNA micro-

injection at 3 dpf, but less so at 4 dpf (Fig. 5B and Fig. 5D), consistent with the 

anticipated duration of the effects of mRNA micro-injection. These findings 

suggest that contractile force modulates Notch1b activity in the OFT, whereas 

viscosity-mediated WSS does not. 

 

Effects of hemodynamic modulation on EndoMT in the OFT 

Expression of the cell-surface adhesion molecule, DM-GRASP, is 

considered a marker for the endothelial-to-mesenchymal transition (EndoMT) 

occurring when endocardial cells differentiate into valve forming cells in 

Tg(cmlc:mCherry) embryos at 4 dpf.42 In the ventricular myocardium (Fig. 

3.11A), confocal images revealed immunoreactivity for DM-GRASP at the 

intercellular borders of the cmlc-positive cardiomyocytes. In the AV canal (Fig. 

3.11B), DM-GRASP was prominent in the AV valve leaflets, where cmlc-positive 

cardiomyocytes were absent.  In the OFT (Fig. 3.11C), DM-GRASP 

immunoreactivity was also prominent in the VB valve leaflets where myocardial 

cmlc was absent. Thus, DM-GRASP immunoreactivity identifies differentiated 

endocardial cells in both AV and VB valve leaflets.  
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To determine the effects of pharmacological interventions on endocardial 

cell differentiation in the OFT, the volumes of DM-GRASP-positive, cmlc-negative 

regions in the OFT were quantified (n = 4 per group; Fig. 3.11D). Isoproterenol 

increased the volume of the DM-GRASP-positive, cmlc-negative region (p =  0.04 

vs. control). Similarly, increasing WSS in the OFT with EPO mRNA injection 

increased the volume (p = 0.008 vs. control), and increasing Notch signaling with 

NICD mRNA injection resulted in a similar trend (p = 0.08). Metoprolol had no 

significant effect (p = 0.98 vs. control; Fig. 3.11E). BDM-mediated attenuation of 

myocardial contractility resulted in no DM-GRASP-positive, cmlc-negative cells in 

the OFT (p = 0.0003 vs. control; Fig. 3.11D-E). Overall, EndoMT, identified by 

the volume of the DM-GRASP-positive, cmlc-negative regions in the OFT, was 

increased by isoproterenol and EPO mRNA, inhibited by BDM, and unaffected by 

metoprolol, suggesting that the effects of these interventions on valve 

morphogenesis are through EndoMT. 

To determine whether the increase in VB valve leaflet sizes in the 

isoproterenol, EPO mRNA, and NICD mRNA groups was a result of cellular 

hyperplasia, the numbers of cells in the VB valve leaflets were evaluated (Fig. 

3.11F). Isoproterenol treatment resulted in increased cell number in the VB valve 

leaflet at 4 dpf compared to control (p = 0.0002), as did EPO mRNA (p < 0.0001) 

and NICD mRNA treatments (p = 0.0002). Thus, the increases in VB valve leaflet 

sizes that results from increased contractility and WSS are the result of VB valve 

leaflet hyperplasia.  
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Figure 3.11: Effects of hemodynamic modulation on endocardial cell 

differentiation during VB valve formation in the OFT. Immunostaining was 

performed against DM-GRASP, a cell-surface adhesion protein expressed by 

differentiated valve-forming endocardial cells, in Tg(cmlc:mCherry) zebrafish 

embryos at 4 dpf. (A-C) Confocal imaging (20X) demonstrates sections through 

the (A) ventricle, (B) atrioventricular (AV) canal, and (C) OFT of a control 

embryo. GFP signal is observed between the cmlc-positive myocardial cells, as 

well as in the AV and VB valve leaflets, which lack cmlc signal, suggesting these 

are differentiated endocardial/endothelial cells. Scale bar, 50 µm.  (D) Confocal 

images through the OFT of embryos subjected to the indicated treatments. 

Arrows denote DM-GRASP-positive, cmlc-negative valve leaflets. Scale bar, 25 
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µm. The outline denotes the DM-GRASP-positive, cmlc-negative valve leaflets in 

green, and the cmlc-positive myocardium in red. (E) Quantification of the 

volumes of DM-GRASP-positive, cmlc-negative valve leaflets in the indicated 

treatment groups (n = 4 per group). (F) Quantification of the cell counts in the 

DM-GRASP-positive, cmlc-negative valve leaflets in the indicated treatment 

groups (n = 6 per group except n = 5 for NICD mRNA group). Data presented as 

means ± SD; *p < 0.05, †p < 0.01, ‡p < 0.001, §p < 0.0001, one-way ANOVA 

with Dunnett’s multiple comparisons test. 

 

Effects of Pulsatile Shear Stress on Mesenchymal Differentiation of Endothelial 

Cells 

 To determine whether pulsatile shear stress (PSS) induces Notch-related 

gene expression and an EndoMT phenotype in endothelial cells, HUVECs were 

exposed to either static flow or pulsatile flow (PSS) conditions in vitro for 4 hours 

(Fig. 3.12). Quantitative RT-PCR analysis revealed that compared to static 

conditions, PSS exposure resulted in the upregulation of Notch-related genes: 

DLL4, JAG1, HES1, HEY1, and HEY2. Next, PSS exposure did not result in any 

significant change in the expression of the endothelial gene markers, CD31 and 

CDH5 (VE-Cadherin). Finally, PSS exposure resulted in the upregulation of the 

mesenchymal markers, FSP1, ACTA (a-smooth muscle actin), and COL1A1 
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(collagen type I). However, there was no significant change seen in the 

mesenchymal marker FN1 (fibronectin).  

  

 

 

 

 

Figure 3.12: Effects of pulsatile shear stress (PSS) on Notch-related and 

EndoMT-related gene expression. Results shown are a representative example 

from 3 independent experiments, with n=3 for each experiment. *p < 0.05, ** p < 

0.01, *** p < 0.001. 
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Discussion  

Since the seminal study by Hove et al.,4 several investigators have 

demonstrated the critical role of fluid shear stress and Notch signaling in the 

proper development of the heart.6,7,43–46 In the present study, we sought to 

distinguish the roles of solid versus fluid forces in Notch1b-mediated valve 

morphogenesis in the ventricular OFT, using 4-D SPIM and moving-domain CFD 

in a zebrafish model of valvular development. Results suggest that myocardial 

contractile force is the predominant regulator of the initial development of the VB 

valve, through a process that is at least partially Notch independent. Meanwhile, 

hemodynamic shear stress coordinates with contractility to regulate Notch1b-

mediated EndoMT, leading to VB valve leaflet growth and, in conditions of 

augmented shear stresses, hyperplasia.  These proposed mechanisms are 

summarized in Fig. 3.13.  

 

Figure 3.13: Schematic of proposed mechanism by which myocardial contractile 

and hemodynamic shear forces coordinate to promote Notch1b-EndoMT-

mediated valve formation in the developing OFT.  
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Our findings show Notch1b activity to be prominent in the valve-forming 

regions (AVC and OFT) of the embryonic heart (Fig. 3.9), consistent with 

previous studies.27 While our CFD analysis demonstrates that, as expected, 

these are the regions experiencing the highest flow velocities and thus highest 

WSS, we found that reduction of WSS alone (with either metoprolol treatment or 

Gata1a MO injection) did not affect Notch1b activity in the OFT, similar to 

previously observed results.20,27 However, Notch1b activity was attenuated in 

response to BDM-, Tnnt2a MO-, and PLCg1 MO-mediated reduction in contractile 

force, leading to the failure of valve formation.  As such, myocardial contractile 

forces (rather than hemodynamic shear forces) may be required to promote 

Notch1b-mediated valve formation, which is consistent with previous findings of 

Stainier and colleagues.5 Notably, prior studies focused on the AV valve, not the 

VB valve, and to our knowledge, our study is the first to assess the effects of 

hemodynamic modulation on the VB valve.  

We further elucidated how hemodynamic shear forces modulate 

endocardial Notch1b activity in the OFT. Increasing Notch signaling by transient 

ectopic expression of N1IC, which encodes the active intracellular domain of 

Notch1, was reported to induce hypercellularity in AV valves of zebrafish.11 

Corroborating these findings, EPO mRNA-injected embryos, which have 

increased blood viscosity and thereby experience increased WSS, demonstrate 

similarly increased Notch1b activity and VB valve hyperplasia. Further, 

isoproterenol also significantly augmented time-averaged WSS-mediated 
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Notch1b activity, resulting in hyperplasia of the VB valves. However, decreasing 

viscosity and WSS with Gata1a MO injection had no significant effect on Notch1b 

activity or VB valve morphology, as seen in the metoprolol-treated embryos. A 

prior study on AV valve formation showed a similar lack of a significant effect of 

Gata1a MO injection on AV valve formation.27 Only those treatments that 

inhibited myocardial contractility (BDM, Tnnt2a MO, Plcg1 MO) lacked VB valve 

formation. Thus, while hemodynamic shear forces play a lesser role in initial 

valve formation, they play a prominent role in promoting VB valve growth, and 

augmentation of WSS can result in VB valve hyperplasia. 

The present work assesses the relative importance of contractile vs. 

hemodynamic forces on the VB valve, which is analogous to the human aortic 

valve. While the two valves may have developmental similarities, differences are 

found in various species; beyond the gross differences in structure and 

morphology seen in humans, in mice there are spatiotemporal differences in 

vascular endothelial growth factor (VEGF) signaling,47 differing contributions from 

the neural crest,15,48,49 and differential responses to Notch inhibition.16 In 

zebrafish, there are differing hemodynamic forces in the atrioventricular and 

bulboarterial regions.50 The coordination between contractility and flow 

modulates valve development and remodeling following endocardial cushion 

formation.4,45 The Notch1 pathway is critical to both early valve development and 

post-EndoMT aortic valve development via tumor necrosis factor a (TNFa) in 

mice.16 Valve endothelial cells (VEC)-specific inhibition of Notch1 signaling was 
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reported to promote hyperplastic valves, whereas VEC-specific overexpression 

of Notch1 resulted in hypoplastic valves.16,51 However, modulation of Notch1 

activity in valve interstitial cells (VIC) had no effects on valve development.51,52 

While some studies suggest that Notch1 plays an inhibitory role in valve cell 

proliferation, this inconsistent finding may be species-specific.11 

In our study, the relative importance of myocardial contractility and WSS in 

Notch1b-mediated VB valve development was not necessarily binary. Further 

increases in contractility and WSS led to valve leaflet hyperplasia mediated, at 

least in part, by increased endocardial differentiation into valve-forming cells via 

EndoMT (Fig. 3.11).  These findings were supported by our in vitro flow 

experiments demonstrating that increased pulsatile shear stress promotes the 

mesenchymal differentiation of endothelial cells (Fig. 3.12). Rugonyi et al. 

showed that cardiac contractility and hemodynamic load increase EndoMT in the 

OFT of developing chick embryos.53 Butcher and Merryman et al. further 

demonstrated shear stress- and myocardial contractility-mediated EndoMT in 

vitro.54,55 The absence of endocardial cilia may prime these valve-forming regions 

to undergo transforming growth factor-b (TGF-b)-mediated EndoMT.56,57 The 

central role of endocardial cell signaling in valve development is recapitulated in 

the absence of valve formation in our endocardial lining-depleted cloche mutant 

embryos (Fig. 3.8). The cloche mutants failed to undergo cardiac looping in 

preparation for valvulogenesis. Similar to BDM-treated embryos, the cloche 

mutants developed significant pre-cardial edema. This observation confirmed 
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WSS-mediated Notch activity in the endocardial endothelium modulates the 

initiation of cardiac trabeculation and valve formation.15,17,20 

Other flow-sensitive signaling pathways play a role in valve 

morphogenesis. The microRNA miR-21 is reported to participate in flow-

mediated valve development. Fraser, Vermot, and colleagues have 

demonstrated that the flow reversal-mediated transcription factor, klf2a, an 

upstream regulator of Notch1b signaling in zebrafish embryos, regulates valve 

development7,27 via modulation of fibronectin synthesis44 and mechanosensitive 

ion channels.7 Cyclic mechanical loading also promotes valve remodeling and 

elongation.58 Yet despite changes in VB valve morphology in response to 

different pharmacological treatments, our moving-domain CFD analysis revealed 

no significance difference in oscillatory shear index  (Fig. 3.5).  

Notably, attempts to rescue VB valve leaflet formation in Tnnt2a MO- and 

PLCg1 MO-injected embryos with NICD mRNA co-injection were unsuccessful. In 

previous studies, despite evidence of the rescued expression of downstream 

targets, Efrin2a and NRG1,19 Notch1 activation was unable to rescue myocardial 

trabeculation in Tnnt2a MO-injected embryos.17 Taken together, these 

experiments underscore myocardial contractility as a driving force in VB valve 

leaflet formation, which may signal through both Notch-dependent and Notch-

independent pathways. 

The strengths of the current study include the high spatio-temporal 

resolution imaging of our 4-D SPIM technique, which allows for visualization of 
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the dynamic VB valve motion that is not well visualized on alternative imaging 

modalities, and for quantification of valve leaflet volumes. To our knowledge, this 

is the first study to assess VB valve volume in response to hemodynamic 

modulation. Limitations of the study include the use of 2-D moving-domain CFD 

modeling, instead of 3-D, to evaluate the hemodynamic environment in the 

developing OFT. Nonetheless, the OFT WSS values obtained in our moving-

domain CFD model system are consistent with previous studies.9  

In summary, integration of 4-D light-sheet fluorescence imaging with the 

zebrafish system provides a computational basis to determine the 

mechanotransduction mechanisms underlying Notch-mediated valvular 

pathologies. Our data support the notion that myocardial contractility coordinates 

with hemodynamic forces to induce endothelial Notch1b-mediated EndoMT in the 

OFT. This mechanotransduction pathway for VB valve development and 

hyperplasia has translational implications for dysmorphic valves in human 

congenital heart diseases.  
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Multi-Modality Imaging of Cardiovascular Development and Disease 

 Advances in in vivo imaging technology have allowed for more rigorous 

study of cardiovascular development in animal models. While cardiac 

development has been a long-studied process, limitations in imaging, particularly 

spatiotemporal resolution, hindered the field’s ability to deeply explore the 

contributions of the dynamic nature of the developing cardiovascular system on 

the structural development of the heart. Newer developments in imaging 

modalities, such as micro-computed tomography (micro-CT) and magnetic 

resonance imaging (MRI), have allowed for the in vivo evaluation of cardiac 

hemodynamics, though again, spatiotemporal resolution has remained an issue 

in the study of smaller animal models.1 

Further, the assessment of cardiovascular disease processes in animal 

models, such as vascular and valvular calcification, has been primarily limited to 

histological sections obtained after sacrificing the animals. Such experimental 

design limits the ability to test the effects of investigational therapies within 

individual animals; instead, data from many animals are averaged and compared 

among groups. These methods generally require larger sample sizes in order to 

obtain enough power to detect statistically significant differences between 

groups. The most widely used in vivo cardiovascular imaging modality that allows 

for longitudinal analyses within individual animals is echocardiography, though 

spatial resolution limits its ability to detect processes like calcification.   
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In Chapter II, I demonstrated the combined use of a molecular imaging 

tracer – 18F sodium fluoride – and fused micro-PET/micro-CT imaging to evaluate 

the progression and morphology of cardiovascular calcification in vivo in a mouse 

model of atherosclerotic calcification. While this imaging method had previously 

been used in human pre-clinical and clinical studies of coronary and aortic valve 

calcification,2–4  our study was the first to demonstrate its utility in tracking 

morphological changes of cardiovascular calcification in an animal model. Thus, 

we provide an experimental, molecular imaging model that allows for longitudinal 

assessment of cardiovascular calcification morphology within individual animals, 

thereby permitting the more powerful paired statistical analyses and theoretically 

smaller sample sizes.  

In Chapter III, I demonstrated the use of light-sheet fluorescence 

microscopy (LSFM) to visualize the developing embryonic zebrafish heart with 

high spatial and temporal resolution, allowing for in vivo assessment of the 

morphology of the embryonic valves in transgenic zebrafish strains. I leveraged 

this high spatiotemporal resolution to provide boundary conditions for 

computational fluid dynamic modeling, allowing for quantification of the 

hemodynamic forces acting locally in the developing OFT. After modulating these 

hemodynamic parameters in our embryonic zebrafish model, the results 

suggested differential roles for myocardial contractility and wall shear stresses in 

the development of the ventriculobulbar valve. 
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In these studies, the advanced imaging modalities of LSFM and 18F-based 

molecular imaging enabled deeper investigations of the processes of valvular 

development and cardiovascular calcification, respectively. Using transgenic 

zebrafish models, I implicated Notch1b as part of the mechanosignaling pathway 

that regulates the endothelial-to-mesenchymal transition (EndoMT) required for 

proper valve development.5 While it plays a critical role in embryonic 

development, EndoMT has also been implicated in acquired cardiovascular 

disease, including calcification.6–9 Thus, the study of genes that regulate 

cardiovascular development, such as Notch1, can help to inform investigations in 

the pathways that may regulate adult or acquired disease. As a number of other 

signaling factors and pathways connect cardiovascular development and 

calcification (e.g., vascular endothelial growth factor [VEGF], bone 

morphogenetic protein [BMP], Wnt signaling pathway), the research presented in 

this dissertation serves as a model of multi-modality, multi-scale imaging 

approaches to comprehensively study these processes (Figure 4.1).   
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Figure 4.1: Multi-modality and multi-scale imaging of cardiovascular 

development and disease.  This summary figure depicts the use of light-sheet 

fluorescence imaging and molecular imaging (such as 18F-sodium fluoride micro-

PET/micro-CT) to evaluate various stages of cardiovascular development and 

disease. The center images are examples of (left) LSFM image of an embryonic 

zebrafish heart, (middle) 3-D reconstruction of LSFM-derived images of an adult 

mouse heart and calcified aortic arch, and (right) 3-D reconstruction of fused 

micro-PET/micro-CT image of 18F-sodium fluoride infused mouse, with 18F tracer 

signal visualized in the region of cardiovascular calcification. The Notch signaling 
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pathway is one of a variety of candidates that bridge these processes, and these 

projects serves as a model to investigate other key regulatory mechanisms.  
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