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ABSTRACT OF THE DISSERTATION 

 

Cellular and Molecular Basis for Postnatal Growth 

and Adult Regeneration of the Mouse Aorta 

 

by 

 

Austin McDonald 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2017 

Professor Dana Leanne Jones, Chair 

 

Endothelial cells form a monolayer of cells on the luminal surface of blood vessels. 

Over the last several decades, investigators have reported numerous successes 

elucidating the cellular and molecular mechanisms by which endothelial cells can direct 

the sprouting formation of small capillary blood vessels (angiogenesis) with concomitant 

expansion of the total surface and number of cells composing the endothelial lining, with 

important implications for human disease. However the mechanisms which apply in the 

case of lining expansion in large arteries, the primary location for human atherosclerotic 

disease, is unknown. Knowledge of how the lining grows and regenerates damage under 

physiological conditions provides important insight into the failure of the lining in the 

diseased state. Progress in study of this process has been limited due to technical 

difficulties and challenges. Isolated endothelial cells grown in a dish have poor fidelity to 
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the same cells in their native context of a pulsating artery. They lack circulating blood and 

the complex interactions between endothelial cells, vascular smooth muscle cells, and 

circulating blood cells. Meanwhile, the arteries of mammals, the gold standard for 

extrapolating to humans, are difficult to study due to the need for surgical access and a 

much more limited suite of experimental tools. 

This thesis addresses important unknowns in the biology of the mammalian 

endothelial lining of arteries using an in vivo mouse model. Specifically, it answers the 

following questions currently outstanding in the field of vascular biology: 1) When more 

endothelial cells come to exist in the endothelial lining, where do they originate? 2) Is 

there an endothelial stem or progenitor cell which persists past the embryonic stage to 

supply new endothelial cells to growing or damaged vessels? And 3) Does the expansion 

of the endothelial lining to cover new area within large vessels share the same molecular 

organization as angiogenesis? 

In Chapter 2, I present work which uses clonal cell tracing experiments to show 

that during the postnatal enlargement of the aorta, the largest vessel in the body, the 

division of existing endothelial cells within the arterial lining itself is sufficient to explain 

the entirety of the increase in length and circumference of the lining. In Chapter 4, I use 

a surgical method to damage the lining of the adult aorta and observe its regeneration. 

Through lineage tracing, parabiosis, and clonal tracing experiments I show that in fact a 

progenitor subpopulation exists within the adult arterial lining, and these cells supply the 

majority of the new endothelial lining. In Chapter 3, I report the results of molecular 

profiling of endothelial cells participating in the regeneration of the endothelial lining of the 

mouse aorta by transcriptomic sequencing, and follow up with immunocytochemistry 
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validating the selective expression of key regulatory proteins in the regenerating lining 

and not in the surrounding lining or in the angiogenic neonatal mouse retina. 

In sum, my work shows that endothelial lining growth and regeneration are the 

result of highly localized endothelial cell proliferation within the lining of the aorta itself, 

and in the case of regeneration demonstrates the ability of cells within the lining to either 

acquire or intrinsically possess a transient amplifying phenotype. The results indicate that 

hypothesized circulating or bone-marrow derived endothelial stem or progenitor cells do 

not exist, at least in the postnatal and adult mouse. Finally, they show that the 

regenerative process is molecularly distinct from the well-studied case of angiogenic 

proliferation, opening a new mode of endothelial lining expansion to further investigation.  



v 

 

The dissertation of Austin McDonald is approved. 

Reza Ardehali 

Utpal Banerjee 

M. Luisa Iruela-Arispe 

Hanna Mikkola 

Dana Leanne Jones, Committee Chair 

 

 

University of California, Los Angeles 

2017 

  



vi 

DEDICATION 

 

To my fiancée Denise, my parents Annie and Scott, and my graduate advisor 

Luisa. Your support has been unwavering. 

Also to Dr. Aditya Shirali, for being a solid colleague in the lab.  



vii 

TABLE OF CONTENTS 

 

ABSTRACT OF THE DISSERTATION ..................................................................ii 

DEDICATION .......................................................................................................vi 

TABLE OF CONTENTS ...................................................................................... vii 

LIST OF FIGURES ............................................................................................... x 

ACKNOWLEDGEMENTS ................................................................................... xiii 

VITA ....................................................................................................................xv 

Chapter 1: Introduction ......................................................................................... 1 

Section 1.1: Functional Importance of the Arterial Endothelial Lining ............... 2 

Section 1.2: Proliferative Homeostasis within Blood Vessels ............................ 3 

Section 1.3: Postnatal Expansion of the Lining in Large Arteries ...................... 4 

Section 1.4: Regeneration of the Lining in Large Arteries ................................. 5 

Section 1.5: The Controversial Endothelial Progenitor Cell ............................. 21 

Section 1.6: Central Hypothesis and Specific Aims of the Dissertation ........... 23 

Section 1.7: Figures ........................................................................................ 25 

Section 1.8: References .................................................................................. 30 

Chapter 2: Expansion of the Endothelial Lining during Postnatal Growth of the 

Mouse Aorta .................................................................................................................. 42 

Section 2.1: Preface ........................................................................................ 43 

Section 2.2: Authors & Affiliations ................................................................... 44 

Section 2.3: Abstract ....................................................................................... 45 

Section 2.4: Introduction .................................................................................. 46 



viii 

Section 2.5: Results ........................................................................................ 47 

Section 2.6: Discussion ................................................................................... 50 

Section 2.7: Materials and Methods ................................................................ 52 

Section 2.8: Figures ........................................................................................ 55 

Section 2.9: References .................................................................................. 67 

Chapter 3: Molecular Characteristics of Adult Endothelial Lining Regeneration . 69 

Section 3.1: Preface ........................................................................................ 70 

Section 3A.1: Authors and Affiliations (Manuscript A) ..................................... 71 

Section 3A.2: Abstract ..................................................................................... 72 

Section 3A.3: Introduction ............................................................................... 73 

Section 3A.4: Results ...................................................................................... 76 

Section 3A.5: Discussion ................................................................................. 81 

Section 3A.6: Materials and Methods .............................................................. 84 

Section 3A.7: Figures ...................................................................................... 88 

Section 3A.8: References .............................................................................. 100 

Section 3B.1: Authors & Affiliations (Manuscript B) ....................................... 105 

Section 3B.2: Abstract ................................................................................... 106 

Section 3B.3: Introduction ............................................................................. 107 

Section 3B.4: Results .................................................................................... 110 

Section 3B.5: Discussion ............................................................................... 121 

Section 3B.6: Materials and Methods ............................................................ 126 

Section 3B.7: Figures .................................................................................... 132 

Section 3B.8: References .............................................................................. 150 



ix 

Chapter 4: Cellular Dynamics of Adult Aortic Lining Regeneration ................... 158 

Section 4.1: Preface ...................................................................................... 159 

Section 4.2: Authors and Affiliations .............................................................. 160 

Section 4.3: Abstract ..................................................................................... 161 

Section 4.4: Introduction ................................................................................ 162 

Section 4.5: Results ...................................................................................... 165 

Section 4.6: Discussion ................................................................................. 171 

Section 4.7: Materials and Methods .............................................................. 175 

Section 4.8: Figures ...................................................................................... 181 

Section 4.9: References ................................................................................ 194 

Chapter 5: Conclusions .................................................................................... 198 

Section 5.1: Summary ................................................................................... 199 

Section 5.2: Basic and Clinical Implications .................................................. 202 

Section 5.3: References ................................................................................ 206 

Appendix A: Surgical Denudation Injury of the Aorta ........................................ 208 

Section A.1: Preface...................................................................................... 209 

Section A.2: Protocol and Discussion............................................................ 210 

  



x 

LIST OF FIGURES 

Figure 1.1: The Evolution of Angioplasty and Stenting ....................................... 25 

Figure 1.2: Biological Responses Following Stent Deployment .......................... 26 

Figure 1.3: Major Molecular Signals Driving Endothelial Lining Regeneration and 

Neointima Formation Following Denudation Injury ........................................................ 27 

Figure 2.1: Postnatal Growth of the Mouse Aorta ............................................... 55 

Figure 2.2: Surface Area of The Endothelial Lining Scales Isometrically with Body 

Mass and Triples During Postnatal Development ......................................................... 56 

Figure 2.3: Computational Extraction of Endothelial Cell Nuclei ......................... 57 

Figure 2.4: Staining of Aortas for Endothelial Cell Proliferation and Size ........... 58 

Figure 2.5: The Endothelial Lining of the Postnatal Aorta Expands Through a 

Combination of Increases in Endothelial Cell Size and Cell Number ............................ 59 

Figure 2.6: The Rainbow Labeling System ......................................................... 60 

Figure 2.7: Clonal Tracing and Labeling of S-phase Cells Reveal In-Lining 

Proliferation Sufficient to Explain Postnatal Growth ...................................................... 61 

Figure 2.8: Clonal Tracing Reveals Uniform Distribution of Proliferation within the 

Postnatal Endothelial Lining .......................................................................................... 62 

Figure 3A.1: Kinetics of Endothelial Lining Regeneration. .................................. 89 

Figure 3A.2: Molecular Signature of Regenerating Aortic Lining. ....................... 90 

Extended Figure 3A.S1: Cellular Elongation & Hypertrophy at the 

Endothelialization Front ................................................................................................. 91 

Extended Figure 3A.S2: Selective Enrichment of Transcripts from Proliferative 

Endothelial Cells ........................................................................................................... 92 



xi 

Extended Figure 3A.S3: Changes in Identity Associated Transcripts ................. 93 

Figure 3B.1: Sequential Aortic Cross Clamping Produce Arterial Denudation Injury

 .................................................................................................................................... 132 

Figure 3B.2: Regeneration of the Endothelial Monolayer is Marked by Proliferation 

that Initiates Rapidly After Injury and Promotes Wound Closure ................................. 133 

Figure 3B.3: Transcriptomic Analysis Identifies Unique Transcriptional Signatures 

Associated with the Progression of Endothelial Regeneration .................................... 134 

Figure 3B.4: Initial Injury is Characterized By Cell Stress, Transcriptional 

Regulation, and Cell Adhesion .................................................................................... 135 

Figure 3B.5: Marked Proliferation is Characterized by Enhancement in Cell Cycle 

Transcripts .................................................................................................................. 136 

Figure 3B.6: Acclimation is Characterized by Enhancement of Cell Adhesion and 

Inflammatory Transcripts ............................................................................................. 137 

Figure 3B.7: The Final Stage is Marked by Elevations in Extracellular Matrix 

Transcripts .................................................................................................................. 138 

Figure 3B.8: Endothelial Regeneration Can Be Divided into Four Distinct 

Transcriptional Stages Defined by Unique Changes in Cellular Processes ................ 139 

Extended Figure 3B.S1: Intima-enriched Aortic Sample Shows Enrichment in 

Endothelial-Specific Markers ....................................................................................... 140 

Extended Figure 3B.S2: Denudation Injury Induces Accumulation of CD45-positive 

Cells within Wound Area ............................................................................................. 141 

Figure 4.1: Origins of Regenerated Endothelial Lining ..................................... 181 

Figure 4.2: Organization of Proliferation within the Regenerating Lining .......... 182 



xii 

Figure 4.3: Clonal Tracing Detects a Proliferative Subpopulation within the 

Endothelial Lining ........................................................................................................ 183 

Extended Figure 4.S1: Clonal Expansion in Regenerated Aortic Endothelial 

Linings ......................................................................................................................... 184 

Extended Figure 4.S2: Findings Are Robust to Differing Clonal Clustering 

Thresholds .................................................................................................................. 185 

Extended Figure 4.S3: A Minority of Endothelial Cell Clones Generate the Majority 

of the Regenerated Lining ........................................................................................... 186 

  



xiii 

ACKNOWLEDGEMENTS 

 

A small army of talented scientists and physicians as well as generous funding 

from multiple sources have enabled this work. I thank my advisor Prof. M. Luisa Iruela-

Arispe, cheerleader as well as scientist. Her incredible patience and consistently positive 

outlook have kept me from becoming discouraged many times. I also thank the rest of my 

committee for meaningful discussion and feedback: Reza Ardehali, Utpal Banerjee, 

Leanne Jones, and Hanna Mikkola. Prof. Ardehali in particular has assisted greatly, 

providing both “Rainbow” transgenic mice and critical insights regarding their application. 

Next, it has been an absolute pleasure to work in the Arispe lab side-by-side with 

my colleagues. Thanks to Michelle Steel, Ana Rivas, Georg Hilfenhaus, Anais Briot, 

Carmen Warren, Liman Zhou, Lauren Goddard, Josephine Enciso, Onika Noel, Julia 

Mack, Taylor Lu, Huanhuan (Mahsa) He, Aaron Der, Courtney Domigan, Hannah 

Sunshine, and Melanie Uebelhoer. Dr. Aditya Shirali, in particular, has worked with me 

closely for two years developing and then exploiting our surgical model of arterial lining 

regeneration. 

A number of scientists also assisted in experiments which unfortunately will not be 

published due to a lack of interesting findings. Nevertheless, I am in their debt: Manash 

K. Paul and Bharti for looking at vascularization of tracheal transplants, Dritan Agilliu and 

Dario Figueroa for live imaging of vasculature post-stroke. 

Last but not least, I thank my two undergraduate trainees Tiffany Lim and John 

O’Fee. Tiffany worked with me for three years. Both on course to become fine young 

physicians. 



xiv 

The research contained in this thesis was generously funded by the UCLA MSTP 

training grant (NIH ID# 5T32GM008042), the Vascular Biology Training Grant (NIH ID# 

5T32HL069766), the Philip J. Whitcome Fellowship, and a fellowship from the Rose Hills 

Foundation. 

  



xv 

VITA 

EDUCATION 

06/2010 to present David Geffen School of Medicine at UCLA 

 Medical Scientist Training Program 

 M.D. expected 2019 

 Ph.D. in Molecular Cell Biology, expected 2017 

 Graduate GPA: 4.0 

08/2006 to 05/2010 University of Nevada-Las Vegas Honors College 

 B.S. in Biology, magna cum laude, University Honors, 2010 

 Undergraduate GPA: 4.0 

AWARDS AND HONORS 

2016 NAVBO Travel Award and Invited Speaker for International 

Vascular Biology Meeting, Boston, USA 

2016 Travel Award and Invited Speaker for Gordon Research 

Conference: Endothelial Cells in Health and Disease, Girona, Spain 

2015-pres Eli and Edythe Broad Center of Regenerative Medicine and Stem 

Cell Research Fellowship (Rose Hills Foundation) 

Competitive fellowship funding stem cell research by senior 

graduate students, post-docs, and clinical fellows. 

2015-2016* Philip J. Whitcome Fellowship 

Competitive fellowship funding graduate students based upon 

research accomplishments. 

*Declined for 2016-2017 



xvi 

PUBLICATIONS (to date) 

1. Shirali A., McDonald A.I., Mack J. & Iruela-Arispe, M. L. Reproducible Arterial Denudation 

Injury by Infrarenal Abdominal Aortic Clamping in a Murine Model.. Journal of Visual 

Experiments, 2016 Nov 24;(117). doi: 10.3791/54755.. 

2. Huanhuan H., Mack J., Güç E., Warren C.M., Squadrito M.L., Kilarski W.W., Baer C., 

Freshman R.D., McDonald A.I., Ziyad S., Swartz M.A., De Palma M., and Iruela-Arispe M.L. 

Perivascular Macrophages Limit Permeability. Arteriosclerosis, Thrombosis, and Vascular 

Biology, 2016 Nov;36(11):2203-2212. Epub 2016 Sep 15.. 

3. McDonald, A. I. & Iruela-Arispe, M. L. Healing arterial ulcers: Endothelial lining regeneration 

upon vascular denudation injury. Vascul. Pharmacol. 72, 9–15 (2015). 

4. Goddard LM, Murphy TJ, Org T, Enciso JM, Hashimoto-Partyka MK, Warren CM, Domigan 

CK, McDonald AI, He H, Sanchez LA, Allen NC, Orsenigo F, Chao LC, Dejana E, Tontonoz 

P, Mikkola HK, Iruela-Arispe ML. Progesterone receptor in the vascular endothelium triggers 

physiological uterine permeability preimplantation. Cell. 2014 Jan 30;156(3):549-62. 

5. Murugapiran, S.K., Huntemann, M., Wei, C.-L., Han, J., Detter, J.C., Han, C., Erkkila, T.H., 

Teshima, H., Chen, A., Kyrpides, N., …, McDonald, A.I., … Hedlund, B.P. (2013a). Thermus 

oshimai JL-2 and T. thermophilus JL-18 genome analysis illuminates pathways for carbon, 

nitrogen, and sulfur cycling. Standards in Genomic Sciences 7, 449–468. 

6. Murugapiran, S.K., Huntemann, M., Wei, C.L., Han, J., Detter, J.C., Han, C.S., Erkkila, T.H., 

Teshima, H., Chen, A., Kyrpides, N., …, McDonald, A.I., … Hedlund, B.P. (2013). Whole 

Genome Sequencing of Thermus oshimai JL-2 and Thermus thermophilus JL-18, Incomplete 

Denitrifiers from the United States Great Basin. Genome Announcements 1, 2–3. 

7. Miller-Coleman, R.L., Dodsworth, J.A., Ross, C.A., Shock, E.L., Williams, A.J., Hartnett, H.E., 

McDonald, A.I., Havig, J.R., and Hedlund, B.P. (2012). Korarchaeota diversity, biogeography, 

and abundance in Yellowstone and Great Basin hot springs and ecological niche modeling 

based on machine learning. PloS One 7, e35964. 

8. Dodsworth, J.A., McDonald, A.I., and Hedlund, B.P. (2012). Calculation of total free energy 

yield as an alternative approach for predicting the importance of potential chemolithotrophic 

reactions in geothermal springs. FEMS Microbiology Ecology 81, 446–454. 

9. Hedlund, B.P., McDonald, A.I., Lam, J., Dodsworth, J.A., Brown, J.R., and Hungate, B.A. 

(2011). Potential role of Thermus thermophilus and T. oshimai in high rates of nitrous oxide 

(N2O) production in ∼80 °C hot springs in the US Great Basin. Geobiology 9, 471–480. 



1 

Chapter 1: Introduction  
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Section 1.1: Functional Importance of the Arterial Endothelial Lining 

 

Aerobic cells are absolutely dependent on the delivery of oxygen and nutrients to 

metabolize for energy to function, and they must in turn emit carbon dioxide and waste 

products. The cardiovascular system fills this need by pumping blood through a 

hierarchical set of arteries, veins, and capillaries which permeate every organ in the body 

and serving as the route of transportation that connects organ systems to maintain 

homeostasis. 

Endothelial cells line the inside of large blood vessels forming an extremely thin, 

flat layer a single cell in thickness. As the primary cell type in the entire cardiovascular 

system, endothelial cells, direct initial vessel formation and many aspects of ongoing 

vessel function. Importantly, these include both active and passive prevention of blood 

clotting and suppression of proliferation in the muscular wall of the larger blood vessels, 

preventing arterial narrowing or stenosis. In the case where the endothelial lining is 

dysfunctional or absent, arterial narrowing and blood clotting are likely to occur. Examples 

of when this might occur include loss of lining as part of the placement of coronary artery 

stents for heart attack, as well as following placement of an artificial vessel lumen, lacking 

the endothelial lining, as treatment for aortic aneurysm. 
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Section 1.2: Proliferative Homeostasis within Blood Vessels 

 

To understand the proliferative organization of the blood vessel lining under 

pathological conditions, such as after physician-induced injury, it is helpful to first 

understand this organization at baseline. Under physiological conditions in the adult 

mouse and human, endothelial cells are quiescent. They turn over at an estimated rate 

of 0.1% per day,1 or once every 500 days for the average cell. In the typical 60-90 day 

age range of the adult laboratory mouse, turnover is therefore minimal. This contrasts 

greatly with the situation in a cell culture dish, where a confluent monolayer of cells bathes 

in activating cytokines and lacks suppressive mechanical forces. In the dish, these cells 

achieve an average turnover of 10% per day,1 two orders of magnitude higher than in the 

native context!  

At the molecular level, shear stress from blood flow suppresses proliferative 

activity, acting through unclear mechanisms, though both the surface adhesion molecule 

Pecam-1 and transcription factor Klf2 are known to be important in responding to 

mechanical flow forces.2 Cell-to-cell junctional tension present in the monolayer of cells 

is also believed to inhibit proliferation.3 Finally, endothelial cells adhere to a rich 

extracellular matrix, the basement membrane, composed of molecules including 

collagen, elastin, fibronectin, and charged proteoglycans. This substrate can act as a 

depot and signaling platform for various growth factors and cytokines, allowing for 

prolonged instruction to the adherent endothelial cells which is also likely to be important 

for maintaining the quiescent state. 
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Section 1.3: Postnatal Expansion of the Lining in Large Arteries 

 

 The field of vascular biology has invested significant time and effort into the 

investigation of angiogenesis, the sprouting formation of new blood vessels, with great 

success.4 As part of this endeavor, the early events in or vasculogenesis,5 the initial 

formation of an endothelial cell network from mesodermal precursors, has been also 

deciphered at the cellular and molecular level. Nonetheless, other aspects of vascular 

biology have been overlooked, such as the expansion of vascular tubes once formed. 

How do vessels expand in length and width after morphogenesis is concluded to 

accommodate for the growth of the organism? 

In Chapter 2, I define the parameters of growth for the postnatal aorta and perform 

clonal tracing experiments to define how growth occurs at the cellular level. I further argue 

that this process must be distinct from angiogenesis: no sprouting occurs; the sleeve of 

extracellular matrix surrounding the vessel is never broken; yet, somehow, the inner 

surface area (and number of endothelial cells in the vessel’s lining) triples. The process 

by which vascular growth occurs at the molecular and cellular levels is poorly known; in 

fact, acknowledging that this even occurs is rare. However, there is no reason to think 

understanding this third mode of endothelial lining expansion would result in less benefit 

to the understanding of the scientific community or advancement in the therapeutic 

armamentarium of clinicians. 
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Section 1.4: Regeneration of the Lining in Large Arteries 

 

Section 1.4.1: Preface 

This is a reformatted version of a published manuscript,6 included here with 

permission. As first author on the manuscript, I was the major contributor to the text 

including the creation of all figures. 
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Section 1.4.2: Introduction 

Evolution has endowed vertebrate blood vessels with a fragile inner lining that 

interfaces with circulating blood 7. This endothelial lining is naturally protected from 

mechanical trauma because of its location. However, endovascular balloon angioplasty 

and stent deployment mechanically damage the lining. These procedures create areas of 

denudation injury where stent struts, basement membrane, and/or vascular smooth 

muscle cells are exposed to the blood 8. Unlike the intact endothelium, these surfaces do 

not offer an anti-thrombotic surface and instead promote platelet binding, activation of the 

clotting cascade, and thrombosis 9. In addition to thrombosis, loss of endothelial signaling 

and subsequent cytokine release by platelets and macrophages stimulates the migration 

and proliferation of smooth muscle cells, resulting in the formation of a neointimal layer 

that further occludes the lumen and promotes stenosis of the involved vessel 10.  

Balloon angioplasty, bare metal stents, and drug eluting stents have been 

sequentially developed in an effort to prevent vessel restenosis (Fig 1.1). Drug eluting 

stents first approved in the early 2000s effectively do so: they achieve local, non-specific 

inhibition of cell proliferation and halt neointima formation. However, they exacerbate the 

pro-thrombotic phenotype 11. Research efforts in this area have resulted in incremental 

improvements. These include changes in stent structure and materials to reduce the 

inflammatory response, as well as the development of drug derivatives with modified 

pharmacokinetics 12,13. However, the root cause of both thrombosis and restenosis 

remains unaddressed: poor regeneration of the endothelial lining. 
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Section 1.4.3: Consequences of arterial denudation: Thrombosis and restenosis. 

Approximately one million coronary artery stents are placed in the United States 

each year, dwarfing the incidence of all other sources of denudation injury 14. Typically a 

balloon-tipped catheter wrapped with a collapsed stent is inserted through the skin into a 

peripheral artery, advanced retrograde to flow to the root of the aorta, and then to the site 

of occlusion. While the coronary arteries are the major site of stent deployment, other 

sites are also frequent. Vessels that are common targets for stent placement include the 

proximal carotid artery and carotid bifurcation, the renal branches, and lower extremity 

arterial bifurcations 14. 

Current guidelines recommend aggressive balloon inflation to restore the artery to 

its full diameter (angioplasty) and ensure stents are completely expanded to be flush with 

the arterial wall 15. Balloon angioplasty alone is known to cause loss of the endothelial 

lining and damage to the arterial media 16; intuitively, stenting results in comparable or 

more severe damage 17–20. It is likely that additional undocumented endothelial 

denudation injuries are created with high incidence during the process of stent placement. 

In fact, studies in animal models have indicated that surgical clamping alone is sufficient 

to cause loss of the endothelial layer 21,22. Catheter contact with the vessel wall is also 

sufficient to cause denudation, an underappreciated source of endothelial injury 23. In 

sum, physician-induced injury of the coronary arteries during stent deployment is an 

extremely common cause of endothelial lining loss. This loss creates clinical 

complications without adequate solutions. 

Currently, one of the most important late complications of denudation injury is 

thrombosis (Figure 1.2). The causal link between denudation and thrombosis is well 
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established: thrombosis occurs upon platelet activation due to exposure to non-

endothelial surfaces and initiation of the coagulation cascade 24. Following stenting and 

accompanying denudation injury, patients are at great risk for a thrombotic event leading 

to myocardial infarct or death 9,25. Currently, patients receive dual antiplatelet therapy with 

aspirin and a platelet receptor P2Y12 antagonist designed to prevent thrombus formation 

26. Beyond the significant morbidity and mortality risks associated with thrombosis (stroke, 

infarct), the therapy to prevent thrombosis has additional shortcomings. Illustrating these, 

a recent phase III trial found no upper bound on the duration of benefit from dual 

antiplatelet therapy when patients were followed to 30 months, even when considering 

only the subgroup who had state of the art “second generation” stents placed 26. Another 

study found that thrombosis risk from implantation of sirolimus eluting stents extends to 

at least five years 27. The findings indicate that patients face a careful, prolonged 

balancing act between bleeding and thrombosis risks, as well as an indefinite requirement 

for medication. 

In addition to thrombosis, denudation injury frequently causes restenosis. 

Evidence for a causal link between denudation and neointima formation in humans is 

limited. However, animal models clearly show correlation between the two 28,29. The 

advent of anti-proliferative drug eluting stents has reduced the incidence of restenosis to 

an estimated 2-20% of stented patients from an estimated 30-40% when using bare metal 

stents, depending on selection criteria 10. In absolute terms, restenosis remains prevalent 

due to the large population receiving interventions 10 – and it often necessitates a costly 

and dangerous second vascular intervention 30. 
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In summary, stent placement is a common procedure which causes denudation 

injury of the arterial wall. Thrombosis and restenosis are natural consequences of 

endothelial denudation which continue to severely impact human health. Next, we discuss 

the evidence that regeneration of the endothelial lining effectively prevents thrombosis 

and restenosis. 
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Section 1.4.4: Regeneration of the endothelial lining prevents thrombosis and 

restenosis. 

Effective repair of the endothelial lining restores an antithrombotic inner vessel 

surface and effectively inhibits thrombosis. At autopsy 17–20 and in animal models 31, 

increased coverage of stent struts by endothelium correlates with reduced rates of 

thrombotic events. In the case where drug-eluting stents are used, and regeneration is 

inhibited, increased rates of thrombosis are observed 17,32–35. A causal relationship has 

been found in animal models. Experimental inhibition of endothelial repair after 

denudation results in dramatically elevated rates of thrombosis 36. 

Evidence for the effect of endothelial lining repair on restenosis is more limited, 

albeit still consistent. Gentle removal of the endothelial layer was found to be sufficient to 

promote neointima formation 28. Furthermore, denudation injury models with endothelial 

lining regeneration correlate closely with reduced or absent neointima formation 37–39, and 

there is evidence that it may even cause regression 38.  

The findings above prompted experiments to test whether endothelial re-seeding 

at the site of injury would be beneficial and promote repair of the intima. Unfortunately, 

the process is not simple. Attempts to regenerate endothelial lining by seeding cells was 

found functionally ineffective and still permissive of neointima formation 40. Though not 

demonstrated, it is likely that the newly seeded endothelium is “dysfunctional” in the sense 

of being unable to release nitric oxide and other anti-proliferative vasodilators 41. Notably, 

such dysfunction also appears to occur in humans at sites of stenting 42. Therefore, 

regeneration of a functional endothelial lining (as defined by flow-mediated dilation) is 

likely to prevent restenosis, while a dysfunctional endothelial lining remains permissive to 
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neointima formation. Thus, rapid and complete stent reendothelialization by proliferation 

of the endothelium from the wounded margins, but not necessarily through seeding would 

be expected to prevent restenosis. 
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Section 1.4.5: Drug eluting stents: Trading restenosis for thrombosis 

The use of drug eluting stents creates a therapeutic trade-off: restenosis is 

prevented by inhibition of smooth muscle proliferation, but thrombosis is promoted by 

inhibition of endothelial proliferation 11. This is true even for state of the art “second 

generation” DES which elute everolimus 43 or zotarolimus 44. Sirolimus and its derivatives 

act through disruption of the mTOR metabolic sensor complex to inhibit downstream Akt 

signaling, ultimately resulting in impaired cell migration and cell cycle arrest in G1 45. 

Evidence for the effect of DES implantation on endothelial lining regeneration is strong, 

in both humans and animals. Autopsy evaluations suggests that lack of 

reendothelialization is a common trait among thrombotic events occurring out to five years 

post stent placement, and even beyond 17,19,20,27,35. Clinical follow-up of stented patients 

under prolonged dual antiplatelet therapy suggests that endothelial lining regeneration 

was not completed years after placement 26. Even the slowest eluting stents come to 

release an undetectable level of drug after six months 46. Suggesting that thrombosis is 

the outcome of a permanent defect in endothelial proliferation.  In sum, while effective, 

drug eluting stents designed to block cell proliferation result in uncovered thrombogenic 

surfaces, leading to elevated and prolonged risk for clotting events. 
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Section 1.4.6: Cellular and molecular mechanisms of endothelial lining 

regeneration 

At the cellular level, the biological response to stent-induced denudation injury 

proceeds through defined stages 25,47 (Figure 1.3). Acutely, platelets adhere to the 

denuded vessel wall 48. Provided the medial layer is injured 49, over the following days 

neutrophils and monocytes infiltrate the arterial media 50–54. Subsequently, and depending 

on the presence or absence of pharmacological inhibition, the intact endothelial border 

adjacent to the injury undergoes coordinated migration as a “front” of cells to begin 

covering the denuded area 38,39. For unknown reasons, this migratory front stops at a 

certain point, and the injury stabilizes with an area that remains uncovered by 

endothelium (a “vascular ulcer”) 28,49 resulting in thrombosis, release of PDGF and 

neointima formation.  

The origin of the endothelial cells that form the regenerated lining remains 

controversial. It has been attributed to circulating progenitor cells (themselves 

controversial 55), tissue resident stem or progenitor cells 56, and simple proliferation of 

pre-existing differentiated endothelial cells 39. 

It is important to note that extent and characteristics of the injury are dominant 

factors in determining the healing response. If the denudation injury is small and involves 

the tunica media, or if larger and created without damaging the media. Usually, lack of 

damage to the media results in complete regeneration of the endothelial lining with 

minimal neointima formation 49. Larger injuries involving the media, as typical of humans, 

often never achieve complete endothelial coverage 27. Moreover, human denudation 

injuries heal more slowly than in animal models 48. In animal models, a stent-sized 
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denudation injury heals in approximately one month 48. In humans, autopsy reveals a 

healing time of at least three months 57. The reasons for slower healing kinetics in human 

are not clear, but variation in patient characteristics such as age and extent of 

atherosclerotic plaque likely have a significant effect on the ability of the endothelial layer 

to regenerate. 

At the molecular level, the signals and pathways underlying endothelial lining 

regeneration remain murky – though at least some growth factors and other molecules 

with important roles in endothelial lining regeneration have been identified (Figure 1.3). 

Basic fibroblast growth factor (FGF2) is an important mitogen for both endothelial 

cells and smooth muscle cells following denudation injury 58. In endothelial cells, FGF2 

signaling occurs at the leading edge of lining regeneration 49. In cases where regeneration 

is incomplete, FGF2 is absent from the border of existing lining 49. Stimulation of 

incompletely regenerated endothelial lining with FGF2 causes further mitotic activity and 

extends lining coverage 59. While in vivo data are lacking, in vitro a gradient of FGF2 is 

sufficient to promote endothelial cell migration 60. In smooth muscle, FGF2 signaling 

similarly results in increased mitotic activity, leading to neointima formation 61. Stimulation 

with FGF2 results in increased neointima thickness 61. Antibody-based inhibition results 

in reduced neointimal thickness due to a decrease in vascular smooth muscle proliferation 

62. Further, FGF2 has a role in at least vascular smooth muscle migration 63. Antibody-

based inhibition of FGF-2 signaling results in blockade of smooth muscle proliferation 62. 

Importantly, FGF-2 knockout mice still form hyperplastic neointima following denudation 

injury 64, proving that other, unknown factors are sufficient to cause this pathology. 
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Platelet derived growth factor is a smooth muscle specific mitogen and migratory 

factor occurring in A and B isoforms. It is predominately expressed as the PDGF-AB 

heterodimer by human platelets, and PDGF-BB in most other cell types and species 65. 

Sources of PDGF include platelets 66, macrophages 67, and endothelial cells 68. PDGF 

dimers are in turn detected primarily by PDGF receptors on smooth muscle cells 69. These 

receptors are upregulated in response to denudation injury 69. The migration of vascular 

smooth muscle cells from media to intima is primarily driven by platelet derived growth 

factor B dimers (PDGF-BB) 70–72; antibody inhibition reduces neointima thickness by 

preventing migration, but has no effect on proliferative indices 71. 

VEGF-A. Despite its role as master regulator and potent endothelial cell mitogen 

during sprouting vessel formation 4, evidence for efficacy of VEGF-A in stimulating 

endothelial lining repair is mixed 31,73–83. One way to reconcile existing data on VEGF-A 

effects in regenerating endothelium is to consider the factor as effective only in 

combination with other growth factors. There is good evidence that this is the case. FGF-

2 causes upregulation of the transcription factor ATF-4, which in turn controls transcription 

of VEGF-A. Thus, regulation of VEGF-A expression occurs downstream of FGF-2 

signaling in the arterial endothelial lining – a marked contrast to angiogenesis, in which 

VEGF-A is the initiator endothelial sprouting and proliferation 4. VEGF-A and FGF-2 have 

a synergistic effect on cellular proliferation in both endothelial and smooth muscle cells 

79,80. The same is true of VEGF-A and PDGF-B. In vivo, the two have a synergistic effect 

on cellular proliferation 75. In vitro, PDGF treatment of smooth muscle cells results in 

VEGF-A expression, placing VEGF-A downstream of PDGF-B similar to its relation to 

FGF-2, and again in contrast to sprouting angiogenesis 84,85. 
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Nitric oxide (NO). A potent vasodilator produced by endothelial cells with extremely 

short range paracrine action, nitric oxide effectively inhibits smooth muscle proliferation 

in animal models of denudation injury 86. One mechanism of this inhibition has been 

determined in an in vitro co-culture system, namely that endothelial cell derived NO 

inhibits the function of ornithine decarboxylase in smooth muscle cells 29, preventing 

polyamine synthesis and cellular proliferation. 

Other molecules. Additional molecular signaling pathways have been implicated in 

regeneration of the endothelial lining, but we have chosen not to emphasize them in this 

review due to limited space and relatively weaker evidence speaking to biological 

relevance. This is not to say that they are unimportant. These factors include, but are not 

limited to, the TGF-β family, estradiol, angiotensin, intermedin, the Notch receptor family 

and its ligands, fibronectin and other extracellular matrix molecules, and VE-

Cadherin/Wnt signaling. 

Inhibition of endothelial repair. The reason(s) as to why endothelial lining repair is 

often incomplete is unknown. It is not, however, due to a limited replicative potential of 

endothelial cells bordering the denudation injury: inhibition does not occur in the absence 

of injury to the medial wall, even for large areas of denudation 49. A fascinating study 

performed by Reidy et al. suggests that endothelial cells’ proliferation decision is not 

determined by an inhibitory factor release from smooth muscle cells 87, and opens the 

possibility of recapitulating and studying the defect in vitro using an arterial endothelial 

culture monolayer under flow conditions. 
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Section 1.4.7: State of basic scientific research in endothelial repair 

Information on how a functional blood vessel promotes repair and regeneration of 

its endothelial lining is presently scant. Most of the experimental data available were 

obtained in the 1980s and 1990s, before the widespread application of powerful 

transcriptome analysis tools and transgenic animal models. A clear molecular and 

mechanistic definition of the endothelial lining regeneration process is overdue and key 

to both the development of therapeutics with differential inhibition of vascular smooth 

muscle as compared to endothelial cells, and to agents which directly stimulate 

endothelial cell proliferation and lining repair. Unbiased approaches to identifying the 

molecular signaling pathways regulating endothelial regeneration are now possible, and 

are likely to uncover additional important regulators. Context, however, is critical. In many 

cases, knowledge from angiogenesis models is anticipated to directly apply to a fully 

functional, pulsatile artery with flowing blood. The differences between the invading front 

of a sprout and the inner lining of an injured aorta are broad and meaningful. New animal 

models that can provide accurate molecular information are essential to make concrete 

advances in basic science to support this unmet clinical need. Meanwhile, a few efforts 

with pre-clinical and clinical models appear promising but information on basic biological 

mechanisms is urgently needed.  
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Section 1.4.8: Therapeutic promotion of endothelial lining regeneration 

A number of attempts have been made to specifically inhibit vascular smooth 

muscle proliferation and promote endothelial lining repair.  Below we discuss the genetic 

and pharmacological approaches undertaken in the last ten years.  

Genetic. Tools for delivering recombinant DNA in vivo are still at the early stages 

of pre-clinical development, but offer unprecedented power to regulate cell specificity and 

target particular molecular pathways. A recent study provided proof-of-concept for the 

elegant technique of including an endothelial-specific microRNA target sequence on the 

transcript of a cell cycle blockade protein 36. Using this approach, only non-endothelial 

cells exhibited cell cycle arrest; while endothelial cells showed quick degradation of the 

transcript. Cleverly, the authors used expression of the same cell cycle blockade protein 

upregulated by sirolimus and its derivatives to achieve inhibition of cell cycle progression. 

In concept, a similar specificity for endothelial cell proliferation driven by FGF-2 could be 

achieved by viral transduction of a downstream proliferation driver under the control of an 

endothelial specific promoter. Unfortunately genetic approaches, while powerful, 

represent major changes in methodology and involve significant obstacles, both technical 

and regulatory, to bring to the clinic. 

Statins. In this issue Hussner et al., report that specific statins may have differential 

uptake by smooth muscle cells and endothelial cells, promoting differential inhibition of 

proliferation. This represents an attractive strategy, as existing drug eluting stents designs 

might be adapted for statin elution, or statins might even be given orally following stent 

deployment. Cerivastatin eluting stents have been tested in animal models with moderate 

success 88,89. Hussner et al. report that OAT2B1 transporter mediated uptake in vascular 
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smooth muscle is specific to atorvastatin, meriting further investigation for increased 

efficacy and vascular smooth muscle specificity relative to cerivastatin in vivo. 

CD34 coated stents. Stents coated with an anti-CD34 antibody have been 

developed in an attempt to capture circulating “endothelial progenitor cells” (EPCs) at the 

site of stent placement 90–92. However, in vivo animal model evidence does not support 

the function of so-called EPCs as precursors to endothelial cells 55,93. Despite their 

adoption of an endothelial phenotype in culture, these cells appear to be lineage-

restricted monocytes which secrete multiple paracrine growth factors affecting endothelial 

cells 94. Whether these cells have favorable paracrine effect on endothelial cells at the 

site of denudation injury remains to be determined. Nonetheless, pre-clinical data from 

animal models is promising: restenosis rates appear to be similar to first generation 

paclitaxel eluting stents, and reendothelialization appears to be augmented 92. 
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Section 1.4.9: Conclusions 

Loss of the endothelial lining is at the root of thrombosis and restenosis following 

stent deployment. Regeneration of the endothelial lining after denudation is possible in 

humans and animal models, and effectively prevents both complications. However, 

current stent designs and a great deal of ongoing research neglect regeneration of the 

endothelial lining as a therapeutic goal. Doing so limits progress to only incremental 

improvements in patient outcomes. Therapeutically promoting regeneration of the 

endothelial lining may be possible. Further understanding of the cellular and molecular 

mechanisms driving regeneration of the endothelium in adult arteries is likely to uncover 

novel means of therapeutically stimulate endothelial growth. 
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Section 1.5: The Controversial Endothelial Progenitor Cell 

 

In 1997 a research group headed led by Takayuki Asahara and Jeffrey Isner 

reported, in a landmark paper published in Science,95 that circulating blood cells isolated 

using adherence to fibronectin-coated plates could give rise to endothelial cells both in a 

dish and in living animals. Since then, multiple reports have claimed that endothelial 

progenitor cells present during embryonic vessel formation persist in the adult, and 

contribute to proliferation within the endothelial lining.56 The isolated cell type adopts an 

endothelial phenotype in culture as measured by surface markers and functional assays, 

homes to and incorporates into sites of endothelial proliferation in vivo, and enhances 

vessel formation during sprouting angiogenesis.95 Despite a specific surface marker 

profile of these cells never having been specifically defined,94 in excess of thirty clinical 

trials96 have been completed attempting to infuse these cells into patients to increase 

vascular supply to in ischemic settings, particularly coronary artery disease. Human 

outcomes have been uniformly disappointing.97,98 

Extensive94 (and hotly debated)55,99 investigation has shown that the so-called 

endothelial progenitor cells are in fact lineage-restricted monocytes and macrophages 

which associate closely with angiogenic endothelial cells, but possess only limited ability 

to induce vessel formation or enlargement in vivo. The point is this: our current 

understanding of how endothelial proliferation normally occurs in the adult endothelial 

lining is so lacking for an outline or map that there is conceptual room to add or subtract 

a hypothetical progenitor of unknown contribution, operating through unknown 

mechanisms. To this day, many research groups continue investigation into the properties 
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of so-called endothelial progenitor cells based on what is likely a culture artifact with little 

resemblance to in vivo biology.100 In Chapter 4, I report the results of experiments 

designed to detect or exclude the existence of any such circulating cells during large 

artery lining regeneration in the living animal. Further, in Chapter 3 and 4 I show how such 

regeneration does occur at the cellular and molecular levels. 
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Section 1.6: Central Hypothesis and Specific Aims of the Dissertation 

 

The central hypothesis of this dissertation work was that growth and regeneration 

of the endothelial lining of the mouse aorta occurs through uniform division of 

differentiated endothelial cells within the lining itself. In fact, during the work of the 

dissertation, it became apparent that the hypothesis was incorrect: it was discovered that 

a highly proliferative endothelial subpopulation emerges within the lining during 

regeneration. 

 

The specific aims of the dissertation were: 

1. Define the kinetics of growth of the postnatal aorta, in terms of gross dimensions, 

endothelial cell proliferation kinetics, and cell density within the endothelial lining. 

2. Perform clonal tracing to understand the heterogeneity and extent of endothelial cell 

division within the postnatal lining over extended periods. 

3. Reconcile cell-level behavior from clonal tracing with organ-level enlargement. 

4. Create a practical surgical injury model of arterial lining regeneration. 

5. Use the created animal model to determine a transcriptional signature of regenerating 

endothelial lining within a functioning artery. 

6. Validate the presence of key molecules identified in the transcriptional signature, and 

compare to expression in angiogenic vessels of the neonatal mouse retina. 

7. Perform lineage tracing and parabiosis experiments to detect or exclude contributions 

from cells outside of the endothelial lining-to-lining expansion during regeneration. 
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8. Compare expansion of the arterial lining during postnatal growth with expansion 

following adult surgical injury. 

9. Synthesize the collected information into a unified model of endothelial lining 

expansion. 
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Section 1.7: Figures 

Figure 1.1: The Evolution of Angioplasty and Stenting 
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Figure 1.2: Biological Responses Following Stent Deployment 
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Figure 1.3: Major Molecular Signals Driving Endothelial Lining Regeneration and Neointima Formation Following 

Denudation Injury 
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Figure Legends 

Figure 1.1 | The Evolution of Angioplasty and Stenting 

At each step, successfully addressing one problem has led to the creation of 

another, less severe problem. 

 

Figure 1.2 | Biological Responses Following Stent Deployment. 

Bare metal stents (BMS) elicit a reendothelialization response, but also smooth 

muscle proliferation leading to restenosis (bottom left). Drug eluting stents (DES) 

releasing sirolimus and derivatives inhibit smooth muscle proliferation, but also 

reendothelialization. Without endothelial coverage, thrombosis increases (bottom 

middle). Rationally, one would wish to promote reendothelialization while inhibiting 

smooth muscle proliferation (bottom right). 
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Figure 1.3. Major Molecular Signals Driving Endothelial Lining 

Regeneration and Neointima Formation Following Denudation Injury 

Leftmost: Healthy endothelial lining suppresses smooth muscle proliferation 

through release of nitric oxide (NO). 

Middle left: Following denudation injury, damaged endothelial and smooth muscle 

cells release stored basic fibroblast growth factor (FGF-2). Platelets adhere to the site of 

denudation and degranulate to release stored plate derived growth factor (PDGD). 

Monocytes adhere to platelets and enter the vessel wall, where they also secrete PDGF. 

Middle right: Following acute injury, PDGF stimulation results in smooth muscle 

cell migration from the arterial media toward the lumen, forming a neointima. FGF-2 

stimulation results in the proliferation of both endothelial cells and smooth muscle cells. 

Endothelial proliferation may stop short of complete lining regeneration for unknown 

reasons. 

Rightmost: Depending on size and degree of medial damage, a functional 

endothelial lining may eventually regenerate and resume inhibition of smooth muscle 

proliferation via nitric oxide release. 
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Chapter 2: Expansion of the Endothelial Lining during Postnatal Growth of the 

Mouse Aorta 
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Section 2.1: Preface 

 

This chapter is a version of a manuscript in preparation. It represents my earliest 

work, preceding the development of a model for regeneration within the aorta of the adult. 

As first author, I was responsible for the experimental design, execution of the 

experiments, and was the major contributor to the manuscript text. My undergraduate 

trainee Tiffany Lim assisted heavily with quantifications and contributed to writing as her 

senior thesis project. Dr. Julia Mack assisted in some of the aorta stainings. 
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Section 2.3: Abstract 

 

Human and murine aortas grow to supply an enlarging body size during postnatal 

development. However, how the endothelial lining accommodates this growth at the 

cellular level is unclear. We hypothesized that the increase in surface area of the 

endothelial lining can be attributed to endothelial cell expansion (cellular hypertrophy) 

and/or proliferation. Using C57BL6/J mice, we measured length and circumference over 

time. We found that gross dimensions of the aorta scaled isometrically with body mass 

across the postnatal growth period. We then determined cellular density within the aortic 

lining, and found that endothelial cell expansion explained the observed increase in 

endothelial lining area as much as increases in endothelial cell number from P5 to P10. 

However, as mice aged (P10 to P60), increases in cell number were the sole factor 

responsible for surface expansion of the endothelial lining. The distribution and 

organization of proliferation within the endothelial lining was examined using EdU to label 

cells in S-phase. Clonal tracing also allowed us to follow cell divisions over extended time 

periods. We observed that proliferation was uniformly distributed along the aorta, 

contradicting previous reports of clusters or foci of proliferation. Clonal proliferation tracing 

confirmed a uniform distribution of proliferating cells, and in fact individual clone 

dimensions mirrored overall lining dimensions to a remarkable degree. In sum, we found 

that endothelial cell expansion and proliferation are sufficient to explain the growth of 

endothelial lining of the aorta, a large artery, during the postnatal period. Moreover, we 

found that the organization of endothelial lining expansion at the cellular level elegantly 

matches isometric expansion of overall vessel dimensions with body size.  
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Section 2.4: Introduction 

 

An endothelial cell monolayer necessary for vascular homeostasis lines the lumen 

of vertebrate blood vessels. The postnatal generation of new capillary blood vessels by 

the angiogenic sprouting of “tip” endothelial cells and proliferation of “stalk” endothelial 

cells is well understood.1 However, the means by which the already formed endothelial 

lining of large vessels such as the aorta is able to grow with body size during postnatal 

development is unknown, and it lacks the defining sprouting organization of angiogenesis. 

Possibilities for enlargement of the endothelial lining include increases in per-cell 

surface area (expansion) and/or mitotic increases in endothelial cell number 

(proliferation). Examples of both exist in nature. In Drosophila tracheal epithelium, which 

resembles the vascular system of vertebrates, growth of existing tracheal tubes occurs 

primarily through cell expansion.2 However, evidence that this mode of growth extends to 

the vertebrate vasculature is lacking. By contrast, studies using tritiated thymidine in the 

rat aorta have suggested that proliferation is the dominant mode of endothelial lining 

expansion, and that in fact proliferation occurs in focal areas3 suggestive of specialized 

cells or proliferative niches. Beyond the expansion endothelial cell size and proliferation, 

some investigators have hypothesized that circulating endothelial progenitor cells give 

rise to the newly populated endothelial lining during aortic growth.4 Therefore, we became 

interested in understanding the relative contributions these potential modes of growth 

(proliferation, cell expansion, and differentiation from another cell type) to the expansion 

of the aortic endothelial lining, and whether we could observe patterns indicative of a 

spatial or hierarchical organization to lining growth. 
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Section 2.5: Results 

 

Aortic Growth Scales Isometrically with Body Size 

In order to determine the organ-level growth parameters of the postnatal mouse 

aorta, we collected sets of aortas from C57BL6/J strain mice of mixed sex at postnatal 

days 5, 10, 30, and 60, spanning a time course from neonate to adult (Figure 2.1A). We 

measured mouse body mass, aorta length from subclavian artery to celiac artery and 

aorta circumference at proximal, middle, and distal points relative to the heart (Figure 

2.1B) across a cohort of 4-6 mice per time point (Figure 2.1C). We observed a linear 

correlation between body mass and age, and isometric of gross aorta dimensions with 

body mass. Aortic length increases with body mass to the 1/3 power, as does 

circumference, while surface area scales with body mass to the 2/3 power. 

Cell Expansion Explains a Major Part of Early Postnatal Growth, but Increase in 

Cell Number Explains Late Growth 

Curious to know the relative contributions of cell expansion and increases in cell 

number to endothelial lining growth, we stained harvested aortas for VE-Cadherin to mark 

cell-to-cell junctions (Figure 2.2) and DAPI to mark nuclei. Using a computational 

approach, we extracted endothelial nuclei from the underlying smooth muscle nuclei in 

order to quantify endothelial cell density (Figure 2.3).  

To investigate how changes in cell density contribute to this increase in aorta 

dimension, we quantified endothelial cell density of aortas from different ages and at 

different anatomical positions (Figure 2.5A top left). Quantification shows that cell density 
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decreases most drastically between P5 and P10 mice from 2370 to 2520 cells/mm2 

(Figure 2.5A top right). While cell density decreases with age, total endothelial cell 

number increases with age (Figure 2.5A bottom left). Using the combination of cell 

number and cell density information, we calculated that from P5 to P10, cell shape 

expansion contributes to 57% of the increase in aortic surface area whereas increase in 

cell number contributes 43% (Figure 2.5A, bottom right). By contrast, increase in total cell 

number explains nearly all of the aortic growth from P10 to P60: increase in total cell 

number is responsible for 90% of aortic size growth from P10 to P30 and 100% from P30 

to P60 comparing to the contribution of cell shape expansion.  

Surprised to observe the brief period of cell surface area expansion, confirmed the 

result by directly measuring changes in cell area based on VE-Cadherin staining and 

observed that, indeed, cells expand dramatically over the course of postnatal 

development (Figure 2.5B). 

Overall Endothelial Cell Proliferation and Clonal Proliferation Tracking 

Finally, we wished to know whether the observed increase in cell number was the 

result of proliferation of endothelial cells within the cell lining, and if so how this 

proliferation was organized. To determine whether proliferation within the lining was 

sufficient to explain postnatal aortic growth, we performed clonal proliferation tracing 

using a multicolor fluorescent reporter allele (Figure 2.6).5 We observed clones comprised 

of approximately 1.5 cells tracing from P30 to P60, 3 cells tracing from P10 to P60, and 

5 cells tracing from P5 to P60 (Figure 2.7A). These measurements in fact exceed the 

number of mitoses needed to explain aortic growth: the surface area of the endothelial 

lining increases three-fold over this period, while clones increase five-fold in cell number. 
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To further test the hypothesis that a proliferation within the aorta follows a spatial 

organization, we performed EdU staining on collected murine aortas and quantified 

proliferation rate by normalizing EdU positive endothelial cell count to total endothelial 

cell count. Results show that proliferation rate decreases in line with the slowing rate of 

surface area increase and agreeing with clonal tracing data (Figure 2.7B). Moreover, 

proliferation rate differences between P5 and P10 mice are relatively uniform at different 

anatomical positions, and no preferential clonal expansion is visible when examining 

clonal tracing over large areas of the lining (Figure 2.8). 
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Section 2.6: Discussion 

 

By carefully dissecting the postnatal growth of the endothelial lining at both the 

tissue and cellular levels, we were able to integrate the two into a complete picture of 

lining expansion during postnatal development. First, we found that aorta as an organ 

scales isometrically with body size during growth, and that the endothelial lining of the 

aorta in particular scales with murine body mass to the 2/3 power as one might intuit for 

the scaling between a two-dimensional plane and a three dimensional body size.6 While 

such as relationship has previously been shown to hold when comparing between species 

of mammals,7 this is the first report that the same is true during development within the 

species, and implies that the growth of the aorta is dynamically regulated to meet the 

blood flow demands of the body throughout postnatal development. 

Through measurement of endothelial density and direct measurement of cell area, 

we further showed that expansion in the area of endothelial cells lining the vascular tube 

does in fact play a role in the early postnatal development of the endothelial lining – 

supporting a hypothesis generated from observation of Drosophila tracheal tube 

development and proposed to extend to control of tube size generally.2 However, past 

the early postnatal period, essentially all changes in surface area are due to an increase 

in total cell number without changes in per-cell area. These observations probably point 

to a case of limited convergence in function rather than shared genetic mechanism, as 

the epithelial tubes of Drosophila expand solely through continued area expansion while 

the murine aorta expands primarily through increases in cell number, and even early 

increase in per-cell area are accompanied by widespread mitosis. 
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Finally, through tissue-scale proliferation tracking during time period spanning 

hours (EdU) to months (clonal tracing) we disprove the longstanding hypothesis that 

proliferative growth within the aorta occurs following an organization into foci or 

clusters;8,9 instead, our data demonstrate a widespread and uniform organization of cell 

division within the lining. This difference is likely a result of technical limitations in earlier 

studies limiting the ability to specifically distinguish endothelial cells, as they were 

performed before the advent of recombinant genetic tools and availability of high 

resolution confocal microscopy. The lack of spatial pattern to proliferation and uniform 

clonal sizes observed point to an absence of a specialized proliferative subpopulation of 

endothelial cells within the growing endothelial lining, since these would be detected as 

dominant clones giving rise to large area of the endothelial lining. The uniform clonal 

distribution also indicates an absence of differentiation form a stem or progenitor cell not 

expressing VE-Cadherin, a specific marker of mature, functional endothelial cells – this 

scenario would result in large areas of the lining lacking genetic labeling. 

In fact, the level of clonal proliferation we observed within the lining is more than 

sufficient to account for the entirety of lining growth. Tracked clones gave rise to 

approximately 5 daughter cells each when tracked from the neonatal period through 

adulthood, while the surface area of the endothelial lining increased only three-fold. This 

finding indicates some level of endothelial cell loss during postnatal growth, to account 

for the excess size of individual clones, as well as obviates the need to invoke 

participation by any stem or progenitor cell outside the lining, as has been proposed 

previously.10 
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Section 2.7: Materials and Methods 

 

Animal Care and Use 

The University of California Los Angeles Institutional Animal Care and Use 

Committee approved all animal protocols, and all procedures were performed in 

accordance with these protocols. All animals were maintained at the UCLA vivarium 

according to the policies instituted by the American Association for Accreditation of 

Laboratory Animal Care. 

 

Mouse Lines and Genotyping 

Wildtype C57BL6/J mice were sourced from UCLA’s internal breeding facilities. 

VE-Cadherin Cre-ERT2 11 were a kind gift from Prof. Anne Zovein of UCSF. Rainbow 

reporter transgenic mice 5 were contributed by Prof. Reza Ardehali. All transgenic lines 

were maintained on a C57BL6/J background. Male and female animals were used in 

approximately equal numbers for all experiments. 

 

Aortic Dissection and Fixation 

Endothelial cells lining the aorta were fixed in place by perfusing anaesthetized 

mice with a solution of 4% polymerized paraformaldehyde dissolved in PBS through the 

left ventricle of the heart for ten minutes. Following perfusion, we removed the thoracic, 

then splayed open the tubular structure as a flat imaging plane using a single cut through 
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the dorsal portion of the segment wall. We then pinned flattened aortic segments lumen-

side up atop a 35mm silicon-coated dish, and post-fixed in 4% PFA solution at 4C for one 

hour with gentle agitation. 

 

Aortic Immunostaining 

Aortas were stained following immunocytochemistry protocols in a 1.5mL volume 

sufficient to cover pinned aortas in the dish. Fixed aortas were washed three times in 

HBSS then incubated in blocking buffer for an hour at room temperature. A solution 

containing the primary antibodies diluted 1:200 in blocking buffer was then applied and 

allowed to incubate overnight at 4C. The following day, the aorta was washed three times 

with HBSS, then incubated with secondary antibodies diluted 1:400 in blocking buffer and 

a 10mg/mL DAPI solution diluted 1:1000 in the same buffer. After a final set of three 

washes, the aorta was mounted. The recipe for the blocking buffer is: 

• 50mL HBSS 

• 1.5 mL Normal Donkey Serum 

• 150 uL Triton X-100 

• 25 uL Tween-20 

• After complete mixing, filter to sterilize and remove any particulates 

 

Aortic En Face Imaging and Image Processing 

We mounted aortas on glass slides with lumen facing the cover slip in Prolong 

Gold with DAPI (ThermoFisher CAT#P36931) mounting medium. We then imaged aortas 

using an LSM880 confocal microscope (ZEISS) with imaging settings optimized per 
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experiment. To image the large, wavy surface we utilized z-stack and tile scan features, 

stitching the resulting tiles into a single large image (ZEN 2.0 Black software, ZEISS). 

Imaging data restricted to the lumenal surface of the aorta was extracted from 3D 

confocal data using open-source software MorphGraphX,12 then endothelial cells were 

differentiated from smooth muscle cells using open-source software ilastik13 and counted. 
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Section 2.8: Figures 

Figure 2.1: Postnatal Growth of the Mouse Aorta 
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Figure 2.2: Surface Area of The Endothelial Lining Scales Isometrically with Body 

Mass and Triples During Postnatal Development 
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Figure 2.3: Computational Extraction of Endothelial Cell Nuclei 
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Figure 2.4: Staining of Aortas for Endothelial Cell Proliferation and Size 
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Figure 2.5: The Endothelial Lining of the Postnatal Aorta Expands Through a 

Combination of Increases in Endothelial Cell Size and Cell Number 
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Figure 2.6: The Rainbow Labeling System 
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Figure 2.7: Clonal Tracing and Labeling of S-phase Cells Reveal In-Lining 

Proliferation Sufficient to Explain Postnatal Growth 
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Figure 2.8: Clonal Tracing Reveals Uniform Distribution of Proliferation within the Postnatal Endothelial Lining 
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Figure Legends 

 

Figure 2.1 | Postnatal Growth of the Mouse Aorta 

a, Time course of aorta harvest in relation to postnatal development. 

b, Diagrammatic and actual anatomy of the aorta. A P60 (adult) aorta is shown. 

Measurements were made between the landmarks of the left subclavian artery and the 

celiac trunk. 

c, The cohort of aortas harvested for gross measurement. Aortas are shown to 

relative scale. Scale bar indicates 10mm. 

 

Figure 2.2 | Surface Area of the Endothelial Lining Scales Isometrically 

with Body Mass and Triples During Postnatal Development 

(Top) Relationship between age and body mass. 

(Left) Relationship between body mass and length (left top), 

circumference (left middle), and surface area (left bottom) on linear scales. 

(Right) Isometric relationships between body mass and length (left top), 

circumference (left middle), and surface area (left bottom) on log-log scales. 

 

Figure 2.3 | Computational Extraction of Endothelial Cell Nuclei  

Using computational tools (see methods), DAPI (blue) stained nuclei were 

separated into endothelial (green) and smooth muscle (red) fractions. Top shows low 

magnification of entire aorta, using extracellular matrix autofluoresence for visualization. 
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Below, extraction of endothelial nuclei spanning the entire aorta is shown. Left two panels 

show an intermediate magnification, while bottom right panels show high magnification. 

Scale bars indicate 10mm (low mag) and 20 um (high mag). 

 

Figure 2.4 | Staining of Aortas for Endothelial Cell Proliferation and Size 

Example of a P10 aorta co-stained for DAPI (blue), VE-Cadherin (green), Ki67 

(red) and EdU (magenta). Top panel, low magnification autofluoresence-based image 

(gray). Below, an overview of areas imaged at higher magnification for quantification. 

Middle portion: composite (main image) and single-channel (left insets) imaging at high 

magnification. Bottom portion: same images, combined with optical sectioning to isolate 

the endothelial cell layer. Scale bars indicate 10mm (low mag) and 20 um (high mag). 

 

Figure 2.5 | The Endothelial Lining of the Postnatal Aorta Expands 

Through a Combination of Increases in Endothelial Cell Size and Cell Number 

a, (Top left) The density of endothelial cells, calculated as number of detected 

endothelial nuclei divided by the area imaged, spanning the length of the postnatal aorta. 

(Top right) Endothelial cell density by age group. (Bottom left) Total endothelial cells, 

calculated as density * surface area, composing the endothelial lining throughout 

postnatal development. (Bottom right) Relative attribution of increase in endothelial lining 

surface area to increases in cell number and increase in cell size. Fraction attributable to 

increase in cell number calculated as increase in cell number divided by increase in 

surface area; remainder attributed to cell size. 
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b, Direct comparison of cell size between a P5 and P60 aorta. Red, endothelial 

nuclear marker ERG. Green, endothelial cell junctional marker VE-Cadherin. Scale bar 

indicates 20um.  

 

Figure 2.6 | The Rainbow Labeling System 

a, Mutated lox sites are arranged to result in randomized and mutually exclusive 

recombination events, such that one of three fluorescent protein are expressed after 

recombination. Recombination is under the control of a tamoxifen-inducible VE-Cadherin 

CREERT2 protein specifically expressed in endothelial cells. 

b, Clones are tracked through time, and proliferative activity inferred from 

expansion in number of cells making up the clone. 

 

Figure 2.7 | Clonal Tracing and Labeling of S-phase Cells Reveal In-

Lining Proliferation Sufficient to Explain Postnatal Growth 

a, Clonal proliferation tracing across development of the postnatal aorta. 

Recombination was induced at the indicated age, and clone sizes determined. In the 

rightmost panel a constitutive form of VE-Cadherin Cre was used to induce recombination 

during E7.5 of embryonic development, when endothelial cells first emerge from 

mesodermal precursors. Each row corresponds to a separate aorta. 

b, EdU-based proliferation tracing across the aorta. Proliferating fraction was 

calculated as total EdU+ endothelial nuclei / total endothelial nuclei. Scale bars indicate 

20 um. 
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Figure 2.8 |  Clonal Tracing Reveals Uniform Distribution of Proliferation 

within the Postnatal Endothelial Lining 

Low magnification images from an aorta with clonal density labeling induced at 

age P10 and followed to adulthood. Top, rostral half of thoracic aorta. Bottom, caudal half. 

Scale bar indicates 1mm.  
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Section 3.1: Preface 

 

This chapter is composed of two parts: Chapter 3A, the first half of a manuscript 

submitted to Cell Stem Cell. This portion includes molecular characterization of the 

endothelial regenerative process. The second part of the chapter, Chapter 3B, includes 

Dr. Aditya Shirali’s manuscript which expands on my initial transcriptional characterization 

of endothelial repair. This manuscript has been submitted to the journal eLife. 

As first author on the manuscript described in Chapter 3A, I was responsible for 

the experimental design, carried out all experiments, and co-wrote the manuscript text 

with Prof. Luisa Iruela-Arispe. Dr. Shirali performed the surgeries to create aortic injury. 

As second author on the manuscript in Chapter 3B, I helped Dr. Shirali design 

experiments extending my initial work to include larger injuries followed over a longer 

period of time, participated in the collection and imaging of aortic samples, and performed 

the initial analysis of RNA-sequencing data (read mapping and differential expression 

analysis). 
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Section 3A.2: Abstract 

The process that underlines renewal and regeneration of the endothelium, the 

inner lining tissue of the entire cardiovascular system, is unknown. To identify the cellular 

and molecular events associated with endothelial cell regeneration, we used a 

reproducible injury model for cellular denudation and applied a variety of genetic 

strategies to define the origin of the regenerated cells, pinpoint the mechanisms used for 

cellular renewal, and uncover the initiating transcriptional signature that triggered and 

maintained endothelial regeneration in vivo.  Our findings disclosed the collective 

behavior of endothelial cells in response to injury that included rapid, staged changes in 

the transcriptome of fully differentiated cells (Chapter 3). 

Phenotypically, we observed a dramatic and nearly synchronic entry into cell cycle 

by expanding fronts of endothelialization flanking the regenerating wound. Furthermore, 

using multi-fluorescent clonal tracing to track the proliferative behavior of single cells, we 

identified a discrete subpopulations of transiently amplifying endothelial cells which 

significantly contribute to the healing of the denuded area (Chapter 4). Importantly, the 

process of endothelial cell regeneration distinguishes itself by a robust collective 

response and a conspicuous absence of tip-stalk cells, typical of angiogenesis.  
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Section 3A.3: Introduction 

Maintenance and repair of most adult tissues relies on the presence of a pool of 

progenitor cells frequently confined to a specific region, their niche, well supported by a 

congregation of cell- and matrix interactions.1 In response to either injury, or as part of 

the continuous need for cellular renewal, these highly responsive tissue-specific 

progenitor cells replicate providing new cells that differentiate into appropriate subtypes 

and promote tissue homeostasis.2–4 In contrast to this well-accepted view of renewal, the 

mechanisms associated with regeneration and repair of the inner lining of blood vessels 

have remained enigmatic. 

 Studies that sought to understand renewal of the endothelial lining in vivo 

have been confounded by the difficulty to document cellular loss, as these cells are 

quickly removed by blood flow. Similarly, accurate quantification of proliferation is 

challenging due to its transitory, dynamic nature and the difficulty of imaging the extremely 

thin endothelial cells, frequently viewed in transversal sections.  The few studies 

successful at capturing proliferation in large vessels used tritiated thymidine uptake and 

en face visualization. These studies suggested that the overall basal rate of endothelial 

cell replication is nearly negligible in adult normal blood vessels. 5–11 Yet when visualized, 

those studies stated that the proliferative behavior of the endothelial cells was uneven 

within the lining. Meaning, the endothelium displayed discrete foci with high proliferative 

capacity. Because of the limitations of the analyses it is difficult to ascertain whether those 

areas could have been associated with cell loss or denudation, be indicative of local 

vessel enlargement, or perhaps the site the true niche of endothelial progenitors. 

Subsequent studies showed that endothelial replication in vivo was influenced by the age, 
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pathological conditions, such as hypertension, and endotoxemia and by metabolic 

conditions such as hyperlipedimia. 12–14 

While extremely valuable, the studies above pre-dated genetic techniques and 

much improved visualization methods and unfortunately those questions have not been 

pursued. Instead experts in vascular biology have focused on the mechanisms associated 

with the morphogenesis of the cardiovascular system and the subsequent angiogenic 

expansion of vessels during development and in specific pathological settings, such as 

cancer and inflammatory conditions.15–17  This knowledge has progressed considerably 

and today, although still incomplete, the field of vascular biology has identified a 

framework of interacting signaling pathways, intracellular regulatory genes and 

participating physical forces involved in the process of endothelial cell sprouting, lumen 

formation, and vascular remodeling.16,18 However, the process of endothelial cell growth 

and expansion after a vessel has been formed remains far less understood. The 

processes of angiogenesis and vascular expansion within a vessel are likely to be 

different, as one requires departure from the inner lining, while the other occurs in the 

context of a community of other cells. Similarly, the mechanisms involved in vascular 

regeneration and repair of large vessels after injury and in the context of blood flow have 

not been explored. This knowledge is essential, since damage to the inner lining of large 

vessels, often resulting from endovascular medical procedures or severe vessel 

pathology, is detrimental to organ viability. 

In this context a myriad of critical questions are currently unanswered:  Do 

endothelial cells in an adult vessel divide to renew the endothelial lining or do [some] 

endothelial cells last for the lifetime of an individual? If endothelial cells proliferate: Is there 
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a particular site/niche or do all cells all have equivalent capacity?  Can the intima lining 

be repaired upon injury – through the generation of more cells? Are there endothelial cells 

with differential proliferative capacity? Are the mechanisms involved in endothelial cell 

repair in a vessel similar or distinct from those operative during angiogenesis? These 

questions provided motivation to initiate a series of experiments to gain concrete 

information related to growth of endothelium in the setting of a fully formed, functional, 

and physiologically active vessel: the infra-renal aorta. Using a novel and highly 

reproducible model of cell denudation, we performed transcriptomic and molecular 

characterization of the regenerating arterial lining (Chapter 3), contrasting the 

regenerative transcriptional signature with the process of angiogenesis. Taking 

advantage of fluorescent tagging we performed a number of lineage tracing analyses to 

uncover the collective behavior of regenerating endothelial cells regeneration in the 

context of the lining of an adult fully functional artery (Chapter 4). 
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Section 3A.4: Results 

Mechanical denudation injury in the adult aorta induces a prompt 

regenerative response within the endothelial lining both upstream and 

downstream of blood flow 

In order to study the regeneration of the endothelial lining in vivo, we developed a 

model system in which we non-fatally removed a precise 0.8mm width segment of the 

lining of the mouse aorta by mechanical pressure (Appendix A). By dissecting the aorta 

into a flat plane for visualization by confocal microscopy (Figure 3A.1A), we were able to 

observe the resulting area of lining removal with cellular detail. We observed complete 

loss of the lining at the location of clamping, as demonstrated by the abrupt and complete 

loss of endothelial cell junctional staining at the injury border. We also observed damage 

to muscular wall of the vessel, as evidenced by the decrease in GFP fluorescence derived 

from vascular smooth muscle cells in a Rosa26-GFP expressing mouse (Figure 3A.1B). 

The progression of endothelial lining regeneration was followed over time in distinct mice 

using the same highly reproducible approach to injury. We noted complete regeneration 

by steady converging advancement of intact bordering endothelial lining both upstream 

and downstream of the injury with respect to blood flow (Figure 3A.1C). The 0.8mm width 

area of injury was completely regenerated within 3 days (Figure 3A.1D) at a rate of 

endothelialization of approximately 10um/hr (Figure 3A.1E). 

Surprisingly, we observed that the direction of blood flow had minimal effect on re-

endothelialization: both the upstream and downstream fronts of endothelialization 

advanced at similar rates. To determine whether endothelial cell polarity might orient both 

with and against blood flow during regeneration we determined the position of the Golgi 
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complex in endothelial cells near the wound area using the marker Giantin (Figure 3A.1F). 

Evaluation of non-injured regions either upstream or downstream flow showed the Golgi 

aligned along the circumferential axis of the vessel (Figure 3A.1G panels a,b). Confirming 

our hypothesis, in the regenerated area the Golgi was enlarged and oriented in the 

direction of regeneration without regard to blood flow direction (Figure 3A.1G panels a,b). 

These data indicate a surprising indifference of endothelial cells to mechanical forces 

during regeneration in vivo, including the shear stress derived from blood flow. 

The mechanisms that promote endothelial regeneration are likely to include a 

combination of cellular hypertrophy, proliferation and migration. In fact, we noted that in 

the recently regenerated intima endothelial cells were on average 10.6 μm longer than 

cells in the non-wounded area (Extended Figure 3A.S1A). Cross sectional evaluation 

indicated that regenerated cells are also larger in volume, as shown by greater protrusion 

from the lumenal surface in cross-sections of the aortic lining at 48 and 96hrs post-injury 

(Extended Figure 3A.S1B). These data indicate that cellular hypertrophy contributes to 

the regenerative process. 

Changes in the endothelial transcriptome during regeneration are distinct 

from sprouting angiogenesis 

We next wished to know which molecular programs were activated in the 

regenerating aortic lining. To determine the answer in an unbiased manner, we performed 

comparative RNA-seq analysis immediately after injury and at 48hrs post injury (Figure 

3A.2A) using transcripts from both uninjured control and regenerating arterial segments 

(Figure 3A.2B). To do this, we used a lumenal flush method previously developed in the 

laboratory (Figure 3A.2C, see methods). Importantly, we achieved a high degree of 
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enrichment for endothelial cell specific transcripts when compared to the transcript 

fraction derived from the tissue remaining after lumenal flush (Extended Figure 3A.S2A). 

We also noted a high enrichment for transcripts associated with progression through the 

cell cycle (Extended Figure 3A.S2B). These data provided the first indication that in fact, 

proliferation was an important component of the regeneration program, as opposed to 

only migration and cellular hypertrophy. Principle component analysis showed a clear 

separation between homeostatic and regenerating endothelial linings (Figure 3A.2D). 

Differential expression analysis contrasting the relative expression of transcripts between 

homeostatic and regenerating segments revealed that the endothelial lining reacts rapidly 

to changes imposed by mechanical injury. In fact, the transcriptome of cells adjacent to 

the injured area completely segregated from the control endothelium after a period as 

short as 3hrs post-injury (Figure 3A.2D), despite equivalent cobblestone morphology. 

Alterations in the transcriptional profile of endothelial cells were more impressive by 

48hrs, a time of active regenerative activity (Figure 3A.2E and Extended Figure 3A.S2C). 

Assessment of transcription factors altered during the process of regeneration 

revealed the activation of a “reaction-to-injury” program that included FOS, Myc/Mdx and 

the Hippo pathway as early as 3hrs (Figure 3A.2E). Examining a panel of transcripts 

associated with endothelial cell function and identity, we found that this was associated 

with signs of loss of arterial identity (Extended Figure 3A.S3). Of transcripts selected as 

markers of an arterial identity, Notch1, Nrp1, and Efnb2 show a significant decrease while 

Sox17 and Sox18 were unaffected. Of the lymphatic markers, Lyve1, Prox1, and Nr2f2 

show a significant increase while Flt4 trends upward non-significantly. Of the transcripts 

for genes involved in junctional integrity and mechanotransduction, Cdh5 and Gja4 are 
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perturbed, while Gja5 is unaffected. Venous marker Ephb4 was unaffected. Migration 

guidance molecule Sema3g was perturbed, as was Ly6a, a known surface marker for 

hematopoetic stem cells proposed to enrich for hypothetical progenitor cells in the 

endothelial lining19. At 48hrs we observed a marked increase in expression of 

transcription factors associated with proliferation including E2f8, Foxm1 and Maf (Figure 

3A.2E). While much can be learned by further dissecting the transcriptomic profile of the 

regenerating lining, the central objective of this analysis was to identify molecular 

pathways active during the regenerative process. We next wished to know whether the 

molecular signatures present in the regenerating arterial endothelial lining were also 

present in the highly proliferative endothelial cells of the neonatal mouse retina, the 

prototypical angiogenesis platform (Figure 3A.2F). We proceeded to validate select gene 

candidates identified in the RNA-seq analysis by immunohistochemical staining for 

protein detection in both the adult regenerating aorta and neonatal retina. FosL2, a 

member of the FOS/Jun family of proteins was found to be constitutively present at 

junctional borders in the quiescent, uninjured aorta. Interestingly, the transcription factor 

relocalized to the cytosol and, to a lesser extent, the nucleus in the regenerating areas. 

In angiogenic vessels of the retina, FosL2 was never found at the junctional borders and 

instead was present at low levels in the endothelial nucleus (Figure 3A.2G, H). Expression 

of Myc was perhaps the most impressive of all. While the transcription factor could not be 

detected at all in angiogenic vessels, nuclear localization of Myc was clearly confined to 

endothelial cells actively engaged in regeneration in the aorta (Figure 3A.2G, H). Nuclear 

Myc was observed following a salt-and-pepper distribution in the 4-7 columns of 

endothelial cells flanking either regenerative front. FoxM1, found to be transcriptionally 
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increased by 48hrs, was detected to be clearly confined to areas of the regenerating 

endothelium and present at high levels in the nucleus relative to the cytosol. In contrast, 

FoxM1 was conspicuously absent from sprouting vessels in the retina. Despite not 

detecting transcriptional changes in FoxO1, a known antagonist of FoxM1 that has been 

well studied in the context of angiogenesis, we found that the protein was modestly 

increased in the cytosol, but largely excluded from the nucleus, for endothelial cells 

participating in lining regeneration. Sca-1, a marker known to be expressed by adult stem 

cells in multiple tissues and proposed as a marker enriching for “progenitor” endothelial 

cells, was clearly increased exclusively in the regenerating cells of aorta, while it was 

absent from sprouting vessels in the retina (Figure 3A.2G, H). From these experiments, 

it became clear that 1) the transcriptome associated with the regenerating lining indicated 

active endothelial cell dedifferentiation and proliferation and 2) the process of aortic lining 

regeneration is markedly distinct from that of angiogenesis. 
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Section 3A.5: Discussion 

An intriguing transcriptional signature of endothelial regeneration includes a subset 

of transcription factors that are associated with junctional complexes, in particular Fosl2 

and members of the Hippo pathway. AP1 transcription factors, including c-Fox and c-Jun 

protein families function as either transcriptional activators or repressors depending on 

the biological context and have been associated with a myriad of developmental and 

pathological processes 20. Fox-like antigen 2 (Fosl2 or Fra2) in particular has been poorly 

described with effects reported in bone development 21,22photoperiodic regulation23, and 

fibrosis24,25. Our data indicates that Fosl2 is constitutively expressed by quiescent 

endothelial cells and confined to the cell periphery, much like beta-catenin. Upon injury, 

Fosl2 quickly relocates to the cytosol and it is transcriptionally upregulated as early as 

3hrs post denudation.  Interestingly, Fosl2 transgenic mice develop a severe proliferative 

vasculopathy of the lungs resembling pulmonary arterial hypertension 26. These findings 

are consistent with our data in the aorta and expand the potential contribution of this 

transcription factor as a likely relevant regulator of endothelial regeneration and growth in 

large vessels. Another interesting transcriptional pathway with links to the cell membrane 

is the Hippo pathway. This pathway is an relevant candidate as an initial trigger of 

endothelial regeneration because Yaz has been shown to be localized at the cell surface 

and it is regulated by tension, in addition to controlling proliferation and organ size 27–30. 

We found that Tead4, the transcriptional partner of Yap, is increased shortly after injury, 

implicating the Hippo pathway in the early events associated with endothelial 

regeneration. Interestingly, neither of these two transcription factors have been previously 
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implicated in sprouting angiogenesis, yet another distinction of the regulatory 

mechanisms involved in arterial regeneration. 

We also observed differences in a set of transcriptions factors known to regulate 

cellular proliferation during angiogenic sprouting and regeneration of lung vasculature, 

namely Myc, FoxM1, and FoxO1 (Figure 3A.2). The transcription factor Myc is tightly 

integrated with cell cycle progression and identity: Myc accelerates the G1 phase of the 

cell cycle through promotion of Cyclin and CDK activity and suppression of CDK inhibitors 

p21 and p27.31 During regeneration, we have shown upregulation of a complete set of 

Cyclins and CDKs, and suppression by 48 hours of an initial spike of p21 transcription 

(Extended Figure 3A.S1). Myc also exerts powerful effects on cell identity; it is required 

for maintenance of the embryonic pluripotent stem cell state,32 and was identified as one 

of the four “Yamanaka factors” sufficient for reprogramming cells to an induced pluripotent 

stem cell state.33 Suggestively, we saw a rapid transition of endothelial cells from a 

quiescent differentiated phenotype to rapid coordinated proliferation which coincided with 

changes in transcriptional markers of cell identity. As early as 3hrs after injury the aortic 

endothelium exhibited notable changes in its transcriptional profile including the reduction 

of some arterial markers (Nrp1 and Efnb2) and the gain of venous and lymphatic markers 

(Nr2f2, Lyve1, Prox1, and Flt4). These discrete changes suggest the return to a more 

primitive stage that was perhaps more permissive for entry into the cell cycle. While this 

is speculative, it has been demonstrated in zebrafish that endothelial cells from veins are 

able to proliferate (and migrate) more than arterial endothelial cells34. The study by Xu 

and colleagues elegantly demonstrated that the mechanisms of arteriole regeneration are 

highly dependent on the proliferative activity of veins. Therefore, it appears that the 
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mechanisms of vascular regeneration might be broad and employ distinct cellular sources 

depending on the size, location and perhaps organ-type. Along these lines, we observed 

dramatic upregulation of the normally poorly expressed transcription factor FoxM1 as 

regeneration proceeded. This finding is notable because FoxM1 has been reported to 

regulate cell cycle progression and endothelial cell regeneration in the lung 

vasculature,35,36 and also because the related factor FoxO1 has been shown to be an 

upstream director of Myc activity in the angiogenic retina.37 Moreover, FoxO1 and FoxM1 

are functionally antagonistic,38 and we observed exclusion of FoxO1 from the nucleus 

during FoxM1 upregulation and expression within the nucleus, as well as the absence of 

FoxM1. Taken together, these data suggest a broad role for FoxM1 and Myc in controlling 

the cell cycle and phenotypic switching during adult endothelial regeneration, with FoxM1 

potentially regulating the activity or expression of Myc.  
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Section 3A.6: Materials and Methods 

Aortic Injury 

We created clamping injuries as previously described in Appendix A.39 Briefly, we 

surgically dissected surrounding tissue from the abdominal aorta of mice, then placed a 

strong vascular clamp 750 um in width on the vessel for sixty seconds before closing the 

abdomen. The pressure from the clamp results in loss of the endothelial lining at the 

clamping location. 

Aortic Dissection and Fixation 

Endothelial cells lining the aorta were fixed in place by perfusing anaesthetized 

mice with a solution of 4% polymerized paraformaldehyde dissolved in PBS through the 

left ventricle of the heart for ten minutes. Following perfusion, we removed the aorta from 

the abdomen, then splayed open the tubular structure as a flat imaging plane using a 

single cut through the dorsal portion of the segment wall. We then pinned flattened aortic 

segments lumen-side up atop a 35mm silicon-coated dish, and post-fixed in 4% PFA 

solution at 4C for one hour with gentle agitation. 

Aortic Immunostaining 

We then proceeded to stain following immunocytochemistry protocols in a 1.5mL 

volume sufficient to cover pinned aortas in the dish. Fixed aortic segments were washed 

three times in HBSS then incubated in blocking buffer for an hour at room temperature. 

A solution containing the primary antibodies diluted 1:200 in blocking buffer was then 

applied and allowed to incubate overnight at 4C. The following day, the aorta was washed 

three times with HBSS, then incubated with secondary antibodies diluted 1:400 in 
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blocking buffer and a 10mg/mL DAPI solution diluted 1:1000 in the same buffer. After a 

final set of three washes, the aorta was mounted. The recipe for the blocking buffer is: 

• 50mL HBSS 

• 1.5 mL Normal Donkey Serum 

• 150 uL Triton X-100 

• 25 uL Tween-20 

• After complete mixing, filter to sterilize and remove any particulates 

Aortic En Face Imaging and Image Processing 

We mounted aortas on glass slides with lumen facing the cover slip in Prolong 

Gold with DAPI (ThermoFisher CAT#P36931) mounting medium. We then imaged aortas 

using an LSM880 confocal microscope (ZEISS) with imaging settings optimized per 

experiment. To image the large, wavy surface we utilized z-stack and tile scan features, 

stitching the resulting tiles into a single large image (ZEN 2.0 Black software, ZEISS). 

Aortic Wound Area and Endothelialization Rate Quantification 

Aortic wound area was determined by manually tracing fibrin staining on maximum 

intensity Z-projections using FIJI software. Areas lacking endothelium were detected by 

their bright fibrin staining and absence of VE-Cadherin positive cells. Areas which had 

been regenerated were detected by persistence of dim fibrin staining. Linear 

endothelialization was calculated as the area marked by bright fibrin staining divided by 

the average width of this area, and the endothelialization rate as the slope of the line 

connecting the 0-24 and 0-48 timepoints. Beyond these timepoints the upstream and 

downstream endothelialization fronts have met, making calculation at extended 

timepoints potentially inaccurate. 

Quantification of Endothelial Cell Elongation in Regenerating Aortae 
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Endothelial cell areas were manually traced using a maximum intensity Z-

projection of VE-Cadherin stained cell junction using FIJI software. Only cells with clearly 

distinguishable borders and nuclei (DAPI stain, not shown) were quantified. Based on 

these areas, a best fit ellipse was determined for each cell using FIJI, and the length of 

the major axis of this ellipse was used as a measure of each cell’s length. Statistical 

comparison was performed using the non-parametric Kolmogorov-Smirnov test in 

Graphpad Prism software. 

 

RNA extraction and RNA sequencing from regenerating aortas 

We extracted RNA by a lumenal flush method previously described in detail40 and 

depicted in Figure 3A.1A-C. Briefly, tubular segments of the aorta were dissected, and 

using a 30G syringe 50uL of RLT buffer was flowed through the lumen of the segment 

and into a collecting tube, then processed according to the manufacturer’s standard 

protocol (Qiagen RNEasy Micro Kit, CAT#74004). Approximately 20ng/sample of total 

RNA was obtained. After verifying RNA integrity using a BioAnalyzer 2100 (Agilent), 

library preparation and sequencing were performed by the UCLA Genomics Core Facility 

using the NuGEN Oviation Ultralow Library Prep System (NuGEN CAT#0344) following 

manufacturer’s protocols. Sequencing was performed on a HiSeq 3000 instrument 

(Illumina, San Diego, CA) using parameters optimized for 50bp single-end reads at a 

depth of 40 million reads/sample. 

Differential Expression Analysis 
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Raw sequencing reads were assessed for quality using FastQC,41 then mapped to 

mouse strain C57BL6/J genome assembly GRC38.p442 using the HISAT243 algorithm 

running on the Galaxy platform44 with default settings. ENSEMBLE annotation release 

8442 was used to identify genes, transcripts, protein-coding transcripts, exons, and rRNA 

for feature counting. Feature counts were then performed using htseq.45 

Differential expression analysis and generation of the corresponding data plots 

were performed using the DESeq246 package on the Bioconductor platform47 using 

default settings, excepting that the alpha (FDR) threshold was set to 0.01 and a fold 

change threshold minimum of 2 was imposed. Further analysis was performed using a 

literature-based candidate approach, as described in the main text. 
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Section 3A.7: Figures 
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Figure 3A.1: Kinetics of Endothelial Lining Regeneration. 
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Figure 3A.2: Molecular Signature of Regenerating Aortic Lining. 
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Extended Figure 3A.S1: Cellular Elongation & Hypertrophy at the 

Endothelialization Front 
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Extended Figure 3A.S2: Selective Enrichment of Transcripts from 

Proliferative Endothelial Cells 
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Extended Figure 3A.S3: Changes in Identity Associated Transcripts 
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Figure Legends 

Figure 3A.1 | Kinetics of Endothelial Lining Regeneration 

a, Schematic of dissection of the mouse aorta for en face confocal imaging. 

b, Images of a representative aorta demonstrating mechanical removal of cells by 

clamp injury. Photos were taken in the Rosa-26 Rainbow line without tamoxifen 

administration and immediately following injury. Left, loss of GFP fluorescence throughout 

the vessel wall at the site of clamping. Right, loss of endothelial cells as marked by loss 

of b-catenin staining at cell junctions and presence of fibrin.  

c, Regeneration of the lining over time. Top, area of endothelium loss marked by 

fibrin staining decreases with time. The area lacking endothelium is marked by bright fibrin 

staining (yellow dotted lines). The area where endothelium has regenerated has residual 

dim fibrin staining (blue dotted lines). Second from top, endothelial cell coverage 

increases with time. Endothelial cells are marked by staining for VE-Cadherin. Third from 

top, merged images demonstrating the decreases in bright fibrin staining exactly 

correspond with the increases in endothelial coverage identified by VE-Cadherin staining. 

d, Quantified kinetics of lining regeneration. Decrease in denuded area lacking 

endothelium (yellow) and increase in regenerated area marked by residual fibrin (blue) 

with time, as previously shown visually. 

e, Left, Change in coverage by regenerated endothelium over time, derived by 

dividing regenerated area by original wound width. Straight lines indicate linear 

regressions, while dotted lines indicate 95% confidence prediction values based on 

regressions. Right, rates of endothelialization along the vessel’s long axis, calculated as 

change in mean wound width over time.  
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f, Polarization of endothelial cells against the axis of flow during regeneration. 

Representative low magnification image of a regenerating aorta is shown. White boxes: 

areas shown in higher magnification in next panel. Blue dotted line: clamped area. Yellow 

dotted line: leading edges of regenerating lining.  

g, High magnification showing endothelial cell polarization as detected by the 

angle of the Golgi complex (Giantin staining, green) to the endothelial nucleus (DAPI 

staining, white.) Cells aligned with flow at the upstream wound edge (panel c) and against 

flow at the downstream wound edge (panel d) are marked with white arrows indicating 

the location of the Golgi complex. 

Center values indicate mean, error bars indicate 95% c.i. Each dot represents the 

aorta from one animal. n=4-5 animals per timepoint as indicated. Scale bars indicate 

either 800 um (low mag) or 20 um (high mag). 
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Figure 3A.2 | Molecular Signature of Regenerating Aortic Lining 

a, Experimental timeline. Aortas were harvested 3 and 48 hours following surgical 

removal of the lining. 

b, Experimental samples. Uninjured thoracic and regenerating abdominal aorta 

segments were collected for comparison. 

c, RNA collection method. Lysis buffer is flushed through the lumen of a dissected 

vessel segment, enriching for endothelial transcripts. Cells thought to be active drivers of 

lining regeneration are highlighted in red. 

d, Principal component analysis of collected transcriptomes. The aortic tissue 

remnant left after flushing and the uninjured aorta segment clearly separate from both 

each other and the early and mid-regeneration samples. Both sets of regeneration 

samples cluster together.  

e, Transcriptional signature of regenerating aortic lining. Transcription factors with 

a statistically significant (FDR = .01) change in transcript level greater than 4-fold are 

shown. Each column represents one aorta segment. 

f, Diagram illustrating the conceptual contrast between angiogenesis and 

regeneration of the endothelial lining. Cells thought to be active in driving each process 

are highlighted in red. 

g, Representative whole tissue stainings of en face prepared aortas for select 

proteins. Proteins were chosen based on reagent availability, transcriptional data, and 

biological interest.  

h, Representative stainings for the same proteins in previous panel, but in the 

neonatal (P7.5) mouse retina at the active angiogenic front. n=3-7 retinas per protein. 



97 

Extended Figure 3A.S1: Cellular Elongation & Hypertrophy at the 

Endothelialization Front 

a, Cell elongation at the endothelialization front. Representative VE-Cadherin 

stained aorta at low magnification (left). Red box indicates areas of higher magnification 

in right panels. Cells where cell borders and nuclei (DAPI staining not shown) could be 

unambiguously identified were manually traced using FIJI software. Best fit ellipses were 

then calculated for cells at the front of endothelialization and in an uninjured adjacent 

area; the length of the major axis of each ellipse was taken as the measure of each cell’s. 

Error bars indicate 95% c.i. 

b, Cellular hypertrophy at the endothelialization front. Left: H&E staining of aortic 

cross-sections. Right: Verhoeff’s stainining of cross-sections to identify elastin in the 

extracellular matrix in black. Endothelial nuclei are indicated by arrows; dotted lines 

indicate areas of denudation. Cross-sections are representative images, n=3-5 mice per 

timepoint. 
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Extended Figure 3A.S2 | Selective Enrichment of Transcripts from 

Proliferative Endothelial Cells 

a, Cell-type specific transcripts demonstrate endothelial cell enrichment. EC = 

Endothelial Cell. SMC = Smooth Muscle Cell. WBC = White Blood Cell. HK = 

Housekeeping. Tissue represents an abdominal aorta segment that was homogenized 

following the flush with lysis buffer.  

b, Cell-cycle related transcripts, including Cyclins, CDKs, and Cyclin Inhibitors. 

c, Differentially regulated transcription factors. Similar to Fig2E, but shows all 

differentially regulated transcription factors (FDR = .01), rather than just those that exceed 

a 4-fold change threshold. 
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Extended Figure 3A.S3 | Changes in Identity-Associated Transcripts 

A collection of genes were selected from the literature based on their relation to 

endothelial cell identity. Changes in those genes’ transcripts is shown here. Middle bar 

shows mean; error bars show 95% c.i. 
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Section 3B.2: Abstract 

The molecular mechanisms underlying endothelial regeneration and repair are 

largely unknown. To gain insight into the process of endothelial cell repair, we developed 

a highly reproducible method of intima denudation, characterized the progression of 

endothelial healing, and performed proliferation kinetic analyses. We found that 

endothelial cells were able to restore the intimal lining over a period of several days in 

vivo. Next-generation RNA sequencing (RNA-seq) was performed to obtain a quantitative 

and unbiased transcriptional profile of gene expression during in vivo endothelial 

regeneration following denudation injury.  Gene ontology enrichment and protein network 

analysis were used to identify signatures of regenerating endothelium. A significant 

outcome of these analyses was the realization that endothelial regeneration is clearly 

distinct from angiogenesis.  Further data mining revealed four distinct stages of 

regeneration: shock, proliferation, acclimation, and maturation.  The transcriptional 

signature of those stages provides insight into the regenerative machinery responsible 

for arterial repair under normal physiologic conditions.   
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Section 3B.3: Introduction 

Our current understanding of endothelial growth is largely rooted in studies that 

focused on either developmental or pathological angiogenesis (Carmeliet, 2005; 

Carmeliet & Jain, 2011). In adult vessels, vascular expansion is usually stimulated by an 

insult that results in either cytokine production or hypoxia (Semenza, 2007). These events 

quickly trigger a complex interplay of downstream signaling pathways that affect 

junctional dynamics, induce vasodilation, and promote vascular permeability (Phng & 

Gerhardt, 2009; Trani & Dejana, 2015).  Disruption of the basement membrane with the 

subsequent departure of endothelial cells from pre-existing vessels initiates the formation 

of a sprout that expands through endothelial cell proliferation and migration (Herbert & 

Stainier, 2011; Jakobsson et al., 2010; Simons, Gordon, & Claesson-Welsh, 2016). The 

final phase entails the formation of a vascular lumen and the acquisition of a basement 

membrane (Iruela-Arispe & Davis, 2009).  All of these stages strictly depend on a wide 

array of cytokines, tyrosine kinases, Notch signaling proteins, junctional proteins, and 

integrins that orchestrate complex and sequential changes in the endothelium that entail: 

release from homeostasis, migration, proliferation, and return to homeostasis (Domigan, 

Ziyad, & Iruela-Arispe, 2015; Simons et al., 2016). After morphogenesis is complete, 

endothelial survival and/or apoptosis relies on the provision of nutrients and shear stress 

signals via blood flow states, with high flow states inducing endothelial survival and low 

flow states inducing apoptosis (Galie et al., 2014; Ghaffari, Leask, & Jones, 2015). The 

network of newly developed arteries subsequently undergoes vascular remodeling or 

pruning into a hierarchical network of vessels (Ricard & Simons, 2015). Nonetheless, 

injury of large vessels differs from angiogenesis, as regeneration of the tunica intima must 
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occur in the absence of vascular sprouting and in continuity with the endothelial 

monolayer.  In this context, endothelial regeneration following in situ injury within large- 

or medium-sized arteries, such as following traumatic injury or surgical intervention, 

remains relatively unknown.  

Previous studies have shown that injury to large arteries, such as the carotid and 

coronary arteries, induced a program of regeneration that result in vascular repair 

(Chaabane, Otsuka, Virmani, & Bochaton-Piallat, 2013; Otsuka et al., 2012; Steele et al., 

1985). Those studies, however, were primarily focused on smooth muscle growth related 

to restenosis and neointimal hyperplasia with little focus on the endothelium (Farb, Shroff, 

John, Sweet, & Virmani, 2001; Majesky, Giachelli, Reidy, & Schwartz, 1992; Sakata et 

al., 2004; Vogt et al., 2008). Furthermore, the findings on the endothelium were 

confounded by the lack of information on proliferation and the limited visibility offered by 

cross-sections of the endothelial layer. Molecular information has also been hindered by 

the limited material isolated from the carotid or femoral arteries, the inability to obtain 

enrichment in endothelial cells, and the difficulty of producing an area of denudation 

completely devoid of endothelium. These factors have stalled flow of information that 

have been relatively easy to obtain in other tissues (Bosworth et al., 2017; Cembrowski, 

Wang, Sugino, Shields, & Spruston, 2016; Eisenhoffer et al., 2012; Henry, Sugino, Tozer, 

Branco, & Sternson, 2015; Miyoshi, Ajima, Luo, Yamaguchi, & Stappenbeck, 2012; Sober 

et al., 2016).  

As such, we sought to create a new model of arterial denudation injury to allow for 

gene expression profiling and evaluate the transcriptional signatures associated with 

endothelial regeneration following mechanical arterial injury in the context of a fully 
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functional vessel. In the process, it became clear that endothelial regeneration follows 

four clearly distinct stages of regeneration that, with the exception of proliferation, have 

little overlap with the process of vascular expansion known as angiogenesis.  
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Section 3B.4: Results 

Healing of arterial denudation injury is marked by proliferation that 

promotes wound closure 

Cross clamping of the mouse infrarenal abdominal aorta in a sequential fashion 

was used to generate a reproducible endothelial denudation model (Figure 1A). The 

imposed injury extended from below the renal arteries to the iliac bifurcation resulting in 

an injury of approximately 1500 to 2000 m in length and corresponded to 15-20% of the 

mouse infrarenal abdominal aorta. We then allowed for progressive repair of the wound 

by closing the mouse and evaluating the status of regeneration at 2 hours, 72 hours, 1 

week, 2 weeks and 4 weeks following denudation injury (Figure 1B), transected the aorta 

longitudinally (Figure 1C) and performed en face immunohistochemistry (Figures 1D – 

1I). VE-cadherin and fibrinogen were used to identify endothelial cell junctions and 

denudation injury, respectively. Immunohistochemistry confirmed that the procedure 

produced a contiguous area devoid of endothelium and of the predicted length 2 hours 

after injury (Figures 1E and 1E’). At 72 hours, the injury was significantly reduced due to 

regeneration of the endothelial monolayer at both the proximal and distal sites of injury. 

Importantly, the process of endothelial repair was equivalent upstream and downstream 

of flow. Regenerating endothelial cells at 72 hours were marked by hypertrophy, 

elongation, and decreased VE-cadherin along the apical periphery of the leading edge of 

cells (Figures 1F and 1F’). Upon wound closure at 1 week, immunohistochemistry 

identified large and disorganized clusters of cells that were denser in number, smaller in 

diameter, and not fully oriented in the direction of blood flow (Figures 1G and 1G’).  The 

reorganization of endothelial cells persisted at 2 weeks (Figures 1H and 1H’) until finally 
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at 4 weeks a completely closed monolayer of endothelial cells oriented in the direction of 

blood flow was observed (Figures 1I-1I’).  

We next investigated the contribution of endothelial cell proliferation to healing of 

arterial denudation injury. Mice were injected with EdU 2 hours prior to harvesting of 

aortas to identify cells that had entered the cell cycle (S phase) and were actively 

proliferating (Figure 2A). Quantification of EdU-positive cells within the area of denudation 

during each time point of regeneration further validated these observations. Compared to 

the non-injured aorta with 1.14  0.595 EdU-positive endothelial cells per 1000 endothelial 

cells (mean  SEM), the subsequent time points showed 0.554  0.355, 389  19.8, 114 

 57.6, 37.4  29.8, and 5.05  0.707 at 2 hours, 72 hours, 1 week, 2 weeks and 4 weeks, 

respectively (Figure 2B). No EdU-positive cells were found at 2 hours following injury 

proximally or distally to the wound (Figures 2D and 2D’).  By 72 hours post-injury a 

significant increase in proliferating endothelial cells was noted in areas restricted to the 

wound margins (Figures 2E and 2E’).  Interestingly, endothelial cells continued to 

demonstrate EdU-positivity at 1 week and 2 weeks following injury (Figures 2F – 2G’) well 

after the injury was completely repaired, suggesting that wound closure was insufficient 

to cease proliferation. Finally, aortas harvested 4 weeks following injury demonstrated a 

minimal number of EdU-positive cells and were similar to the non-injured aorta (Figures 

2H and 2H’). These data showed no enhancement of proliferation 2 hours following injury, 

marked cell-cycle entry at 72 hours contributing to wound closure, and persistence of 

endothelial cell proliferation at 1 week and 2 weeks.  

Identification of transcriptional signatures associated with endothelial 

regeneration 
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To elucidate the molecular underpinnings that trigger and drive regeneration of the 

tunica intima, we sought to obtain and analyze transcriptomes for each of the time points 

following arterial denudation. However, we first developed a method for obtaining intima-

enriched RNA along the area of denudation to avoid dilution effects from the large number 

of smooth muscle and adventitial cells.  As such, intima-enriched aortic RNA was isolated 

and compared to whole aortic RNA by RNA-seq (Supplementary Figure 1). H&E staining 

of whole aorta versus aorta subjected to removal of adventitia and flushing of lysis buffer 

demonstrated absence of endothelial cells in the latter, suggesting enrichment of 

endothelial cells in the lysis buffer. Principal component analysis (PCA) showed clustering 

of the intima-enriched aortic RNA transcripts and clear distinction from the cohort of 

whole-aortic RNA samples, indicating low variance within the intima-enriched samples 

and segregation from whole-aorta RNA. Examination of the relative abundance of 

transcripts from the endothelium, smooth muscle and inflammatory cells showed a 

paucity of smooth muscle-specific transcripts, Notch 3 and Calponin, and enhanced 

endothelial cell-specific transcripts, VE-cadherin, PECAM-1, vWF and VCAM-1, in the 

intima-enriched aortic RNA compared to whole aortic RNA. Taken together, we found this 

method of RNA extraction produced a transcriptome reflective of intimal and endothelial 

cell-enrichment compared to homogenized whole aortic RNA.  

RNA-seq was then performed for the non-injured aorta and at each time point 

following denudation injury. Comparing the differentially expressed genes (DEGs) from 

denuded aortas to the non-injured aortas, we observed 359 DEGs at 2 hours, 2046 DEGs 

at 72 hours, 526 DEGs at 1 week, 180 DEGs at 2 weeks, and 104 DEGs at 4 weeks using 

an adjusted p-value of 2.6898 x 10-6 (Supplementary Table 1). PCA demonstrated close 
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clustering of individual samples from each time point after injury as well as separation 

between different time points, validating the low variance within samples and high 

variance between no injury and the regeneration time points of 2 hours, 72 hours and 1 

week (Figure 3A).  Interestingly, the 2 week and 4 week time points showed low variance, 

as confirmed by the distance heat map in which samples from both the 2 week and 4 

week repair groups were intermixed (Figure 3B). As such, these time points were 

combined for subsequent analysis.  In fact, the distribution of samples by PCA allowed 

us to identify four unique transcriptional signatures associated with the progression of 

endothelial regeneration. Interestingly, these transcriptional signatures gain proximity 

over time towards the non-injured endothelium, as indicated by the arrows, indicating 

progressive return to homeostasis.  

Sub-analysis of the relative abundance of transcripts for endothelial, smooth 

muscle and inflammatory cells showed an enrichment of endothelial-specific transcripts, 

VE-cadherin and PECAM-1, with average read numbers 10,538  723 (mean  SEM) and 

33,976  1,416, respectively, as well as a relative paucity of smooth muscle-specific 

transcripts, Notch3 and Calponin, with average read numbers 104  12.8 and 177  20.3, 

respectively. These transcripts retained similar degrees of relative abundance at all time 

points, with the exception of 72 hours, where a decrease in endothelial-specific transcripts 

was observed. Interestingly, an increase in inflammatory cell transcripts, CD45, CD68, 

and F4/80, was noted during the 72 hour and 1 week time points suggesting adherence 

of inflammatory cells to endothelium during wound closure that contributed to the 

transcriptional read outs of the intima-enriched aortic RNA (Figure 3C). This was 

confirmed by immunohistochemistry of CD45 that showed adherence of inflammatory 
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cells in the regenerating endothelium at 72 hours, 1 week, 2 weeks and 4 weeks following 

injury (Supplementary Figure 2). CD45-positive cells were observed clustering along the 

proximal edge of proliferating endothelium at 72 hours and disorganized endothelium at 

1 week, and were subsequently found adhering to endothelium. Thus, the transcriptional 

signatures obtained for each stage of endothelial regeneration were a reflection of the 

regenerating intima, composed of regenerating endothelium and a few adherent CD45-

positive cells.  

Rapid and robust responses to injury in the endothelial transcriptome  

Differential gene expression of the non-injured aorta versus 2 hours following injury 

identified 359 DEGs, of which 313 genes were upregulated and 46 genes were 

downregulated. Gene ontology enrichment of this cohort of DEGs highlighted 213 

biological processes (p < 0.05) (Supplementary Table 2). After filtering for redundant 

genes, the top 10 GOs were identified and presented in Figure 4A; these included 143 

distinct genes, many of which were redundant to multiple biological processes. The 143 

genes were further filtered by mean read count greater than 200 and lowest p-value to 

identify the top 50 DEGs. Positive regulation of transcription from RNA Polymerase II 

promoter, cell adhesion, and apoptotic process were identified to be the most prominent 

activities represented among the top 50 DEGs with 17, 14, and 11 DEGs, respectively. 

Gene ontology enrichment suggested a shift toward cell stress, cell adhesion, and 

transcriptional regulation at 2 hours following injury.  

Genes associated with apoptosis and cell stress with a greater than 2-fold increase 

included Hmox1, Sfrp2, Gadd45g, Tnfaip3, Litaf, and Clic4. A similar increase was also 

noted in Myc, Sbno2, Cebpb, Nr4a3, Itga6, Arid5a, Junb, Fosl2, Kdm6b, Ets2, Dot1l, and 
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Abl2 within the positive regulation of RNA Polymerase II promoter process (Figures 4B 

and 4C).  Interestingly, genes associated with apoptosis and transcriptional regulation 

encoded for proteins that clustered together when analyzed for protein-protein 

interactions via STRING networking analysis and showed significant interactions between 

BCL2L1, Myc, Mcl-1, JunB, FOSL2, JunD, Hmox1 and Ets2 with confidence scores 

greater than 0.9.  On the other hand, genes associated with cell adhesion with a greater 

than 2-fold increase included Itga2b, Cd44, Csf3r, Itga6, Itgb3, Col5a1, Icam1, Abl2, 

Thbs1, and Itga5.  These genes encoded for proteins that clustered separately from the 

knot characterized by cell stress, and had protein-protein interaction confidence scores 

greater than 0.9 with the exception of collagen -1(V) chain and G-CSF receptor, 

encoded by Csf3r. Protein-protein interaction networking identified two principal clusters 

from the top 50 DEGs identified, one which functioned to influence transcriptional 

regulation during cell stress and the other associated with cell adhesion. These results 

illustrated that the first stage of endothelial regeneration is characterized by shock with a 

transcriptome of cell stress, changes in transcriptional regulation, and cell adhesion.   

Pronounced increases in cell cycle transcripts characterizes the 

proliferative stage  

The proliferative stage exhibited 2046 DEGs between the non-injured and 72 hour 

injury time point, a marked increase in differential expression compared to other time 

points. Of the 2046 DEGs, 1310 genes were upregulated and 736 genes were 

downregulated. Gene ontology enrichment of this cohort of genes identified 412 biological 

process (p < 0.05) (Supplementary Table 2). The ten most significant GOs were selected 
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and included: cell cycle, immune system process, nucleosome assembly, inflammatory 

response, DNA replication, intracellular signal transduction, cell adhesion, chemotaxis, 

positive regulation of cell migration, and regulation of cell cycle (Figure 5A). These 10 

biological activities incorporated 584 of the 2046 DEGs, and were further filtered by read 

count and p-value to select the top 50 DEGs.  Immune system process and cell cycle 

were the two most prominent activities represented by the top 50 DEGs with 12 and 11 

DEGs respectively.  

Cell cycle genes exhibiting a greater than 2-fold increase included: Kif11, Mki67, 

Aspm, Cenpe, Prc1, Mcm5, Incenp, H2afx, Ncapd2, Cit, and Smc2 (Figure 5B). These 

genes demonstrated pronounced increases in gene expression, from 6-fold to 43-fold.  

Average read counts for Smc2, the gene with the lowest fold change in this cohort, 

changed from 98.0  12.9 (mean  SEM) in non-injured aortas to 420.4  65.0 at the 72 

hour time point.  Whereas average read counts for Kif11, the gene with the highest fold 

change in this cohort, increased from 13.2  3.35 in non-injured aortas to 426  49.3 at 

the 72 hour time point (Figure 5C). Analysis of read counts demonstrated the extremely 

low expression profile of these genes in non-injured aortas and the pronounced increase 

in cell cycle transcripts found 72 hours after injury consistent with the increase in 

proliferation documented by EdU incorporation at this time point. All proteins encoded by 

these genes formed a very tight cluster via protein-protein interaction network analysis 

with confidence scores greater than 0.9 (Figure 5D). This finding, unsurprisingly, 

correlated with the presence of the mitotically-active cells along the wound margin of the 

regenerating endothelial monolayer. Correlating with enhancement of CD45-positive cells 

observed in immunohistochemistry (Supplementary Figure 2), genes relating to the 
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immune system process had a prominent enrichment at 72 hours. Immune system 

process genes exhibiting a greater than 2-fold change included Prg2, Ltf, Lcn2, C1qb, 

Lgals3, C1qa, Ccl9, Adgre1, Csf1r, Anxa1, Unc93b1, and Cfh (Figures 5B and 5C). 

Similar to cell cycle genes, these genes demonstrated pronounced fold changes in 

expression levels. However, proteins encoded by these genes showed loose clustering 

in protein-protein interaction network analysis with confidence scores ranging from 0.44 

to 0.85 with the exception of the C1qA-C1qB interaction which demonstrated a 0.99 

confidence score.  

Transcripts for extracellular matrix and inflammatory cell adherence 

characterize the acclimation stage of endothelial wound repair 

Differential gene expression of aortas 1 week following injury identified 526 DEGs, 

400 of which were upregulated and 126 of which were downregulated. Gene ontology 

enrichment of this gene cohort highlighted 238 distinct biological processes (p < 0.05) 

(Supplementary Table 2). The 10 most significant GOs are shown in Figure 6A and 

included 199 of the 526 DEGs, which were further filtered by read count and p-value to 

select the top 50 DEGs.  Cell adhesion, positive cell migration, and immune system 

process were the top three GOs represented by the top 50 genes with 16, 12 and 11 

genes, respectively. 

Cell adhesion genes exhibiting a greater than 2-fold increase included Mmp14, 

Col18a1, Cd44, Itgb2, Lamb1, Col5a1, Coro1a, Itgb3, Mcam and Nid1. Genes belonging 

to the positive regulation of cell migration GO with greater than 2-fold increases included 

Csfr1, Myo1f, Col1a1, Mmp14, Col18a1, Igf1, Lamb1, Itgb3, Mmp2, Mcam and Dab2 

(Figures 6B).  All of these genes, with the exception of Dab2, showed protein-protein 



118 

interaction scores greater than 0.9 (Figure 6D). Col18a1, Lamb1, Col5a1, Col1a1, Lamb2, 

Mmp14, Mmp2, Itgb3, Nid1, Igf1, and Cd44 formed a tight cluster within this network, 

stressing the importance of the establishment of the basement membrane and 

reorganization of endothelial cells as they acclimate following wound closure. 

Nevertheless, some of the top genes that are differentially expressed at 1 week 

included those that belong to the immune system process, emphasizing the significant 

contribution of immune cells at this time point. The cohort of genes within the immune 

system process that had the largest fold increase were Lcn2, Ltf, S100a8, Csf1r, H2-Ab1, 

H2-Eb1, Cd74, H2-Aa, and Unc93b1 compared to the non-injured aorta (Figure 6B). With 

the exception of H2-Ab1, H2-Eb1, Cd74, and H2-Aa, genes involved in production of MHC 

Class II subunits, the remaining genes encoded for proteins with loose clustering via 

protein-protein interactions and low confidence scores less than 0.75. Interestingly, Itgb2, 

Coro1a, and Myo1f, genes involved in the function and regulation of inflammatory cells, 

were identified in the analysis of the cell adhesion and positive cell migration ontological 

processes, suggesting the presence of immune cell binding upon wound closure as 

endothelial cells reorganize.   

While the transcriptome at this time point predominantly highlights the relevance 

of cell adhesion, migration and inflammation, cell cycle remained among the top 10 most 

significant ontological processes. Mki67 exhibited the largest fold increase of 2.9 with 

average read counts increasing from 116  19.6 in non-injured aortas to 959  42.6 at 1 

week following injury (Figures 6B and 6C). Immunohistochemistry at this time point 

demonstrated complete wound closure with small foci of EdU-positive cells within 

complexes of disorganized endothelial cells (Figures 2F and 2F’), suggesting continued 
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endothelial cell turnover despite the presence of a fully repaired endothelial cell 

monolayer. Furthermore, these foci of endothelial cell proliferation exhibited adherent 

CD45-positive cells (Supplementary Figure 2G). 

Regeneration ceases with extracellular matrix remodeling and vessel 

maturation 

Differential gene expression of aortas at 2 and 4 weeks following injury identified 

131 DEGs, of which 83 were upregulated and 48 downregulated.  Gene ontology 

enrichment of this cohort of DEGs was associated with 39 biological processes (p < 0.05) 

(Supplementary Table 2). The top 10 GOs were identified after filtering for redundant 

genes and included 42 distinct genes (Figure 7A).  Among these genes, the three 

activities with the most number of genes were cell adhesion, extracellular matrix 

organization and angiogenesis, with 10, 8, and 8 genes, respectively. Cell adhesion 

genes exhibiting a greater than 1.5-fold increase in gene expression included Col8a1, 

Sele, Col18a1, Mcam, Cd44, and Col5a1. Similarly, genes with a 1.5-fold increase in 

gene expression within the extracellular matrix organization process include Pxdn, 

Col18a1, Lamb1, Eln, Fbln5, Lama4, and Nid1. Finally, angiogenesis genes exhibiting 

the same increase in gene expression include Col8a1, Col18a1, Mmp14, Mmp2, and 

Mcam (Figures 7B and 7C). Col18a1, Col5a1, Col8a1, Mmp14, Mmp2, Sele, Cd44, Nid1, 

Eln, and Fbln5 encode for proteins that form interactions with strong confidence scores 

greater than 0.9 (Figure 7D). These protein interactions suggest ongoing cell matrix and 

basement membrane remodeling leading to vessel maturation.  Nevertheless, the low 

number of DEGs and the low fold change difference in gene expression of this stage 

compared to other stages suggest that the brunt of endothelial regeneration has ceased 
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and only small adjustments in matrix remodeling were still occurring. Unlike other stages, 

however, the final two time points were principally focused on remodeling of cell matrix 

and basement membrane without the contribution of other cellular processes, as 

demonstrated by the protein-protein interaction cluster using STRING analysis.  

  



121 

Section 3B.5: Discussion 

Transcriptional profiling is a powerful tool to understand regulatory interactions and 

molecular requirements associated with complex biological processes. Here we sought 

to identify the molecular changes associated with endothelial regeneration following 

mechanical injury in vivo. Principal component analysis of transcriptomes at defined time 

points showed clustering of samples that departed from the non-injured aorta immediately 

following injury and then slowly shifted back toward the non-injured aorta (homeostatic 

point) with time (Figure 3A).  These unique clusters and shifting transcriptional signatures 

correlated with endothelial proliferation driving wound closure and with subsequent 

reorganization and remodeling as the events that immediately preceded return to 

homeostasis.  While some of the findings could be anticipated from our understanding of 

epithelial wound repair, several surprising aspects were also noted. First, the healthy 

endothelium adjacent to the injury reacted quickly (as fast as 2 hours) to a breach in 

continuity, likely sensed by tensional forces at cell-cell junctions. Second, there was a 

rapid, almost synchronically abrupt entry into cell cycle that was not immediately 

suppressed when endothelial continuity was regained. Third, the signatures noted during 

repair were distinct from those found during the angiogenic cascade and fourth, 

establishment of the basement membrane was the last needed step to regain endothelial 

vasoregulatory compliance.  

Data mining revealed that endothelial repair is a step-wise process that follows 

four major stages:  shock, proliferation, acclimation and maturation (Figure 8). The first 

stage, or shock, is characterized by a significant increase in transcripts encoding for acute 

stressor proteins and integrins as quickly as 2 hours post-injury. Acute stressor transcripts 
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identified included Fos, Fosb, Fosl1, Fosl2, Junb, and Jund, all of which encode for 

proteins that form a dimeric complex, AP-1 (activator protein-1), and act as transcriptional 

regulators involved in transduction of signals for proliferation, survival, differentiation and 

transformation of cells (Eferl & Wagner, 2003). AP-1 has been found to play a role in 

mechanical stretch of human osteoblasts and has also been implicated as a mediator 

between transcriptional regulation and mechanotransduction of shear stress and cyclic 

strain in aortic endothelial cells (Chien, Li, & Shyy, 1998; Du, Mills, & Sumpio, 1995; 

Peverali, Basdra, & Papavassiliou, 2001; Sumpio, Wei, & Wei-Jun, 1994). Thus, it is likely 

that in a functional artery AP-1 acts as a central hub for information between junctional 

tension and proliferative responses. Junctional proteins, particularly but not exclusively 

VE-cadherin,  act as tension sensors and transduce environmental stimuli, such as fluid 

shear stress, to the cell via cytoskeletal rearrangements (Conway et al., 2013). The loss 

of cell-cell contact following denudation injury, resulting in decreased intensity of VE-

cadherin staining along the leading edge of endothelial cells, likely results in changes in 

mechanical tension and destabilizes cytoskeletal arrangements within the leading edge 

of cells following injury. Interestingly, both c-Fos and JunB have been implicated in 

transduction of environmental physical cues in epidermal cells, with upregulation of Junb 

expression following actin depolymerization (Connelly et al., 2010).  As such, loss of 

tension and junctional integrity along the leading edge of cells may be the trigger that 

induces expression of these acute stressor transcripts.  

In addition to loss of junctional integrity, endothelial denudation injury impacts the 

integrity of the basement membrane along the wound edge, affecting integrins and focal 

adhesions. At 2 hours following injury, we found a pronounced transcriptional increase in 
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Itga6, Itga5 and Itgb3. Interestingly, there appears to be an emerging link between AP-1 

activity, integrin subunit expression and tension during cell migration, suggesting a 

potential relationship between AP-1 and focal adhesion remodeling. Matrix stiffness was 

found to upregulate expression of 6 integrin by activation of AP-1 in lung myofibroblasts 

(Chen et al., 2016). Yet, contrary to our finding of increased 3 integrin and AP-1 

transcripts, in vitro studies in HUVECs demonstrated repression of v and 3 integrin 

transcription by dimerization of FOSL1 and JunD in the setting of increased cell adhesion 

and decreased cell motility (Evellin et al., 2013). While Evellin et al. suggests a repressive 

role of 3 integrin in angiogenesis, it also highlights the interaction between AP-1 proteins 

and integrin signaling and the potential divergence in protein interactions observed 

between angiogenesis and in situ endothelial regeneration.  

Following cell shock, endothelial cells were found to quickly enter the cell cycle 

and proliferate to close the area of denudation. Interestingly, proliferation was isolated to 

zones along the wound margin rather than be diffusely spread throughout the aorta, 

suggesting these cells are experiencing a unique stimulus driving cell cycle entry. As 

previously eluded to, tension may serve as this stimulus acting through junctional 

proteins. Furthermore, loss of endothelial contact inhibition promotes translocation of -

catenin to the nucleus driving transcription of cell-cycle genes Myc, cyclins D1/E2 and 

VEGF (Hecht & Kemler, 2000; Wallez & Huber, 2008). In fact, -catenin has been shown 

to regulate transcriptional activation of Smc2, a DNA-binding ATPase that is essential for 

maintenance of chromosomal integrity during cell division, and a gene that was found to 

be significantly upregulated in our differential expression analysis  (Davalos et al., 2012; 

Hudson, Vagnarelli, Gassmann, & Earnshaw, 2003). Smc2 was found to interact with 
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several other transcripts involved in mitosis and cell division, including Ncapd2, a non-

SMC subunit of condensin I, as well as Mcm5, Incenp, Cenpe, Aspm, Prc1, and Kif11. 

These transcripts, in addition to those involving nucleosome assembly, such as H2afx, 

Hist1h1, Hist1h1a, Hist1h1b, Hist1h1d, and Hist2h2bb, were identified as the most 

significant DEGs by p-value and with fold changes ranging from 4-fold to 64-fold 

increases in gene expression. This signature illustrates a remarkably robust program that 

drives the cell cycle machinery, promoting cell division and driving wound closure. 

Nevertheless, while the top 50 DEGs were discussed previously, the proliferative stage 

exhibited an impressive 2046 total DEGs compromising a host of ontological biological 

processes, including cell migration, regulation of cell proliferation, positive regulation of 

transcription, and actin cytoskeletal organization, highlighting the coordination of diverse 

cellular processes that act concomitantly to repair the denuded area.  

The third stage of endothelial regeneration is characterized by a robust 

inflammatory response as well as basement membrane and extracellular matrix 

establishment. Along with significant fold increases in Itgb2 and Itgam, suggesting 

increased inflammatory cell adherence, we observed tight clustering of collagens, 

laminins, and integrins in the protein interaction network analysis highlighting the 

importance of basement membrane and ECM deposition during this stage. Gene 

ontological enrichment also identified the significant contribution of cell cycle genes 1 

week following injury, underscoring persistent endothelial cell proliferation among clusters 

of disorganized endothelium that have lost their polarity. Note that at this time the 

endothelial wound has been fully closed, and yet proliferation continues. Interestingly, 

these areas of persistent proliferation and disorganization exhibited preferential and focal 
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adherence of inflammatory cells. The potential homing of inflammatory cells to areas of 

proliferation might relate to poor junctional integrity as these cells undergo 

rearrangements in their cell-cell interactions. In fact the adherence of patrolling 

monocytes to the endothelium was noted in atherosclerotic areas, with the number of 

monocytes correlating with the level of endothelial cell damage (Quintar et al., 2017).   

As endothelial cells continue to reorganize and polarize in the direction of flow 

during the final maturation stage (2 - 4 weeks following injury), we found the predominant 

processes to include extracellular matrix organization and vessel maturation. These were 

represented by small fold increases in Col5a1, Col5a2, Col8a1, Col18a1, Nid1, and 

Lamc3, all of which encode for proteins involved in the maintenance of basement 

membrane, as well as Mmp14 and Mmp2, highlighting the persistent extracellular matrix 

remodeling. However, the low number of DEGs at this stage compared to other stages 

suggests that at this point the regenerated endothelium is functionally recovered and 

behaving similarly to non-injured endothelium. In fact, further examining genes essential 

for endothelial cell function, such as Vegfr1, Tie2, eNOS, and Notch1, demonstrated a 

significant decrease in transcript levels at 72 hours and 1 week, both of which have 

varying but significant levels of proliferation, and a return to non-injured aortic transcript 

levels by 2 weeks following injury. This was found among all growth factor receptors and 

vasoregulatory proteins.  

It is important to emphasize that our results, although elucidating the biological 

processes involved in endothelial regeneration, reflect transcriptional read outs of the 

aortic intima and all its components.  As such, enrichment was found in both endothelial 

and inflammatory cells and produced transcriptomes reflective of both cell types.  Given 
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their shared hematopoetic lineage, tracing the origin cell of specific transcripts may be 

problematic.  However, the small number of cells involved in regenerating the denudation 

injury, likely on the order of 50,000 to 100,000, preclude the use of FACS sorting for 

specific intima-specific cell types. Finally, while our results provide insight into the 

transcriptional activity of the aortic intima during regeneration, we use protein network 

analysis to infer potential interactions based on available evidence with established 

systems for determining confidence of these interactions (Szklarczyk et al., 2015).      

In summary, we defined four transcriptionally unique stages of endothelial 

regeneration following in situ injury of large arteries in vivo that are functionally distinct 

from those identified during angiogenesis. We performed deep transcriptomic sequencing 

and used an unbiased approach to better define the molecular mechanisms surrounding 

repair of large arteries. This work provides insight into how regeneration is carried out in 

the absence of pathological conditions. As such, this study provides baseline information 

of endothelial regeneration and offers the opportunity to significantly build upon our 

understanding of endothelial functionality in the context of cardiovascular disease. 

Section 3B.6: Materials and Methods 

Animals 

Wild type (C57BL/6J) mice were obtained from Taconic Biosciences (Hudson, NY). 

Animal care during intraoperative and postoperative courses was reviewed and approved 

by the UCLA Institutional Animal Care and Use Committee.  

Denudation Injury 
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Aortic cross clamping was utilized to produce an arterial denudation injury as 

described (Shirali, McDonald, Mack, & Iruela-Arispe, 2016). Briefly, mice were 

anesthetized with 2.5% isoflurane via nose cone.  Laparotomy was performed under a 

dissecting microscope to expose the infrarenal abdominal aorta. A vascular clamp 

(Schwartz Micro Serrefines – Sharp Bend Cat# 18052-03, Fine Science Tools, Foster 

City, CA) was used to cross clamp the aorta for two minutes just proximal to the iliac 

bifurcation and was sequentially placed proximally to a level just distal to the renal 

arteries, each time for two minutes.  Non-injured mice received a sham surgery involving 

laparotomy and dissection to the infrarenal abdominal aorta without aortic cross clamping. 

After injury, mice were housed in a chamber and received carprofen (5mg/kg, SQ; 

Norbrook Laboratories, Overland Park, KS) every 24 hours for two days, if appropriate 

for time point.  

Aorta preparation, EdU staining, immunostaining, and confocal microscopy 

Mice were sacrificed after injury at the following time points: 2 hours, 72 hours, 1 

week, 2 weeks and 4 weeks.  Non-injured mice, which underwent a sham surgery, were 

also sacrificed.  Euthanasia involved isoflurane inhalation and subsequent injection of 5 

mg methacholine chloride prepared in phosphate-buffered saline (MP Biochemicals, 

Santa Ana, CA). Upon confirmation of death by respiratory cessation, mice were perfused 

with 4% paraformaldehyde in phosphate-buffered saline at a perfusion pressure of 100 

mmHg via the left heart for 10 minutes. The intact infrarenal abdominal aorta was 

subsequently separated from surrounding tissue and transected longitudinally along the 

dorsal surface. The longitudinally-cut aorta was then incubated in 4% paraformaldehyde 
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in phosphate-buffered saline for at least one hour and pinned on a 35 mm silicone dish 

with the luminal side up for subsequent en face whole-mount immunohistochemistry. 

 

For EdU (5-ethynyl-2´-deoxyuridine) experiments, mice were injected 

intraperitoneally with 25 mg/kg EdU (Fisher Scientific, Hampton, NH) 2 hours prior to 

sacrifice and harvest. Following the harvest procedure described above, the remainder 

of the staining procedure was performed using the Click-iT Plus EdU Alexa Fluor 647 

Imaging Kit (ThermoFisher Scientific, Waltham, MA) per manufacturer’s protocol. Aortas 

were subsequently blocked in 1X Hank’s Balanced Salt Solution (HBSS), 3% normal 

donkey serum, 0.3% Triton-X 100 (Sigma Aldrich, St, Louis, MO), and 0.05% Tween20 

(Sigma Aldrich, St, Louis, MO) for one hour. Primary antibodies were applied for at least 

60 minutes, including anti-mouse VE-cadherin (sc-6458, Santa Cruz Biotechnology, 

Dallas, TX), anti-mouse fibrinogen (ab118533, Abcam, Cambridge, United Kingdom), and 

anti-mouse CD45 (550539, BD, Franklin Lakes, NJ). DAPI (Invitrogen, Carlsbad, CA) was 

used to stain nuclei when appropriate. Secondary antibodies used included Alexa Fluor 

568 donkey anti-goat IgG (A11057), Alexa Fluor 488 donkey anti-sheep IgG (A11015), 

and Alexa Fluor 488 donkey anti-rat IgG (A21208) purchased from ThermoScientific.  A 

confocal microscope (LSM880, Carl Zeiss) equipped with Zeiss Plan-Apochromat 20x/0.8 

M27 was used for image acquisition at room temperature. For 3D reconstructions, 

confocal z-stacks were imported into Imaris software version 8.0.2 (Bitplane). Multi-color 

3D visualized was achieved by iso-surface rendering of each channel. 

 

RNA isolation, quantification, and qualification 
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Mice were sacrificed after injury at the following time points: 2 hours (n=5), 72 

hours (n=6), 1 week (n=6), 2 weeks (n=6) and 4 weeks (n=6).  Non-injured mice (n=8), 

which underwent a sham surgery, were also sacrificed. Thirty minutes prior to sacrifice, 

mice were injected with 400 I.U. SQ heparin in phosphate-buffered saline (ThermoFisher 

Scientific, Waltham, MA). Mice were perfused with 10mL of phosphate-buffered saline via 

the left ventricle prior to aortic harvest. The intact infrarenal abdominal aorta was 

subsequently separated from surrounding tissue and coronally transected immediately 

distal to the renal arteries and proximal to the iliac bifurcation. Three whole non-injured 

aortic specimens were further dissected individually homogenized with lysis buffer. The 

remaining non-injured (n=5) and injured aortas at the above-mentioned time points were 

flushed with 100ul of lysis buffer pre-warmed to 50C through the aortic lumen proximally 

to distally using an insulin syringe. The flushed material was collected at the iliac 

bifurcation. Total RNA was subsequently extracted using the RNeasy Micro Kit (Qiagen, 

Germantown, MD). Contamination with genomic DNA was eliminated by incubation with 

DNase I (Qiagen, Germantown, MD) for 10 minutes at room temperature.   NanoDrop 

8000 (ThermoFisher Scientific, Waltham, MA) was used to measure RNA concentration 

and purity and integrity was evaluated through analysis on the Agilent Bioanalyzer 2100 

system (Agilent Technologies, Santa Clara, CA) was used to assess RNA integrity. 

RNA Sequencing  

Library preparation was performed using the SMARTer Stranded Total RNA-Seq 

Kit Pico Input (Takara Bio USA, Mountain View, CA) according to manufacturer’s 

instructions. Sequencing was performed on a HiSeq 3000 instrument (Illumina, San 
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Diego, CA) using parameters optimized for 50bp single-end reads at a depth of 20 million 

reads/sample. Raw sequencing reads were assessed for quality using FastQC (S. 

Andrews, 2010), then mapped to mouse strain C57BL6/J genome assembly GRC38.p4 

(Yates et al., 2016) using the HISAT2 (Kim, Langmead, & Salzberg, 2015) algorithm 

running on the Galaxy platform (Afgan et al., 2016) with default settings. ENSEMBLE 

annotation release 84 (Yates et al., 2016) was used to identify genes, transcripts, protein-

coding transcripts, exons, and rRNA for feature counting. Feature counts corrected for 

genomic DNA contamination were obtained using SeqMonk (S. Andrews, 2007; S. B. 

Andrews, L., 2016); read counts for genes were determined as counts mapped to the 

union of all exons for all transcript isoforms of a given gene.  

Analysis of differential expression, gene ontology enrichment and STRING 

network analysis 

Differential expression analysis and generation of the corresponding data plots 

were performed using the DESeq2 (Love, Huber, & Anders, 2014) package on the 

Bioconductor platform (Huber et al., 2015) using default settings, excepting that the alpha 

(FDR) threshold was set to 0.01 and a fold change threshold minimum of 2 was imposed. 

The Bonferonni correction for multiple comparisons, defined by p < 0.05/m, where m is 

the number of genes sequenced by RNA-seq, was set at 2.6898 x 10-6 for judging 

statistically significant differences in gene expression.  

 

Gene ontology (GO) enrichment analysis was carried out using Database for 

Annotation, Visualization, and Integrated Discovery (DAVID) 6.8 beta (2016 

knowledgebase) (Huang da, Sherman, & Lempicki, 2009) to identify functional classes of 
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genes by biological processes. Biological processes GO terms were queried and 

significant terms were identified as those with p-values ≤ 0.05. The top ten biological 

processes for each time point were chosen after removing those processes with greater 

than 75% redundancy of listed genes when compared to a more statistically significant 

biological process.  The R package GOplot 1.0.2 was used to generate data plots with 

GO enrichment using default settings (Walter, 2016). Differentially expressed genes 

identified within the top ten most significant biological processes were subsequently 

filtered by p-value and base mean greater than 200, choosing the top 50 genes with 

lowest p-value and average read count greater than 200. Functional protein association 

networks of these differentially expressed genes were developed using STRING v10.0 

and strength of protein association was determined by confidence score (Szklarczyk et 

al., 2015). 
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Section 3B.7: Figures 

Figure 3B.1: Sequential Aortic Cross Clamping Produce Arterial 

Denudation Injury 
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Figure 3B.2: Regeneration of the Endothelial Monolayer is Marked by 

Proliferation that Initiates Rapidly After Injury and Promotes Wound Closure  
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Figure 3B.3: Transcriptomic Analysis Identifies Unique Transcriptional 

Signatures Associated with the Progression of Endothelial Regeneration 
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Figure 3B.4: Initial Injury is Characterized By Cell Stress, Transcriptional 

Regulation, and Cell Adhesion 
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Figure 3B.5: Marked Proliferation is Characterized by Enhancement in Cell 

Cycle Transcripts  
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Figure 3B.6: Acclimation is Characterized by Enhancement of Cell 

Adhesion and Inflammatory Transcripts 
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Figure 3B.7: The Final Stage is Marked by Elevations in Extracellular Matrix 

Transcripts 



139 

Figure 3B.8: Endothelial Regeneration Can Be Divided into Four Distinct 

Transcriptional Stages Defined by Unique Changes in Cellular Processes 
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Extended Figure 3B.S1: Intima-enriched Aortic Sample Shows Enrichment 

in Endothelial-Specific Markers 
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Extended Figure 3B.S2: Denudation Injury Induces Accumulation of CD45-

positive Cells within Wound Area 

  



142 

Figure Legends 

Figure 3B.1 | Sequential Aortic Cross Clamping Produces Aortic Arterial 

Denudation Injury 

(A) Schematic representation of the aortic clamping procedure in mice. 

Sequential clamping of the infrarenal abdominal aorta from below the renal arteries to 

the iliac bifurcation. 

(B) Aortas were subsequently harvested at 2 hours (n=6), 72 hours (n=6), 1 week 

(n=5), 2 weeks (n=4) and 4 weeks (n=4) following denudation injury. 

(C) Aortas were longitudinally transected and immunohistochemistry (IHC) was 

performed en face. 

(D) VE-cadherin (red) identifying the endothelial monolayer and fibrinogen 

(green) IHC of a non-injured aorta. 

(E) Aortic cross clamping produced a 1575 µm injury length of denuded 

endothelium, marked by a horizontal white line, at 2 hours following injury. 

(F-H) Fibrinogen IHC showed the denudation area and VE-cadherin identified the 

endothelial monolayer at 72 hours (F), 1 week (G), 2 weeks (H) and 4 weeks(I). The 

white horizontal bar marks the original denudation injury length. 

(D'-H') Higher magnification of the boxed areas. Scale bar: 40 µm 
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Figure 3B.2 | Regeneration of the Endothelial Monolayer is Marked by 

Proliferation that Initiates Rapidly after Injury and Promotes Wound Closure 

(A) Schematic representation of the experimental design. Mice were injected 

with EdU 2 hours prior to harvesting of aortas. 

(B) Number of EdU-positive endothelial cells per 1,000 endothelial cells (mean 

± SEM) without injury (n=6) and 2 hours (n=6), 72 hours (n=6), 1 week (n=S), 2 weeks 

(n=4) and 4 weeks (n=4) following injury 

(C-H) EdU-positive endothelial cells following injury at the indicated time points 

(green). VE-cadherin was used to visualize endothelial junctions (red) 

(C'-H') Higher magnification IHC of the boxed areas showed EdU-positive 

endothelial cells at 72 hours, 1 week and 4 weeks following injury. Scale bar: 40 µm 
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Figure 3B.3 | Transcriptomic Analysis Identifies Unique Transcriptional 

Signatures Associated with the Progression of Endothelial Regeneration 

(A) Principal Component Analysis (PCA) demonstrated the source of variance in 

our data and identified unique stages of wound healing: shock at 2 hours (n=S), 

proliferative at 72 hours (n=6), acclimation at 1 week (n=6) and maturation at 2 and 4 

weeks (n=6 at both time points), with convergence toward the non-injured aortic 

transcripts (n=S) 

(B) Heat map showing the Euclidean distances between the samples as calculated 

from the regularized log transformation 

(C) Heat map showing relative abundance of transcripts from endothelial, smooth 

muscle, inflammatory, and house-keeping genes. Note enrichment in endothelial-specific 

markers at all time points. 
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Figure 3B.4 | Initial Injury is Characterized by Cell Stress, 

Transcriptional Regulation and Cell Adhesion. 

(A) Gene ontology enrichment identified inflammatory response and cell adhesion 

as significantly upregulated processes, among others, 2 hours after injury. 

(B) The top 50 differentially expressed genes (identified by lowest p-value) 

organized by fold change. 

(C) Heat map showing differences in normalized counts of the top 50 differentially 

expressed genes between no injury (n=5) and 2 hours (n=5). 

(D) Protein-protein interaction network oftop 50 differentially expressed genes via 

STRING analysis identified clusters specific to cell stress and cell adhesion. 
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Figure 3B.5 | Marked Proliferation is Characterized by Enhancement in 

Cell Cycle Transcripts 

(A) Gene ontology enrichment identified cell cycle, immune system process, and 

nucleosome assembly as the most significantly upregulated processes 72 hours after 

injury. (B) The top 50 differentially expressed genes (identified by lowest 

p-value) organized by fold change. (C) Heat map showing differences in 

normalized counts of the top 50 differentially expressed genes between no injury (n=5) 

and 72 hours (n=6). (D) Protein-protein interaction network of top 50 differentially 

expressed genes via STRING analysis identified protein clusters specific to proliferation 

and inflammation. 

  



147 

Figure 3B.6 | Acclimation is Characterized by Enhancement of Cell 

Adhesion and Inflammatory Transcripts 

(A) Gene ontology enrichment identified immune system process, positive cell 

migration and cell adhesion among the top ten most significant biological processes at 1 

week following injury. 

(B) The top 50 differentially expressed genes (identified by lowest p-value) 

organized by fold change. 

(C) Heat map showing differences in normalized counts of the top 50 differentially 

expressed genes between no injury (n=5) and 1 week (n=6). 

(D) Protein-protein interaction network of top 50 differentially expressed genes via 

STRING analysis identified a cluster specific to basement membrane and extracellular 

matrix deposition. 
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Figure 3B.7 | The Final Stage is Marked by Elevations in Extracellular 

Matrix Transcripts 

(A) Gene ontology enrichment identified cell adhesion and extracellular matrix 

organization as the top two biological processes at 2 and 4 weeks following injury. 

(B) The top 50 differentially expressed genes (identified by lowest p-value) 

organized by fold change. 

(C) Heat map showing differences in normalized counts of the top 50 differentially 

expressed genes between no injury (n=5), 2 weeks (n=6), and 4 weeks (n=6). 

(D) Protein-protein interaction network of top 50 differentially expressed genes via 

STRING analysis showing clustering of extracellular matrix proteins.  
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Figure 3B.8 | Endothelial regeneration can be divided into four distinct 

transcriptional stages defined by unique changes in cellular processes 

Schematic representation of the contribution of stress and immune response, cell 

signaling, cell migration, cell proliferation, extracellular matrix (ECM) reorganization and 

vessel maturation to each transcriptional stage. Cellular processes were categorized 

based on top ten GO identified in each stage. The larger outer circle represented the 

percentage of all statistically significant DEGs within that category and the darker inner 

circle represented the proportion of genes within the defined process that are highly 

expression (base mean > 200 counts). 
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Section 4.1: Preface 

This chapter is the second half of a manuscript submitted to Cell Stem Cell, in 

which I determine the cellular organization of endothelial lining regeneration in the mouse 

aorta. As first author on this manuscript I was responsible for experimental designs, 

carried out experiments except as noted, and co-wrote the manuscript text with Prof. 

Iruela-Arispe. Dr. Julia Mack performed Giantin staining for cell polarity. Dr. Aditya Shirali 

performed surgeries to create aortic injury. Dr. Don Vaughn performed statistical analysis 

on clonal tracing data. 
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Section 4.3: Abstract 

The process that underlines renewal and regeneration of the endothelium, the 

inner lining tissue of the entire cardiovascular system, is unknown. To identify the cellular 

and molecular events associated with endothelial cell regeneration, we used a 

reproducible injury model for cellular denudation and applied a variety of genetic 

strategies to define the origin of the regenerated cells, pinpoint the mechanisms used for 

cellular renewal, and uncover the initiating transcriptional signature that triggered and 

maintained endothelial regeneration in vivo.  Our findings disclosed the collective 

behavior of endothelial cells in response to injury that included rapid, staged changes in 

the transcriptome of fully differentiated cells (Chapter 3). 

Phenotypically, we observed a nearly synchronic entry into cell cycle by expanding 

fronts of endothelial cells flanking the wound. Furthermore, using multi-fluorescent clonal 

tracing to track the proliferative behavior of single cells, we identified a discrete 

subpopulations of transiently amplifying endothelial cells which significantly contribute to 

the healing of the denuded area (Chapter 4). Importantly, the process of endothelial cell 

regeneration distinguishes itself by a robust collective response and a conspicuous 

absence of tip-stalk cells, typical of angiogenesis.  
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Section 4.4: Introduction 

Maintenance and repair of most adult tissues relies on the presence of a pool of 

progenitor cells frequently confined to a specific region, their niche, well supported by a 

congregation of cell- and matrix interactions.1 In response to either injury, or as part of 

the continuous need for cellular renewal, these highly responsive tissue-specific 

progenitor cells replicate providing new cells that differentiate into appropriate subtypes 

and promote tissue homeostasis.2–4 In contrast to this well-accepted view of renewal, the 

mechanisms associated with regeneration and repair of the inner lining of blood vessels 

have remained enigmatic. 

Studies that sought to understand renewal of the endothelial lining in vivo have 

been confounded by the difficulty to document cellular loss, as these cells are quickly 

removed by blood flow. Similarly, accurate quantification of proliferation is challenging 

due to its transitory, dynamic nature and the difficulty of imaging the extremely thin 

endothelial cells, frequently viewed in transversal sections.  The few studies successful 

at capturing proliferation in large vessels used tritiated thymidine uptake and en face 

visualization. These studies suggested that the overall basal rate of endothelial cell 

replication is nearly negligible in adult normal blood vessels. 5–11 Yet when visualized, 

those studies stated that the proliferative behavior of the endothelial cells was uneven 

within the lining. Meaning, the endothelium displayed discrete foci with high proliferative 

capacity. Because of the limitations of the analyses, it is difficult to ascertain whether 

those areas could have been associated with cell loss or denudation, be indicative of local 

vessel enlargement, or perhaps the site the true niche of endothelial progenitors. 

Subsequent studies showed that endothelial replication in vivo was influenced by the age, 
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pathological conditions, such as hypertension, and endotoxemia and by metabolic 

conditions such as hyperlipedimia. 12–14 

While extremely valuable, the studies above pre-dated genetic techniques and 

much improved visualization methods and unfortunately those questions have not been 

pursued. Instead experts in vascular biology have focused on the mechanisms associated 

with the morphogenesis of the cardiovascular system and the subsequent angiogenic 

expansion of vessels during development and in specific pathological settings, such as 

cancer and inflammatory conditions.15–17  This knowledge has progressed considerably 

and today, although still incomplete, the field of vascular biology has identified a 

framework of interacting signaling pathways, intracellular regulatory genes and 

participating physical forces involved in the process of endothelial cell sprouting, lumen 

formation, and vascular remodeling.16,18 However, the process of endothelial cell growth 

and expansion after a vessel has been formed remains far less understood. The 

processes of angiogenesis and vascular expansion within a vessel are likely to be 

different, as one requires departure from the inner lining, while the other occurs in the 

context of a community of other cells. Similarly, the mechanisms involved in vascular 

regeneration and repair of large vessels after injury and in the context of blood flow have 

not been explored. This knowledge is essential, since damage to the inner lining of large 

vessels, often resulting from endovascular medical procedures or severe vessel 

pathology, is detrimental to organ viability. 

In this context a myriad of critical questions are currently unanswered:  Do 

endothelial cells in an adult vessel divide to renew the endothelial lining or do [some] 

endothelial cells last for the lifetime of an individual? If endothelial cells proliferate: Is there 
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a particular site/niche or do all cells all have equivalent capacity?  Can the intima lining 

be repaired upon injury – through the generation of more cells? Are there endothelial cells 

with differential proliferative capacity? Are the mechanisms involved in endothelial cell 

repair in a vessel similar or distinct from those operative during angiogenesis? These 

questions provided motivation to initiate a series of experiments to gain concrete 

information related to growth of endothelium in the setting of a fully formed, functional, 

and physiologically active vessel: the infra-renal aorta. Using a novel and highly 

reproducible model of cell denudation, we performed transcriptomic and molecular 

characterization of the regenerating arterial lining (Chapter 3), contrasting the 

regenerative transcriptional signature with the process of angiogenesis. Taking 

advantage of fluorescent tagging we performed a number of lineage tracing analyses to 

uncover the collective behavior of endothelial cell regeneration in the context of the lining 

of an adult fully functional artery (Chapter 4). 
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Section 4.5: Results 

Cells in the regenerated lining originate from adjacent, fully differentiated 

endothelial cells  

While our experiments clearly indicated that the endothelial lining was able to fully 

regenerate, the origin of the cells composing the lining required additional scrutiny. 

Considering that the contribution of bone-marrow-derived circulating endothelial cell 

progenitors has been discussed in the context of angiogenic expansion, it was important 

to devise a comprehensive experimental strategy that included two types of experiments: 

endothelial lineage tracing to determine the cell type of origin, and parabiosis experiments 

to determine the anatomic location of origin. For the first set of experiments, we bred an 

endothelial cell specific VE-Cadherin Cre-ERT2 line (Cdh5-PAC- CreERT2)19 to an 

extremely sensitive lox-stop-lox tdTomato reporter line. These mice enabled us to perform 

pulsed genetic labeling of cells of the endothelial lineage immediately prior to injury 

(Figure 4.1A). Following injury and regeneration we assessed the regenerated lining for 

the emergence of unmarked cells. The emergence of such cells would indicate the 

differentiation of a hypothetical non-endothelial stem or progenitor cell type into an 

endothelial cell, while the continued presence of labeled cells would indicate that 

regenerated lining derived from pre-existing differentiated endothelial cells (Figure 4.1B). 

We were able to precisely quantify the numbers of tdTomato+ and tdTomato- endothelial 

cells through computational processing of confocal imaging data of labeled aortas (Figure 

4.1C). Because the labeling was inducible in nature, it was absolutely essential to 

compare the frequency of excised cells that expressed the reporter in the uninjured area 

against that in the regenerated area (Figure 4.1D, E).  We found that the range of 
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recombination in the uninjured area varied from 85 to >99.5% after tamoxifen injection. 

We also found that frequency of unlabeled cells did not change between regenerated and 

uninjured areas of the endothelial lining, leading to a best estimate of 0% and an upper 

95% confidence boundary of 3% for the fraction of regenerated endothelial lining 

originating from a separate, non-endothelial stem or progenitor lineage (Figure 4.1F). Of 

particular note, in the mice where the labeling of the endothelial lineage was >99.5% 

efficient, our quantification indicated that <0.5% of cells were unlabeled in the regenerated 

lining; labeled endothelial cells clearly gave rise to essentially all of the regenerated lining. 

Although the lineage tracing experiments demonstrated that the cell type of origin 

for the regenerated cells was endothelial, they did not address the possibility that these 

endothelial cells could be arriving from distant sites and delivered to the injury area by 

blood circulation, as has been proposed and widely debated.20–22 To address this 

question, we made use of pairs of GFP+ and GFP- mice which had been surgically 

parabiosed to share a chimeric circulation (Figure 4.1G-I). In these mice we made 

symmetrical aortic injuries and allowed the endothelial lining to regenerate, such that the 

presence of a GFP+ endothelial cell in the regenerated lining of a GFP- aorta could be 

inferred to originate from the circulation and vice versa. The experiment allowed for all 

circulating cells, including any potential circulating endothelial cells, to gain access to both 

injured mice. To facilitate interpretation of the experiment, we only used mice that showed 

nearly perfect blood chimerism (Figure 4.1I). While we observed GFP+ cells at the site of 

injury (Figure 4.1J-K) in GFP- mice and vice-versa, these cells were also CD45+, 

localized to the arterial media (Figure 4.1K), and in no case co-expressed the endothelial 

marker ERG. Of note, some cases of closely apposed cells could only be resolved by 
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taking advantage of the high resolution 3D confocal imaging data (Figure 4.1K inset a,b). 

Evaluation of the regenerated area in parabiosed mouse pairs revealed that the 

regenerated endothelial lining contained no contributions from distant sites (Figure 4.1L). 

Robust cellular proliferation kinetics drives regeneration upstream and 

downstream flow  

Given our evidence that regenerated endothelial cells derived from existing, local 

endothelial cells and the fact that the transcriptional profile was consistent with high 

proliferative activity, we asked how proliferation was organized within the regenerating 

lining (Figure 4.2A). The possibilities include broad and sparse distribution of proliferating 

cells along the aorta, local pockets of proliferation in specific areas, such as branch sites, 

or proliferative clusters, or along the sides (or one side) of the injury. Using the thymidine 

analog EdU to mark cells in S-phase along a time course of regeneration (Figure 4.2B), 

we found robust proliferation of endothelial cells confined to the regenerative front flanking 

the injury both upstream and downstream of blood flow. Importantly, detected proliferation 

was limited to the endothelial cell type during the time intervals assayed as demonstrated 

by strict co-localization with the endothelial nuclear marker ERG (Figure 4.2C). While EdU 

incorporation was only allowed to occur for two hours, we found that an incredibly high 

percentage of cells were positive (approx. 37%, Figure 4.2D) indicating that the large 

majority, if not all terminally differentiated cells were able to quickly re-enter the cell cycle. 

The wave of proliferation extended through the entirety of the regenerating area, but 

strictly not beyond it (Figure 4.2E-F), resembling the area that was also positive for Myc, 

FosL2 and other altered transcription factors (Figure 4.2G). Proliferation (as per EdU 

incorporation) was noted in very few cells at 24hrs, but became prominent at 48 and 72hrs 
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post injury (Figure 4.2E-F) with remarkable similarity between different mice. Interestingly 

the distribution of proliferative cells upstream and downstream of flow was equivalent (Fig 

4.2G), in line with endothelialization rate (Figure 3A.1), indicating that orientation of blood 

flow does not appear to affect proliferative capacity or regenerative function. Further, we 

observed that the number of S-phase endothelial cells peaked at the time the lining was 

restored (Fig 4.2H), resulting in a final density far exceeding that of uninjured areas (Fig 

4.2I). Given that cell density eventually normalizes (Fig 4.2I), there is a large excess of 

endothelial cells generated during lining regeneration which are eventually lost, 

suggesting a remarkable level of pruning and a probable release of excess endothelial 

cells, or perhaps their apoptosed remnants, into the circulation. 

Clonal tracing reveals differences in proliferative activity and provide evidence 

for transient-amplifying cell populations 

Having established that the cells of the regenerated aortic lining were created via 

proliferation of local endothelial cells, we finally wondered whether a hypothetical 

endothelial hierarchy containing cells with greater and lesser proliferative activity might 

exist disguised within the endothelial lining itself, as has been proposed 21 and reported 

23, though never using functional assays in the cells’ native context. Alternatively, we 

thought that terminally differentiated endothelial cells might widely and non-selectively 

transition to a proliferative state to accomplish regeneration based upon the 

transcriptional changes (Chapter 3) and widespread cell cycle entry (Figure 4.1) we had 

previously observed. To gain further insight into the proliferative organization of 

regeneration within the endothelial lining, we used a multicolor fluorescent labeling allele 

(the “Rainbow” allele, Figure 4.3) to evaluate the proliferative activity of single cells. The 
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Rainbow allele, upon genetic recombination, stochastically yields expression of three 

mutually exclusive fluorescent protein labels: Cerulean, mOrange, and mCherry. For 

contrast, we have visualized these labels as cyan, green, and red respectively. These 

labels are inherited by daughter cells, allowing the identification of groups of clonally 

derived cells resulting from the proliferation of a single genetically (and fluorescently) 

labeled ancestor cell. 

If a population of cells with undergoes neutral proliferative competition to replenish 

a tissue with cells lost to homeostatic turnover or to injury, wherein no subpopulation of 

cells has a proliferative advantage, the cumulative probability of detecting a clone made 

up of n daughter cells follows a negative exponential distribution24. We therefore asked 

whether in the regenerated lining the cumulative frequency distribution of endothelial 

clones of size n followed such a distribution, or if instead we could detect the presence of 

a more proliferative subpopulation of cells as evidenced by the selective outgrowth of a 

small number of clones (Figure 4.3B). Using a tamoxifen dosage titrated to achieve a 

clonal labeling density, we systematically imaged a cohort of regenerated aortic linings 

(Figure 4.3C, Extended Figure 4.S1) and extracted the coordinates of all labeled cells 

within the regenerated lining, (Figure 4.3D). We then used the spatial clustering algorithm 

dbscan25 with a distance threshold parameter of 150 microns to identify clones composed 

of neighboring labeled cells within the regenerated aortic lining (Figure 4.3E). Importantly, 

we showed that clone size distributions are robust to using both larger and smaller 

clustering distance parameters (Extended Figure 4.S2) and that labeling frequencies are 

low enough at ~1% or less to support accurate clonal identification (Figure 4.3F). 

Comparing the resulting empirical clone size distribution to a best-fit negative exponential 
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distribution, we see the existence of a long tail of unexpectedly large clones not predicted 

by the distribution (Figure 4.3G), corresponding to infrequent clones which undergo 

massive proliferative expansions across mice and fluorescent protein labels (Extended 

Figure 4.S3). This finding is particularly noteworthy since the mOrange and mCherry 

labels have meaningfully lower labeling frequencies, and therefore more accurate clonal 

resolution. 

In all cases, a negative exponential distribution cannot fit the data, while a 

composite of two distributions can. In fact, the observed clonal distribution is better 

explained by the combination of two exponential distributions (Figure 4.3G, H), 

corresponding to two populations with different proliferative activities (p<10-4, 

loglikelihood ratio test). The result was further supported by an F-test of the two models 

and the Bayesian Information Criteria. Our data therefore indicate that the aortic lining is 

not made up of a homogenous group of terminally differentiated cells, but in fact contains 

at least two cell populations which exhibit functionally differing proliferative activities 

during the process of endothelial lining regeneration in vivo, in the native cell context. 

  



171 

Section 4.6: Discussion 

Although vascular growth through a sprouting angiogenic process has been 

extensively studied, we have a narrow understanding of the mechanisms involved in 

injury-induced repair that are operational in large vessels. In this study, we utilized a 

combination of EdU labeling, parabiosis, uni- / multi-labeled cell tracking, and 

transcriptional profiling to investigate the cellular and molecular events associated with 

the regeneration of the endothelium in vivo. The results indicate that while mitotically 

quiescent, endothelial cells are capable to quickly sense and respond to a denudation 

injury by rapidly re-organizing their transcriptome and re-entering into the cell cycle. 

Importantly, the reaction is local, meaning about 4-7 columns of endothelial cells sense 

and carry out the complete regenerative process. A combination of EdU labeling and 

tracking of multi-fluorescently labeled clones indicate that the process is biphasic, 

including an initial phase when all or nearly all cells at the border enter the cell cycle and 

a second phase when a few transient amplifying cells engage in continuous proliferation 

and conclude healing. Differently than angiogenesis, the responses noted include a 

collective of cells, in contrast to the prototypical tip-stalk cell characteristic of angiogenic 

growth 26. 

We present several independent lines of evidence that the process of intimal repair 

and regeneration is prompted and fully executed by endothelial cells located at the 

borders of the injury. The contribution and specific nature of endothelial cell progenitors 

has been subject of heated debate 20,22,27–29  and therefore, we were committed to 

rigorously explore their potential contribution in this setting. Findings from adult 

endothelial lineage tracing using the VE-Cadherin promoter and double-injury parabiosis 
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fully support the conclusion that circulating endothelial cell progenitors or bone-marrow 

derived endothelial progenitors do not participate in events associated with endothelial 

cell regeneration of large arteries. Circulating progenitor cells have been implicated in 

angiogenic expansion in a few settings29,30. It is entirely possible that the high flow rate 

and inherent physical forces present in the aorta are incompatible with seeding and 

colonization of denuded vascular areas, although we have been able to frequently find 

leukocytes in between and under the endothelial lining during regeneration. These appear 

to be patrolling macrophages and resembling the interactions recently described in the 

literature 31,32. Additional support to the endothelial-inherent repair derives from the 

extremely abundant labeling of proliferating endothelial cells within the endothelialization 

fronts upstream and downstream of wounding.  

In fact, the process of endothelial lining regeneration clearly involves collective cell 

behavior. Cells retained their junctional complexes and remained connected through the 

entire repair process. Individual cell migration was not tolerated and more frequently than 

not, the organization of clones demonstrates that cell division was polarized in the 

direction of flow. Collective dynamics of endothelial cells have been observed in culture 

and some of the mechanisms involved in communal migration appear to include cadherin 

fingers that guide following cells33. An equivalent process of collective cell migration in 

the vasculature has not been shown in vivo until now. Impressively, not only elongation 

and migration, but also proliferation kinetics appears to be highly synchronic, suggesting 

remarkable coordination and a whole-tissue response. The triggers of this highly 

organized response are unclear and lend to speculation, but based on information from 

other tissues 34,35, it is likely that differences in tension caused by removal of adjacent 
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cells are at play. The identification of specific culprits to carry on these effects would 

require additional experimentation. 

Clearly the main cellular process that drives regeneration in the injured aorta is a 

robust proliferative response. Approximately a third of the cells located at the injury border 

were captured in S phase by EdU incorporation, implying nearly synchronic activity and 

uncovering an unpredicted level of proliferative plasticity. We found no indication that the 

ability of these cells to enter the cell cycle was confined to a particular geographical niche 

in the aorta, in fact proliferating cells were located right next to the injury site. These 

findings are consistent the absence of a specific region (niche) or a special population of 

progenitor cells, that are put aside for purposes of renewal and regeneration. Instead, the 

endothelium of large arteries relies on the rouse of its own mitotic capacity. However there 

appears to be some hierarchy within this capacity. In fact, we found that while the initial 

mitotic response was broad and inclusive, subsequent rounds of proliferative activities 

relied on a fewer cells with enhanced amplifying proliferative capacity. The large majority 

of clones gave rise to 1-4 cells, however others were able to generate as many as 84. 

These findings are consistent with experiments performed on endothelial cells isolated 

from the vessel wall that uncovered differential proliferative capacity of cells over time 36 

and a recent report of differential proliferative capacity in endothelial cells of the vessel 

wall dependent upon Sox18 expression 23. 

While the capacity of endothelial cells to enter the cell cycle was rapid and robust, 

ceasing proliferation required more effort. Our findings indicate that mitosis continued for 

days after healing of the injury was completed, a fact that is consistent with the impressive 

packing of cells in the regenerated endothelial lining. Five days post-injury, the 
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regenerated area showed a greater than 50% increase in cell density, returning to normal 

by2 months post-injury. Clearly endothelial cells are generated at great excess and 

pruning must occur during and after regeneration. What are the mechanisms involved in 

selecting the cells that stay and go? And where do the rejected cells go? Likely, these 

cells are lost into the circulation and might de facto be the population of cells identified as 

circulating endothelial cells, a concept consistent with previous speculations and the 

experimental findings that the number of these circulating cells is increased at times when 

endothelial cell proliferation is enhanced.37 
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Section 4.7: Materials and Methods 

Animal care and use 

The University of California Los Angeles Institutional Animal Care and Use 

Committee approved all animal protocols, and all procedures were performed in 

accordance with these protocols. All animals were maintained at the UCLA vivarium 

according to the policies instituted by the American Association for Accreditation of 

Laboratory Animal Care. 

Mouse Lines and Genotyping 

Wildtype C57BL6/J mice were sourced from UCLA’s internal breeding facilities. 

VE-Cadherin Cre-ERT2 19 and lox-stop-lox-tdTomato reporter mice were a kind gift from 

Prof. Anne Zovein of UCSF. Rainbow reporter transgenic mice 38 were contributed by 

Prof. Reza Ardehali. All transgenic lines were maintained on a C57BL6/J background. 

Male and female animals were used in approximately equal numbers for all 

experiments except for RNA-seq and parabiosis experiments. For RNA-Seq, exclusively 

male animals were used to minimize uninformative sex differences in gene expression. 

For parabiosis, exclusively female animals were used in order to minimize aggression 

between members of parabiosed pairs. 

Aortic Injury 

We created clamping injuries as previously described in detail 39. Briefly, we 

surgically dissected surrounding tissue from the abdominal aorta of mice, then placed a 

strong vascular clamp 750 um in width on the vessel for sixty seconds before closing the 

abdomen. The pressure from the clamp results in loss of the endothelial lining at the 
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clamping location. This technique was used for experiments where a precise, 

reproducible wound was desired (Figure 4.2). For the study of cell type contributions and 

regenerative clonal dynamics, we extended the clamping technique to remove larger 

areas of endothelial lining 2.5-3.0 mm in width by clamping overlapping regions spanning 

the length of the abdominal aorta from renal arteries to iliac bifurcation (Figures 4.1 and 

4.3). 

Flow Cytometry to Assess Parabiosis Chimerism 

At the time of aorta harvest, 500 uL whole blood was collected in EDTA-coated 

microtubes via right ventricle puncture with a 25G syringe. Red blood cells were then 

lysed using a lysis buffer and stained with an Alexafluor-647 conjugated monoclonal rat 

anti-CD45 antibody (BD CAT#565465) in FACS buffer at manufacturer’s recommended 

concentration to allow for specific identification of leukocytes. 

RBC Lysis Buffer - 10X 

• Ammonium Chloride, ACS 82.9 g 

• Potassium Bicarbonate, USP 10.0 g 

• EDTA disodium salt 0.37 g 

• Water, glass distilled to 1L 

Adjust pH to 7.2 and keep in tightly closed container at 4C. To prepare a 1X working 

solution (to be used at room temperature), dilute 10X 1:10 with glass distilled water. Keep tightly 

closed and discard at the end of the day. 

FACs Buffer 

• PBS (No Ca++/Mg++) 

• 2% Fetal Calf Serum 

• 0.1% Na+ azide 
 

Aortic Dissection and Fixation 
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Endothelial cells lining the aorta were fixed in place by perfusing anaesthetized 

mice with a solution of 4% polymerized paraformaldehyde dissolved in PBS through the 

left ventricle of the heart for ten minutes. Following perfusion, we removed the aorta from 

the abdomen, then splayed open the tubular structure as a flat imaging plane using a 

single cut through the dorsal portion of the segment wall. We then pinned flattened aortic 

segments lumen-side up atop a 35mm silicon-coated dish, and post-fixed in 4% PFA 

solution at 4C for one hour with gentle agitation. 

Aortic Immunostaining 

We then proceeded to stain following immunocytochemistry protocols in a 1.5mL 

volume sufficient to cover pinned aortas in the dish. Fixed aortic segments were washed 

three times in HBSS then incubated in blocking buffer for an hour at room temperature. 

A solution containing the primary antibodies diluted 1:200 in blocking buffer was then 

applied and allowed to incubate overnight at 4C. The following day, the aorta was washed 

three times with HBSS, then incubated with secondary antibodies diluted 1:400 in 

blocking buffer and a 10mg/mL DAPI solution diluted 1:1000 in the same buffer. After a 

final set of three washes, the aorta was mounted. The recipe for the blocking buffer is: 

• 50mL HBSS 

• 1.5 mL Normal Donkey Serum 

• 150 uL Triton X-100 

• 25 uL Tween-20 

• After complete mixing, filter to sterilize and remove any particulates 

Aortic En Face Imaging and Image Processing 

We mounted aortas on glass slides with lumen facing the cover slip in Prolong 

Gold with DAPI (ThermoFisher CAT#P36931) mounting medium. We then imaged aortas 
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using an LSM880 confocal microscope (ZEISS) with imaging settings optimized per 

experiment. To image the large, wavy surface we utilized z-stack and tile scan features, 

stitching the resulting tiles into a single large image (ZEN 2.0 Black software, ZEISS). 

Aortic tdTomato Labeling 

Homozygous tdTomato reporter mice were crossed with homozygous VE-

Cadherin CRE-ERT2 mice. The resulting F1 compound heterozygotes were induced to 

recombine at high efficiency by intraperitoneal administration of 2 mg tamoxifen free base 

dissolved in corn oil once daily for five days. One week following recombination, the mice 

underwent aortic injury. One month following injury the aortas were harvested, stained for 

endothelial marker ERG and injury marker Fibrin, and then imaged. 

Aortic Rainbow Labeling 

Homozygous Rainbow reporter mice were crossed with homozygous VE-

CadherinCRE-ERT2 mice. The resulting F1 compound heterozygotes were induced to 

recombine at a clonal density by a single intraperitoneal injection of 1 mg tamoxifen free 

base dissolved in corn oil. One week following recombination, the mice underwent aortic 

injury surgery as previously described. One month following injury the aortas were 

harvested, stained for endothelial marker ERG, and then imaged. 

Aortic tdTomato Quantification 

Quantification of tdTomato labeling frequency was achieved by automated 

detection of ERG+ endothelial nuclei, followed by classification of each nucleus as 

tdTomato+ or tdTomato- based on tdTomato fluorescence intensity colocalizing with the 
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nucleus. These image processing steps were carried using out using Imaris 8.0.2 

(Bitplane). Regenerated areas were identified based upon widened lumen and trace fibrin 

staining at the sites of clamping. 

Aortic Rainbow Quantification 

Quantification of Rainbow labeling frequency was achieved by automated 

detection of ERG+ endothelial nuclei in confocal imaging data, followed by classification 

of each nucleus as either unlabeled, Cerulean+, mOrange+, or mCherry+ based on 

fluorescence intensity co-localizing with the nucleus. Regenerated areas were identified 

based upon altered GFP fluorescence intensity, widened lumen, and apparent clonal 

expansion at the site of clamping. These image processing steps were carried out using 

Imaris 8.0.2 (Bitplane). 

Quantification of Circulation-Derived Endothelial Cells (Parabiosis Experiments) 

Quantification of the GFP status of ERG+ cells in regenerated aortas from 

parabiosed mice was performed by automated detection of ERG+ endothelial cells in 

confocal imaging data, followed by classification as GFP+ or GFP- based on fluorescence 

intensity in the GFP channel co-localizing with nuclei. In cases where this automated 

approach identified possible hits, we investigated closely but were unable to find any bona 

fide circulation-derived endothelial cells. Two such cases that passed automated 

screening but were manually debunked are shown in Figure 4.1K. To be even more 

thorough, we also attempted the converse approach in the GFP- aortas: we detected 

GFP+ cells and then assessed ERG status. Still no double positive cells were detected 
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(second approach not shown.) These image processing steps were carried out using 

Imaris 8.0.2 (Bitplane). 

  



181 

Section 4.8: Figures 

Figure 4.1: Origins of Regenerated Endothelial Lining 
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Figure 4.2: Organization of Proliferation within the Regenerating Lining 
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Figure 4.3: Clonal Tracing Detects a Proliferative Subpopulation within the 

Endothelial Lining 
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Extended Figure 4.S1: Clonal Expansion in Regenerated Aortic Endothelial 

Linings 
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Extended Figure 4.S2: Findings Are Robust to Differing Clonal Clustering 

Thresholds 
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Extended Figure 4.S3: A Minority of Endothelial Cell Clones Generate the Majority 

of the Regenerated Lining  
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Figure Legends 

Figure 4.1 | Origins of Regenerated Endothelial Lining 

a, The genetic system used to heritably label existing endothelial cells prior to 

regeneration. A lox-stop-lox cassette is excised upon the administration of tamoxifen, 

causing tdTomato protein expression. 

b, Experimental design to exclude or include the generation of endothelial cells 

derived from a non-endothelial cell lineage during lining regeneration. Unchanged 

labeling frequency when comparing uninjured and regenerated areas would exclude the 

possibility, while an increase in frequency of unlabeled cells (bottom) would strongly 

support it. 

c, High magnification image of a representative aorta demonstrating the detection 

of tdTomato positive and tdTomato negative cells based on ERG co-staining. 

d, En face preparations of aortas from mice sacrificed at 1 day (left) and 30 days 

(right) following wide-area injury. Top right displays data from a mouse with >99% labeling 

efficiency; bottom right from one with 94% efficiency. 

e, Quantification of tdTomato positive cells inside and outside the regenerated area 

of lining. 

f, Best estimate (mean) and 95% confidence interval boundaries on the 

contribution by non-endothelial cells, based on paired t-test of the quantifications shown 

in previous panel. 

g, Diagram depicts the parabiosis of GFP+ and GFP- mice to create blood 

chimerism. Cells are free to circulate from one mouse to the other, retaining the originator 

mouse’s genetic label. 
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h, Experimental design using parabiosed mice to exclude or include the generation 

of endothelial cells derived from a distant location during lining regeneration. 

i, Flow cytometry of blood taken from GFP+ (left) and GFP- (right) members of a 

parabiosed pair of mice assessing leukocyte chimerism in GFP expression. Data is 

representative of all pairs assessed. 

j, Representative low magnification images taken from GFP+ (left) and GFP- (right) 

members of a parabiosed pair of mice assessing regeneration of the endothelial lining as 

detected by ERG staining (top) and the absence of endothelial cells derived from the 

other member of the pair (bottom). Non-endothelial GFP+ cells present in the aortic media 

are indicated (white arrows). 

k, Representative high magnification images of GFP+ cells in a GFP- aorta 

following regeneration in parabiosed mouse pair (white arrows). Green outlines track 

GFP+ cell locations for co-localization with other stains. Some cases require examination 

in 3D to resolve (insets, white arrows). 

l, Quantitation of ERG and CD45 staining status for all GFP+ cells in the 

regenerated lining of all mice assessed. 

Scale bars indicate 800 um (low mag) and 20 um (high mag). Statistical midlines 

indicate mean, and error bars indicate 95% c.i. For tdTomato experiments, n=5 mice. For 

parabiosis experiments, n=2 pairs (4 mice.)  
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Figure 4.2 | Organization of Proliferation within the Regenerating Lining 

a, Timeline showing experimental design and collected datapoints. EdU is 

administered to animals precisely two hours prior to sacrifice and perfusion with 

formaldehyde. 

b, Graphical representation of hypotheses and approach. Extent and localization 

of EC proliferation, and differences in organization between regeneration upstream and 

downstream of flow are assayed. 

c, Representative images of colocalization of EdU+ and ERG+ nuclei. Aortas 

harvested 48hrs after clamping injury Left: ERG, Middle: EdU, Right: Merge. White boxes 

in low mag panels (top) indicate areas enhanced to show high mag (bottom). 

d, Quantitation of data shown in previous panel, counting fraction of endothelial 

nuclei within the regenerating front that are also EdU+. 

e, Representative images depicting the localization of EdU+ nuclei throughout 

endothelial lining regeneration. 

f, Quantitation of data presented in previous panel. Each row represents one aorta. 

Dotted line indicates geometric center of wound as delineated by fibrin staining (not 

shown). Negative values indicate position upstream of center with respect to blood flow, 

while positive values indicated downstream. 

g, Contrast between the fraction of EdU+ cells in the endothelialization front 

upstream and downstream of blood flow. For a given aorta, if a greater fraction is 

downstream the marker will appear above the dotted line. 

h, Contrast between the relative amount of ECs estimated to be generated leading 

up to wound closure as detected by EdU labeling (green area under the curve) and the 
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number observed to be proceeding through the cell cycle even following wound closure 

(blue area under the curve). Dotted lines represent upper and lower SEM. 

i, Representative images of observed hyperdensity in the days following wound 

closure. 

Scale bars indicate 800 um (low mag) and 20 um (high mag). Statistical midlines 

indicate mean, and error bars indicate 95% c.i. For EdU/ERG co-staining, n=5. For EdU 

timecourse, n=4-5 per timepoint as indicated. 
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Figure 4.3 | Clonal Tracing Detects a Proliferative Subpopulation within 

the Endothelial Lining 

a, The multicolor fluorescence genetic labeling system used to label single 

endothelial cells. Mutually exclusive lox variants are arranged to allow for one of three 

fluorescent proteins to be expressed following tamoxifen-induced recombination. Which 

excision pattern occurs is random. 

b, Graphical representation of hypotheses and experimental design. By tracing the 

proliferative activity of individual endothelial cells, the existence of a subpopulation with 

distinct proliferative activity may be detected by the deviation of clone size distribution 

from the distribution expected to result from competition between cells with equal 

activities. 

c, Representative images demonstrating clonal density tamoxifen-induced labeling 

of a regenerated aortic lining. The area of removal is visible as loss of GFP fluorescence 

(top). Representative clones in the uninjured (bottom left) and regenerated (bottom right) 

area of endothelial lining are shown at high magnification. Co-staining with ERG allows 

for accurate clone size determination. 

d, Example of computational extraction of labeled cell locations. 

e, Identification of clones separated by spatial clustering of cells sharing the same 

label using a 150 um distance threshold and the dbscan clustering. 

f, Quantification of labeling frequency, calculated as 

(Cerulean/mOrange/mCherry)+/ERG+ nuclei.  

g, Clone size distribution and curve fits. Scatter plot depicts cumulative frequency 

(Y-axis) of clones which are composed of n cells or less, normalized to the average n of 
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the aorta. Clones labeled by the three different fluorescent proteins have been pooled 

and each clone given equal weight. The dashed line displays the best fit of a negative 

exponential distribution, expected to arise from neutral competition between proliferating 

cells. The solid line shows the summation of two fitted curves, in effect modeling the 

presence of two populations with differing proliferative activities. 

h, Breakdown of the solid line in g, showing the two negative exponential curves 

which compose it.  

Scale bars indicate 800 um (low mag) and 20 um (high mag). Error bars indicate 

95% c.i. For labeling frequency quantitation, n=4. For clonal size distribution, n=8 aortas. 

Number of clones quantitated is shown in panel g and Extended Figure 4.S3. 
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Extended Figure 4.S1 | Clonal Expansion in Regenerated Aortic 

Endothelial Linings 

Left: all additional clonally labeled aortas which were imaged. 

Right middle: high mag images of uninjured areas demonstrating single-cell 

clones. 

Rightmost: high mag images of regenerated areas demonstrating larger 

multicellular clones. 

Scale bars indicate 800 um (low mag) or 20 um (high mag). 

 

Extended Figure 4.S2 | Findings Are Robust to Differing Clonal 

Clustering Thresholds 

While a distance threshold of 150um was used for this work, the results of changing 

the threshold to 50 (top), 100 (bottom left), or 200 (bottom right) are shown. 

 

Extended Figure 4.S3 | A Minority of Endothelial Cell Clones Generate 

the Majority of the Regenerated Endothelial Lining 

Annular plots showing the clonal size distribution on a per-mouse and per-label 

basis. The center number indicates the mouse identifier. The bottom number indicates 

how many cells were quantified. The striping pattern indicates how those cells were 

distributed among clones. A wide stripe indicates a clone with many cells, while a narrow 

stripe indicates a clone with few cells. On the first row the distribution from an uninjured 

area is shown for comparison.  
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Chapter 5: Conclusions  
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Section 5.1: Summary 

 

In this dissertation I present a comprehensive body of work which demonstrates 

how the endothelial cell lining of the aorta is expands at the cellular level, how is it repaired 

and what are the molecular mechanisms involved at the transcriptional level. 

Summarizing how each of the specific aims was addressed: 

1. Define the kinetics of growth of the postnatal aorta, in terms of gross dimensions, 

endothelial cell proliferation kinetics, and cell density within the endothelial lining. 

In Chapter 2 I presented measurement of gross aorta dimensions spanning from 5 

days after birth in the neonatal mouse to full adult size at 60 days, showing that the 

inner lining of the aorta triples in surface area. Further, I determined the density and 

the area of the endothelial cells within the growing lining. Surprisingly, I found that 

approximately half of the increase in surface area in the period between 5 and 10 days 

after birth derives from an increase in cell size rather than cell number. However, 

beyond this time lining expansion is accomplished primarily through cell proliferation. 

2. Perform clonal tracing to understand the heterogeneity and extent of endothelial cell 

division within the postnatal lining over extended periods. 

Also in Chapter 2, I used a stochastic fluorescent reporter model to trace the clonal 

behavior of endothelial cells within the expanding lining. Clones undergo a stereotypic 

number of cell divisions over the course of lining expansion, with rapid proliferation 

evident at 5 days after birth but virtually none by the time mice have reach 30 days of 

age. 

3. Reconcile cell-level behavior from clonal tracing with organ-level enlargement. 
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Satisfyingly, clone level proliferation measurements correspond to the overall change 

in dimensions of the aorta, yielding a model of the growing aorta in which cells residing 

within the endothelial lining undergo cell divisions sufficient to achieve the aorta’s final 

dimensions. In essence, each endothelial cell clone acts a microcosm of the lining as 

a whole. 

4. Create a practical surgical injury model of arterial lining regeneration. 

In collaboration with Dr. Aditya Shirali I developed a novel surgical method to remove 

a defined area of endothelium from the mouse aorta without requiring incision to 

access the inner vessel, enabling further study (the content of Chapters 3&4). 

Specifically, Prof. Arispe and I prototyped the surgery in a non-survival setting, and 

Dr. Shirali translated and optimized the approach to a living mouse. We published the 

surgical procedure in the Journal of Visual Experiments in video format,1 and a text 

summary of the surgical method is available in Appendix A. 

5. Use the created animal model to determine a transcriptional signature of regenerating 

endothelial lining within a functioning artery. 

As presented in Chapter 3, I performed transcriptomic profiling of the endothelial lining 

of the aorta at the beginning and at the peak of regeneration. Extending my work, Dr. 

Aditya Shirali and I assessed the transcriptome of aortas regenerating from larger 

wounds over the course of 4 weeks and confirmed my findings, as well as mapped 

the transcriptional course of the aorta’s gradual return to homeostasis. 

6. Validate the presence of key molecules identified in the transcriptional signature, and 

compare to expression in angiogenic vessels of the neonatal mouse retina. 
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Also in Chapter 3, after identifying key molecules from my analysis of collected 

transcriptomic data, I further showed increased protein expression of Myc, FosL2, 

FoxM1, and others. Expression in angiogenic vessels was either undetectable (Myc, 

FoxM1) or differentially localized within the cell (FosL2), indicating that major aspects 

of lining regeneration differ from angiogenesis despite both requiring extensive 

endothelial cell proliferation. 

7. Perform lineage tracing and parabiosis experiments to detect or exclude contributions 

from cells outside of the endothelial lining-to-lining expansion during regeneration. 

In Chapter 4, I presented results showing that pulsed genetic labeling of 85-99% 

endothelial cells prior to lining regeneration results in a regenerated lining which is 

labeled to the same degree, including cases where >99% of the regenerated lining 

retained the label. These results indicate that the regenerated lining derives from 

existing endothelial cells, and not any stem or progenitor cell which lacks expression 

of VE-Cadherin. Further, I presented the results of parabiosis experiments showing 

that no circulating cells give rise to cells within the regenerated lining. In sum, this line 

of experimentation indicates that regeneration is achieved entirely by endothelial cells 

localized to the site of injury. 

8. Compare expansion of the arterial lining during postnatal growth with expansion 

following adult surgical injury. 

Surprisingly, the two appear to result in different clonal behaviors. As shown in 

Chapter 2, expansion of the endothelial lining during postnatal growth occurs through 

homogenous division of endothelial cells throughout the lining without obvious 

emergence of a dominant subpopulation. By contrast, it was shown in Chapter 4 that 
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a minority subpopulation of endothelial cells within the regenerating lining undergoes 

the majority of cell divisions, and this group’s progeny comes to make up the majority 

of the regenerated lining. 

9. Synthesize the collected information into a unified model of endothelial lining 

expansion. 

At the beginning of this work I hypothesized that endothelial lining expansion would 

share a common organization whether occurring through growth or regeneration. 

Surprisingly, this does not appear to be the case. Instead, the data indicate that a 

highly proliferative subpopulation emerges during wound repair, there is no evidence 

for selective proliferation of a subpopulation during postnatal growth. 

Section 5.2: Basic and Clinical Implications 

 

At the level of fundamental biology, my findings have shaped three major 

concepts. The first major concept is that enlargement of the endothelial lining of the aorta 

during postnatal growth is achieved by an elegant correspondence between the geometry 

of expanding clones and the geometry of the expanding lining. Clones develop as 

elongated groups approximately six times long on the long axis of the aorta as on the 

circumferential axis, matching the aortas extension of six units in length for every one unit 

in circumference. Further, clones expand to approximately 5 cells in length from P5 to 

P60, 3 cells in length from P10 to P60, and 1.5 cells in length from P30 to P60. This 

change is proportional to the increase in length of 3-fold from P5 to P60 (as discussed in 

Chapter 2, 50% of this extension comes from cellular enlargement), 2-fold from P10 to 

P60, and 1.3-fold from P30 to P60. 
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The second major concept is that the endothelial lining within the artery is capable 

of hosting robust, rapid endothelial cell division through a process that is not 

angiogenesis, but rather something mechanistically unique. This fact has been concealed 

two-fold: once by the absence of activity in the homeostatic state, and again by the 

absence of an in vitro model with fidelity to the functioning artery. Even large vessel 

explants undergo sprouting angiogenesis from the lining surface,2 rather than 

maintenance of the normal lining monolayer architecture. I have also provided the first 

toeholds for mechanistic interrogation, identifying and validating the expression of 

proteins specifically in the regenerating lining (FosL2, Myc, FoxM1) which are known to 

have powerful effects on endothelial cell phenotype. 

The third and final concept is that the endothelial lining is not composed of a 

homogenous group of terminally differentiated cells, but rather it contains at least one 

subpopulation of highly proliferative cells. These data agrees with reports that cells 

extracted from the aortic lining go through wildly varying numbers of cell divisions before 

exhaustion.3,4 However, this is the first time anyone has reported that endothelial cells 

exhibit this proliferative organization when left in their native setting, rather than when 

extracted and exposed to conditions liable to artifactually influence cell phenotypes. It is 

tempting to speculate that these findings indicate the presence of the same archetypal 

stem cell hierarchy found to be an organizing principle for multiple tissues in the adult: a 

slowly cycling stem cell gives rise to a more differentiated and highly proliferative transit-

amplifying cell which then proceeds down a gradient of proliferation and up a gradient of 

differentiation, spawning large numbers of terminally differentiated endothelial cells.5 In 

the case of my work with the endothelial lining, highly proliferative clones could be 
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envisioned as transit amplifying cells, while non-proliferative cells could be terminally 

differentiated endothelial cells and the rare endothelial stem cell. While fun to speculate, 

such an organization is particularly tricky to observe in this tissue. Endothelial cells turn 

over at an extremely low rate,6 such that the cell tracing techniques used to unravel stem 

cell dynamics in the blood, skin, and intestine are infeasible in the lifetime of the laboratory 

mouse.7 In my studies I had to rely upon postnatal growth or injury to stimulate division, 

and even these tricks are insufficient to generate enough proliferative activity to 

completely dissect the tissue’s organization. 

The proliferative organization I have demonstrated to be operational during lining 

regeneration becomes relevant to human health due to the unmet clinical need for 

effective repair of the endothelial lining. As discussed in Chapter 1, physicians in the 

United States place nearly one million stents each year.8 Each one of these stents rubs 

an ulcer into the endothelial lining of the artery housing it. These typically heal slowly and 

incompletely9 necessitating a prolonged and careful use of anticoagulants to balance 

between bleeding and clotting risks. Attempts to promote repair have centered around 

circulating endothelial progenitor cells,10 including the design and trial of stents coated 

with anti-CD3411 or anti-Cdh512 antibodies to capture hypothetical circulating endothelial 

progenitor cells on the surface of the stent. Multiple groups have attempted infusion of 

so-called endothelial progenitor cells, in fact partially reprogrammed monocytes, following 

expansion in endothelial cell culture.  While such efforts might provide some minor benefit 

by leading to the presence of monocytes with a pro-angiogenic cytokine profile at the site 

of endothelial lining injury, they are unlikely to recruit true endothelial progenitor cells to 

form an actual endothelial lining. In light of the work by myself and others, the balance of 
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evidence indicates that these efforts are misguided and will continue to fail in both human 

and animal trials – they attempt to harness a cell which does not exist. Alternatively, 

isolation, expansion, and delivery of the proliferative subpopulation which does seem to 

occur within the lining itself may be a viable approach, though I am not aware of any 

reported methods for efficient engraftment of exogenous endothelial cells into an existing 

endothelial lining. In my opinion, a focused approach on the regulation of proliferation and 

migration within the endothelial lining adjacent to wounds, with an eye towards 

augmenting the endogenous response to overcome whatever blockades slow or stop 

regeneration in humans, is the approach most likely achieve a meaningful benefit. 

Thank you for reading my work. 
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Appendix A: Surgical Denudation Injury of the Aorta 
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Section A.1: Preface 

This appendix is a reformatted version of a manuscript previously published in the 

Journal of Visual Experiments, reproduced here with permission. The manuscript and 

video describe a novel injury method which I prototyped with Professor Arispe. Dr. Shirali 

and I optimized and translated the wounding method to the living mouse soon after he 

joined the lab. Unfortunately, the centerpiece video of the publication cannot be 

reproduced here. 
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Section A.2: Protocol and Discussion 
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