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ABSTRACT OF THE DISSERTATION 

 

Cardiomyocyte Regeneration and the Potential Role of Neonatal Systemic Factors 

 

by  

 

Ngoc Bao Nguyen 

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology 

University of California, Los Angeles, 2021 

Professor Reza Ardehali, Chair 

 

There are tremendous health and financial burdens attributed to cardiovascular disease. The 

most common type, known as ischemic heart disease, is due to plaque buildup within the coronary 

arteries that supply the myocardium with oxygen and nutrients. Reduction or blockage of blood 

flow can lead to irreversible loss of cardiomyocytes, the main building blocks of the heart, with 

estimates placing that loss to upward of a billion cells. Despite medical therapy, the majority of 

patients eventually progress to heart failure, in which the main challenge for the development of 

therapeutic strategies is the limited regenerative ability of the adult mammalian heart. Our 

dissertation takes a multi-faceted approach in understanding cardiac regeneration and exploring 

whether neonatal systemic factors could be the gateway to a new therapy for ischemic heart 

disease. We report the development of a multi-colored mouse reporter system that enables 

deeper understanding of the cellular mechanisms driving early cardiac tissue formation. We apply 

a bioengineering approach to develop biodegradable and biocompatible nanoparticles as a new 

tool for clonal expansion analysis of cardiac cells. And lastly, we examined the proteomic profile 

of neonatal plasma in order to identify potential “pro-youthful” factors that may prevent irreversible 
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myocardial damage. We hope that our body of work pushes forward the field of cardiac 

regeneration and sets the stage for the development of therapeutic interventions to prevent the 

progression to heart failure after an acute myocardial infarction. 
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CHAPTER 1: INTRODUCTION 

1.1. BACKGROUND 

1.1.1. Ischemic heart disease and ischemia-reperfusion injury 

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide, 

accounting for an estimated 17.9 million deaths annually1-3. The most common type of CVD, 

known as ischemic heart disease, is due to plaque buildup within the coronary arteries that supply 

the myocardium with oxygen and nutrients. Reduction or blockage of blood flow through the 

coronaries during myocardial infarction (MI) leads to a dramatic and irreversible loss of 

cardiomyocytes, with estimates placing that loss to upward of a billion cells4. Due to the limited 

regenerative capacity of the heart, the remaining cardiomyocytes are unable to remuscularize 

and restore lost cells. The mainstay of clinical therapy is early and successful cardiac reperfusion 

through thrombolytic therapy5, 6, percutaneous coronary intervention7, 8, or coronary artery bypass 

grafting9, all of which helps to preserve cardiac function and limit irreversible damage to the 

myocardium. However, restoration of coronary blood flow after a period of ischemia may 

precipitate further damage, termed ischemia-reperfusion (I/R) injury. While medications such as 

β-blockers, ACE-inhibitors, and aldosterone antagonists can slow the decline in heart function, 

majority of patients eventually develop heart failure, requiring mechanical circulatory support or 

heart transplantation10, 11. Thus, there is a great need to develop therapies that can prevent, 

reduce, or even reverse myocardial damage and the progression to heart failure.  

 

1.1.2. Emerging therapeutic strategies for ischemic heart disease 

Within the past few decades, several therapeutic strategies for regenerating cardiac muscle 

have been investigated (Figure 1.1). The first of these are the use of either endogenous or 

exogenous stem cells that can be differentiated into cardiomyocytes as an approach to increase 

cell number. The use of endogenous stem cells was deemed a possibility after a groundbreaking 

study by Orlic et al. showed that c-Kit+ hematopoietic cells from murine bone marrow can 
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differentiate into smooth muscle, endothelial, and cardiomyocytes to regenerate injured 

myocardium12. They also provided additional evidence of human BMCs differentiating into 

cardiomyocytes during adulthood13. This finding sparked a series of studies and clinical trials 

looking into the potential of bone marrow as a source of circulating cardiac progenitors14-17. 

Despite its initial promise, later studies were unable to show the ability of c-Kit+ cells to 

differentiate into cardiomyocytes18-21, which shifted the field toward the use of exogenous stem 

cells for transplantation. In this application, stem cells are differentiated into cardiac progenitors 

and/or cardiomyocytes in vitro prior to being transplanted to the heart, where they would ideally 

engraft and replace damaged tissue22. Methods have been developed to differentiate different 

types of stem cells such as human embryonic and induced pluripotent stem cells using various 

small molecule inhibitors23-31. While studies have shown promise of this approach in improving 

cardiac function and decreasing infarct scar sizes, many challenges remain in this field, including: 

(1) determining the appropriate cell type that can effectively engraft with host tissue, (2) improving 

survival and retention of the transplanted cells, (3) determining optimal time for cell transplantation 

after cardiac injury, and (4) development of clinically-relevant large animal models that can closely 

recapitulate human physiology32-36. 

 

Figure 1.1: Traditional and emerging therapeutic strategies for ischemic heart disease. 

Medical Therapies
• Thrombolytics
• β-blockers
• ACE-inhibitors

Traditional Strategies New/Emerging Strategies

Surgical Therapies
• PCI
• CABG

Stem Cell Therapies
• Embryonic stem cells
• Induced pluripotent stem cells
• Bone marrow cells
• Mesenchymal stem cells

Biomolecules
• Exosomes
• miRNAs
• Growth factors
• Recombinant proteins

Direct Reprogramming
• Fibroblasts to cardiomyocytes

Biomaterials
• Injectable biomaterials
• Cardiac patches
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A second category is the direct reprogramming of fibroblasts into cardiomyocytes37-43. This 

approach harnesses the abundance of endogenous fibroblasts in the heart to regenerate lost 

cardiomyocytes after ischemic injury. The advantage to this is two-fold, in that fibroblasts are one 

of the key players contributing to scar formation and thus, reprogramming them into 

cardiomyocytes would also reduce their contribution to extracellular matrix deposition. Prior to the 

discovery by Yamanaka of epigenetic reprogramming using 4 factors (Oct3/4, Sox2, c-Myc, and 

Klf4), adult somatic cells, such as fibroblasts, were thought to be terminally differentiated and 

unable to revert to a pluripotent state44. Investigators utilized this potential to design a therapy 

that would address cardiac repair from two directions. While this approach was shown to achieve 

beneficial results, it suffers from similar challenges to exogenous stem cell transplantation. There 

is a need to better determine whether the heterogeneity of fibroblast subtypes renders one more 

effective than the other in being reprogrammed and whether different combinations of 

transcription factors could be used to generate more mature cardiomyocytes from both in vitro 

and in vivo reprogramming43. 

Another strategy, and one relevant to this dissertation, is looking at ways to stimulate 

endogenous cardiomyocyte proliferation. Years of research has led to a general consensus that 

the existence of endogenous cardiac stem cells is very limited and unlikely to be a source of 

cardiac regeneration45-47. The focus has now shifted toward finding ways to induce the 

proliferation of existing cardiomyocytes through the use of various biomolecules such as 

exosomes48-52, miRNAs53-55, cell cycle regulators56-61, and growth factors62-64. Several lines of 

evidence have made this a promising approach to pursue. Studies have shown that fetal and 

neonatal cardiomyocytes are capable of proliferation65-67 and even adult hearts of newt68 and 

zebrafish69 have the ability to fully regenerate after injury. Early studies looking at 14C 

incorporation show that adult human cardiomyocytes renew at a rate of 1% annually at the age 

of 20, with gradual decrease to 0.3% at the age of 7570. While this may be a low turnover rate and 

reflects the challenge of therapies for ischemic heart disease, it also highlights the innate 
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proliferative potential of cardiomyocytes waiting to be unlocked and manipulated for cardiac 

regeneration. One limitation linked with understanding the proliferative potential of 

cardiomyocytes is the development of tools that enables accurate and direct measurement of 

cellular proliferation. Chapters 2 and 3 of this dissertation highlights our work in generating and 

characterizing the “Rainbow” mouse model and development of a targeted nanoparticle delivery 

system to better understand the cellular mechanisms driving cardiogenesis and for clonal 

expansion analysis of cardiac cell types.  

A final approach relating to this dissertation stems from early studies using parabiosis as a 

model to examine effects of shared circulation.  Parabiosis, derived from the Greek words, “para” 

- “alongside” and “bios” - “life”, is a surgical method invented in 1864 by Paul Bert71. This 

procedure involves joining two mice at the midline such that they develop vascular anastomoses, 

creating a shared circulation over time. This technique was first applied to the study of aging by 

Clive McCay at Cornell University in the 1950s, in which he joined an old and young mouse 

together and found that cartilage of the old mouse appeared much younger than expected72. 

However, the use of this approach lost its popularity by the 1970s due to high mortality rates likely 

arising from immune rejection71.  It took until the early 2000s for parabiosis to be revived, when 

investigators at Stanford applied this approach to study the influence of systemic factors on aged 

progenitor cells within skeletal muscle and liver73. The renewed interest in parabiosis has led 

researchers to explore whether young blood may contain “pro-regenerative” factors that 

contribute to partial reversion of age-related diseases73-77. In Chapter 4 of this dissertation, we 

apply concepts of this approach with current understanding of cardiac development to examine 

whether young systemic factors could be the gateway to a new therapy for ischemic heart disease.  

 

1.2. OBJECTIVES OF DISSERTATION 

This dissertation takes a multi-faceted approach in understanding and developing tools to 

examine the proliferative potential of cardiomyocytes and to uncover whether neonatal plasma 
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contain “pro-youthful” factors that promote regeneration of the heart after ischemic injury. Chapter 

2 covers our work in understanding the proliferative potential of cardiomyocytes during early 

mouse heart development as well as response after injury using a multi-colored genetic labeling 

mouse reporter system called Rainbow. We used this system to directly quantify the clonal 

expansion of cardiac progenitors and cardiomyocytes to better understand the cellular 

mechanisms driving early cardiac tissue formation. Chapter 3 describes our work using a 

bioengineering approach to develop biodegradable and biocompatible nanoparticles that are 

loaded with tamoxifen and capable of activating Cre recombinase in a targeted manner. We show 

that this system provides a versatile, time-, and cost-effective strategy of inducing recombination 

events in a ubiquitous Cre system for biomedical applications such as clonal expansion analysis 

of cardiac cells. Chapter 4 addresses ongoing work examining whether neonatal plasma contains 

“pro-youthful” factors that may prevent irreversible myocardial damage in adult mice after 

ischemia-reperfusion injury. We focus on neonatal plasma from mice 2-5 days old during which 

the heart’s ability to fully regenerate after injury is well recognized. And finally, Chapter 5 closes 

with a summary of our significant findings and the future direction of this research. It is our hope 

that this body of work pushes forward the field of cardiac regeneration and sets the stage for the 

development of therapeutic interventions to prevent the progression to heart failure after an acute 

myocardial infarction, which would greatly relieve the financial and health burden that it holds 

worldwide. 
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CHAPTER 2: ANALYSIS OF CARDIOMYOCYTE CLONAL EXPANSION DURING MOUSE 

HEART DEVELOPMENT AND INJURY 

 

Konstantina-Ioanna Sereti*, Ngoc B Nguyen*, Paniz Kamran*, Peng Zhao, Sara Ranjbarvaziri, 

Shuin Park, Shan Sabri, James L Engel, Kevin Sung, Rajan P Kulkarni, Yichen Ding, Tzung K 

Hsiai, Kathrin Plath, Jason Ernst, Debashis Sahoo, Hanna K A Mikkola, M Luisa Iruela-Arispe, 

Reza Ardehali 

 
This research was originally published by Sereti, Nguyen, and Kamran et al.  Clonal analysis of 

cardiomyocyte generation during development and injury. Nature Communications. Feb 2018. 

PMID: 29467410 

 

2.1. ABSTRACT 

The cellular mechanisms driving cardiac tissue formation remain poorly understood, largely 

due to the structural and functional complexity of the heart. It is unclear whether newly generated 

myocytes originate from cardiac stem/progenitor cells or from pre-existing cardiomyocytes that 

re-enter the cell cycle. Here, we identify the source of new cardiomyocytes during mouse 

development and after injury. Our findings suggest that cardiac progenitors maintain proliferative 

potential and are the main source of cardiomyocytes during development; however, the onset of 

αMHC expression leads to reduced cycling capacity. Single-cell RNA sequencing reveals a 

proliferative, “progenitor-like” population abundant in early embryonic stages that decreases to 

minimal levels postnatally. Furthermore, cardiac injury by ligation of the left anterior descending 

artery was found to activate cardiomyocyte proliferation in neonatal but not adult mice. Our data 

suggest that clonal dominance of differentiating progenitors mediates cardiac development, while 

a distinct subpopulation of cardiomyocytes may have the potential for limited proliferation during 

late embryonic development and shortly after birth. 
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2.2. INTRODUCTION 

The adult mammalian heart has long been considered a non-regenerative organ and 

cardiomyocytes (CMs), the building blocks of the heart, as terminally differentiated cells. A 

number of studies have demonstrated a low rate of CM turnover70, 78, 79 while others have 

suggested the existence of distinct CM populations that maintain their proliferative capacity 

throughout adulthood80. Remarkably, zebrafish69 as well as neonatal mice67, 69 can efficiently 

regenerate their hearts in response to injury. A recent study by Sturzu et al81 reported the ability 

of the embryonic heart to rapidly restore extensive tissue loss through robust CM proliferation. 

However, the proliferative capacity of CMs during development and after birth remains an area of 

controversy. It is unclear whether newly generated myocytes originate from cardiac 

stem/progenitor cells or from pre-existing CMs that re-enter the cell cycle.  In this paper, we 

utilized the Rainbow system to perform clonal analysis of CMs during development and after injury 

to obtain a better mechanistic understanding of cardiac growth. The Rainbow system marks a 

small number of cells and their progeny with a distinct fluorescent protein, allowing retrospective 

tracing of cellular expansion through easily identifiable clones in vivo.   

Through single cell lineage tracing, we find that cardiomyocytes marked as early as embryonic 

day 9.5 (E9.5) have the capacity to form large clones both in vitro and in vivo, however, this 

capacity is substantially reduced by E12.5. Additionally, our data suggest the possibility that 

cardiovascular progenitors contribute to the majority of cardiac growth during embryonic 

development and that their maturation occurs with gradual expression of cardiac-specific markers 

concomitant with their decreasing proliferative capacity. Single cell RNA sequencing supports the 

notion of heterogeneity in the proliferative capacity of αMHC-expressing CMs over time. Within 

the early stages of cardiac development, we observe a potential reduction in developmental 

growth signals and a shift toward pathways involved in heart contraction and cellular respiration. 

Taken together, our study provides important insights into the source of CMs and the 

characteristics of progenitor cells both during development and after injury. 
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2.3. METHODS 

2.3.1. Generation of Rainbow mice 

All animal studies were performed according to the guidelines of UCLA's animal care and use 

committee and the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 

Both male and female mice were used for all animal experiments within this study. Rainbow 

transgenic mice (mixed background) were initially generated in I. Weissman’s lab at Stanford 

University. Rainbow mice carry a cassette of 4 fluorescent proteins, inserted in the Rosa26 locus 

under the control of CAG promoter. Upon Cre mediated recombination the default GFP 

expression is replaced by random expression of one of three other fluorescent proteins: mCherry, 

mOrange and mCerulean. Mesp1Cre (Mesp1tm2(cre)Ysa), Rosa26CreER (B6.129-Gt (ROSA) 

26Sortm1(cre/ESR1)Tyj/J), Nkx2.5Cre (Nkx2-5tm1(cre)Rjs), αMHCCre (Myh6-cre), αMHCCreER (Myh11-

cre/ESR1), βactinCreER (ACTB-cre/Esr1) and Wt1CreER (Wt1tm2(cre/ERT2)Wtp/J) transgenic mice were 

obtained from The Jackson Laboratory. All animals were housed in sterile micro insulators and 

given water and rodent chow ad libitum. 

 

2.3.2. Generation of Nkx2.5CreER knock-in mice 

The targeting vector Nkx2.5IRESCre was a generous gift from Dr. Richard P. Harvey’s 

laboratory82. It consisted of a gene cassette (IRES-Cre) carrying an internal ribosome entry site 

linked to the gene encoding a nuclear-localizing recombinase, which was inserted into the 3’ 

untranslated region (utr) of Nkx2.5. This vector was further modified by replacing the Cre 

sequence with the CreERT2 in-frame downstream of the IRES site. The resulting construction 

vector included a hygromycin resistance gene cassette (pgk-HYGRO-pA) flanked by yeast flp 

recombinase target (frt) sites inserted downstream of IRES-CreERT2. The correct targeting 

occurred at a frequency of ~ 1 in 7 (22/152) hygromycin-resistant ES cell clones. Blastocyst 

injection of a single correctly targeted clone produced chimeric animals that passed the modified 

allele through the germline, generating the strain Nkx2.5IRESCreERT2HYGRO. To remove the 
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pgk-HYGRO-pA cassette, founders were crossed with transgenic mice expressing the Flp 

recombinase gene (FLP1) in germ cells. Founders of this new strain (Nkx2-5IRESCreERT2) were 

backcrossed onto C57BL/6 mice. Validation and genotyping of mice were performed by Southern 

analysis and PCR. The resulting transgenic mice were fully viable, healthy and fertile over several 

generations. In addition, this strategy resulted in preservation of the endogenous NKX2.5 loci, 

thereby avoiding haplo-insufficiency, which may inadvertently influence developmental studies. 

Mice were genotyped by PCR using Cre-for (5’-TGCAGGTTTTGAGCCCTAAC-3’) and Cre-rev 

(5’-CGAGAATGACTTCCCTGTCC-3’). It should be noted that not all mouse models in this study 

were knock-ins, posing the potential limitations associated with use of ectopically-inserted 

promoters. 

 

2.3.3. Hydroxytamoxifen preparation and administration 

Tamoxifen (Sigma) was dissolved by sonication in corn oil to a stock concentration of 20 

mg/ml. 4-Hydroxytamoxifen (4OH-TM, Sigma) was first dissolved in absolute ethanol to a 

concentration of 100 mg/ml followed by dilution with corn oil to a final stock concentration of 10 

mg/ml. Extensive sonication and vortexing were used. Stock solutions were used within 3 days of 

preparation. To achieve minimum recombination, one dose of tamoxifen was given through 

intraperitoneal injection. Pregnant females from αMHCCreER ; R26VT2/GK and βactinCreER; R26VT2/GK 

crossings received 4 mg and 350 μg of tamoxifen respectively. Postnatally, αMHCCreER ; R26VT2/GK 

mice received 10 μg and βactinCreER ; R26VT2/GK mice received 1 μg of tamoxifen. Pregnant females 

from Wt1CreER ; R26VT2/GK and Rosa26CreER ; R26VT2/GK crossings were treated with 4 mg of 4OH-

TM and 350 μg of tamoxifen respectively. 

 

2.3.4. Measurement of tamoxifen levels in serum 

Serum levels of 4-hydroxytamoxifen were measured after administration of tamoxifen to 

pregnant female mice. An aliquot of mouse plasma was mixed with acetonitrile in a 1:2 ratio, and 
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then vortexed and centrifuged at 12500 rpm for 8 min. The supernatant was removed and 

evaporated under a stream of argon. The resulting residue was reconstituted by vortex mixing 

with methanol. The solution was transferred to a tapered, limited volume autosampler vial which 

was then analyzed. The chromatographic separations were performed on a 10cm x 300 μm 

Higgins Targa C18 3 μm column maintained at 50oC. A 1 μl aliquot of sample was injected into 

the column and eluted with a 1-95% B gradient over 5 min where solution A was aqueous formic 

acid (0.1%) and solution B was acetonitrile. The eluate was analyzed and detected by tandem 

mass spectrometry (MS/MS) using selected reaction monitoring of the transition m/z 388.24-

>71.9 with a Waters Micromass LCT Premier MS that allows accurate detection to the 1 nM range. 

 

2.3.5. Tissue harvest and processing for histological analysis 

Hearts were harvested, perfused and incubated in 4 % (vol/vol) paraformaldehyde (PFA) (4-

6 hours and 12-18 hours at 4 oC for embryonic and postnatal hearts respectively) followed by 

incubation in 30 % (wt/vol) sucrose in PBS at 4 oC  for 12-18 hours. The samples were removed 

from the sucrose solution and tissue blocks were prepared by embedding in Tissue Tek O.C.T. 

(Sakura Finetek). Blocks were kept frozen in -80oC. Frozen whole heart blocks were sectioned 

into 7-10 μm thick sections with a Leica CM1860 cryostat and mounted on Superfrost/Plus slides 

(Fisherbrand). Fluorescent images were acquired with Leica fluorescence inverted microscope 

DMI6000B equipped with an EL6000 light source and LED 590 (585/40), GFP ET (470/40), A4 

ET (360/40), CFP ET (436/20) S-Gold (575/30) filter cubes. Confocal images were obtained with 

a Leica TCS-SP5 AOBS confocal multiphoton microscope. Lasers 458nm, 488nm (495nm and 

514nm), and 594nm were utilized to excite mCerulean, GFP, mOrange and mCherry respectively. 

 

2.3.6. Immunofluorescence 

Sections were washed three times with PBS followed by antigen retrieval in 0.25% Triton for 

10 minutes. Samples were blocked for 1 hour in 10 % goat serum followed by incubation with 
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primary antibodies for 2 hours at room temperature (RT). Antibodies against α-sarcomeric Actinin 

(1/400, Sigma, A7811), α-smooth muscle actin (1/100, Sigma, A2547), CD31 (1/100, Abcam, 

ab28364), DDR2 (1/100, R&D, MAB25381), WT1 (1/100, Abcam, ab89901) and PDGFRα (1/100, 

Santa Cruz, sc338) were used. Alexa fluor 647 secondary antibodies were used (1:100, 

Invitrogen) for 1 hour at RT. Co-localization of proteins with Rainbow-labelled clones was obtained 

through confocal z-stack analysis. WGA (1/500, Invitrogen) staining was performed for 1 hour at 

RT. For co-localization purposes, blue pseudocolor was assigned to all clones analyzed in this 

manuscript. 

 

2.3.7. In vitro clonal analysis 

Pregnant female mice were sacrificed by isofluorane anesthetic overdose followed by cervical 

dislocation. The uterus containing E10.5 embryos was removed through an incision at the lower 

abdomen and was placed in sterile PBS supplemented with anti-biotic and anti-mycotic agents 

(PBS-AB/AM) at 37oC. Embryos were dissected out of the uterus and their hearts were harvested 

under a dissection microscope. Hearts were rinsed with PBS-AB/AM (37oC) and digested in 0.2% 

(v/v) Collagenase type I solution for one hour at 37oC. Following digestion cells were collected by 

centrifugation (3 min, 3000 rpm) and resuspended in DMEM supplemented with 10% FBS. Cells 

were counted using a hemocytometer and plated onto 12-well culture dishes at a density of 

500,000 cells / dish. Cells were maintained at 37oC in 6% CO2 for 120 hours. Images of single 

cells labeled with a Rainbow color were acquired with a Leica fluorescence microscope every 8 

hours. The feature “mark and find” of the Leica AF6000 software was used to ensure precise 

repositioning of defined positions within the culture dish. 

 

2.3.8. In vivo clonal analysis 

The offspring of crossings between R26VT2/GK and Mesp1Cre, Nkx2.5Cre or αMHCCre were 

analyzed at P1, P14 and P21 (n=4 for each). To determine clonal expansion in αMHCCreER ; 
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R26VT2/GK and βactinCreER ; R26VT2/GK mice, tamoxifen was administered at E12.5 and E9.5 

respectively and animals were analyzed at P2, P7, P15 and P30. In a second set of experiments, 

tamoxifen was administered at E12.5, P2, P7 and P15 and analysis was performed at P30. For 

experiments with Wt1CreER ; R26VT2/GK mice 4OH-TM was administered at E9.5 and analysis was 

performed at P0. Pregnant females from Rosa26CreER ; R26VT2/GK crossings received tamoxifen at 

E7.5 and were analyzed at P2. For each mouse strain and time-point n=6. 

Images were processed with the Leica AF6000 software. Two-dimensional images of every 

10 sections of the whole tissue were obtained for each time-point and experimental condition. 

Sections were stained with WGA to identify cell boundaries (Supplementary Figure 13). To 

specifically distinguish CM clones, sections were stained with α-sarcomeric actinin and co-

localization of actinin with each clone was verified. Quantification of clone number and size was 

performed by manual counting of the number of single color clusters and the cells within each 

cluster. Samples identity was hidden from the operator in order to perform quantifications in a 

blinded fashion. 

 

2.3.9. Clearing of P2 mouse hearts using CLARITY for 3D quantification of clone volumes 

P2 mouse hearts were rinsed in PBS and then placed in 4% paraformaldehyde (Electron 

Microscopy Sciences) at room temperature for 4 hours. The tissues were then rinsed in PBS and 

transferred to a 4% acrylamide solution (Bio-Rad) along with 0.5% w/v of the photoinitiator 2,2’-

Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044, Wako Chemicals USA) and 

incubated overnight at 4°C. To initiate polymerization, tissues were incubated in the same solution 

at 37°C for 3 hours. After polymerization, the tissues were rinsed with PBS and then placed into 

a solution of 8% w/v sodium dodecyl sulfate (Sigma Aldrich) and 1.25% w/v boric acid (Fisher), 

pH 8.5 at 37°C until cleared. Tissues were transferred to PBS for one day to remove residual SDS 

and stored in refractive index matching solution (RIMS) until imaging. The RIMS formulation is as 

follows: to make 30 mL RIMS, dissolve 40 grams of Histodenz (Sigma) in 0.02M Phosphate buffer 
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(Sigma) with 0.05% w/v sodium azide (Sigma) and syringe filter through a 0.2 mm filter. The 

tissues can be stored at room temperature in RIMS until ready for imaging. 

 

2.3.10. 3D imaging and reconstruction 

Light-sheet fluorescent imaging was carried out on a system previously developed83. A diode-

pumped solid-state laser containing 4 wavelengths of 405 nm, 473 nm, 532 nm and 589 nm (LMM-

GB1, Laserglow Technologies, Toronto, Canada) was used as the illumination source. The laser 

beam was first expanded from its initial diameter of 2 mm to 10 mm using a 5x achromatic beam 

expander (GBE05-A, Thorlabs Inc, New Jersey, USA). Then the expanded beam was focused by 

a plano-convex cylindrical lens ( = 50 mm, LJ1695RM-A, Thorlabs Inc, New Jersey, USA) and 

was then reshaped by a group of achromatic doublets (AC254-060-A, AC254-100-A, Thorlabs, 

New Jersey, USA). After passing through an f = 150 mm lens, a laser-sheet 40 mm wide and 17 

μm thick (Full width at half maximum value) was generated to optically section the entire heart 

sample. The detection path including an objective lens (2X/0.06, Nikon), a tube lens (ITL 200, 

Nikon) and switchable optical filters (Semrock, New York, USA) was placed orthogonal to the 

illumination path for collecting the fluorescence signals. A scientific CMOS (ORCA-Flash4.0 V2, 

Hamamatsu, Japan) was mounted at the terminal to record the digitalized images with a high 

frame rate. Samples were mounted into a borosilicate glass tubing and placed on a motorized 

translational stage. The sample and its holder were immersed in a chamber filled with 99.5% 

glycerol. Illumination and detection were computer-controlled. Horizontal stripe shadow artifacts 

were removed from light sheet images in the Fast Fourier Transform (FFT) image of each plane 

by masking the frequency of the stripes near the Y axis using FIJI ImageJ software84. The images 

of serial sections were then assembled into a z-stack and processed. The contrast was adjusted 

and adjacent sections were automatically aligned using the StackReg plugin in Rigid Body 

mode85. A 3D volume of the aligned z-stack was rendered using Imaris x64 *ver. 7.7.1 (Bitplane 

AG, Zurich). Single clones were selected using the Isosurface function of Imaris. 
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2.3.11. Neuregulin treatment 

Recombination was induced at P15. Starting at P20 αMHCCreER ; R26VT2/GK mice received daily 

injections of Neuregulin (2.5 μg/mouse, NRG1, R&D) or control BSA (0.1%) for 9 days. Analysis 

was performed at P29 (control n=3, NRG1 n=4). Animals received BSA or NRG1 in a non-

randomized manner. 

 

2.3.12. BrdU pulse and chase experiments 

Dames carrying αMHC-GFP embryos at E9.5 or E12.5 and P1 neonates were administered 

0.1mg BrdU/g body weight of BrdU (BD Biosciences, 550891). Three hours post injection, hearts 

were collected and digested in collagenase type II (2600 U/ml) for 30 minutes at 37°C and washed 

with 1 ml FACS Buffer. Cells were centrifuged and supernatant removed. BrdU staining was 

performed according to manufacturer’s protocol (BD Pharmingen, 552598) and cells were FACS 

analyzed using BD LSRFortessa™ Cell Analyzer Systems. 

 

2.3.13. Single cell RNA sequencing using Fluidigm C1 platform 

αMHC-GFP mouse hearts at E9.5, E12.5, and P1 were harvested and digested for FACS 

sorting. Hearts were digested in either 0.2% (v/v) Collagenase type I solution for 30 min at 37oC 

(E9.5 and E12.5) or with Liberase Blendzyme TH and TM (Roche) in Medium 199 with DNAase I 

and polaxamer for 1 hour at 37°C (P1).  P1 samples were passed through a 70µm cell strainer 

(BD Falcon) before centrifugation at 450 ´ g for 5 min, supernatant aspirated, and pellet 

resuspended in FACS buffer. Single-cell RNA sequencing using the C1 Fluidigm platform was 

performed by the Genomics Core at Cedars-Sinai Medical Center. Cells were sorted directly into 

C1 Suspension Reagent to obtain a range of 200-260 cells/µl and 6-8µl of cell suspension were 

loaded according to the manufacturer’s protocol on a primed C1 Single Cells AutoPrep Medium 

IFC microfluidic chip. The chip was run on a Fluidigm C1 instrument and images of all 96 capture 

sites were taken on a Leica DMi8 Fluorescent Microscope at 100X and 200X magnification. Lysis, 



 15 

reverse transcription, and PCR was then performed using the Fluidigm 'mRNA Seq: RT + Amp 

(1772x/1773x)' script and commercially available kits from Life Technologies (Life Technologies 

Superscript II reverse transcriptase) and Clonetech (dSMART-Seq V4 Kit) according to 

manufacturer’s instructions. Amplified cDNA was harvested in a total of 13 µl of C1 Harvesting 

Reagent and quantified on an Agilent Bioanalyzer. Sequencing was performed on the NextSeq 

on a 1 x 75 high output flow cell following the NextSeq denature and dilute guide (Protocol A: 

Standard Normalization Method). 

 

2.3.14. Single cell RNA sequencing analysis 

RNASeq data was mapped with OLego version 1.1.586 and normalized by using TPM 

(Transcripts per millions) analysis as shown in Supplement Figure 14f. Total number of reads 

mapped to a known transcript annotation was estimated using featurecCounts version v1.5.0-

p287. Expression levels for each transcript were determined by normalizing the counts returned 

by featureCounts using custom Perl scripts. Normalized expression levels for each transcript were 

determined by transforming the raw expression counts to TPM following log2 scaling. Total 

number of reads mapped to the genome showed a bimodal distribution. This bimodal distribution 

separated high quality data and low quality data. We performed StepMiner88 analysis to determine 

a threshold to identify cells with high quality data. All the cells with low quality data were removed 

from subsequent analysis. Clustering was performed using standard hierarchical agglomerative 

approach using Euclidian distance as a metric for complete linkage (Figure 5b and Supplement 

Figure 14f, R package `hclust`). 

t-SNE and differential gene expression analyses were performed as follows. Raw count 

matrices were generated using featureCounts and normalized by the number of mapped reads in 

log space (ln(mapped_reads/10,000+1)). We filtered to exclude low-quality cells with <2000 

expressed genes (64 cells) and lowly expressed genes that are expressed in less than 3 cells 

(9714 genes) from all downstream analyses. This results in a normalized expression matrix of 
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13623 genes among 122 cells (Extended Figure 14a). Cells were projected onto a 2D embedding 

using t-Distributed Stochastic Neighbor Embedding (t-SNE, perplexity set to 27) with cell loadings 

associated to 30 principal components utilizing all expressed genes as input (Figure 5a, R 

packages ‘irlba’ and ‘Rtsne’). Cell cluster assignments were computed using K-means clustering 

with k=4 (Figure 5d). The number of K-means clusters was determined by computing the sum of 

squared error (SSE) for k=1…15 and observing an ‘elbow’ where the estimated number of clusters 

is observed. We implemented a negative binomial generalized linear model to identify 

differentially expressed genes enriched in each cluster. Genes satisfying an abs(log(average 

expression difference))>0.5 and P-value<0.01 were considered statistically significant. Gene 

Ontology (GO) enrichments among cluster enriched, differential genes were computed using 

Metascape (http://www.metascape.org) (Figure 5e). RStudio (https://www.rstudio.com/) was used 

to run custom R scripts to perform the analyses described above. Generally, ggplot2 and 

pheatmap packages were used to generate data graphs. 

 

2.3.15. Myocardial infarction model 

βactinCreER ; R26VT2/GK, αMHCCreER ; R26VT2/GK, and Nkx2.5CreER ; R26VT2/GK mice received 

tamoxifen one day prior to surgery. All surgical procedures were performed by a single, 

experienced surgeon, blinded to the identity of the mice. Myocardial infarction was generated via 

permanent ligation of the left anterior descending artery (LAD). Neonatal mice (P1) (n=3) were 

anesthetized in an isofluorane chamber (3% isofluorane) and placed on an ice bed for the entire 

procedure. An incision was performed at the fourth intercostal space and LAD was permanently 

ligated with an 8-0 suture. The chest wall was sutured with a 6-0 prolene suture and the skin 

wound was closed using a surgical skin adhesive. Following the procedure mice were placed 

under a heat lamp until recovery. Adult mice (8 weeks old) (n=5) were anesthetized by 

intraperitoneal injection of ketamine (100mg/kg) and xylazine (10mg/kg). Animals were ventilated 

with oxygen-enriched room air during the entire procedure. Left thoracotomy was performed 
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through an incision between the fourth and fifth intercostal muscles followed by removal of the 

pericardium. An 8-0 silk suture was used to permanently ligate the LAD. Post-operative discomfort 

was treated with buprenorphine (0.03-0.06 mg/kg). Sham-operated mice were submitted to the 

same procedure lacking the LAD ligation (n=3 for P1 and 8 weeks old). Animals were submitted 

to sham operation or LAD ligation in a non-randomized manner. 

 

2.3.16. Statistical analysis 

Student unpaired t test and one-way ANOVA were used for statistical analysis. All data are 

presented as mean ± SEM. Two-sample Kolmogorov–Smirnov distribution test was used to 

determine significance for two-dimensional clonal size analysis and three-dimensional clonal 

volumes analysis. A probability value p ≤ 0.05 was considered statistically significant. All analyses 

were performed with GraphPad Prism 5.04. 

 

2.3.17. Data availability 

The authors declare that all data supporting the findings of this study are available within the 

article and its supplementary information files or from the corresponding author upon reasonable 

request. Sequencing and code sources that support the findings of this study have been deposited 

in GitHub at the following link: https://github.com/ShanSabri/Rainbow-analysis. Raw data files 

have been deposited in the GEO database under accession code GSE10842. 

 

2.4. RESULTS 

2.4.1. Rainbow provides a direct tool for clonal expansion analyses 

To study clonal distribution in the heart, we used Rainbow (hereafter termed R26VT2/GK) mice 

(Figure 2.1a) to generate transgenic lines expressing Cre under the control of early 

cardiovascular progenitor transcription factors, Mesp189 and Nkx2.590. In this system, Cre-

mediated recombination of paired lox P sites results in permanent expression of a distinct 
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fluorescent protein in cells expressing Mesp1 or Nkx2.5 and their subsequent progeny (Figure 

2.2a-f). There was equal expression of all three fluorescent proteins (mCherry, mOrange, and 

Cerulean) in the labeled hearts (Figure 2.1b-c).  We analyzed heart sections at embryonic day 

14.5 (E14.5), and postnatal days 1 and 21 (P1, P21) for the presence of clonal patterns. We 

identified single-color multicellular clusters evident across the atria and ventricles, indicating 

possible clonal areas (Figure 2.2b,e and Supplementary Movie 1). We expected some uniformity 

to the clonal regions in terms of shape and size, however, hearts from different animals displayed 

unique clonal distribution patterns. To examine the proliferative behavior of CMs during 

development, we utilized aMHCCre;R26VT2/GK mice (Figure 2.2g-i)91. αMHC-derived CMs 

appeared mainly as singletons, illustrated by the mosaic appearance of Rainbow colors and the 

limited occurrence of single-colored clones (Figure 2.2h inset). These data suggest that cardiac 

progenitors marked by the expression of Mesp1 and Nkx2.5 are potential sources of substantial 

CM expansion, whereas aMHC-expressing CMs possess low cycling capacity, even during 

embryonic development. 
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Figure 2.1: The Rainbow model provides a precise, direct method to study clonal expansion of 
cardiac progenitors and CMs within the developing heart. 
a, Schematic representation of the Rainbow reporter system. Expression of Cre induces random 
recombination between mutated paired lox P sites (black, grey and white triangles) leading to 
expression of Cerulean, mOrange and mCherry respectively. b-c, Quantification of the number of 
labeled clones per heart from 2D sections of P1 hearts (n=11) (b) and 3D imaging of a  αMHCCre ; 
R26VT2/GK P1 heart (c) demonstrates equal representation of Cerulean, mOrange and mCherry. All 
measurements shown are depicted as mean ± SEM. 
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Figure 2.2: Evidence of clonal expansion during cardiac development.  
Representative fluorescent microscope images of a-c, Mesp1Cre;R26VT2/GK, d-f, Nkx2.5Cre;R26VT2/GK 
and g-i, αMHCCre;R26VT2/GK longitudinal hearts sections at E14.5, P1, and P21 respectively (n=4). 
Insets show a higher magnification of boxed areas. Putative clonal areas are traced by a dotted line. 
Scale bar 500 μm (c, f, i), all others 50 μm. 

 
 
2.4.2. Single cell lineage tracing of early cardiac progenitors 

However, the use of Rainbow with a non-inducible Cre model results in high levels of 

recombination. To exclude the possibility that the observed single-color cell clusters could result 
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identifiable clones for analysis (Figure 2.3b). Twenty-four hours following administration, serum 

tamoxifen level was reduced to negligible levels, ensuring tight temporal control of recombination 

(Figure 2.3c). In addition, there were no significant differences in the distribution or frequency of 

the three fluorescent proteins in single cell labeling and accordingly, there was comparable 

prevalence of the different colored clones at time of analysis.  

 

Figure 2.3: Single low dose of tamoxifen induces rare recombination events. 
a, Representative fluorescent microscope image of βactinCreER ; R26VT2/GK E10.5 hearts 24hrs post 
tamoxifen administration. Arrows indicate single recombination events. Scale bar 100 μm.b, 
Representative images of adult hearts with sparse clones. Recombination was induced at E9.5. 
Insets show magnification of boxed areas. Scale bar 500μm. c, Tamoxifen is removed from the 
circulation within 24 hours after treatment. Blood serum levels of tamoxifen measured 12, 24, and 72 
hours following administration. Tam, tamoxifen; OFT, outflow tract; PRV, primitive right ventricle; 
PLV, primitive left ventricle. 
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cells, with an average of 5.7 cells/clone at all time-points analyzed (Figure 2.5a and Figure 2.6a-

b). Clone size quantification revealed slightly larger clones at P7, P15, and P30 compared to P2 

(Figure 2.6b), which agrees with several studies suggesting limited proliferative capacity of CMs 

during early postnatal life92-94. Interestingly, we observed a drop in the number of clones larger 

than 20 cells at P30 (Figure 2.6b), which was accompanied by an increase in single “Rainbow-

colored” cells (Figure 2.6c). Possible explanations for the higher incidence of single cells include 

migration of daughter cells after division within a clone or dispersion of sibling cells in a clone 

among other dividing neighboring cells. Isolation and in vitro culture of single “Rainbow-labeled” 

cardiac cells from E9.5 βactinCreER; R26VT2/GK embryos showed that these cells retained their ability 

to form clones through several rounds of division (Figure 2.7). These findings suggest that cardiac 

cells marked as early as E9.5 have the capacity to form large clones both in vivo and in vitro.  

 

Figure 2.4: Immunohistochemical staining of clones. 
Immunohistochemical staining of βactinCreER ; R26VT2/GK clones positive for a, the fibroblast marker, 
DDR2, b, endothelial cell marker, CD31, c, smooth muscle myosin heavy chain, smMHC (scale bar 
50 μm), and d, CM, α-sarcomeric actinin. Insets show close ups of the co-localization. e, WGA (white) 
was used to delineate individual cells within a clone (red pseudocolor) for counting purposes. Scale 
bar 100 μm unless otherwise denoted. 
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Figure 2.5: Cardiac growth occurs primarily through clonal expansion of non-αMHC expressing cells.  
a, Representative confocal microscope images of cell cluster expansion in a,d, βactinCreER ; 
R26VT2/GK, b,e, Nkx2.5CreER ; R26VT2/GK and c,f,  αMHCCreER ; R26VT2/GK hearts at different 
developmental time-points, following tamoxifen administration at E9.5 (a-c) and E12.5 (d-f) (n = 6 for 
each time-point). Scale bar 100 μm.  
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Figure 2.6: Clonal expansion occurs mainly during embryonic development. 
a, Dot plot analysis of clonal sizes in βactinCreER ; R26VT2/GK  hearts labeled at E9.5 and analyzed at 
P2, P7, P15, and P30 (n=3). b, Number of clones > 20 cells progressively increase up to P15 and 
declines by P30. c, Number of single cells increases over time (n=3). All measurements shown are 
depicted as mean ± SEM. 

 

 
 

Figure 2.7: “Rainbow-labeled” cardiac cells expand clonally in vitro.  
Time-lapse imaging of a single rainbow-labeled cell (yellow pseudocolor) forming a clone in vitro. 
Monitoring was performed 0-120 hours after plating. Scale bar 100μm. 
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To determine whether cardiac progenitors are the main contributors to the observed CM clonal 

expansion, we generated an inducible Nkx2.5 reporter mouse (Nkx2.5CreER) by targeting an IRES-

CreER sequence to the 3’ end of the endogenous Nkx2.5 locus, in order to avoid 

haploinsufficiency (Figure 2.8). Clonal analysis of Nkx2.5CreER; R26VT2/GK mice labeled at E9.5 and 

analyzed at P2 revealed a similar pattern of clonal expansion, with the largest clone containing 

39 cells, and an average of 7.5 cells/clone (Figure 2.5b and Figure 2.11a). Collectively, these 

data support the proliferative capacity of progenitor cells to generate myocardial cells during early 

fetal development. 

 

Figure 2.8: Generation of the Nkx2.5-CreER construct.  
Maps of the Nkx2.5 wild-type allele, gene targeting construct and resultant mutant alleles before 
(Nkx2.5IRES-CreER-pgkHYGRO) and after (Nkx2.5IRES-CreER) flp-mediated deletion.  Several 
stable clones were generated and founders of this new strain (Nkx2.5-CreER) were backcrossed 
onto C57BL/6 mice.  
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Figure 2.9: CM clones are mainly localized near the endocardium. 
a, Quantification of CM clones based on their proximity to either the epicardium or the endocardium. 
Tamoxifen was administered at E9.5 and hearts were analyzed at P2. b, Immunohistochemical 
staining for phospho-Histone H3 (pH3 in green) of a E9.5 αMHCCre ; TdTomato heart. Scale bar 
100μm. Inset shows magnification of boxed area, scale bar 20μm. 

 
 
2.4.3. αMHC-marked cells decrease their proliferation over time 

While these studies support the active division of cardiac progenitors during early 

cardiovascular development, we sought to determine the proliferative behavior of CMs at similar 

stages of development.  To accomplish this, we crossed R26VT2/GK with mice harboring an 

inducible Cre under the control of an αMHC (αMHCCreER) promoter. Expression of aMHC in 

embryonic mouse hearts was observed at E9.5, and by E12.5, most of the distribution was found 

in the atria and to a lesser extent in the ventricles (Figure 2.10a).  
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Figure 2.10: Postnatal CMs exhibit limited proliferative capacity in the absence of injury. 
a, αMHCCreER ; R26VT2/GK mouse heart labeled at E12.5 and analyzed P7 showing the distribution of 
αMHC primarily in the atria and to a lesser extent in the ventricles, scale bar = 200 μm. (b, left) 
Representative image of αMHCCreER ; R26VT2/GK P30 heart labeled at P12 showing the dominance of 
single Rainbow-labeled cells, scale bar 500 μm. (b, right) Quantitation of clone size and number 
within αMHCCreER ; R26VT2/GK mouse hearts labeled at P12 and analyzed P30 (n=4, 8 images at 40X 
magnification analyzed per section, 5 sections/heart).c, Representative confocal microscope images 
of βactinCreER ; R26VT2/GK,  Nkx2.5CreER ; R26VT2/GK, and αMHCCreER ; R26VT2/GK P15 hearts labeled at 
P1. Insets show up close view of boxed areas. Scale bar 500 μm. 

 
 

Analysis of αMHCCreER; R26VT2/GK mice labeled at E9.5 revealed smaller clones (largest 

observed consisted of 30 cells, with an average of 6.3 cells/clone) compared to βactinCreER; 

R26VT2/GK and Nkx2.5CreER; R26VT2/GK in which clones >50 cells were observed (Figure 2.5c and 

Figure 2.11a). Arbitrary clone size cutoff (dashed lined) was determined as two standard 

deviations above the clone size mean of αMHCCreER; R26VT2/GK. Comparison of the percent of 
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clones within each strain larger than this cutoff showed similar percentages at E9.5 (Figure 

2.11b). Interestingly, the majority of clones were localized to the inner endocardial region (Figure 

2.9a) and phospho-H3 staining in E9.5 hearts was mainly localized to the myocardial compact 

zone, suggesting that clonal growth may be directed towards the endocardium (Figure 2.9b). 

Furthermore, βactin and Nkx2.5 expressing cells labeled at E12.5 exhibited a slight decrease in 

proliferation compared to at E9.5 (up to 26 cells/clone in βactin, and 21 cells/clone in Nkx2.5) 

(Figure 2.5d,e and Figure 2.11c). However, a dramatic decrease was observed in aMHC cells 

labeled at E12.5, with the largest clone consisting of only 9 CMs when analyzed postnatally. 

Additionally, the percentage of clones larger than 2 cells decreased by 30% compared to labeling 

at E9.5, with exceedingly rare clones consisting of more than 5 CMs (Figure 2.5f and Figure 

2.11d).  This suggests that αMHC-expressing CMs at E9.5 retain the ability to proliferate (albeit 

to a lesser degree than Nkx2.5 cardiovascular progenitors), and that this capacity is significantly 

diminished by E12.5. 
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Figure 2.11: 2D and 3D quantification reveals a dramatic decrease in the proliferative capacity of 
αMHC-expressing cells. 
Quantification of clonal expansion in P2 βactinCreER ; R26VT2/, Nkx2.5CreER ; R26VT2/GK, and αMHCCreER 

; R26VT2/GK hearts labeled at E9.5 (a, b and e, f) and E12.5 (c, d and g, h) (two-sample Kolmogorov–
Smirnov distribution test) * p < 0.05, ** p < 0.01, *** p < 0.001. Two-dimensional quantification of 
clonal expansion (a, c) and bar graphs highlighting the scarcity of large clones in αMHCCreER ; 
R26VT2/GK hearts (b, d), respectively. Three-dimensional quantification of clone volumes in P2 hearts 
(e, g) and bar graphs depicting clones volumes in αMHCCreER ; R26VT2/GK hearts (f, h). Green lines 
depict mean values. Dashed lines depict cutoff. 
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Our two dimensional (2D) quantification revealed striking differences in clone sizes that 

emerged from labeling single progenitors or CMs at different time points. However, there is 

possibility for error in clone size estimation, as the depth of each cell cluster cannot be accounted 

for using cross sections. To address this, we developed a modified CLARITY technique95 to 

transform the intact heart into an optically-transparent but structurally-preserved organ for light 

sheet fluorescence microscopy (Figure 2.12a-b). This methodology facilitates three dimensional 

(3D) imaging of whole neonatal mouse hearts to precisely quantify and compare clone volumes 

from each strain at various time points (Figure 2.12c, Supplementary Movie 2). To provide a 

parallel comparison with our 2D results, we labeled the three strains at both E9.5 and E12.5. 

Analysis of P2 cleared hearts from βactinCreER; R26VT2/GK and Nkx2.5CreER; R26VT2/GK mice labeled 

at E9.5 revealed clones of similar volumes (average 190220 μm3 and 214260 μm3, respectively), 

which decreased by ~2-fold when labeling occurred at E12.5 (Figure 2.11e, g). In αMHCCreER; 

R26VT2/GK hearts labeled at E9.5 and analyzed at P2, we did not find a difference in clone volumes 

compared to Nkx2.5CreER; R26VT2/GK and the percent of clones within each strain with volumes 

above 100,000 μm3 were similar (Figure 2.11f). However, when labeling was initiated at E12.5, 

significant differences were observed in volumes of αMHC-marked clones compared to β-actin 

and Nkx2.5 (p < 0.001) and there was a substantial decrease in the percent of clones within 

αMHCCreER; R26VT2/GK that were above the volume cutoff compared to Nkx2.5CreER; R26VT2/GK 

(Figure 2.11h).  Additionally, within aMHC-marked clones, there was a ~16-fold decrease in 

volumes with labeling at E12.5 when compared to E9.5. These results further validate the notion 

that while αMHC-marked CMs retain the ability to proliferate during early embryonic development, 

cardiovascular progenitors are the primary contributors of cardiac growth during this time. 
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Figure 2.12: Three-dimensional imaging of cleared whole neonatal mouse hearts using the CLARITY 
method. 
P2 hearts (a) prior to CLARITY and (b) post CLARITY, scale bars = 2 mm. c, 3-dimensional rendering 
of cleared P2 hearts from βactinCreER ; R26VT2/GK, Nkx2.5CreER ; R26VT2/GK, and αMHCCreER ; R26VT2/GK. 
Examples of sagittal, coronal, and axial planes captured using Imaris 7.7.2 software (Bitplane AG, 
Zurich). 

 
 

To exclude the possibility that lack of clone formation in αMHCCreER; R26VT2/GK hearts is due to 

the inability of the system to specifically label CMs with proliferative potential, we stimulated CM 

proliferation with neuregulin (NRG1), an extracellular growth factor shown to promote CM cell 

cycle re-entry in normal and injury conditions96 (Figure 2.13). αMHCCreER; R26VT2/GK mice received 

tamoxifen to induce sparse labeling of CMs at P15 followed by daily administrations of NRG1 

from P20 to P28. Scoring the frequency of clones revealed an increase in “Rainbow-labeled” CM 

clones in NRG1 treated hearts compared to control (4–fold increase in doublets) (Figure 2.13b-

c). This validates that the decreased clonal size observed in αMHCCreER; R26VT2/GK hearts during 

development is due to the limited intrinsic ability of these cells to divide and further support the 

validity of the Rainbow system as a sensitive tool for clonal analysis.  
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Figure 2.13: NRG1 treatment induces postnatal CM proliferation. 
a, Experimental design of NRG1 treatment. Arrow indicates tamoxifen administration at P15. NRG1 
(n=4) or BSA control (n=3) were given daily to αMHCCreER ; R26VT2/GK  mice from P20 to P28. b, 
Quantification reveals increased formation of CM clusters following NRG1 treatment. c, 
Representative fluorescent microscope images of control and NRG1-treated hearts. Stars indicate 
clusters of CMs. § NRG1 vs control, p<0.05. Scale bar 50 μm. All measurements shown are depicted 
as mean ± SEM. 

 
 

Our results thus far suggest that cardiac development is a continuum in which progenitors 

progressively transition to more mature, less proliferative CMs. Interestingly, a recent prior study97 

reported a burst of highly synchronized CM proliferation during preadolescence. This proliferative 

event, occurring at P14, resulted in a remarkable 40% increase in CM number. To examine 

whether the decrease in CM proliferation we observed during embryonic development is followed 

by a re-activation of cell division postnatally, we labeled single CMs at P12 using αMHCCreER; 

R26VT2/GK mice and looked at their proliferative potential retrospectively at P30. Consistent with 

other reports93, 98, we observed mainly single-labeled cells dispersed throughout the myocardium 

and rare clones of 2-3 cells (Figure 2.10a). Furthermore, we detected rare clusters of CMs 

consisting of >2 cells derived from βactin-, Nkx2.5-, or αMHC-Rainbow labeling at P1, suggesting 
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limited expansion of CMs even prior to preadolescence (Figure 2.10c). Collectively, these 

findings do not support the substantial second wave of CM proliferation during preadolescence 

as was described. 

 

2.4.4. Epicardial progenitors are unlikely to be sources of CMs 

While our studies demonstrate the source of CMs during development, it does not address 

whether stem/progenitor cells are entirely endogenous to the myocardium. There is controversy 

regarding the contribution of epicardial cells to the developing heart. Several studies have 

reported that epicardial cells can differentiate into endothelial cells, vascular smooth muscle cells, 

fibroblasts, and even CMs99, 100. To examine whether the observed clones may have originated 

from epicardial-derived progenitor cells, rather than intramyocardial progenitors or CMs, we 

utilized a Wt1CreER; R26VT2/GK double-transgenic mouse (Figure 2.14a). Postnatal analysis of cells 

labeled at E9.5 or E12.5 did not reveal any Rainbow-labeled CMs, but the clones identified 

primarily consisted of fibroblasts and in some cases, smooth muscle cells (Figure 2.14b-c).  

 

Figure 2.14: Smooth muscle cell and fibroblast clones of WT1 origin.  
a, Experimental design. Wt1CreER ; R26VT2/GK mice received tamoxifen at E9.5 and were analyzed at 
P0.  b-c, Representative confocal microscope images of b, a clone (blue) consisting of smooth 
muscle cells (α-SMA in red) and c, a clone of fibroblasts (DDR2 in red). Insets show the individual 
pseudocolors in GFP background. Scale bars 20 µm. 
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2.4.5. BrdU studies uncover decreased proliferative capacity of CMs 

To further support our clonal analysis data, in vivo BrdU pulse/chase experiments were 

performed.  BrdU was administered to dames carrying αMHC-GFP embryos at E9.5 or E12.5 and 

to P1 neonates three hours prior to heart harvest. Flow cytometric analysis of αMHC+ cells 

revealed a dramatic decrease in the percentage of BrdU+ CMs from E9.5 to E12.5 (~9 fold 

decrease) and P1 (~60-fold decrease) (Figure 2.15a-b and Figure 2.16a). We next evaluated 

the proliferation of aMHC-expressing CMs relative to cardiac progenitors by performing a similar 

pulse/chase experiment in triple transgenic mice (Nkx2.5+/Cre; R26R-Tdt+/fl; aMHC+/GFP). In this 

model, cardiac progenitors (Nkx2.5+/aMHC-) express only tdTomato while αMHC-expressing 

CMs (Nkx2.5+/aMHC+) express both tdTomato and GFP. We observed that while the fraction of 

aMHC-expressing CMs increased from E9.5 to E12.5 and P1 (Figure 2.16a), their proliferative 

capacity at E12.5 and P1 decreased by ~7–folds and 65-folds compared to E9.5, respectively, as 

indicated by the decrease in percentage of BrdU incorporation (Figure 2.15c). Importantly, we 

observed a significantly lower proportion of BrdU+ cells at E12.5 and P1 within the CM population 

compared to progenitors even though their BrdU incorporation was relatively similar at E9.5 

(Figure 2.15d). Correspondingly, expression of cell cycle markers (Ccnb, Cdc6, and Ccna) in 

GFP+ CMs isolated from αMHC-GFP mice were higher at E9.5 compared to later time points 

(Figure 2.15e), and this was inversely correlated with αMHC expression levels (Figure 2.15f). 

These data suggest that as the embryonic heart develops, aMHC-expressing cells become 

progressively more committed, while progenitor cells retain their proliferative potential for a longer 

span of time.  It is possible that αMHC marks a heterogeneous population of CMs that differ in 

their proliferative capacity and maturity level; less mature aMHC-expressing cells may exhibit 

higher proliferative potential, whereas more mature aMHC-expressing CMs (found in abundance 

at E12.5 and beyond) are limited in their ability to undergo division. We therefore hypothesized 
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that heart formation is a dynamic process that consists of CMs with varying proliferative potential 

and that these populations are refined as development proceeds.  

 

Figure 2.15: BrdU pulse-chase experiments substantiate decreasing proliferative capacity of CMs. 
a, Representative flow cytometric analysis of BrdU incorporation. BrdU was given at E9.5, E12.5 or 
P1 αMHC-GFP mice 3 hrs prior to analysis. b, Quantification of BrdU+ αMHC-GFP+ cells at E9.5, 
E12.5, and P1. (student’s t-test), * E12.5 or P1 vs E9.5, # P1 vs E12.5, p < 0.05. c, Quantification of 
percent BrdU incorporation in Nkx2.5+;αMHC-  and Nkx2.5+;αMHC+ cells at E9.5, E12.5, and P1. 
(student’s t-test), ** p < 0.01. d, Proportion of BrdU+ cells within the cardiomyocyte (Nkx2.5+;αMHC+) 
compared to progenitor (Nkx2.5+;αMHC-) populations at E9.5, E12.5, and P1. (student’s t-test), * p < 
0.05. e, qPCR analysis of αMHC-GFP+ cells reveals an age-dependent drop in expression of cell 
cycle genes (Ccna2, Ccnb1, Cdc6). f, qPCR analysis of αMHC gene expression in αMHC-GFP+ cells 
from E9.5 to P1. All measurements shown are depicted as mean ± SEM. 
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Figure 2.16: BrdU incorporation in CMs during development. 
a, Representative flow cytometric analysis of αMHC-GFP cells sorted for qPCR or single cell 
analysis. Gated areas show cells selected for sorting. b-d, Representative flow cytometric analysis 
plots of BrdU incorporation in Nkx2.5+/Cre; R26R-Tdt+/fl; aMHC+/GFP hearts at (b) E9.5, (c) E12.5, and 
(d) P1. 

 
 
2.4.6. Single cell RNA sequencing delineates heterogeneity of CMs 

To test this hypothesis and to profile the potential heterogeneity of CMs during early cardiac 

development, we used a Fluidigm C1 chip platform to capture αMHC+ cells from αMHC-GFP 

murine hearts at E9.5, E12.5, and P1 for single cell RNA sequencing. Overall, we analyzed a total 

of 122 cells that passed quality screening. Unsupervised dimensionality reduction by t-SNE 

identified clusters of single cells that appeared to correspond to their developmental time point 

(Figure 2.17a).  Heat map analysis of these cells on genes relevant to cardiac development and 

maturation showed that P1 CMs displayed a more mature, less proliferative transcriptional profile 

that is distinguishable from E9.5 and E12.5 clusters (Figure 2.17b).  In particular, genes encoding 
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for cell cycle, cardiac cell differentiation, and cellular migration were downregulated in P1 cells 

while these same markers were expressed at high levels in the majority of E9.5 and E12.5 CMs. 

Conversely, the expression of genes encoding for structural proteins and cellular metabolism 

were upregulated in the P1 population but expressed at low levels in the earlier time points. We 

also observed substantial heterogeneity in gene expression levels within E9.5 and E12.5 cells 

compared to P1. Expression of cell cycle-associated genes (Ccnb1, Cdc6, and Ccna2) from 

individual cells at each time point confirmed our qPCR results showing a decline in cell cycle 

activity from E9.5 to P1 (Figure 2.17c and Figure 2.15e). Additionally, consistent with our 

hypothesis that early embryonic CMs span a broad spectrum in their capacity to proliferate, we 

observed a wide range of gene expression levels of cell cycle markers at E9.5 that progressively 

narrowed at later time points. These results provide initial evidence to support the existence of a 

heterogeneous population of CMs within the early stages of cardiac development and their 

transition into a mature, less proliferative, and homogenous population by the early postnatal 

period.  
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Figure 2.17: Single cell gene expression analysis reveals heterogeneity of CMs within and between 
developmental time points. 
a, t-SNE revealing distribution of single cells. b, Heat map analysis of single cells from different 
developmental time points on genes relevant to cardiac development and maturation (E9.5: n = 42, 
E12.5: n = 29, P1: n = 52). The full list of genes presented in the maps is provided in Supplementary 
Table 1. c, Expression of cell cycle-associated genes (Ccna2, Ccnb1, Cdc6) from individual cells at 
each time point confirming a decline in cell cycle activity from E9.5 to P1 (student’s t-test), * p < 0.05, 
** p < 0.01, *** p < 0.001. Mean depicted as solid line. d, t-SNE with k-m based clustering identifies 
4 distinct clusters. e, Gene ontology analysis of upregulated and downregulated genes between 
different clusters. 
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To further characterize the heterogeneity we observed in the heat map analysis of CMs from 

E9.5 and E12.5, we utilized a k-means clustering algorithm to classify subgroups within the t-SNE 

(Figure 2.17d). This approach yielded four distinct clusters, which we used for subsequent 

transcriptomic analyses (Figure 2.18a). Of particular interest are Clusters 1 and 3, which are 

enriched for E9.5 and E12.5 cells, respectively. To identify potential transcriptomic changes that 

occurs between E9.5 and E12.5 that may contribute to the clonal size differences observed in our 

in vivo studies, we performed gene ontology analysis of differentially expressed genes between 

these clusters (Figure 2.17e). Pathways involved in developmental growth, cell division, and 

migration were downregulated within Cluster 3 compared to Cluster 1.  Conversely, there was 

upregulation in pathways involved in the regulation of heart contraction, cellular respiration, and 

muscle development within Cluster 3. Interestingly, we identified 4 genes (Thbs4, Kif26b, Col2a1, 

and Prtg) that were only expressed in E9.5 cells, and 2 others (Sall4 and Hmga2) whose 

expression was primarily concentrated in cells from this time point (44% and 53% of E9.5 cells, 

respectively) (Figure 2.18b).  From these, Thbs4, Sall4, and Hmga2 are genes associated with 

Gene Ontology pathways involved with developmental growth and cell division and migration. As 

expected, a comparison of genes enriched in Cluster 4 (containing primarily P1 cells), revealed 

an increase in pathways involved in cellular respiration, heart contraction, and metabolism when 

compared to Cluster 1 or 3. On the other hand, pathways involved in cellular proliferation and 

developmental growth were downregulated in cells within this cluster. These results suggest that 

by E12.5, CMs have already begun to shift to an initial state of maturation and have 

downregulated vital genes involved with cell division and migration, potentially contributing to the 

decrease in clone sizes observed in our analysis of CMs labeled at this developmental time point.  

Interestingly, we observed a P1 cell which segregated more closely with other E9.5 and E12.5 

cells than their counterparts (residing within Cluster 3).  Differential gene expression analysis 

revealed considerable differences in the gene profiles of this cell with the remaining P1 cluster 

(Figure 2.18c). Analysis using the STRING (Search Tool for the Retrieval of Interacting 
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Genes/Proteins) database comparing the top 50 genes more highly expressed in the P1 cluster 

compared to the outlier identified two nodes associated with metabolism and cardiac structural 

proteins (Figure 2.18d).  This suggests that this particular P1 cell may be a rare CM present in 

the postnatal heart that retains some immature, more proliferative characteristics generally 

present only in earlier embryonic CMs. However, further studies examining a larger number of 

cells with similar characteristics are needed to substantiate this observation. 

To examine how expression of cell cycle genes may relate with CM maturity, cells from E9.5 

and E12.5 were selected based on low or high cycling activity, and concomitantly, their expression 

of cardiac structural proteins and transcription factors were examined (Figure 2.18e). CMs with 

high cell cycle activity according to gene expression profiles displayed a “progenitor-like” gene 

profile, in which there was low expression of structural proteins (Myh6, Ttn, Myl4, Flnc) indicating 

immaturity, and high expression of transcription factors involved in embryonic and cardiac 

development (Nkx2-5, Gata6, Tbx18). Likewise, CMs with low cell cycle activity had an expression 

signature indicative of a more mature CM, with high levels of structural proteins and low levels of 

early cardiac transcription factors. These findings indicate a possible link between cell cycle 

activity and CM maturity that may be independent of embryonic age.  
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Figure 2.18: Transcriptional profiling of CMs during early embryonic and postnatal development. 
a, Table depicting numbers of single cells found within each km cluster. b, Expression of genes found 
only in E9.5 cells (Thbs4, Kif26b, Col2a1, Prtg) or were highly enriched (Sall4, Hmga2) within cells 
from this timepoint. c, Venn diagram depicting the number of differentially expressed genes between 
P1 cluster and P1 outlier. d, Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) 
analysis comparing the top 50 genes more highly expressed in the P1 cluster compared to P1 outlier. 
Two nodes were identified encoding for genes of metabolism (bronze circle) and structural proteins 
(purple circle). e, Single cells at E9.5 and E12.5 were selected based on low or high cell cycle activity, 
as determined by expression levels of common cell cycle genes. Genes encoding for cardiac 
structural proteins and transcription factors were examined within the selected cells showing a 
possible link between cell cycle activity and CM maturity. f, RNA Sequencing Analysis Workflow. 
RNASeq data was mapped with OLego version 1.1.5 and normalized using Transcripts per Millions 
analysis. featureCounts version v1.5.0-p2 was used to estimate total number of reads. Expression 
levels were then log transformed using algorithm depicted. ** p < 0.01. Mean ± SEM. 
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2.4.7. Injury activates proliferation in neonatal but not adult CMs 

We next examined whether regeneration in neonatal injured hearts is due to clonal expansion 

of aMHC-expressing CMs or non-αMHC (progenitor) cells. Newborn (P0) αMHCCreER; R26VT2/GK, 

βactinCreER; R26VT2/GK, and Nkx2.5CreER; R26VT2/GK
 mice received tamoxifen followed by LAD ligation 

or sham operation 24hrs later (P1). At 21 days post-injury (dpi) the majority of the tissue was 

regenerated and only a small fibrotic area remained (Figure 2.19a, Figure 2.20a-c). We observed 

frequent clones of CMs in the injury and border areas of αMHCCreER; R26VT2/GK hearts, indicating 

division of CMs in response to injury. CM clones were also detected in the remote zones, albeit 

at a lower number. Quantification of the number of clones consisting of 2 or more cells in these 

models did not reveal significant differences, indicating that regeneration is largely due to CM 

division (Figure 2.20d-f). Our observations support previous studies showing CM proliferation 

following neonatal cardiac injury101, 102. However, it should be noted that this model cannot exclude 

the possibility of de-differentiation or reversion of existing CMs into a more primitive state with 

subsequent proliferation.  

 

Figure 2.19: Mason’s trichrome staining of infarcted hearts. 
Representative images of a heart section 21 days following LAD ligation at (a) P1 and (b) 2 months 
of age. A small area of fibrosis (blue) is still apparent (a) after neonatal injury while injury in adult 
results in large scar formation (b).   

 
 

We next sought to find clonal evidence for CM proliferation in adult hearts after injury. In 

contrast to neonatal mice, LAD ligation performed in adults resulted in scar formation with sparse 

single-labeled cells and very rare 2-cell clones were detected in the infarct border zone (Figure 

2.19b, Figure 2.20g-i). Overall, we observed a similar pattern of mosaic labeling, with no 

a b
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evidence of clonal dominance, in Nkx2.5CreER; R26VT2/GK, βactinCreER; R26VT2/GK, or αMHCCreER; 

R26VT2/GK adult hearts after injury (Figure 2.20j-l).   

 

Figure 2.20: Myocardial injury activates CM proliferation in neonatal but not adult mice. 
Neonatal mice underwent left anterior descending artery (LAD) ligation at P2 and clonal analysis 
performed 21 days post injury. Representative confocal images of a, βactinCreER ; R26VT2/GK, b, 
Nkx2.5CreER; R26VT2/GK and c, αMHCCreER ; R26VT2/GK heart (left ventricle) sections. Insets show close-
up of boxed regions. d-f, Quantification of clonal formation following neonatal injury. LAD ligation was 
performed in 8-week-old mice (g, h, i), followed by clonal analysis 3 weeks post-injury. 
Representative fluorescent microscope images of the infarct and border zone of g, βactinCreER ; 
R26VT2/GK, h, Nkx2.5CreER; R26VT2/GK and i, αMHCCreER ; R26VT2/GK hearts (left ventricle). j-l, 
Quantification of clonal formation following adult injury. White dashed line marks infarct area. 
(Tukey’s multiple comparison test), *** p < 0.001 to remote. All measurements shown are depicted 
as mean ± SEM. 
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2.5. DISCUSSION 

Stochastic labeling using the Rainbow model offers a precise, versatile method to 

retrospectively examine the proliferative behavior of CMs at a single cell resolution. Utilizing this 

approach, we provide a direct and detailed investigation of mammalian embryonic and postnatal 

cardiovascular development. The existence of large clones observed during early development 

reflects the proliferative characteristic of progenitor cells that we also observed in early aMHC-

expressing CMs. Our study points to the possibility that cardiac progenitors are able to maintain 

their proliferative potential for a longer span of time and contribute to a considerable portion of 

cardiac growth during embryonic development. Additionally, it is likely that their transition into a 

mature, less proliferative state occurs on a continuous, rather than discrete timescale with gradual 

expression of cardiac-specific markers concomitant with decreasing proliferative capacity.  

Our BrdU and single cell RNA sequencing experiments support the notion of heterogeneity 

within αMHC-expressing CMs, particularly within the early embryonic stages. The lower 

proliferative capacity at E12.5 compared to E9.5 may be due to combined effects of CM 

maturation: reduced response to developmental growth signals and cellular migration and a shift 

toward processes involved in heart contraction and cellular respiration. However, congruent with 

the idea of heterogeneity, we were able to identify CMs at E12.5 that still maintained high cell 

cycle activity and displayed a more “progenitor-like” gene profile. 

Since our findings demonstrate the limited ability of postnatal CMs to undergo division, we 

sought to determine whether myocardial injury is sufficient to reactivate their proliferative capacity. 

It has been suggested that the mammalian heart retains a regenerative capacity shortly after birth 

that diminishes with age101-103. Our quantification of clone sizes within αMHCCreER; R26VT2/GK, 

βactinCreER; R26VT2/GK, and Nkx2.5CreER; R26VT2/GK
 mice after neonatal and adult injury suggests 

that CM proliferation can be activated following injury early in life and that this ability is significantly 

limited with aging. 



 45 

Potential limitations of the current study include the possibility that administration of a minimal 

dose of tamoxifen may not induce recombination in a very rare subset of αMHC+ CMs with 

proliferative potential in later time points. Thus, it is possible for small clones of cardiomyocytes 

that were not captured in the system to make sizeable contribution to murine heart growth during 

this time. We also cannot exclude the possibility that a small progenitor cell population exists, 

capable of proliferation during adulthood (in normal aging or upon injury) that was not marked by 

our labeling strategy. However, this is unlikely given the consistency of our observations across 

a large number of samples as well as the enhanced CM proliferation observed following neonatal 

injury.  

In conclusion, we have developed a robust in vivo mammalian model of clonal analysis to 

provide important and direct insights into the source of CMs and the characteristics of progenitor 

cells both during development and after injury. These findings are critical for ongoing efforts to 

develop regenerative therapies for cardiovascular diseases27 in which an understanding of the 

mechanisms that regulate or reactivate the proliferative potential of these cells is a vital aspect.  
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CHAPTER 3: HARNESSING THE VERSATILITY OF PLGA NANOPARTICLES FOR 

TARGETED CRE-MEDIATED RECOMBINATION 
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3.1. ABSTRACT 

Ligand-dependent Cre recombinases are pivotal tools for the generation of inducible somatic 

mutants. This method enables spatial and temporal control of gene activity through tamoxifen 

administration, providing new avenues for studying gene function and establishing animal models 

of human diseases. While this paved the way for developmental studies previously deemed 

impractical, the generation of tissue-specific transgenic mouse lines can be time-consuming and 

costly. Herein, we design a ‘smart’, biocompatible, and biodegradable nanoparticle system 

encapsulated with tamoxifen that is actively targeted to specific cell types in vivo through surface 

conjugation of antibodies. We demonstrate that these nanoparticles bind to cells of interest and 

activate Cre recombinase, resulting in tissue-specific Cre activation. This system provides a 

versatile, yet powerful approach to induce recombination in a ubiquitious Cre system for various 

biomedical applications and sets the stage for a time- and cost-effective strategy of generating 

new transgenic mouse lines. 
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Figure 3.1: Graphical abstract. 
 

 

3.2. INTRODUCTION 

Within the past 50 years, nanoparticle (NP)-based carrier systems have emerged as 

promising vehicles for controlled drug delivery104, 105. The carriers are designed to protect drugs 

from degradation, have a large surface to volume ratio, enhance tissue penetration, and 

importantly, control drug release. These systems were originally in the form of liposomes but the 

use of polymeric materials, particularly poly(lactic-co-glycolic acid) (PLGA) gained popularity in 

the early 1990s106. The appeal of PLGA polymers as a building-block for NP fabrication resides 

in their desirable properties, including: (1) biocompatibility and biodegradability, (2) FDA approval 

for parenteral delivery, (3) capability of fine-tuning drug release profiles, (4) protection of drug 

from degradation, and (5) ability of surface modifications to enhance stability or targeting105, 107-

109.  

A strategy for improved targeting of NPs is through surface modification with ligands that 

recognize specific tissue types110, 111. These targeting ligands play a pivotal role in navigating the 

NPs to desired cell types, where they can be recognized by direct ligand-receptor interaction. 

Examples of surface-bound ligands investigated include other polymers112-115, antibodies116, 117, 

peptides118-120, and sugars121, 122. Although surface modification with various ligands have been 

widely studied, only a few of these systems have surpassed research-bench testing to reach 
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clinical development, with the majority in cancer medicine and imaging123. Major factors limiting 

the advancement of targeted NPs include an incomplete understanding of the fate of the NPs 

after delivery into the body, inability to load and deliver therapeutic levels of the intended drug, 

residual off-target effects, and the inefficiency of mass fabrication.  

In this paper, we develop actively-targeted PLGA NPs that incorporates the CreER/LoxP 

system as a tool for tracing NP uptake and drug delivery at a cellular level. CreER/LoxP is an 

inducible, site-specific recombinase system comprised of the Cre recombinase enzyme fused to 

the estrogen receptor. This system allows for temporal control of gene expression through 

delivery of 4-hydroxytamoxifen (OH-Tam) to transgenic mice harboring the CreER gene. Through 

surface conjugation with antibodies, we provide qualitative and quantitative evidence of drug 

targeting at a cellular resolution using OH-Tam-loaded PLGA NPs administered to a mouse model 

harboring the CreER/LoxP reporter. This combined system provides a high-resolution approach 

to preferentially target cells of interest and for analyzing targeting efficiency. Tamoxifen-loading 

of targeted PLGA NPs provides an initial step for the development of a versatile, cost-effective, 

and timely methodology of generating transgenic mouse lines, potentially changing the current 

established approaches of the CreER/LoxP system. 

 

3.3. METHODS 

3.3.1. Generation of Transgenic Mouse Lines 

Rosa26CreER;tdTflox/+ mouse lines were obtained by crossing Rosa26-CreER mice with lineage 

reporter R26R-tdTomato mice. Rosa26CreER;R26VT2/GK3 mouse lines were obtained by crossing 

Rosa26-CreER mice with the multicolor reporter R26-“Rainbow” mice. Male and female mice 

ages 6-8 months were used for in vivo experiments unless otherwise specified. All animal studies 

were performed according to the guidelines of UCLA’s animal care and use committee and the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. Studies performed 

are in accordance with humane treatment of the animals. 
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3.3.2. OH-Tam-loaded PLGA NP Fabrication 

NPs encapsulating OH-Tam were created using an emulsion-solvent evaporation technique. 

The “oil” phase of the emulsion was prepared by mixing 50 mg of PLGA and 4mg of 4-

hydroxytamoxifenin 3ml of dichloromethane for 2 hours. 2 ml of this solution was then slowly 

poured into 8 ml of cold 1% polyvinyl alcohol (PVA) (in ultrapure water) solution. This solution was 

then sonicated on ice using a Fisher Scientific Model 500 ultrasonic dismembrator, with a microtip 

probe at 30% output for 120 seconds. The emulsion was stirred overnight (minimum of 12 hours) 

with a magnetic stir-bar at 700 rpm to allow the organic solvent to evaporate. The resulting NPs 

were washed of the PVA surfactant by 2 successive rinses in ddH20 (solution centrifugation at 

14.5k rpm for 8 minutes followed by sonication of the pellet at 10% output for 10 seconds). With 

the final rinse, the NPs were resuspended in ddH20 at the desired concentration, frozen at -80ºC 

for 24 hours, and lyophilized for 48 hours with the FreeZone 4.5 (Labconco, Kansas City, MO, 

United States). 

 

3.3.3. Serum detection of OH-Tam 

Serum quantification of OH-Tam was performed using a capillary high-performance liquid 

chromatography/tandem mass spectrometry (HPLC-MS) method.  NPs loaded with OH-Tam were 

delivered via lateral tail vein and allowed to circulate for 1, 12, or 60 hours.  Serum was collected 

and prepared for HPLC analysis. The area under the curve of the peak at a retention time of 2.37 

minutes was quantified, and the concentration of OH-Tam was calculated using a generated 

standard curve. 

 

3.3.4. Size and surface zeta-potential measurements 

To determine nanoparticle size and surface zeta-potential, lyophilized samples were 

suspended in PBS and dispensed into a cuvette (Malvern DTS0012) and inserted into a Zetasizer 
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Nano ZS (Malvern, Worchestershire, UK) where the zeta-size, polydispersity index, and zeta-

potential of triplicate samples was determined. Numerical results are presented as a zeta-average 

size or a zeta-potential ± standard deviation. 

 

3.3.5. In vitro Cre-mediated recombination studies 

Induction of CreER-mediated recombination was studied in vitro in dermal fibroblasts from 

both the Rosa26CreER;tdTflox/+ and the Rosa26CreER;R26VT2/GK3 transgenic mice models. Briefly, the 

ear biopsies from mice from each transgenic model were performed, cut into small pieces, and 

digested with Liberase Blendzyme TH and TM in Medium 199 plus DNase I and polaxamer at 

37ºC for 1 hour. Cells were passed through a 70 μm cell strainer and centrifuged. The cells were 

resuspended in culture media (Dubecco’s Modified Eagle Medium with 10% FBS and 1% 

Penicillin/Streptomycin) and plated on 2-well chamber slides. After the cells were cultured to 

approximately 60-70% confluence, PLGA(50:50) nanoparticles (containing OH-Tam) were 

suspended in culture media at 100 μg/ml, and the nanoparticle/culture media suspension was 

incubated with the cells for 24 hours. At the end of the 24-hour incubation, the media was 

aspirated from the chamber, and the cells were fixed by first washing with cold PBS x 3, followed 

by cold 4% paraformaldehyde for 15 minutes, followed by repeat cold PBS rinse x 3. VectaShield 

DAPI mounting medium was then placed on each slide, and the slide was sealed with a coverslip. 

Imaging was performed under fluorescence microscopy (Leica Microsystems, Wetzlar, 

Germany), with 5 20x images recorded for each experimental condition. Quantification of cells in 

each image was performed using ImageJ image processing and analysis software (National 

Institutes of Health). Numerical results are presented as a percentage of positive to total cells in 

field of view ± standard deviation. To examine the extent of Cre recombination in response to 

increasing dose of PLGA nanoparticles containing OH-Tam, dermal fibroblasts isolated from 

Rosa26CreER;tdTflox/+ were treated with 1, 2, 5, and 8 μg of nanoparticles and fluorescence activated 
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cell sorting (FACS) was performed after 24 hours to determine the percent of tdTomato+ 

fibroblasts. 

 

3.3.6. In vivo biodistribution studies 

The in vivo biodistribution of OH-Tam-loaded NPs was studied by intravenous injection of 

generated NPs into Rosa26CreER;tdTflox/+ or Rosa26CreER;R26VT2/GK3 mice. Lyophilized NPs 

containing OH-Tam were suspended in PBS at a concentration of 1 mg/ml. 1mg (200 μg for 5 

consecutive days) of nanoparticles were injected into the lateral tail vein of each mouse model, 

allowed to circulate for a total of 6 days (counting from the first injection). The mice were then 

euthanized by cervical dislocation after anesthesia with 5% isoflurane. For each mouse, the heart, 

one lung, one kidney, the liver, and the spleen were harvested. The organs were then fixed in 4% 

paraformaldehyde overnight at 4ºC, followed by dehydration with sucrose solution for 24 hours. 

The organs were then mounted in OCT embedding compound, and frozen at -80ºC for 48 hours. 

Sections of 6-8μm thick tissue were then cut with a cryostat and mounted on standard histological 

slides. Imaging was then performed under fluorescence microscopy (AF6000LX, Leica 

Microsystems, Wetzlar, Germany) as well as confocal microscopy (TCS SP5-STED, Leica 

Microsystems, Wetzlar, Germany).  

 

3.3.7. Antibody conjugation onto NP surface 

NPs were “activated” for antibody conjugation by suspension for 30 min in 2-(N-

morpholino)ethanesulfonic acid buffer (2 mg/ml) containing 1:1 ratio of EDC and sulfo-NHS. The 

solution was centrifuged and rinsed with phosphate buffered saline to remove excess reagents. 

250 ug of anti-CD31 antibody (BD Biosciences, San Jose, CA, United States) was added to 1 mg 

of the “activated” NPs and incubated for 6 hours. Excess antibody was removed by PBS washes. 

NPs were suspended at a stock concentration of 10 mg/ml in 0.22um-sterile filtered PBS for tail 

vein delivery. 
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3.3.8. FACS analysis of CD11b-NPs 

Targeting of bloodstream monocytes and neutrophils by anti-CD11b OH-Tam-loaded NPs 

was studied in the Rosa26CreER;tdTflox/+ transgenic mouse model. Briefly, anti-CD11b-conjugated 

NPs were prepared as described above. As a control, OH-Tam-loaded NPs that did not undergo 

any antibody conjugation were also prepared. For each of these conditions, 900 μg of conjugated 

NPs (300 μg for 3 consecutive days) were injected into the lateral tail vein of Rosa26CreER;tdTflox/+ 

transgenic mice. Triplicates were performed of each condition. After the fourth day, the mice were 

injected with heparin, and blood from each mouse was collected through retro-orbital capillary 

collection. For each mouse, 500 μL of blood was mixed with 10 mL RBC lysing buffer at room 

temperature for 5 minutes. The mixture was then centrifuged at 300g for 5 minutes, the aspirate 

removed, and the cell pellet gently resuspended and washed with cold PBS. This was again 

centrifuged at 300g for 5 minutes. The pellet was resuspended in 200 μL FACS buffer containing 

1:50 AlexaFluor 647-conjugated anti-CD11b Ab. The antibody was allowed to incubate for 30 

minutes at room temperature in the dark, after which excess antibody was washed off by adding 

3ml of PBS and centrifuging at 300g for 3 minutes. The cells were resuspended in FACS buffer 

for analysis. Samples were acquired on a FACSAria Cell Sorter (BD Biosciences, San Jose, CA, 

United States), and data were analyzed with FlowJo software. Numerical results are presented 

as a percentage of tdTomato positive cells to CD11b positive cells. 

 

3.3.9. Loading of bioactive molecules 

PLGA NPs loaded with OH-Tam and pMAXGFP were generated as follows. pMAXGFP was 

obtained commercially (Lonza) and vortexed with 0.4 mg of mannitol and 2 mg of NH4HCO3 until 

a clear solution forms (plasmid solution). Then 25 mg of PLGA and 2.5 mg of polyethyleinimine 

was dissolved along with 2 mg OH-Tam in 0.25 ml of dichloromethane (PLGA solution). The 

plasmid and PLGA solutions were sonicated using a tip sonicator for 60s. The resulting emulsion 

was mixed with 2.5 ml of 2% w/v of PVA aqueous solution for 120s to form a second emulsion. 
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The mixture was magnetically stirred overnight at room temperature. NPs were collected by 

centrifugation at 13.5 krpm for 15 min and washed three times with deionized water to removed 

excess surfactant. 1% mannitol solution was added to disperse the NPs and the resulting solution 

lyophilized to generate porous PLGA NPs containing OH-Tam and pMAXGFP. 

 

3.3.10. Clonal analysis using the Rainbow system 

Rosa26CreER;R26VT2/GK3 neonates two days old were injected with 10 μg of CD31-conjugated 

OH-Tam NPs. Twenty-eight days post injection, hearts were harvested for clonal expansion 

analysis.  

 

3.3.11. Statistical analysis 

Student’s unpaired t-test and one-way ANOVA were used for statistical analyses. All data are 

presented as mean ± SEM. A probability value p ≤ 0.05 was considered statistically significant. 

All analyses were performed with GraphPad Prism 5.04 (San Diego, CA, United States). 

 

3.4. RESULTS 

3.4.1. Tamoxifen loading allows for high-resolution detection of NP uptake and drug delivery in 

an inducible CreER mouse model 

PLGA NPs were fabricated using an emulsion-evaporation technique (Figure 3.2A). Briefly, 

OH-Tam and PLGA were dissolved in dichloromethane and sonicated with a solution containing 

polyvinyl alcohol. OH-Tam loaded nanoparticles were extracted via evaporation and 

lyophilization.  Scanning and transmission electron microscopy showed consistency of size and 

spherical shape (Figure 3.2B) and zetasizer analysis demonstrated particles ranging from 220-

230 nm in diameter (Figure 3.2C, D). Surface zeta potential of the NPs was approximately -

30mV, indicating stability and low risk of aggregation (Figure 3.2E).  
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Figure 3.2: Fabrication and characterization of of 4-hydroxytamoxifen loaded PLGA NPs.  
(A) Schematic of NP generation using the emulsion-evaporation technique. (B) Scanning electron 
microscopy (left), transmission electron microscopy (middle, right) of PLGA NPs, bar = 200 nm. (C) 
Histogram of NP size distribution. (D) Average particle size, polydispersity, and (E) zeta-potential of 
OH-Tam-loaded PLGA(50:50) and PLGA(85:15) NPs. 

 
To assess nanoparticle uptake and drug delivery at a cellular level, we used the inducible 

CreER/LoxP system as a fluorescent readout.  We generated a double transgenic mouse model, 

Rosa26CreER;tdTomatoflox/+, in which the  presence of OH-Tam leads to Cre-mediated 

recombination and permanent labeling of cells with tdTomato (tdT) (Figure 3.3A). Successful 

delivery of OH-Tam-loaded NPs to this mouse model would lead to the expression of the reporter 

protein, enabling accurate and sensitive confirmation of drug uptake and release. In vitro drug 

release profiles of OH-Tam-encapsulated NPs showed an initial burst of OH-Tam release within 

the first hour, with ~95% of the drug released within 24 hours (Figure 3.4A). Modulation of 
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lactic:glycolic acid ratio of PLGA to 85:15 decreased the rate of drug release. Measurement of 

blood OH-Tam levels over the span of 5 days showed minimal drug release while in circulation 

(Figure 3.4B).  To evaluate the effectiveness of the NPs in inducing Cre-recombination, OH-

Tam-loaded NPs were added to cultures of dermal fibroblasts isolated from Rosa26CreER;tdTflox/+ 

and another independent inducible Cre/LoxP reporter mouse model, Rosa26CreER;R26VT2/GK3. 

Effective uptake of NPs and subsequent release of OH-Tam within Rosa26CreER;R26VT2/GK3 

fibroblasts results in Cre recombinase activity and random expression of one of three fluorescent 

proteins, mCerulean, mCherry, or mOrange (Figure 3.3B). As expected, tdT was abundantly 

expressed in Rosa26CreER;tdTflox/+ fibroblasts (Figure 3.4C and Figure 3.3C) and a mosaic of 

colors were present in Rosa26CreER;R26VT2/GK3 fibroblasts (Figure 3.3D). NP delivery to 

Rosa26CreER;tdTflox/+ fibroblasts showed a dose-dependent increase in Cre recombination (Figure 

3.4D), as observed by an increase in the percent of tdT+ fibroblasts with greater amount of 

tamoxifen-loaded NPs. Additionally, as we increased the amount of OH-Tam in the encapsulated 

NPs, we observed an increase in tdT expression (Figure 3.3E). We next evaluated whether in 

vivo delivery of OH-Tam-loaded NPs results in tissue recombination.  Intravenous delivery of NPs 

loaded with OH-Tam showed high recombination rates within the liver and spleen, and only a few 

cells within the heart, kidney, and lung. The biodistribution profile of OH-Tam NPs is comparable 

to standard intraperitoneal (IP) injection of free OH-Tam although it appears that IP delivery 

resulted in more recombination events within the spleen, liver, and kidney compared to the lung 

and heart. This observation was consistent in both Rosa26CreER;tdTflox/+ (Figure 3.4E) and 

Rosa26CreER;R26VT2/GK3 (Figure 3.3F) mouse models.  



 56 

 

Figure 3.3: Induction of Cre recombination using OH-Tam-loaded PLGA NPs.  
Schematic of the inducible Cre-LoxP technology in (A) Rosa26CreER;tdTF/+ and (B) 
Rosa26CreER;R26VT2/GK3 mice. Fluorescence microscopy of dermal fibroblasts isolated from (C) 
Rosa26CreER;tdTF/+ and (D) Rosa26CreER;R26VT2/GK3 mice cultured with OH-Tam loaded NPs 
showing efficient recombination and expression of reporter proteins. (E) Dermal fibroblasts from 
Rosa26CreER;tdTF/+ mice treated with NPs loaded with varying percentage (w/w) of OH-Tam 
compared to free OH-Tam treatment. (F) Comparison of recombination in various organs of 
Rosa26CreER;R26VT2/GK3 mice receiving either intraperitoneal injection of free OH-Tam or 
intravenous administration of OH-Tam encapsulated PLGA NPs.   
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Figure 3.4: Cre-mediated recombination using PLGA NPs loaded with OH-Tam.  
(A) Elution of OH-Tam from PLGA(50:50) and PLGA(85:15) NPs. (B) Comparison of blood OH-Tam 
levels between intraperitoneal injection of free OH-Tam and intravenous injection of OH-Tam 
encapsulated PLGA NPs over the span of 5 days. (C) In vitro quantification of recombination within 
Rosa26CreER;tdTF/+ fibroblasts upon delivery of PLGA NPs containing OH-Tam. (D) Dose-dependent 
increase in recombination within Rosa26CreER;tdTF/+ fibroblasts (as indicated by %tdT+ cells) 
analyzed by flow cytometry. Numbered insets depict merged brightfield and fluorescent images of 
cells prior to flow cytometry analysis. (E) Comparison of Cre-recombination in Rosa26CreER;tdTF/+ 
mice between intraperitoneal delivery of free OH-Tam vs tail vein delivery of OH-Tam loaded PLGA 
NPs, bar = 100 μm. **** p < 0.0001 

 
 
 
3.4.2. Antibody surface-conjugation enhances targeted-delivery of NPs 

After validation of successful Cre recombination and delivery of biomolecules using PLGA 

NPs described above, we sought to actively target the NPs to specific cell types through NP 
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cell types that harbor Cre/LoxP transgene can offer an alternative strategy to generate transgenic 

mice, where NP delivery would lead to tissue specific Cre-mediated recombination. This approach 

would enhance NP recognition by a subset of cells that express specific antigens capable of 

recognizing and binding to the conjugated surface antibody. Antibody conjugation was achieved 

using 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDAC) linker chemistry 

(Figure 3.5A) and characterization of the conjugated NPs showed an increase in size (Figure 

3.5B) and zeta potential (Figure 3.5C) consistent with antibody addition. The addition of EDAC 

crosslinkers almost doubled the amount of antibody binding to the surface of the NP compared to 

normal surface adsorption, thereby increasing efficiency of surface conjugation (Figure 3.5D).  
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Figure 3.5: Antibody conjugation improves targeting of NPs to specific cells.  
(A) Schematic of the antibody conjugation process using EDC-NHS chemistry. (B) Size and (C) zeta 
potential changes before and after antibody conjugation. (D) Quantitation of the number of antibodies 
conjugated to the NP surface with and without EDC chemistry. (E) Comparison of NP uptake and 
Cre recombination in the aorta, kidney, and heart between unconjugated and anti-CD31 antibody 
conjugated NPs loaded with OH-Tam within Rosa26CreER;tdTF/+  mice, bar = 50 μm. Inset shows 
magnified view of boxed regions. 
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To test the specificity of NP uptake by cells of interest, we generated two different sets of 

targeted, OH-Tam-loaded NPs for delivery to (i) endothelial cells and (ii) 

monocytes/macrophages, using antibodies for CD31 and CD11b, respectively. First, we 

generated and delivered anti-CD31 antibody-conjugated NPs (CD31-NPs) to Rosa26CreER;tdTflox/+ 

mice. Immunofluorescence imaging showed co-localization of tdT (indicating successful 

recombination) in vascular endothelial cells (stained green for CD31), confirming specificity of 

targeting and OH-Tam release (Figure 3.5E). Compared to unconjugated NPs which resulted in 

single tdT+ cells randomly distributed within the aortas, kidneys, and hearts of the 

Rosa26CreER;tdTflox/+ mice, delivery of CD31-NPs led to preferential recombination events in 

endothelial cells. However, particularly in the kidney, we observed non-specific uptake with CD31-

antibody conjugated NPs (starred inset). To further explore and quantify targeting efficiency, we 

conjugated anti-CD11b antibody to NPs containing OH-Tam as a way to target monocytes and 

macrophages within the blood. After injection of anti-CD11b-conjugated NPs (CD11b-NPs) 

loaded with OH-Tam, FACS analysis of blood showed a ~6-fold increase in tdT+ cells within the 

total CD11b+ population (Figure 3.6A,B) compared to untargeted PLGA nanoparticles. Again, 

we observed that while untargeted NPs loaded with OH-Tam resulted in cell labeling 

indiscriminately, CD11b-NPs led to more selective labeling of CD11b+ cells. 
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Figure 3.6: Targeting of monocytes/macrophages with CD11b-conjugated PLGA NPs.  
(A) FACS analysis of peripheral blood after intravenous delivery of CD11b-conjugated, OH-Tam 
loaded PLGA NPs to Rosa26CreER;tdTF/+ mice. (B) Quantification of percent of recombined (tdT+) 
cells within CD11b+ cells, * p < 0.05. 

 
 
3.4.3. Combined delivery 9of OH-Tam and Proteins/Plasmid DNA 

To demonstrate the use of OH-Tam as a means of detecting effective NP uptake and drug 

delivery, we performed proof-of-concept applications with delivery of FITC-albumin protein and a 

GFP DNA plasmid. We utilized a water-in-oil-in water double emulsion method (Figure 3.7A) to 

generate these two sets of PLGA NPs. For protein delivery, PLGA and OH-Tam were dissolved 

together to form the oil phase and an aqueous solution of FITC-BSA comprised the first water 

phase. After sonication of these two phases to form a primary emulsion, another water phase 

consisting of PVA was used to generate a secondary emulsion from which the NPs were extracted 

through evaporation and lyophilization. Delivery of these NPs to cultured dermal fibroblasts from 

Rosa26CreER;tdTflox/+ showed aggregates of FITC-albumin within recombined cells (Figure 3.7B). 

These in vitro observations were corroborated by in vivo tail vein administration of the NPs 

showing only FITC-BSA within recombined cells (Figure 3.7C). These results confirmed NP 
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uptake and concomitant release of both OH-Tam to mediate Cre-recombination and FITC-

albumin into the cytoplasm of the same cell.  

 

Figure 3.7: Combined delivery of OH-Tam and Proteins/Plasmid DNA.  
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(A) Schematic of FITC-albumin NP fabrication. (B) Mouse dermal fibroblasts isolated from 
Rosa26CreER;tdTF/+ mice treated with NPs loaded with OH-Tam and FITC-albumin showing 
aggregates of FITC-albumin within recombined cells, bar = 100 um. (C) In vivo delivery of OH-Tam 
and FITC-BSA encapsulated PLGA NPs in Rosa26CreER;tdTF/+ mice. Images show recombination 
in hepatocytes containing FITC-albumin aggregates, bar = 5 μm. (D) Tail vein delivery of PLGA NPs 
containing 4-OHT and pMAXGFP in Rosa26CreER;tdTF/+ mice. Liver section showing recombined 
hepatocytes expressing both tdT (red) and GFP (green), bar = 50 μm. 

 
 

We achieved similar results with delivery of pMAXGFP (Lonza), a 3.5 kbp plasmid driven by 

a CMV promoter, which expresses an enhanced green fluorescent protein (eGFP). In vivo delivery 

of NPs containing OH-Tam and pMAXGFP into Rosa26CreER;tdTflox/+ mice revealed successful 

uptake of both pMAXGFP and OH-Tam within the same cells, based on GFP and tdTomato co-

expression (Figure 3.7D). 

 
3.4.4. Clonal expansion analysis using our targeted PLGA system 

In addition to serving as a readout of effective uptake and drug release, another benefit with 

the loading of OH-Tam into PLGA NPs is its potential application in developmental biology, 

particularly for clonal expansion analysis. Our developed NPs provide an ideal platform for clonal 

analysis as we can examine any cell type of interest by modulating the surface antibody and 

adjusting the extent of recombination through dose-titration of NPs. To test this application, we 

delivered a limiting amount of CD31-NPs containing OH-Tam to Rosa26CreER;R26VT2/GK3 neonates 

to induce rare recombination events. When the neonates reached 30 days old, we collected 

tissues for clonal expansion analysis (Figure 3.8A). In this model, endothelial cell clones are 

expected to randomly express one of three fluorescent proteins, mCerulean, mCherry, or 

mOrange. Each clone of cells would be distinguishable by the fluorescent protein they express, 

and clonal analysis can be achieved by counting the total number of cells from each clone. 

Recombination was observed in endothelial cells as confirmed with CD31 staining. Clusters of 

cells were identified and expressed the same reporter protein, indicating clonal expansion of a 

parental cell that recombined after NP uptake and passed on the genetic labeling to its progeny 

(Figure 3.8B). 
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Figure 3.8: Clonal expansion analysis within Rainbow hearts.  
(A) Schematic of NP delivery. Neonatal day 2 pups were injected intraperitoneally with CD31-NPs 
loaded with OH-Tam and hearts harvested 3 weeks post-injection for clonal analysis. (B) Cell clones 
(red) within Rosa26CreER;R26VT2/GK3 neonatal hearts identified as CD31+ from 
immunohistochemistry (green), bar = 50 μm. 

 
 
 
3.5. DISCUSSION 

Nanoparticles have long been utilized as a platform for targeted and controlled drug delivery. 

Methods to directly track nanoparticle targeting and distribution rely on imaging techniques such 

as fluorescence microscopy, optical imaging, or magnetic resonance imaging. However, they 

rarely address the success of drug delivery itself. The inducible Cre/LoxP system has been a 

powerful tool in developmental and molecular biology, with temporal and spatial control of gene 

recombination by administration of tamoxifen and utilization of tissue-specific promoters, 

respectively. We have combined the precision and versatility of PLGA nanoparticles as a drug 

delivery platform with the sensitive and robust CreER/LoxP construct to develop a system that 

accurately reports successful uptake and drug release. This capability is vital for determining 

efficiency and specificity of drug delivery, which are current limitations with NP-based carriers.  
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We used PLGA to design our NP system for several reasons, including their biocompatibility, 

versatility in modulating their physico-chemical properties, and their FDA approval for clinical use. 

As the constituent building blocks of PLGA are monomers of lactic acid and glycolic acid, its 

degradation products are therefore physiological molecules naturally processed during the citric 

acid cycle. The double-emulsion method for NP fabrication allows for the encapsulation of both 

hydrophilic as well as hydrophobic compounds, increasing its versatility for drug delivery. We 

validated this strategy by co-delivery of DNA plasmids along with OH-Tam. This approach could 

be applied to a variety of biological systems, in which a reporter gene will permanently mark cells 

that successfully received DNA plasmids. Additionally, this method of fabrication allows for fine-

tuning of payload encapsulation, enabling adjustment in the amount of OH-Tam or drug delivered 

in a specified dose of NP. Utilizing this method, we provide proof-of-concept for delivery of both 

macromolecules as well as plasmid DNA. 

An important extension to efficient and specific reporting of drug delivery is the applicability of 

our system in the generation of tissue-specific transgenic mice for biomedical studies.  Alteration 

of mouse genome by gene-targeting approaches has greatly facilitated studies in developmental 

and cellular biology. Additionally, transgenic mouse models can be utilized to turn on a reporter 

gene to track individual cells for lineage tracing.  A major technical advance in this field has been 

the development of models that allow for control of the timing, cell-type, and tissue-specificity of 

gene activation or repression. However, the generation of tissue-specific CreER/LoxP mouse 

models is a rigorous process that can be costly and time-consuming. Therefore, the development 

of a system that combines a generic CreER/LoxP mouse with ‘smart’, OH-Tam-loaded NPs 

capable of targeting specific cell types would convert this generic mouse into a tissue-specific 

transgenic mouse. This is advantageous for several reasons. First, it circumvents the need to 

generate and maintain different transgenic mice with cell-type specific promoters. Second, it 

allows for the use of a single mouse model, reducing possible genetic and phenotype variability. 

Finally, by using nanoparticles with several different ligands, it may be possible to induce 
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recombination within more than one cell type of interest.  We have shown that by utilizing an 

actively-targeted approach via surface conjugation of antibodies, we can improve delivery of 

biomolecules to specific cells within the body. Our study sets the stage for a timely, cost-effective, 

and novel application of NPs in the potential generation of transgenic mouse models. We also 

envision their applicability in improving CRISPR/Cas9 technology for targeted delivery of Cas9 

mRNA, guide RNA, or donor DNA to induce gene editing in specific cell types. 

However, there are limitations with our current system that need to be addressed before it can 

be fully applied to biological systems. First, targeting to specific cell types was not achieved at a 

high efficiency, since there is non-specific uptake of nanoparticles, especially within the 

reticuloendothelial system. We observed recombination events in the liver and spleen resulting 

from high trafficking of the nanoparticles within these organs. Second, it is well established that 

there is rapid protein adsorption onto surfaces of circulating nanomaterials, known as the protein 

corona124-126. The coating of nanoparticles with circulating proteins and peptides may adversely 

affect the targeting of the particles to the cells of interest and may modify NP size, surface charge, 

surface composition, and functionality127. And finally, in order to utilize this system to generate 

tissue-specific transgenic mice, surface antibodies to the tissue of interest must be available for 

nanoparticle surface modification. While further studies are needed to refine the targeting 

efficiency, particularly within solid organs, the versatility and sensitivity of our targeted PLGA NP 

system provides it with the potential to significantly improve the cost and time of biomedical 

research. Together, our results demonstrate that NP surface antibody conjugation improves 

recognition and uptake by cells that express specific ligands to the surface receptor. In 

combination with OH-Tam loading, this system holds promise for future application of inducing 

Cre-recombination in specific cell types to generate transgenic models and perform 

developmental studies such as clonal expansion analysis. 
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CHAPTER 4: PROTECTIVE EFFECTS OF NEONATAL PLASMA ON CARDIAC ISCHEMIA-

REPERFUSION INJURY 

 

This work has not been submitted to a peer-reviewed journal. It is written by Ngoc B Nguyen 

and reviewed by committee members. 

 

4.1. ABSTRACT 

In the heart, age-related changes are important risk factors for ischemic heart disease, which 

is the leading cause of morbidity and mortality in the United States. Recent studies have shown 

that circulating factors found in young blood can partially reverse age-related loss of cognitive 

function, restore muscle dysfunction, and improve strength and endurance exercise capacity. In 

the clinical setting, it is observed that pediatric patients are able to restore baseline cardiac 

function after injury faster than in the aged population. Given these observations, as well as the 

known ability of the heart to regenerate after apical resection within the first 7 days of life, we 

examined whether neonatal plasma contains “pro-youthful” factors that offer a protective milieu 

and prevent irreversible myocardial damage in adult mice after ischemia-reperfusion injury. We 

observe reduced scar sizes, improved cardiac function, and increased vascular density in hearts 

of adult C57BL/6 mice treated with neonatal plasma two months post-injury. Neonatal plasma 

also reduced the percentage of TUNEL+ cardiomyocytes after exposure to hypoxia and improved 

the angiogenic ability of endothelial cells as measured by tubal formation assay. Single cell RNA 

sequencing and gene ontology analysis revealed a possible role of neonatal plasma in 

downregulation of apoptosis-related pathways. Mass spectrometry identified several thymosin-

related proteins to be differentially abundant between neonatal and old plasma. Among many 

factors, several thymosin-related proteins were deemed promising. Validation studies using an in 

vitro hypoxia assay showed reduced numbers of apoptotic cardiomyocytes when treated with 

recombinant forms of these candidate proteins. Our study offers critical insights into a more 
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relevant neonatal period for assessment of young circulating factors and highlights potential 

beneficial role(s) of thymosin proteins in ischemic heart disease. This study also brings to light 

the potential of neonatal plasma as a rejuvenative therapy for cardiovascular as well as other age-

related diseases. 

 

4.2. INTRODUCTION 

It is well established that aging drives the impairment and degenerative processes of various 

organ systems within the body. Much of this has been attributed to reduced responsiveness of 

stem/progenitor cells, particularly within muscle, blood, liver, and brain128-132. These critical cell 

types, with their ability to self-renew and produce new adult cells, play a vital role in the 

maintenance of normal tissue function and regeneration in response to injury or disease133. For 

instance, studies suggest that the decline in skeletal muscle function and mass with age is due to 

reduced ability of muscle satellite/progenitor cells to regenerate muscle fibers73. Other cell types 

previously associated with low regeneration rates are cardiomyocytes in the heart and neurons 

of the central nervous system, both of which are classified as terminally differentiated and 

precluded from re-entering the cell cycle. There is a general consensus that the existence of 

endogenous cardiac stem cells is very limited and unlikely to be a source of cardiac 

regeneration45-47. Recent studies have shown that adult cardiomyocytes can be stimulated to 

proliferate under specified cues, albeit at low rates60, 134, 135. These pivotal studies have now shifted 

the focus toward finding ways to induce the proliferation of existing cardiomyocytes as a means 

of cardiac therapy. 

On the flip side, young age is generally associated with high regenerative ability and increased 

cellular plasticity136. In the context of the heart, it has been shown that fetal and neonatal 

cardiomyocytes have the ability to proliferate and that cardiac regeneration in the face of injury 

occurs without scar formation65-67.  While the cellular mechanisms driving these changes are not 

well understood, researchers have pondered whether exposure of aged cells to a young 
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environment can reverse the degenerative processes associated with aging. In recent years, 

there has been a renewed interest in examining this phenomenon, in which researchers have 

tuned to parabiosis as a model to examine effects of shared circulation. Much of the initial studies 

were within the neurology field in which heterochronic parabiosis showed that exposure to young 

circulation improves long-term potentiation of the dentate gyrus137, enhanced learning, memory, 

and cognitive function138-140, remyelination141, as well as vascular remodeling and neurogenesis75 

within the aged mouse. It is postulated that the beneficial effects of young plasma were likely 

soluble, heat-labile factors as heat denaturation mitigated these effects138. These studies fueled 

further investigations within other organ systems, particularly in the muscle and cardiac fields. 

Conboy et al73 examined the efficacy of muscle regeneration in young and aged mice in 

heterochronic and isochronic pairings after hind limb injury. They noted that parabiosis with young 

mice significantly enhanced the regeneration of muscle in old partners and induced muscle stem 

cell activation, with the appearance of nascent myotubes similar to those found in young mice. In 

addition to improving regeneration in response to injury, exposure to young systemic environment 

was shown to reverse age-related pathology. Loffredo et al examined hearts of heterochronic 

pairings and noted a reversal of age-related cardiac hypertrophy after 4 weeks77.  

Together, these studies point to the possibility that there may be specific factors in young 

blood that offer a protective milieu and prevent age-related degeneration. However, the 

identification of these “pro-regenerative” factors remains elusive. Of note, prior studies have 

categorized “young circulation” to a much later period of development during which “pro-

regenerative” factors may have already declined. In this study, we aim to understand the role of 

systemic factors in the context of cardiac ischemia-reperfusion injury, with a focus on the neonatal 

period during which the heart’s ability to fully regenerate after injury is well established67. Our 

results show that neonatal plasma significantly improved cardiac function and scar sizes of adult 

mice after ischemia-reperfusion injury and that these effects may be mediated by thymosin 

proteins via apoptosis-associated pathways. Our study highlights a distinct proteomic profile of 



 70 

neonatal plasma and brings to light its potential as a rejuvenative therapy for cardiovascular as 

well as other age-related diseases. 

 

4.3. METHODS 

4.3.1. Neonatal and adult mouse plasma collection 

Neonatal mice (postnatal days 2-5) were anesthetized on ice for 2 minutes. Aged mice were 

anesthetized using a 3% isoflurane chamber. A thoracotomy was then performed to reveal the 

heart for cardiac puncture blood collection into a K2EDTA-microtainer (BD, 365974). Blood 

samples were centrifuged 10 min at 1000 x g and supernatant (plasma portion) collected and 

stored at -80°C until use. 

 

4.3.2. Ischemia-reperfusion injury and plasma administration 

Ischemia-reperfusion injury was induced via permanent ligation of the left anterior descending 

artery (LAD). C57BL/6 mice six months of age were anesthetized by intraperitoneal injection of 

ketamine (100 mg/kg) and xylazine (10 mg/kg). A left thoracotomy was performed through an 

incision between the fourth and fifth intercostal muscles followed by removal of the pericardium. 

An 8-0 silk suture was used to temporarily ligate the LAD and released after 45 minutes. Post-

operative discomfort was treated with buprenorphine (0.03-0.06 mg/kg). Sham-operated mice 

were submitted to the same procedure lacking the LAD ligation. Plasma (200 µl each dose) was 

administered via the tail vein on day of surgery and daily for designated subsequent number of 

days. All animal studies were performed according to the guidelines of UCLA’s animal care and 

use committee and the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals. Studies performed are in accordance with humane treatment of the animals. 
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4.3.3. Echocardiography 

Transthoracic echocardiography was performed at baseline and 60 days post injury using the 

Vevo 770 high resolution ECHO system equipped with a 35 MHz transducer. Chest fur from mice 

were removed and then animals were anesthetized with vaporized isoflurane (2.5% for induction, 

1.0% for maintenance) in oxygen and body temperature maintained at 37°C using a heating pad. 

Heart rates were maintained between 500 – 600 beats per minute throughout the imaging period. 

The probe was placed along the short axis of the left ventricle with the papillary muscles providing 

a guide for the proper depth. 2D images were captured to measure internal wall dimensions during 

both systole and diastole. Images were analyzed using the Vevo 2100 software. The left ventricle 

(LV) chamber dimensions and posterior wall thickness were obtained from M-mode images; LV 

systolic function was also assessed from these measurements by calculating ejection fraction 

(EF, stroke volume/end diastolic volume) and fractional shortening (FS).  

 

4.3.4. Heart weight, body weight, and tibia length measurements 

Sixty days post-IR injury, mice from each experimental group were sacrificed and their body 

weights recorded. Hearts were removed, perfused in PBS, and wet weights measured. 

Additionally, the right tibia of each mouse was removed and measured with a caliper. 

 

4.3.5. Tissue processing 

Hearts were harvested, perfused and incubated in 4% (vol/vol) paraformaldehyde (12-18 hours 

at 4oC) followed by incubation in 30% (wt/vol) sucrose in PBS at 4oC  for 12-18 hours. The samples 

were removed from the sucrose solution and tissue blocks were prepared by embedding in Tissue 

Tek O.C.T. (Sakura Finetek, 4583). Blocks were kept frozen in -80oC. Frozen whole heart blocks 

were sectioned into 7-10 μm thick sections with a Leica CM1860 cryostat and mounted on 

Superfrost/Plus slides (Fisher Scientific, 12-550-016).  
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4.3.6. Histology and immunofluorescence 

Masson’s trichrome staining (Sigma, HT15-1KT) was performed according to the 

manufacturer’s instructions and images were taken of the entire cross-section of the heart using 

bright-field microscopy (Leica). ImageJ software142 was used to quantify fibrosis area by 

comparing the area of blue (collagen) staining to the total pink/red (normal tissue) area of the left 

ventricle.  

For immunohistochemistry, sections were washed three times with PBS followed by 

permeabilization with 0.25% TritonX (Fisher Scientific, BP151-100) for 10 minutes. Samples were 

blocked for 30 min in 10% goat serum/PBS followed by incubation with primary antibodies 

overnight at 4°C. Antibodies against α-sarcomeric Actinin (1:400, Sigma, A7811), pHH3 (1:800, 

Cell Signaling Technology, 9701S), and periostin (1:150, R&D Systems, AF2955) were used. 

Secondary antibodies (1:150, Invitrogen) were incubated for 1 hour at RT. Isolectin B4 (Vector 

Laboratories, DL-1207) was used to visualize vascular density. Slides were mounted with DAPI-

containing mounting media (Vector, H-1200). 

 
4.3.7. In vitro hypoxia assay 

HL-1 cardiomyocytes (Sigma, cat. SCC065) were maintained in growth media consisting of 

10% FBS in Claycomb Media (Sigma, cat. 51800C) supplemented with 10 mM norepinephrine 

(Sigma, cat. A0937) and 200 mM L-glutamine (Gibco, cat. 25030081). Primary cardiac fibroblasts 

were isolated from Col1a1GFP/+ mice 2 months of age. Mice were injected with heparin prior to 

sacrifice and the heart collected. The tissue was then cut into 1-2 mm pieces and digested with 

Liberase Blendzyme TH and TM (Roche, cat. LIBTM-RO) in Hank's Balanced Salt Solution 

(HBSS) (Gibco, cat. 1417507) supplemented with DNAse I and polaxamer (10 mg/ml, Sigma, cat. 

16758) in 37°C for 1h. Cells were passed through a 100 μm cell strainer and centrifuged at 300 

g for 5 min. Cells were resuspended in 20% FBS/DMEM and transferred to a 10 cm dish 

precoated with 0.1% gelatin. Media was changed the next day to 10% FBS/DMEM and cells 
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maintained in this media until start of experiment.  HL-1 or Col1a1 fibroblasts were seeded into 

96-well plates at a density of 17,000 cells/well and 5,000 cells/well, respectively. 24 hours after 

plating, cells were switched to serum starvation (1% serum) media and placed in a hypoxia 

chamber flushed with 1%O2/10%CO2/balanced N2 for 3 min at a rate of 4 L/min. After 6 hours, 

cells were removed from the chamber and media switched to either normal growth media or media 

containing recombinant protein with or without EdU.  

 

4.3.8. EdU and live/dead assay 

EdU incorporation and detection were performed according to manufacturer’s instructions 

(Invitrogen, C10640). Cells were labeled with EdU diluted in PBS (5 µM). After labeling period, 

cells were fixed in 4% paraformaldehyde followed by permeabilization with 0.5% Triton X-100. 

Wells were washed twice with 3% BSA in PBS. The Click-iT reaction cocktail was prepared 

according to instructions and cells were incubated with this solution for 30 min at room 

temperature. Cells were washed with 3% BSA in PBS to remove the reaction cocktail and DAPI 

added for imaging. To label live and dead cells, calcein AM (Thermo Fisher Scientific, C3099) 

and DAPI, respectively, were added to growth media and incubated for 10 minutes prior to 

imaging.  

 

4.3.9. Imaging acquisition and quantification 

Fluorescent images were acquired with Leica fluorescence inverted microscope DMI6000B 

equipped with an EL6000 light source. For 96-well hypoxia assay, 5 images per well were taken 

at 10x magnification, with 4 technical replicates per treatment condition. Image quantification was 

performed using ImageJ’s “threshold” and “analyze particles” functions. Assessment of live/dead 

was determined as the number of DAPI+ cells/ HPF. EdU and pHH3 quantification were recorded 

as the number of EdU+ or pHH3+ nuclei over the total number of DAPI.  
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4.3.10. BrdU and annexin flow cytometry 

I/R injury was performed as described above on C57BL/6 mice six months of age and 200 µl 

of plasma or saline were administered intravenously on day of surgery and for 4 consecutive days 

following. Mice were supplied BrdU in their drinking water (1 mg/mL) for 3 days. Intracellular 

staining for BrdU was performed in accordance to manufacturer’s instructions (BD, 552598).  In 

short, hearts were isolated and digested into single cells. Cells were fixed and permeabilized in 

Cytofix/Cytoperm Buffer (BD, 554714), followed by incubation in Cytoperm Permeabilization 

Buffer plus (BD, 561651). Cells were then exposed to fluorescent anti-BrdU antibody, washed, 

resuspended in staining buffer, and analyzed using a BD FACSAria II flow cytometer. For annexin 

V labeling, cells were stained with FITC-Annexin V antibody (BD, 556419). Thy1 (eBioscience, 

47-0900-82) and CD31 (eBioscience, 25-0311-81) antibodies were used to gate fibroblast and 

endothelial cell populations, respectively.  

 

4.3.11. Single cell RNA sequencing 

I/R injury was performed as described above on C57BL/6 mice six months of age and 200 ul 

of plasma or saline were administered intravenously on day of surgery and for 4 consecutive days 

following. Sham surgery with no injections served as control. On day 7 after surgery, hearts were 

collected and perfused with 30 ml each of HBSS. The left ventricle of each heart was obtained 

and the tissue chopped into 1-2 mm pieces and digested with Liberase Blendzyme TH and TM 

(Roche, cat. LIBTM-RO) in Hank's Balanced Salt Solution (HBSS) (Gibco, cat. 1417507) 

supplemented with DNAse I and polaxamer (10 mg/ml, Sigma, cat. 16758) in 37°C for 45 minutes. 

Cells were passed through a 100 μm cell strainer, enzymes deactivated with 1 ml FBS, and 

centrifuged at 300 g for 3 min. Cells were resuspended in 0.04% BSA/PBS at approximately 1 

million cells/ml for capture using the 10X Genomics Chromium Single Cell v3.0 platform.  cDNA 

libraries were sequenced together on one lane of the Illumina NovaSeq.  
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Digital expression matrix was generated by de-multiplexing, barcode processing, and gene 

unique molecular index counting using the Cell Ranger v3.0 pipeline and the mouse mm10 

reference genome. Cells that express less than 200 genes, and genes detected in less than 3 

cells were filtered out. The Seurat 3.0 R toolkit for single cell genomics was used to analyze 

sequencing results. Downstream analysis was restricted to cells associated with at least 1150 

unique molecular identifiers (UMIs) and less than 50 percent mitochondrial genes. Known marker 

genes for each cell type were used to identify cell clusters: cardiomyocytes (Tnnt2, Actn2, Myl2, 

Myl7), fibroblasts (Ddr2, Col1a1, Pdgfra, Tcf21), endothelial cells (Pecam1, Tek, Cdh5, Mcam), 

immune cells (Cd48, Cd68, Itgam, Ptprc), smooth muscle (Acta2, Cnn1, Myh11, Tagln), and 

pericytes (Notch3, Cspg4, Pdgfrb, Rgs5). Smooth muscle and pericytes were later grouped into 

one cluster labeled as MCs.  ‘FindMarkers’ function was used to determine differential gene 

expression between clusters of interest. Pseudotime analysis was performed using Monocle 3.0.  

 

4.3.12. Mass spectrometry  

High abundance proteins were depleted from plasma samples according to manufacture 

instructions (ProteoExtract Albumin Removal Kit, Calbiochem, 122640). Samples were digested 

with trypsin (Promega, V1061) and labeled with TMT Label Reagents (TMT10plex Isobaric Label 

Reagent Set, ThermoFisher, 90110). Digested samples were fractionated using spin columns and 

elution solutions of varying percentages of acetonitrile in a 0.1% TEA solution. Nano LC was 

performed using the Easy-nLC1000 (Thermo Fisher Scientific, LC120) instrument followed by 

mass spectrometry using the Obitrap Q ExactiveTM mass spectrometer (Thermo Fisher Scientific, 

IQLAAEGAAPFALGMBCA) with resolution set at 70000 at 400 m/z and precursor m/z range of 

300-1650. MS files were analyzed and searched against mouse protein database based on the 

species of the samples using Maxquant (1.5.6.5). The parameters were set as follows: the protein 

modifications were carbamidomethylation (C) (fixed), oxidation (M) (variable); the enzyme 

specificity was set to trypsin; the maximum missed cleavages were set to 2; the precursor ion 
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mass tolerance was set to 10 ppm, and MS/MS tolerance was 0.6 Da. Only high confident 

identified peptides were chosen for downstream protein identification analysis. Differentially 

abundant proteins between neonatal and aged mouse plasma were identified by comparing the 

average of normalized intensities within each sample group and calculating the ratio of neonatal 

over aged mouse plasma. Increased and decreased abundance proteins in neonatal compared 

to aged plasma were identified as ratios > 2.0-fold and < 0.5-fold, respectively. Pathway and 

molecular function analysis were performed using Metascape143.  

 

4.3.13. Statistical analysis 

Statistical significance was determined by using student’s t test (unpaired, two-tailed) or one-

way ANOVA in GraphPad Prism 8 software. Results were significant at p < 0.05 (*), p < 0.01 (**), 

p < 0.001 (***), and p < 0.0001 (****). All error bars are depicted as SEM. 

 

4.3.14. Data availability 

The authors declare that all data supporting the findings of this study are available within the 

article and its supplementary information files or from the corresponding author upon reasonable 

request. 

 

4.4. RESULTS 

4.4.1. Neonatal plasma improves cardiac function, reduces scar size, and increases vascular 

density of mouse hearts after I/R injury 

To determine whether systemic factors found in neonatal plasma may offer protection from 

scar formation and heart failure after ischemic injury, experimental I/R on mice 6 months of age 

was induced by ligation of the left anterior descending artery (LAD) and release after 45 minutes. 

Neonatal plasma collected from mice 2-5 days old were intravenously administered on day of 

surgery and for 5 consecutive days following (Figure 4.1a). Functional studies at baseline and 60 
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days post injury showed improvement in ejection fraction and fractional shortening in groups 

receiving neonatal plasma, whereas denatured neonatal plasma and saline controls offered no 

significant protection from left ventricular dysfunction (Figure 4.1b,c and Figure 4.2a). 

Additionally, assessment of fibrosis by Masson’s trichrome revealed a reduction in infarct size in 

mice receiving neonatal plasma (Figure 4.1d,e and Figure 4.2b,c). Quantification of isolectin at 

border zones as assessment of capillary density showed a significant increase in the number of 

capillaries in hearts treated with neonatal plasma compared to saline or denatured plasma 

controls (Figure 4.1f,g). Despite the decrease in scar sizes, neonatal plasma treatment did not 

affect periostin expression, a marker of activated fibroblasts (Figure 4.1h,i). 

 

 
Figure 4.1: Functional and histological analysis of mouse hearts treated with neonatal plasma after 
I/R injury. 
(a) Schematic of experimental timeline. (b) Ejection fraction and (c) fractional shortening at baseline 
and 60 days post injury. (d) Trichrome staining and (e) quantification to assess scar size. (f) Isolectin 
staining and (g) quantification to assess vascular density. (h) Periostin staining and (i) quantification 
to assess for activated fibroblasts. Scale bars = 1 mm.  
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Figure 4.2: Echocardiography and quantification of scar size and heart weight. 
(a) Representative M-mode echocardiographic images of hearts 60 days following injury and 
treatment. Scar size as assessed by (b) midline length and (c) infarct wall thickness. Heart weights 
normalized to (d) body weight and (e) tibia length. 

 
 
 
4.4.2. Neonatal plasma ameliorates apoptosis and enhances proliferation of cardiac cells 

As systemic factors have been previously shown to mediate a wide variety of effects in 

different cell types, we examined whether the improvement in cardiac function and scar size can 

be attributed to specific responses within the major cardiac cell types, namely cardiomyocytes, 

fibroblasts, and endothelial cells. We first examined whether neonatal plasma affects the extent 

of hypoxia-induced apoptosis in neonatal rat ventricular myocytes (NRVMs). NRVMs were 

stressed with cobalt chloride for 3 hours and then switched to normal growth media supplemented 

with plasma for 24 hours (Figure 4.3a). TUNEL staining revealed a significant decrease in the 

percent of TUNEL+ cells with neonatal plasma treatment compared to controls (Figure 4.3b,c). 

We then examined the effect of neonatal plasma on proliferation and tubal formation capability of 

human umbilical vein endothelial cells (HUVECs). Quantification of well confluence (as an indirect 

measure of proliferation) over 28 hours showed that neonatal plasma increased the rate of 

proliferation compared to FBS controls and interesting, this effect was not observed in denatured 
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neonatal plasma (Figure 4.3d and Figure 4.4a).  Similarly, neonatal plasma treatment improved 

various metrics of tubal formation compared to PBS and denatured neonatal plasma in an in vitro 

angiogenesis assay (Figure 4.3e-i). We also examined proliferation and apoptosis of endothelial 

cells and fibroblasts in vivo. C57BL/6 adult mice were given 4 doses of neonatal plasma after I/R 

injury and the extent of BrdU and Annexin V labeling were determined with flow cytometry (Figure 

4.3j). Within endothelial cells, neonatal plasma treatment significantly increased the percent of 

BrdU+ cells, with a concomitant decrease in the percent of Annexin V+ labeling (Figure 4.3k and 

Figure 4.4b). Fibroblasts, determined as Thy1+ cells, showed similar trends although were not 

significant compared to controls (Figure 4.3l and Figure 4.4b).  

 

Figure 4.3: Effect of neonatal plasma on the proliferation and apoptosis of cardiac cells. 
(a) Schematic of NRVM exposed to hypoxia followed by neonatal plasma treatment. (b) 
Quantification of the percent of TUNEL+ NRVMs with (c) corresponding images. * p < 0.05, ** p < 
0.01. (d) Percent well confluence as a measure of cellular proliferation using the Incucyte cell imaging 
system on HUVECs. (e) Tubal formation assay of endothelial cell analyzed for (f) total tube number, 
(g) total branching points, (h) total loops, and (i) total tube length. (j) Schematic of BrdU and Annexin 
V flow experiment of (k) endothelial cells and (l) fibroblasts.  
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Figure 4.4: Effect of neonatal plasma on the proliferation and apoptosis of endothelial and fibroblasts. 
(a) Incucyte images of endothelial cells treated with reduced serum media (1% FBS, 3% FBS), 
denatured neonatal plasma, or neonatal plasma at (top) baseline, (middle) 12 hours, and (bottom) 
28 hours.  (b) Analysis of percent BrdU+ and Annexin V+ within fibroblasts and endothelial cells 
treated with neonatal plasma or saline. 

 
 
4.4.3. Single cell RNA sequencing highlights an anti-apoptosis role of neonatal plasma 

Given both the phenotypic and cellular changes observed in response to neonatal plasma 

treatment, we next sought to examine its effect at the transcriptomic level. To do so, we turned to 

single cell RNA sequencing (scRNA seq) as a platform that would allow for profiling of the whole 

heart at the level of individual cells. Male C57BL/6 mice 6 months of age were subjected to 

experimental I/R injury followed by intravenous delivery of neonatal plasma or saline control for 4 

consecutive days (Figure 4.5a). Sham animals served as surgery control. On Day 7 after injury, 

single cells digested from the left ventricles of hearts within each experimental group were pooled 
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and captured for RNA sequencing using the 10X Genomics platform. In total, 3,250 (Sham), 5,118 

(IR Saline), and 2,754 (IR Plasma) passed quality control processing. UMAP analysis shows a 

general overlap of cells from different treatment groups (Figure 4.5b and Figure 4.6a). By plotting 

expression of established cardiac cell type markers, we were able to identify distinct clusters as 

endothelial cells (ECs), immune cells (IMs), fibroblasts (FBs), cardiomyocytes (CMs), and 

combined smooth muscle and pericytes (MCs) (Figure 4.5c and Figure 4.6b). GO analysis of the 

top 100 genes within each of the cell clusters confirmed their identity (Figure 4.6c).  

We first looked at differential gene expression between the different treatment groups to 

determine whether the transcriptomic profile of hearts treated with neonatal plasma differs from 

saline control. As expected, the profile of sham control, in which the LAD was not ligated, was 

distinct from both the saline and neonatal plasma treated groups (Figure 4.5d-f) and GO 

biological process of the top 50 genes enriched in this group revealed pathways associated with 

normal cardiac function such as “ATP synthesis coupled electron transport” and “cell junction 

assembly” (Figure 4.5e).   In both saline and neonatal plasma treated groups, processes such as 

“cytoplasmic translation” and “ribosome biogenesis” were enriched, likely attributed to the 

ischemia-reperfusion injury. Interestingly, apoptosis-related pathways were observed in saline 

treated groups whereas cell chemotaxis and immune-related pathways were enriched in neonatal 

plasma treated group (Figure 4.5e-f).  
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Figure 4.5: Single cell RNA sequencing of mouse hearts treated with neonatal plasma. 
(a) Schematic of experimental plan. (b) UMAP of cells captured from single cell RNA sequencing. (c) 
UMAP of identified cardiac subpopulations using known cell type markers. (d) Heat map of top 5 
genes enriched in each experimental group. (e) GO Biological Processes of the top 50 genes 
enriched in each experimental group with (f) corresponding boxplots of selected pathways. 
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Figure 4.6: Identification and verification of cardiac subpopulations using established cell type 
markers.  
(a)  UMAP of cells isolated from whole heart, split into separate treatment groups. (b) FeaturePlot of 
known cell type markers for identification of cardiac subpopulations. (c) Verification of selected 
cardiac subpopulations using dotplot (left) of top genes within each cluster and corresponding GO 
Biological Process of the top 100 genes within each subpopulation (right). 

 
 
 

To examine cell-type specific responses to neonatal plasma administration, CMs were 

subsetted for further analysis (Figure 4.7a-c). UMAP dimension reduction shows a visually 

distinct cluster of CMs composed predominantly of cells from the saline group (Figure 4.7b). 

Differential gene expression and pathway analysis revealed that CMs from the saline group 

expressed more genes associated with translation and apoptosis pathways whereas neonatal 

plasma promoted more immune-related pathways (Figure 4.7d).  As the location of cells relative 

to the infarct region may result in differences in severity of ischemic injury (i.e., cells closer to the 

ligated region may experience more severe ischemia compared to remote regions), it is possible 

that these CM clusters identified may be separated by extent of injury, in which we can expect 
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CMs with less severe ischemia to cluster with cells from the sham control. To investigate this, we 

performed clustering analysis of CMs which showed three distinct clusters of cells, of which 

Cluster 1 is predominantly composed of CMs from saline group and Cluster 2 from neonatal 

plasma group (Figure 4.7e,f). Differential gene expression and pathway analysis shows an 

enrichment of Cluster 0 in pathways such as ATP metabolic process and cellular respiration, 

suggestive of normal CM function (Figure 4.7g-i). Cluster 1, containing the majority of CMs from 

the saline group, exhibited pathways relating to translation and ribosome biogenesis whereas 

Cluster 2, containing a majority of plasma treated CMs, were enriched in ATP synthesis coupled 

electron transport and muscle cell differentiation, suggestive of their shift toward normal CM 

function (Cluster 0), which is also visually observed on UMAP (Figure 4.7e). Of note, we identified 

several genes (Crct1, Sprr1a, Serpinb1a, Lgals3) whose expression was mostly specific to only 

Cluster 1 (Figure 4.7h). Together, our scRNA seq profiling shows distinct gene expression 

changes with neonatal plasma administration, indicating their effect at the transcriptomic level.   
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Figure 4.7: Single cell RNA sequencing analysis of cardiomyocyte subpopulations.  
(a) UMAP of cells isolated from left ventricle with inset depicting cardiomyocyte subpopulation. (b) 
UMAP of cardiomyocyte subpopulation labeled by treatment group. (c) FeaturePlot of Tnnt2 
expression. (d) Dotplot (left) of top 10 genes and corresponding GO Biological Process of the top 50 
genes enriched in each treatment group. (e) UMAP of cardiomyocyte subpopulation labeled by 
clusters. (f) Quantification of the proportion of cells from each treatment group within each cluster. 
(g) Heatmap of the top 8 genes from each cardiomyocyte cluster identified with the (h) top 4 genes 
displayed as FeaturePlot. (i)  GO Biological process of the top 100 genes from each cluster. 

 
 
4.4.4. Mass spectrometry reveals differences in associated pathways and molecular functions 

of differentially abundant proteins between neonatal and adult mouse plasma 

To identify candidates that may mediate both the functional and transcriptomic changes 

observed, we performed quantitative mass spectrometry on plasma from neonatal and aged mice 
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using the isobaric tag for relative and absolute quantitation (iTRAQ) methodology (Figure 4.8a 

and Figure 4.9a). In brief, proteins were extracted from plasma samples and high abundance 

proteins were depleted (immunoglobulins and albumin). Samples were then digested, labeled 

with iTRAQ reagents, and fractionated for mass spectrometry. Database analysis revealed a total 

of 872 proteins, of which 310 and 85 were determined to be of increased (>2.0) and decreased 

(<0.5) abundance, respectively, within neonatal plasma compared to aged plasma (Figure 4.8b-

e and Table 4.1). Biological pathway analysis of all decreased abundance proteins shows 

enrichment of immune-related processes whereas increased abundance proteins show a mixture 

of metabolic and ribonucleoprotein biogenesis (Figure 4.8f,g).  Protein mass and peptide length 

histograms demonstrate low molecular weights and lengths of identified proteins, with “binding” 

as the key molecular function (Figure 4.9b-e).  

 

 

Figure 4.8: Mass spectrometry of neonatal and aged plasma. 
(a) Plasma of neonatal mice 2-5 days and adult mice 1 year of age were obtained for mass 
spectrometry. (b) 872 proteins were identified, of which 310 were increased (> 2-fold) and 85 were 
decreased (< 0.5-fold) in abundance in neonatal compared to adult plasma. List and corresponding 
heatmaps of the top 15 (c) decreased and (d) increased abundance proteins found in neonatal 
plasma compared to adult plasma. Thymosin proteins Tmsb4x, Tmsb10, and Ptma are highlighted. 
(e) Volcano plot of proteins identified. GO Biological Process of (f) decreased and (g) increased 
abundance proteins. 
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Figure 4.9: Categorization of proteins identified from mass spectrometry. 
(a) Schematic of mass spectrometry process. (b) Protein mass and (c) peptide length distribution of 
total, increased, and decreased abundance proteins. (d-e) Component analysis of plasma samples 
to show variability across biological samples. Categorization of molecular function of (f) increased 
and (g) decreased abundance proteins. 

 
Table 4.1: Normalized intensity values of the top 15 increased and decreased abundance proteins 
between neonatal plasma and aged plasma. 
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4.4.5. Thymosin proteins are enriched in neonatal plasma  

Of the top candidates identified from mass spectrometry, three increased abundance proteins 

were from the thymosin family: Tmsb4x (Thymosin beta 4), Tmsb10 (Thymosin beta 10), and 

Ptma (Prothymosin alpha) (highlighted in Figure 4.8d). Tmsb4x and Tmsb10 are associated with 

GO terms relating to actin binding and organization whereas Ptma has been shown to be involved 

in apoptosis and histone binding/exchange (Figure 4.10a). Both Tmsb4x and Tmsb10 were 

previously identified to be of increased abundance in young compared to aged plasma144 (Figure 

4.10b).  To further assess the potential of these candidates as age-dependent factors that may 

be mediating the beneficial effects observed, we used the Kaessmann database145, containing 

RNA sequencing results of various organs in 7 different species spanning across developmental 

age. Interestingly, we observed an overall decline with age in the expression of these three 

candidate genes across different organs, with the most consistent trend being Ptma expression 

(Figure 4.10c). 
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Figure 4.10: Database search and comparison of mass spectrometry results. 
(a) GO term classification of thymosin protein candidates. (b) Comparison of mass spectrometry 
results with Yang et al study. (c)  Gene expression trends across different organs and developmental 
age of candidates using the Kaessmann database. 

 
 
4.4.6. Thymosin proteins protect cardiomyocytes from ischemia-induced apoptosis 

The cross-examination of the identified candidates with online databases and previously 

published studies likely demonstrates the age-dependence of these three thymosin proteins.  To 

examine potential functional roles of these candidates, particularly on cellular apoptosis, we next 

used an in vitro hypoxia assay of HL-1 CMs, in which cells were exposed to low oxygen (1%O2) 
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for 6 hours prior to treatment with recombinant forms of these proteins. Quantification of the 

number of DAPI+ cells per field showed that treatment with either thymosin β4 or prothymosin ⍺	

reduced the number of DAPI+ HL-1 CMs (Figure 4.11a,c and Error! Reference source not 

found.a). This effect is not consistently observed with thymosin β10 although a dose-dependent 

effect was present (Figure 4.11b,e). While thymosin β4 displayed a protective effect, we observe 

a small therapeutic window, as high doses (500 nM) resulted in cellular toxicity (Figure 4.11d).  

This is in contrast to prothymosin ⍺,	in which high concentrations did not have a negative effect 

on cellular viability (Figure 4.11f). Quantification of both EdU incorporation and pHH3 

immunoreactivity showed no effect of these three candidates on cellular proliferation (data not 

shown). 

 
 

Figure 4.11: In vitro assessment of hypoxia-induced apoptosis and treatment with protein candidates 
in HL-1 cardiomyocytes. 
Live/dead analysis of HL-1 cardiomyocytes treated with (a) thymosin β4, (b) thymosin β10, and (c) 
prothymosin ⍺ under normoxic and hypoxic conditions. Effect on cell viability of HL-1 cardiomyocytes 
to varying dose of (d) thymosin β4, (e) thymosin β10, and (f) prothymosin ⍺. 

 
 
4.5. DISCUSSION 

The search of “pro-youthful” factors to delay the aging process has been an elusive quest. 

Researchers have turned to parabiosis as a way to examine effects of shared circulation and to 

identify potential factors as a regenerative therapy. In this study, we aim to understand the role of 
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systemic factors in the context of cardiac ischemia-reperfusion injury. Given the known ability of 

the neonatal heart to fully regenerate after injury, we hypothesized that neonatal circulation may 

be more enriched with factors that promote repair and regeneration. Our in vivo study showing 

improved cardiac function and reduced scar sizes in hearts of mice after ischemia reperfusion 

injury implicates a protective effect of neonatal plasma. At a cellular level, we find that neonatal 

plasma ameliorates apoptosis of cardiomyocytes and promotes tubal formation of endothelial 

cells, both of which are key processes involved in cardiac regeneration. A decrease in the degree 

of cardiomyocyte apoptosis may shift cells toward autophagy during the early and critical phases 

of remodeling to minimize cellular loss and maintain cardiac contractile function146.  

Our finding of diminished biological effects via the denaturing process recapitulates the 

significance of proteins from prior studies77, 138 and led us to examine the proteomic profile of 

neonatal and aged mouse plasma. The generated dataset provides a unique look into the 

proteome during a period of development that is much earlier than prior studies. Of the candidates 

identified, we were particularly interested in prothymosin ⍺, thymosin β4, and thymosin β10, given 

their name association with the thymus, an organ whose size and function changes with 

developmental age147, as well as the known roles of thymosin β4 in cardiac repair148-150. The 

thymus plays a key role in the development of T cells during fetal and early development and is, 

therefore, vital for proper function of the adaptive immune response. However, their function is 

dispensable after puberty leading to involution of the organ151. The increased abundance of these 

thymosin proteins within neonatal plasma reflects the known function and development of this 

immune organ. Our in vitro finding of a protective role of both prothymosin alpha and thymosin β4 

in cardiomyocyte apoptosis suggests of their therapeutic potential. It has been previously shown 

that the anti-apoptotic function of Ptma may be regulated via the Akt signaling pathway152, which 

itself is associated with a multitude of cellular processes such as cellular proliferation and 

growth153. Interestingly, our initial analysis of the transcriptomic profile of cardiomyocytes shows 
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an enrichment of apoptosis-associated pathways in saline control whereas neonatal plasma 

administration shifts the biological processes toward more immune-related terms.  

While we have primarily focused on the existence of “pro-youthful” factors within neonatal 

plasma, it is worthy to note an alternative therapeutic strategy, one that is focused on the 

identification and inhibition of “pro-aging” factors that may play a role in the injury response.  Our 

proteomic profile highlights a decrease in immune-related factors within neonatal compared to 

aged plasma, which is in alignment with the increased presence of thymic proteins. Further 

studies are warranted to dive deeper into this aspect of cardiac repair. Furthermore, while we 

observe a protective role of both prothymosin ⍺ and thymosin β4, it may be likely that their 

combined treatment may offer greater protection from cardiomyocyte apoptosis. In summary, our 

study highlights a protective effect of neonatal plasma and the potential role of thymosin proteins 

in mediating cardiac repair. It brings to light the potential of neonatal plasma as a rejuvenative 

therapy for cardiovascular as well as other age-related diseases. 

 
 
 
 
 



 93 

CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 
5.1. LIST OF SIGNIFICANT FINDINGS 

5.1.1. Chapter 2: Analysis of cardiomyocyte clonal expansion during mouse heart development 

and injury 

• The Rainbow mouse model provides a direct tool for clonal expansion analyses. 

• BrdU studies uncover decreasing proliferative capacity of cardiomyocytes over time. 

• Epicardial progenitors are unlikely to be sources of cardiomyocytes. 

• Single cell RNA sequencing delineates heterogeneity of cardiomyocytes at early stages 

of development. 

• Injury activates proliferation in neonatal but not adult cardiomyocytes. 

 

5.1.2. Chapter 3: Harnessing the versatility of PLGA nanoparticles for targeted Cre-mediated 

recombination 

• Loading of tamoxifen within PLGA nanoparticles enables high-resolution detection of 

uptake and drug delivery in an inducible CreER mouse model. 

• Antibody surface-conjugation enhances targeted delivery of nanoparticles. 

• Targeted PLGA antibodies offer a time- and cost-effective strategy for clonal expansion 

analysis studies 

 

5.1.3. Chapter 4: Protective effects of neonatal plasma on cardiac ischemia-reperfusion injury 

• Neonatal plasma improves cardiac function, reduces scar size, and increases vascular 

density of mouse hearts after I/R injury. 

• Neonatal plasma ameliorates apoptosis and enhances proliferation of cardiac cells. 

• Single cell RNA sequencing highlights an anti-apoptosis role of neonatal plasma. 
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• Mass spectrometry reveals differences in associated pathways and molecular functions 

of differentially abundant proteins between neonatal and adult mouse plasma. 

• Thymosin proteins are enriched in neonatal plasma. 

• Thymosin proteins protect cardiomyocytes from ischemia-induced apoptosis 

 
5.2. FUTURE DIRECTION 

In this dissertation, we present our work on the development of a multi-colored genetic labeling 

mouse reporter system to more directly understand the proliferative potential of cardiomyocytes 

during early development and after injury. Our single cell RNA sequencing results highlight the 

heterogeneity of early embryonic cardiomyocytes and uncovered genes enriched in embryonic 

day 9.5 that are associated with the high proliferative phenotype of cells at this developmental 

stage. Pathway analysis associated these groups of genes with developmental growth and cell 

division and migration, making them worthy for further investigation as potential genes that 

contribute to the regenerative potential of these early CMs.  We also discuss our approach to 

develop biodegradable and biocompatible PLGA nanoparticles as a tool for clonal expansion 

analysis. While we have tested the ability of specific targeting using surface conjugation of 

nanoparticles with antibodies, it would be interesting to determine whether the addition of multiple 

targeting antibodies can be achieved and how this modification affects their specific binding of 

different cell types. Lastly, in our chapter addressing the presence of “pro-youthful” factors in 

neonatal plasma, we are pursuing in vivo studies to examine the functional benefits of 

recombinant forms of the identified thymosin candidates. We are also performing more in-depth 

characterization and quantification of these candidates in both mouse and human plasma across 

different developmental ages to further validate our mass spectrometry results and as well better 

understand the profile of these factors during the aging process. These are just a few highlights 

of more exciting research to uncover, all of which resonates around the ultimate goal of developing 

an effective therapy for ischemic heart disease.
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