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ABSTRACT OF THE THESIS 

 

Characterization of Cardiac Pericyte Proliferation and Function Following a 

Myocardial Infarction 

by 

Kevin Daniel Shih 

 

Master of Science in Physiological Science 

University of California, Los Angeles, 2022 

Professor Pearl Jennine Quijada, Chair 

 

Background: Pericytes are abluminal mural cells implicated in angiogenesis, remodeling, 

stabilization, and maturation of microvasculature in the brain, lungs, kidneys, and retina.  These 

cells have been reported to dissociate from the surrounding microvasculature following an 

ischemic injury.  However, little information is known about cardiac pericyte migration and 

proliferation following a myocardial infarction (MI).   

Methods: CSPG4CreERT2/+;Rosa26 Ai9tdT/+ mice were used to measure pericyte migration and 

proliferation following a MI time course.  CSPG4CreERT2/+;p53flox/flox mice were used to measure 

the impacts of knocking out p53 within pericytes under healthy and MI conditions. 

Results: Cardiac pericytes increase in size starting at 7-days post-injury and undergo peak 

proliferation at 14-days post-injury.  Cardiac pericytes reached peak migration at distances 
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>45µm 7-days post-injury.  No phenotypic differences were observed between p53 KO and WT 

pericytes at baseline. 

Conclusions: Increases in pericyte proliferation and migration at later time points could indicate 

that pericytes contribute to the pro-reparative response in the heart after MI. 
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ABBREVIATIONS / ACRONYMS 
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BZ = Border Zone 
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SIGNIFICANCE 
 

 

Treatments for myocardial infarctions are extremely limited in effectiveness due to the 

limited regenerative abilities of the post-mitotic adult heart (Avolio & Madeddu, 2016; 

Frangogiannis, 2019; Prabhu & Frangogiannis, 2016; Xin et al., 2013).  Current treatments 

revolve around re-perfusing the infarcted region but are often quite invasive, have limited 

success, and require multiple treatments for sustained efficacy, such as stents (Stevens et al., 

2021).  However, pericytes have been proposed as a potential treatment for MIs due to their pro-

angiogenic roles under homeostasis (Attwell et al., 2016; Bergers & Song, 2005; Gonzales et al., 

2020; Konstantin Stark, 2018; Su et al., 2021).  Pericytes are abluminal mural cells implicated in 

the processes of angiogenesis, microvascular remodeling, stabilization, and maturation under 

homeostatic conditions (Alex & Frangogiannis, 2019; Attwell et al., 2016; Avolio & Madeddu, 

2016; Bergers & Song, 2005; Cai et al., 2017; Murray et al., 2017; Su et al., 2021).  Pericytes are 

also known to aid in the regulation of vasoconstriction and vasodilation within the 

microvasculature (Lee et al., 2021).  However, it is currently unknown how pericytes will 

respond following a MI.  To better understand the therapeutic potential of pericytes, our research 

aims to characterize pericyte migration, morphology, and proliferation following a MI time 

course. 
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INTRODUCTION 

 

 
Pericyte Biology 

Pericytes are abluminal mural cells that surround precapillary arterioles, capillaries, and venules 

using a series of cellular processes extending from their cell body (Attwell et al., 2016; Avolio & 

Madeddu, 2016; Bergers & Song, 2005).   These processes serve to regulate microvascular 

permeability by controlling vasoconstriction and vasodilation by means of contraction and 

relaxation using α-smooth muscle actin (αSMA) (Attwell et al., 2016; Brown et al., 2019; 

Hamilton, 2010).  Believed to originate from mesenchymal cells, pericytes and their projections 

adhere to the endothelial basement membrane of the microvasculature by means of tight 

junctions; and will also communicate to surrounding cells using paracrine signaling via gap 

junctions (Avolio & Madeddu, 2016, DeLisser 2006, Yamamoto, Muramatsu et al. 2017, Lee, 

Khakoo et al. 2021).  Pericytes are located in the brain, liver, kidneys, heart, retina, bone 

marrow, skeletal muscle, and adipose tissue (Avolio & Madeddu, 2016).  However, pericyte 

density is dependent on tissue type and localization within the tissue (Avolio & Madeddu, 2016).  

While it is suspected that pericytes are heterogeneous cells that function differently depending on 

tissue type, studies to identify pericytes are limited (Attwell et al., 2016; Avolio & Madeddu, 

2016; Bergers & Song, 2005; Lee et al., 2019; Murray et al., 2017; Su et al., 2021; Su et al., 

2018). 
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Pericyte Identification 

One of the main challenges with pericyte-based research is identifying these cells due to their 

heterogeneity and similarities in genetic and protein expression with other cell types (mainly 

endothelial cells and vascular smooth muscle cells [vSMC]) (Attwell et al., 2016; Avolio & 

Madeddu, 2016; Bergers & Song, 2005; Lee et al., 2019).  Some of the genes and proteins that 

have been used to label pericytes are as follows:  

• Aminopeptidase A and N (membrane-bound proteins) 

• αSMA (α smooth muscle actin) 

• Calponin (SMC-specific thin filament protein) 

• CD31 (platelet endothelial cell adhesion molecule; PECAM-1) 

• CD146 (melanoma cell adhesion molecule; MCAM) 

• Connexin-43 (proteins expressed in gap junctions) 

• Desmin (muscle-specific class III intermediate contractile filaments found in skeletal, 

cardiac, and SMC) 

• Nestin (marker for neural stem cells) 

• NG-2 (neuron-glial antigen 2; chondroitin sulfate proteoglycan – 4 [CSPG4]) 

• PDGFRβ (Platelet-derived growth factor receptor β) 

• RGS5 (regulator of G protein signaling – 5) 

• XlacZ4 (a promoter trap transgene) 

(Armulik et al., 2005; Attwell et al., 2016; Avolio & Madeddu, 2016; Bergers & Song, 2005; 

Brown et al., 2019; Chen et al., 2017; D’Amore & Sakurai, 2006; DeLisser, 2006; Hsieh et al., 

2006; Kim et al., 2015; Lee et al., 2019; Orlich et al., 2022; Pham et al., 2021; Su et al., 2021; 



 

4 
 

Tucker et al., 2020; Xin et al., 2013).  However, not all of these genes and proteins will be 

expressed in all pericytes, and relative expression will vary upon the location in the body 

(Armulik et al., 2005; Avolio & Madeddu, 2016; Bergers & Song, 2005).  To combat the 

heterogeneity in gene and protein expression, combinations of the aforementioned genes and 

proteins can be used to label pericytes, such as CD34+;CD31-;CSPG4+ in the post-natal adult 

heart (Avolio & Madeddu, 2016).  While combinations of cell type markers are not required to 

study pericyte role and function, they will provide more accurate results in distinguishing 

pericytes from other cell types such as ECs and vSMCs.  

 

Pericyte Roles Under Homeostasis 

Pericytes play a significant role in maintaining the microvascular blood flow in various tissues of 

the body (D’Amore and Sakurai 2006, DeLisser 2006, Attwell, Mishra et al. 2016, Pham, Park et 

al. 2021).  Functioning in a similar manner to the smooth muscle cells surrounding larger blood 

vessels, pericytes utilize finger-like projections composed of contractile filaments to regulate 

vasoconstriction, vasodilation, and permeability within the microvasculature in response to both 

cholinergic and adrenergic signaling (Avolio & Madeddu, 2016; Bergers & Song, 2005).  

Pericytes have also been implicated in angiogenesis by assisting in the formation, remodeling, 

stabilization, and maturation of blood vessels (Bergers and Song 2005, Frangogiannis 2014, Alex 

and Frangogiannis 2019).  In response to vascular endothelial growth factor (VEGF) signaling 

(causes the release of proteases to deteriorate the adhesion proteins connecting the endothelial 

cells (EC) together) and other angiogenic signals, pericytes will mediate EC expansion into the 

surrounding tissue to form new blood vessels (Armulik et al., 2005; Bergers & Song, 2005; 
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D’Amore & Sakurai, 2006; Eilken et al., 2017).  Pericytes have also been shown to produce 

extracellular matrix proteins (ECM) in the liver (Bergers & Song, 2005).  However, the variation 

in pericyte roles largely depends on tissue type (Bergers & Song, 2005).  Because of the pro-

angiogenic potential that pericytes possess, Investigators have started to consider pericytes as a 

potential therapy for ischemic-related injuries. 

 

Pericytes as a Potential Therapy for Ischemic-Related Injuries 

Treatments to reperfuse tissue following ischemic damage are largely ineffective, therefore, 

pericytes may serve as a potential therapy due to their angiogenic properties (Alex & 

Frangogiannis, 2019; Avolio & Madeddu, 2016; Bahit et al., 2018; Bergers & Song, 2005; Cai et 

al., 2017; Eilken et al., 2017; Frangogiannis, 2019; Hsieh et al., 2006; Lee et al., 2021; Murray et 

al., 2017; O'Farrell & Attwell, 2014; O'Farrell et al., 2017; Pham et al., 2021; Su et al., 2021; 

Xiaojuan Su, 2019; Xin et al., 2013).  Under pathological conditions in the brain, pericytes have 

been observed to disassociate from the surrounding microvasculature and migrate towards the 

infarcted regions (Brown et al., 2019; Fernández-Klett et al., 2010; Frangogiannis, 2019; Pham et 

al., 2021; Xiaojuan Su, 2019).  However, contrary to the belief that pericytes may induce 

angiogenesis as a pro-reparative response once they reach the infarcted regions in the brain, 

pericytes have been found to adopt a more pro-fibrotic response and increase expression of 

periostin (POSTN) and collagen 1A1 (COL1A1) – ECM proteins that are common indicators of 

fibrosis (Brown et al., 2019; Pham et al., 2021).  However, other studies suspect that pericytes 

may secrete ECM proteins as a means of “reparative fibrosis” to maintain tissue structure while 

local immune cells remove the damaged tissue (Avolio & Madeddu, 2016).  This contradiction in 
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information requires more investigation to be done to fully understand the potential roles that 

pericytes may possess.  Pericytes have been largely characterized in other regions of the body 

under both homeostatic and pathological conditions, but limited knowledge on pericyte function 

within the heart exists (Avolio & Madeddu, 2016; Bergers & Song, 2005; Pham et al., 2021). 

 

Pericyte Characterization 

As demonstrated in Pham, et al., 2021 in the brain, when the tissue is subjected to ischemic 

conditions, the pericytes will disassociate from basement membrane of the microvasculature, 

migrate into the infarcted region, and secrete extracellular matrix proteins (Pham, Park et al. 

2021).  Given this information in conjunction with previous studies, we suspected that pericytes 

would behave similarly in the heart when subjected to a MI (Cai, Liu et al. 2017, O'Farrell, 

Mastitskaya et al. 2017, Alex and Frangogiannis 2019, Lee, Khakoo et al. 2021).  To study 

pericyte behavior with respect to migration and proliferation, we subjected 

CSPG4CreERT2/+;Rosa26 Ai9tdT/+ mice to MI surgery following tamoxifen administration.  

We hypothesized that pericyte relocation into the infarct is in response to inflammatory or 

angiogenic cues released from the damaged myocardial and vascular tissue; and that pericytes 

will undergo increased proliferation following the generation of these cues.  Once the pericytes 

enter the infarct, we suspect that these cells will aid in the process of interstitial tissue 

reformation through the secretion of extracellular matrix factors and pro-inflammatory cell 

recruitment to mediate fibrotic remodeling and vascular recovery.  Furthermore, we were also 

interested in the impacts of disrupting the cell cycle regulator p53 within pericytes on their 

migration, morphology, and proliferation following a MI.  We hypothesized that the functional 

deletion of p53 within the pericytes would result in rapid proliferation of the pericytes near the 
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infarct border.  We also suspect that the rapid proliferation of the pericytes will initially result in 

increased angiogenesis as a cardiac reparative response followed by an expansion of the fibrotic 

tissue due to the ability of pericytes to produce extracellular matrix proteins.  The results of this 

study will provide information on both pericyte function within the heart in response to an injury 

as well as its potential as a therapeutic solution for damaged cardiac tissue repair. 
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MATERIALS AND METHODS 
 

 

Mouse Models 

For Aim 1, we utilized CSPG4CreERT2/+; Rosa26 Ai9tdTomato/+ mouse models for the MI 

time course experiments.  These mice were subjected to tamoxifen injections for 7 days and then 

separated into injury and non-injury groups.  Mice within the non-injury group did not undergo a 

MI.  Mice within the injury group received MI surgeries and then were sacrificed at specific time 

points.  Heart, lung, brain, and kidney were harvested at the following time points: 1 day, 3 days, 

5 days, 7 days, 10 days, 14 days, and 28 days post-MI.  At each indicated time-point, mice were 

injected with bromodeoxyuridine (BrdU), a thymidine analog that incorporates DNA into 

dividing cells to assess for cell proliferation.  Additionally, mice were administered fluorescently 

conjugated Isolectin and Biotinylated Dextran via lateral tail vein injection to label cardiac 

vasculature.  Following our limited success of Isolectin and Dextran incorporation through tail 

vein injections, we transitioned to injecting the mouse models through the ventral tail artery. 

 For Aim 2, CSPG4CreERT2/+; p53flox/flox mouse models were utilized.  These mice were 

subjected to tamoxifen injections for 7 days and will then be separated into control 

(CSPG4CreERT2/+; p53+/+) and experimental (CSPG4CreERT2/+; p53flox/flox) groups.  Mice within the 

control group and experimental group will be subjected to MI, analyzed for systolic and diastolic 

function using echocardiography (VEVO 3100 housed in the Terasaki Life Sciences Vivarium), 

and then sacrificed at specific time points.  To determine if p53 deletion in pericytes alters 

cardiac morphology without a pathophysiological stimulus, we will monitor both control (p53 

wild type) and experimental (p53 KO) mice by echocardiography.  Heart, lung, brain, and kidney 

will be harvested at the following time points: 1 day, 3 days, 5 days, 7 days, 10 days, 14 days, 

and 28 days post-MI.  As described in Specific Aim 1, mice will be injected with BrdU and 
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Isolectin, and tissues will be cryosectioned.  Pericytes, vasculature and proliferation will be 

visualized using confocal microscopy.  Pericyte migration, morphology, and proliferation will be 

quantified using Imaris v9.8. 

 

Injections 

Tamoxifen Injections 

Tamoxifen purchased from Sigma Aldrich (T5648, dry powder, stored at 4ºC) was 

dissolved in Sunflower seed oil (Sigma Aldrich, S5007, stored at RT in the chemical alcove) at a 

concentration of 10mg/mL.  Tamoxifen was administered at a dosage of 100 mg/kg by 

intraperitoneal injection in 6-8-week-old mice once per day (every 24 hours) for 7 consecutive 

days. 

 

BrdU Injections 

To label proliferating cells in the heart, mice were injected intraperitoneally with BrdU at 

a dosage of 50mg/kg.  The mice were sacrificed 4 hours later, and the hearts were processed for 

immunofluorescence staining as described below. 

 

Tail Vein/Artery Injections (Biotin-Dextran and Isolectin [IB-4]) 

Prior to sacrificing animals, mice were administered Isolectin GS-IB4 (0.25ug/mouse) 

and Dextran Biotin 70,000 MW (25mg/mouse) via injection into the ventral tail artery and mice 

were allowed to rest for at least one hour prior to harvesting of tissue. 
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Myocardial Infarction 

Mice were anesthetized by exposure of isoflurane/oxygen mixture and intubated with a 

20-gauge angiocath and ventilated with a volume-cycled rodent ventilator at 130 cycles/min 

(SAR-830, CWE, Inc).  After left thoracotomy between the fourth and fifth rib, the pericardium 

was opened, and the left anterior descending coronary artery (LAD) was ligated intramurally 1-2 

mm from the tip of the normally positioned left atrium with an 8-0 suture.  Lungs were reinflated 

and the chest was closed in two layers; the ribs (inner layer) were closed with 6-0 coated vicryl 

sutures in an interrupted pattern.  The skin was closed using 6-0 nylon or silk sutures in a 

subcuticular manner.  Ventilation was maintained until sufficient spontaneous breathing occurs, 

and the mice were allowed to recover in a temperature-controlled chamber until they resumed 

full alertness and mobility.  

 

Echocardiography 

Prior to performing the echocardiogram, the hair from the ventral portion of the torso was 

removed from the mice using Nair Hair Removal Lotion with Soothing Aloe & Lanolin.  The 

mice were then exposed to VET ONE Fluoriso (Isofluorane, USP), a general anesthetic that 

induces sleep and was maintained throughout the entirety of the procedure to ensure a constant 

heart rate of approximately 400 bpm.  Using the Vevo 3100 Echocardiogram and 

micromanipulator platform measuring the electrophysiologic and myocardial structure-function 

by FujiFilm | Visual Sonics, the following data was obtained from the long axis, short axis, and 

4-chamber views: heart rate, systolic and diastolic diameters of the left ventricle, systolic and 

diastolic volumes of the left ventricle, stroke volume, ejection fraction, fractional shortening, 

cardiac output, and mass of the left ventricle (Supplementary Figure 1).  Within the 4-chamber 
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view, the pulse wave doppler and tissue wave doppler were utilized to obtain data on the 

diastolic function of the heart.  Echocardiography was performed at baseline and over a 

longitudinal time course to evaluate cardiac function and recovery from surgical procedures.  

This data was analyzed using the Vevo LAB software and then exported to an Excel spreadsheet 

for further analysis.  Signa Gel was used on the electrodes to ensure high conduction and 

Aquasonic Clear ultrasound gel was utilized for the ultrasound probe.  Transpore tape was used 

to restrain the mouse in place and VetEquip Vapor Guard was used to reduce the toxicity of the 

Isofluorane. 

 

Tissue Perfusion, Isolation, and Fixation 

Before conducting an abdominal aortic retro-perfusion non-survival surgery on the mice, 

the mice were given an injection of approximately 300-400µL of a Ketamine-Xylazine mixture 

(1.3mL of Zetamine Ketamine Hydrochloride [100mg/mL] + 0.44mL AnaSed Xylazine Injection 

[20mg/mL] + 8.26mL sterile DPBS) intraperitoneally to serve as both a sedative and analgesic.  

The abdominal region of the mouse was then gently cut open (Supplementary Figure 2) to 

expose the internal organs.  A cotton-tipped probe was utilized to shift the internal organs to one 

side and expose the inferior vena cava (IVC) and the abdominal aorta (AA), found laterally 

towards the mouse’s left side of the IVC.  Utilizing suturing thread and both strong-curve and 

straight tweezers, a square knot was tied around the caudal region of the IVC and AA before they 

branch to the lower extremities.  Connective tissue around the IVC and AA was removed to 

provide space for a clamp to be placed on the IVC and AA near the liver and kidneys, thus 

effectively preventing uncontrolled blood loss from arterial lesions.  Using micro-scissors, a half-

moon cut was made in the AA between the suture and clamp and then a cannula was inserted 
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into the AA.  The cannula was then secured in place by transferring the clamp from the IVC/AA 

to on top of the cannula and a syringe with DPBS was connected to the cannula.  Prior to 

injecting the DPBS into the cardiovascular system, a small incision was made on the caudal 

portion of the IVC to allow for blood and excess fluid drainage and prevent unwanted ruptures in 

the cardiovascular system.  Following the DPBS injection, a relaxation buffer containing 

potassium chloride (KCl) was injected to stop the heart from beating – thus sacrificing the 

mouse.  The cannula was then connected to a hypertonic 0.9% sodium chloride IV for 5 minutes 

and then transferred to receive neutral buffered formalin (NBF) for 15 minutes to completely fix 

the tissue.  The heart weights and tibia lengths were measured and then the hearts, lungs, 

kidneys, and brains were collected from the mice and stored in formalin for 16-24 hours.  The 

tissues were then transferred to 10%, 20%, and 30% serial dilutions of sucrose in PBS for 24 

hours respectively and stored at 4ºC.  This was done to remove as much water from the tissues as 

possible and prevent cracking and crystallization formation when frozen. 

 

Tissue Embedding and Cryosectioning 

Following the tissue fixation in formalin and the serial dilutions of sucrose, the tissue was 

placed in a cryosectioning mold and then embedded in Optimal Cooling Temperature (OCT) 

media and then frozen above a combination of liquid nitrogen and dry ice.  Once the tissue was 

completely frozen, the tissue was stored at -80ºC until ready to be sectioned.  Using the Leica 

CM 3000 cryostat, the tissue was sectioned at a thickness of 25µm and placed on SuperFrost 

Gold Plus slides and stored at -20ºC. 
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Immunohistochemistry Staining 

Protocol 

For immunofluorescence staining, slides were left at room temperature for 10 minutes, 

washed 3 times with PBS (for 5 minutes each time), and permeabilized with 0.2% Triton X-100 

(prepared in PBS) for 30 minutes.  Slides were then washed briefly with PBS and an Immedge 

Hydrophobic pen was used to outline the staining area (sections closer to the label were 

designated as experimental and sections farther away were used as the controls).  Slides were 

then treated with a blocking buffer (10% Donkey Serum in PBS) for 30 minutes at room 

temperature, followed by incubation with primary antibodies (diluted in blocking buffer at 

1:100) overnight at 4°C in the dark.  The next day, slides were washed 3 times with PBS (for 5 

minutes each time) and incubated with secondary antibodies (Thermo Fisher Scientific) diluted 

in a blocking buffer at 1:100 for 1 hour at room temperature.  After another 3 washes with PBS 

for 5 minutes each time, DAPI (1mg/mL) was added to the slides at a dilution of 1:2000 for 5 

minutes at room temperature.  Coverslips were mounted on the slides using Vectashield Plus 

Antifade Mounting Medium for preliminary experiments and Prolong Diamond Antifade 

Mountant from Thermo Scientific for the following experiments. 

 

Preliminary Data Staining 

Prior to sacrifice, the CSPG4CreERT2/+; Rosa26 Ai9tdTomato/+ mice (also used for the study 

presented in Quijada et al., 2022) were injected with Biotinylated Dextran antibodies and 

Isolectin (IB-4) through a tail-vein injection (TVI).  A Streptavidin Alexa Fluor 488 Conjugate 

secondary antibody was used to visualize the Dextran and 4',6-diamidino-2-phenylindole (DAPI) 
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was used to visualize the nuclei.  Due to the genetics, the pericytes would auto-fluoresce 

tdTomato at 555nm. 

 

Picro Sirius Red Staining Protocol 

To visualize collagen within an injured heart, we utilized a Picro Sirius Red F3Ba stain 

kit from Polysciences Inc.  The proposed protocol was designed for staining paraffin sections 

rather than frozen sections and thus the protocol had to be modified.  Our revised protocol for 

staining IHC-F slides were as follows: to begin, slides were removed from the -20°C freezer and 

allowed to thaw for 30 seconds.  The sections were then hydrated with distilled water for 10 

seconds, water was then removed and then Picro Sirius red stain was added to the slides for 20 

minutes without disturbance.  Following the 20-minute incubation, Picro Sirius red stain was 

rinsed with hydrochloric acid for 1 minute twice.  Following the second hydrochloric acid 

incubation and rinse, slides were placed in 70% Histology-grade ethanol for 3 minutes, followed 

by placement of slides in 100% Histology-grade ethanol for 3 minutes.  Following ethanol 

incubation, slides were set to dry for approximately 30 seconds prior to application of Permount 

and a cover slip.  Stained slides were imaged by bright field imaging and tile scanned at a 

magnification of 20x using the Applied Imaging Leica Aperio Verso scanner.  Quantitation of 

Picro Sirius was performed using Image J Version 2.0. software (National Institutes of Health, 

USA) by normalizing the area of Picro Sirius stain to the area of the left ventricular free wall. 

 

Proliferation Data Staining 

Cellular proliferation was visualized using BrdU, Ki-67, and PCNA for Specific Aim 1.  

For stains utilizing BrdU, a Rat monoclonal BrdU antibody as well as Isolectin (IB4) was 
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injected via TVI and allowed to circulate for approximately 4 hours prior to sacrificing the 

mouse.  A Donkey Anti-Rat Alexa Fluor 488 secondary antibody was then utilized to visualize 

the cellular proliferation.  Rabbit ERG primary antibodies were utilized to label the nuclei of 

endothelial cells. 

 

Immunohistochemistry Imaging 

IHC imaging was conducted on the ZEISS LSM 880 or LSM 700 confocal microscopes 

from the UCLA Broad Center of Regenerative Medicine & Stem Cell Research Microscopy 

Core.  Zen (black edition) software was used to image the slides and Zen (blue edition) software 

was used for image processing.  Adobe Illustrator and Photoshop were used in image processing 

and figure organization. 

 

Immunohistochemistry Analysis 

IHC image analysis was done on Imaris version 9.8 software from Oxford Instruments, 

supplied by the UCLA Broad Center of Regenerative Medicine & Stem Cell Research 

Microscopy Core.  To ensure consistent acquisition of data across each image obtained, batch 

settings were applied to the entirety of the images.  Under the batch settings, separate 3D 

renderings of channel-specific surfaces were created for each of the 4 channels (each channel 

corresponding to specific wavelengths of histological stains for visualization) and then applied to 

all the images.  To obtain specific measurements for the distance of the pericytes from the border 

of the infarct region, the “object-object statistics” setting needed to be activated.  Data on the 

cellular counts, positions, morphologies, volumes, areas, and intensities were recorded.  Manual 

measurements from the pericytes to the infarct border could also be obtained using this software.  
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To mark the infarct border, an innovative method was utilized by initially outlining the infarct 

region within Adobe Illustrator with the Brush tool, saving the file as an .svg file, uploading that 

to an online 3D rendering website to then be exported as an .stl file, and then finally converted to 

a .wrl file through another online website.  This process allowed for the generation of a 3D 

border that could be imported onto the Imaris software and measurements could be directly taken 

from this object. 

 

Ratios (Heart Weight/Body Weight; Heart Weight/Tibia Length) 

After sacrifice and perfusion with a saline IV (5 minutes) and formalin (15 minutes), the 

heart was excised, and all remaining fluid was gently squeezed out.  To maintain consistency, all 

4 chambers of the heart were present, and any excess fat or blood vessels were removed.  The 

heart weight was then measured in milligrams and compared to the body weight measured prior 

to sacrifice.  The tibia was harvested following the perfusion steps as well and measured with 

calipers from Fine Science Tools (30087-00). 

 

Statistical Analysis 

Data was expressed as mean +/- SEM for bar graph data presented and statistical analyses 

were performed using unpaired two-tailed Student’s t-test when comparing two groups and One-

Way ANOVA when comparing multiple groups.  All measurements in this paper were acquired 

from distinct biological samples and no samples were measured repeatedly.  To characterize the 

pericyte morphology for the preliminary data, an ordinary one-way ANOVA with multiple 

comparisons was utilized.  In determining the pericyte density at various distances into the 

infarct, an unpaired two-tailed T-test was used.  To analyze the echocardiogram data, two-way 
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ANOVA tests with multiple comparisons were used.  Bar graph data analysis was performed 

using Graph Pad Prism 8 (Version 8.4.2).  A value of p<0.05 was considered statistically 

significant. 
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RESULTS  
 

Cspg4 lineage traces cardiac pericytes  

As previously mentioned, CSPG4 was used as a marker for pericytes due to its 

predominant expression within these cells (Alex & Frangogiannis, 2019; Lee et al., 2019).  To 

visualize and track pericytes over time, mice with a Cre-mediated CSPG4 background were 

crossed with mice in the Rosa26 Ai9tdT/+ background to produce CSPG4CreERT2/+;Rosa26 Ai9tdT/+ 

mice whose pericytes would autofluoresce tdTomato (555nm) when exposed to tamoxifen (Fig. 

1A).  Following 7 consecutive intraperitoneal tamoxifen injections, spaced 24 hours apart, the 

mice were subjected to MI for 5-, 7-, 10-, 14-, and 28-days (Fig. 1B).  These time points were 

chosen to study pericyte behavior during the inflammatory, proliferative, and maturation stages 

of the cardiac tissue post-ischemic-injury (Fig. 1B) (Pomara et al., 2015).  We confirmed that our 

CSPG4CreERT2/+; Rosa26 Ai9tdTomato/+ mouse models expressed tdTomato exclusively in pericytes 

following tamoxifen administration (Fig. 1C).  For this study, we specifically focused on the 

peri-infarct region, composed of both healthy and damaged tissue, to study pericyte migration, 

morphology, and proliferation (Fig. 1C). 

 

Pericytes reach peak migration distances of greater than 45μm at 7dMI 

In collaboration with Dr. Reza Ardehali’s laboratory to measure pericyte migration into 

the infarct, a separate cohort of CSPG4CreERT2/+; Rosa26 Ai9tdT/+ mice were subjected to 

tamoxifen injections and subjected to MI for 2-, 4-, 7-, and 14-days.  Over the MI time course, 

we observed that the pericytes migrated away from the microvasculature in the surrounding 

tissue and into the infarcted region (Fig. 2A).  To measure the distance of pericyte migration into 

the infarct, the shortest distance of pericytes within the infarcted tissue was measured to the 
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border zone using Imaris v9.8 (Fig. 2G).  Unfortunately, the total distance traveled by the 

pericytes prior to reaching the infarct could not be determined due to the inability to live-image 

pericytes.  Quantification of the IHC images from Fig. 2A indicated that approximately 80-85% 

of pericytes were located within 0-45μm of the infarct border at the 2- and 4-day post-injury 

(2dMI, 4dMI) time points and then decreased to approximately 50-70% at the 7dMI and 14dMI 

time points respectively (Fig. 2B).  A significant increase in the pericytes found at a distance of 

greater than 45μm into the infarct were observed at the 7dMI and 14dMI time points (Fig. 2B).   

 

Pericytes increase in size at 7dMI and decrease in sphericity starting at 2dMI 

Using the same cohort to study pericyte migration, data on pericyte volume, area, and 

sphericity were collected and analyzed using 3D rendering technology on Imaris v9.8 (Fig. 2H).  

Pericytes showed increased cell volume and area at 7dMI and 14dMI as compared to pericytes 

observed in Sham controls (Fig. 2C-D).  Comparison of the Sham, 2dMI, and 4dMI time points 

to the 7dMI and 14dMI time points indicate a statistically significant increase in both pericyte 

volume and area (Fig. 2D).  Pericyte sphericity decreased between the 2dMI and 14dMI time 

points consistent with increases in cell size.  (Fig. 2D).  Together, this data suggests that the 

pericytes increase in size following a MI while also decreasing in sphericity.   

 

Pericyte proliferation peaks at 14-days post-injury 

To study pericyte proliferation, CSPG4CreERT2/+; Rosa26 Ai9tdT/+ mice were administered 

tamoxifen and subjected to MI for of 5-, 7-, 10-, 14-, and 28-days.  Following MI, Ki67 

expression increased at the 5dMI, 7dMI, and 14dMI time points in comparison with the Sham 
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and 28dMI time points (Fig. 3).  We also measured an increase in the number of pericytes 

visualized at the 14dMI time point (Fig. 3 & Fig. 4A).  To quantify the cellular proliferation 

occurring at each time point, 3D rendering analysis was used in Imaris v9.8 to determine Ki67-

expressing cell distribution (Fig. 4A).  In comparison to other cell types, pericytes had the least 

expression of Ki67, followed by endothelial cells, and then non-pericyte/non-endothelial 

cell/non-cardiomyocyte cells (non-PC/EC/CM) (Fig. 4A).  Cardiomyocytes were ruled out as 

proliferating cells due to their post-mitotic state and limited ability to regenerate, thereby leaving 

immune cells and fibroblasts as the cells within the non-PC/EC/CM population (Fu et al., 2018; 

Payan et al., 2020; Xin et al., 2013).  Within the non-PC/EC/CM cell population, there was a 

statistically significant increase in the average number of cells undergoing proliferation at the 

5dMI time point when compared with the Sham and 28dMI time points (Fig. 4A).  The percent 

proliferation of each cell type was calculated at each of the respective time points (Fig. 4B-D).  

When normalized to each cell type, approximately 28% of pericytes were undergoing 

proliferation at 14dMI (Fig. 4B).  The percent proliferation amongst the endothelial cells over 

the MI time course remained relatively constant between 7-10% (Fig. 4C).  A sharp increase in 

the percentage of non-PC/EC/CM cells undergoing proliferation at the 5dMI time point in 

comparison to the other time points was observed as well (Fig. 4D).  These results were 

consistent with the findings in Fu et al., 2018, which demonstrated that fibroblasts underwent 

proliferation within 3-5 days post-injury (Fu et al., 2018).  Together, these findings suggest that 

pericytes will undergo peak proliferation around the 14dMI time point whereas the non-

PC/EC/CM cells will undergo peak proliferation at the 5dMI time point for this particular MI 

time course. 
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To measure the impacts of MI on cardiac function, physiological data from our 5-, 7-, 10-

, 14-, and 28-day CSPG4CreERT2/+; Rosa26 Ai9tdT/+ mouse cohort were collected as well (Fig. 4E).  

Compensatory hypertrophy in the heart was measured using the ratios between heart weight and 

body weight (HW/BW) as well as the ratio between heart weight and tibia length (HW/TL) (Fig. 

4E) (Rubin et al., 1983).  In comparison to Sham, there was a general increase in HW/BW and 

HW/TL ratios, thereby indicating increased hypertrophy in the animal hearts and the presence of 

a MI (Fig. 4E).  Despite the HW/BW and HW/TL ratios of the 14dMI mice and one 7dMI mouse 

being similar to the Sham mice ratio values, we did observe MIs in all of the mice subjected to 

LAD ligation.  Unfortunately, no data can be presented on the 10dMI mice as none survived the 

LAD ligation surgery (Fig. 4F). 

 

P53 deletion in cardiac pericytes does not alter cardiac function 

To further characterize pericyte roles and functions following an acute ischemic injury, 

the cell cycle regulator, p53, was knocked out within pericytes (Fig. 5A) (Levine, 1997).  Due to 

the timing limitation for this thesis, the proposed model organism, 

CSPG4CreERT2/+;R26tdT/+;p53flox/flox was unable to be used and only CSPG4CreERT2/+;p53flox/flox 

mice were used for conducting baseline measurements (Fig. 5A).  Due to the unknown impact of 

completely knocking out p53 in pericytes, p53flox/+ and p53+/+ mice were also included to 

measure any phenotypic differences.  To measure cardiac function, echocardiograms were 

performed at 2-week intervals up to 6-weeks post-TAM administration.  There was a statistically 

significant difference in the systolic volume and ejection fraction between the p53flox/flox and 

p53flox/+ mice at the 4-week time point (Fig. 5B-C).  However, in the context of the 6-week 

period, the overall systolic volume and ejection fraction showed little difference (Fig. 5B-C).  
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Together, this data suggests that the deletion of p53 from the cardiac pericyte lineage does not 

alter the cardiac physiology under homeostatic conditions.   
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DISCUSSION 

 
 

Based on the results, our hypothesis that pericytes would undergo increased proliferation 

and migration following the generation of the inflammatory or angiogenic cues released from the 

damaged myocardial and vascular tissue was partially supported.  As illustrated in Fig. 2A-F, 

pericyte migration did increase in response to cardiac injury followed by an increase in cell size 

over time.  In conjunction with the results illustrated in Fig. 3 and Fig. 4A-B, the increase in 

reported pericyte size may have been the result of pericyte proliferation occurring at its peak 

during the 14dMI time point.  This data suggests that following an ischemic cardiac injury, 

pericytes will initially detach from the microvasculature, retract their finger-like projections to 

adopt a more spherical shape, and then migrate into the infarct where these cells will undergo 

increases in cell size and cellular proliferation.  Together, these results suggest that the pericytes 

do not adopt a pro-angiogenic role once they enter the infarct, but instead assume a pro-fibrotic 

role when the heart is subjected to ischemic injury.  Therefore, the results partially support the 

hypothesis that once pericytes enter the infarct, they will aid in the process of interstitial tissue 

reformation through the secretion of extracellular matrix factors and pro-inflammatory cell 

recruitment to mediate fibrotic remodeling and vascular recovery.  However, further 

investigation needs to be conducted to test this theory. 

Considering the results found with respect to pericyte migration, morphology, 

proliferation, and roles in fibrosis, we suspect that the previous hypothesis, that the functional 

KO out p53 within pericytes would result in rapid proliferation and increased angiogenesis, 

would be partially supported.  We suspect that the pericytes will undergo increased proliferation 

due to the loss of the cell cycle regulator; however, we also suspect that the pericytes will not 
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increase angiogenesis but will instead increase the expansion of the fibrotic scar tissue.  We also 

suspect that in conjunction with the KO of p53 in the pericytes, that the expansion of the fibrotic 

scar tissue will increase at an exponentially faster rate.  However, further investigation also needs 

to be conducted to determine how the pericytes with the functional KO of p53 will react when 

subjected to ischemic conditions. 

We are excited to present this data as it provides new insights on pericyte behavior and 

function following an ischemic injury.  While further investigation is needed to characterize the 

cardiac pericytes, this study provides new information on pericyte proliferation and migration 

that has not yet been demonstrated. 
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FUTURE DIRECTIONS 
 

To further elucidate the proliferation of pericytes within and around the infarct, we are 

currently breeding mice in the CSPG4CreERT2/+; Rosa26 Ai9tdT/+ background to experiment on 

14dMI and other time points (such as 3dMI, 10dMI, and 21dMI) to provide a more 

comprehensive understanding of pericyte behavior after injury.  We are also continuing to breed 

mice for Specific Aim 2 of the CSPG4CreERT2/+; p53flox/flox background to determine the impact of 

knocking out the p53 cell-cycle regulator in pericytes on cardiac function both with and without 

injury as measured in echocardiograms.  The results for Specific Aim 2 will also help 

characterize the roles that pericytes play in scar formation and/or vascular remodeling.  We also 

plan on further characterizing the pericytes by performing single cell RNA-sequencing on the 

pericytes to determine if there are genetic subpopulations within pericytes seen in the heart.  

These transcripts will be analyzed to determine if the pericytes assume various roles under 

different conditions. 

Another direction that is of interest to us is the mechanism by which the pericytes detach 

from the microvasculature as this has not been previously discovered.  Certain extracellular 

matrix proteins such as MMP14 have been thought to play a role in adhering pericytes to the 

blood vessels, however, this would require further experimentation to determine.  Furthermore, 

we are interested in studying how the pericytes migrate as well.  It is currently unknown whether 

the pericytes migrate based off chemical signals, molecular signals, or electrical signals.  Certain 

molecular or chemical signals in the blood could interact with chemoreceptors on the cell-surface 

of the pericytes indicating a loss in vascular integrity that could induce pericyte disassociation 

from the vasculature and migration towards the source.  By understanding the molecular and 
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cellular mechanisms by which pericytes detach and migrate, in conjunction with the migration, 

morphology, and proliferation data presented in this paper, this information could allow us to 

better characterize pericyte roles and behaviors in response to an acute ischemic injury. 
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LIMITATIONS 

 

In studying pericyte migration and proliferation, the total number of mice that were able 

to participate in the experiment were limited due to the breeding schedule and the generation of 

mice that were specific to the genetic background desired.  This was also compounded by the 

survival rate of the mice following MI surgery as seen in the 10dMI (0% survival), 14dMI 

(66.67% survival), and 28dMI (60% survival) (Fig. 4F).  Furthermore, the breeding schedules 

and postnatal survival for creating a triple-transgenic mouse for specific aim 2 limited our ability 

to produce a large cohort of animals for experimentation. 
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FIGURES 
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Figure 1.  Specific Aim 1 Experimental Set Up.  (A) Mice with a Cre-driven promoter in the 

Cspg4 gene were crossed to Rosa26tdT/+ mice and the progeny were administered tamoxifen to 

induce lineage-tracing pericyte fluorescence.  (B)  Mice were subjected to 7 days of 

intraperitoneal tamoxifen injections followed by MI surgery and kept until the following time 

points (5dMI, 7dMI, 10dMI, 14dMI, and 28dMI).  These time points were chosen based on the 

cardiac-specific-repair timeline discussed in Turillazzi et al., 2015.  (C) Pericyte migration was 

measured at the peri-infarct region and only CSPG4CreERT2/+;Rosa26 Ai9tdT/+ mice were used.  

The middle image demonstrates lack of pericyte fluorescence.  Images were taken through the 

ocular lens on a Zeiss LSM 700 Confocal Microscope on a 20x objective lens.  Remote regions 

are composed of healthy cardiac tissue.  Infarcted regions are composed of dead/dying cardiac 

tissue.  The border zone designates the separation between the healthy and necrotic cardiac 

tissue. 
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Figure 2 
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Isolectin    Dextran    CSPG4CreERT2/+;R26tdT/+    DAPI 
 

 

 

 

Figure 2.  Pericyte Migration and Morphology.  (A)  Confocal microscopy images of the peri-

infarct region of immunohistochemistry-stained cardiac tissue at the Sham, 2dMI, and 7dMI time 

points with the border zone (BZ) denoted by the dashed line.  Intact vasculature marked by the 

Isolectin (green) is visualized within the heathy tissue and absent in the necrotic tissue.  

Biotinylated-Dextran (white; indicating leaky vasculature) and Isolectin were administered to the 

mice on the day of isolation.  Pericytes (red) are visualized in the peri-infarct region.  (B) 

Quantification of the percentage of pericyte migration into the infarcted region with statistical 

significance between the 4dMI to 7dMI and 7dMI to 14dMI measured distances.  (C) Pericyte 

morphology increased in size over time following acute ischemic injury.  (D-F) Quantification of 

pericyte morphology changes over time using Imaris v9.8.  Pericyte volume and area increased 

from the 2dMI and 4dMI time points to the 7dMI and 14dMI time points.  Pericytes decreased in 

sphericity over time and was statistically significant between 2dMI to 14dMI comparison.  (G) 

Measurement procedure of the shortest distance to the infarct border using Imaris v9.8 using 
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imported image-specific border zones.  Isolectin (white) and Biotinylated-Dextran (green) were 

administered the day of isolation.  (H) 3D rendering of the peri-infarct region using Imaris v9.8 

of G.  Scale bar: 20μm.  *p<0.05, **p<0.01. 
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Figure 3 
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Figure 3.  Pericyte Proliferation Time Course.  Individual channel and merged confocal 

images of cardiac tissue in the left ventricle over time.  Ki67 antibody (green) was used to label 

proliferating cells within the peri-infarct region for the MI time course and proliferating cells in 

the left ventricle for Sham.  There was an increase in the number of cells proliferating at the 

5dMI time point compared to the other time points.  ERG (white) stained the endothelial cells in 

the peri-infarct region.  Isolectin was injected via tail vein injection on the day of isolation for all 

mice, but only successful injections can be seen at the 14dMI and 28dMI images.  Increased 

pericyte (red) presence can be seen at the 14dMI time point.  Scale bar: 20μm. 
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Figure 4 
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Figure 4.  Proliferating Cell Type Quantification.  Quantification of proliferating cells was 

conducted on Imaris v9.8.  (A) Total counts of each cell type (pericytes, endothelial cells, and 

non-pericytes/non-endothelial cells/non-cardiomyocytes) were averaged for each time point.  A 

Genotype Sex Surgery HW BW TL HW/BW HW/TL 

CSPG4CreERT2/+;Ai9flox/flox; 

Col1a1GFP+ 
F Sham* 86.1 21.33 18.45 4.04 4.67 

CSPG4CreERT2/+;Ai9flox/flox; 

Col1a1GFP+ 
M Sham* 127.1 26.52 17.22 4.79 7.38 

CSPG4CreERT2/+;Ai9flox/+; 

Col1a1GFP+ 
M Sham* 124.1 28.32 17.12 4.38 7.25 

CSPG4CreERT2;Ai9/+ M 5dMI 179.1 23.38 17.34 7.66 10.33 

CSPG4CreERT2;Ai9/+ M 5dMI 146.6 26.36 17.71 5.56 8.28 

CSPG4CreERT2;Ai9/+ M 5dMI 149 25.41 17.61 5.86 8.46 

CSPG4CreERT2;Ai9/+ F 7dMI 161.2 19.75 17.48 8.16 9.22 

CSPG4CreERT2;Ai9/+ F 7dMI 120.4 19.61 17.62 6.14 6.83 

CSPG4CreERT2;Ai9/+ F 7dMI 93.4 20.90 18.75 4.47 4.98 

CSPG4CreERT2;Ai9/+ F 7dMI 133.4 19.97 17.91 6.68 7.45 

CSPG4CreERT2;Ai9/+ F 7dMI 124.1 21.50 17.83 5.77 6.96 

CSPG4CreERT2;Ai9/+ M 14dMI 104.7 23.38 23.86 4.48 4.39 

CSPG4CreERT2;Ai9/+ M 14dMI 111.0 23.78 21.68 4.67 5.12 

CSPG4CreERT2;Ai9/+ F 28dMI 115.4 20.25 18.99 5.70 6.08 

CSPG4CreERT2;Ai9/+ F 28dMI 128.6 20.24 17.85 6.35 7.20 

CSPG4CreERT2;Ai9/+ F 28dMI 146.7 19.03 18.50 7.71 7.93 

Surgery Number of Mice in Cohort Number of Mice Survived % MI Survival

Sham* 3 3 100

5dMI 3 3 100

7dMI 5 5 100

10dMI 4 0 0

14dMI 3 2 66.67

28dMI 5 3 60
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statistically significant increase from Sham to5dMI was noticed in the non-pericytes/non-

endothelial cells/non-cardiomyocyte cell population.  There was also a statistically significant 

decrease in the non-pericytes/non-endothelial cells/non-cardiomyocyte cells from the 5dMI to 

the 28dMI time points.  No statistically significant differences were determined between the 

number of endothelial cells or pericytes in the average cell counts.  (B-D) Percent cell-type-

specific proliferation by time point was calculated by the following: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑃𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑒𝑙𝑙 𝑇𝑦𝑝𝑒 𝐶𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑒𝑙𝑙 𝑇𝑦𝑝𝑒 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐶𝑒𝑙𝑙𝑠
× 100% .  No statistically significant 

differences were noted in the proliferating cell-type percentages for the pericytes, endothelial 

cells, or non-pericytes/non-endothelial cells/non-cardiomyocytes.  (E) Table of physiological 

measurements taken on the day of tissue isolation.  Heart weight/body weight and heart 

weight/tibia length were measured to monitor compensatory hypertrophy.  (F) Table of mouse 

survival following the MI surgeries.  Sham* mice physiological data were taken from a separate 

cohort of genetically similar mice (with an extra lineage tracer for Collagen 1A1) for 

comparison.  *p<0.05, **p<0.01. 
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Figure 5 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genotype Sex Surgery HW BW TL HW/BW HW/TL 

CSPG4CreERT2/+; p53flox/flox M Sham 143.2 29.00 17.98 4.94 7.96 

CSPG4CreERT2/+; p53flox/flox M Sham 130.6 27.00 17.83 4.84 7.32 

CSPG4CreERT2/+; p53flox/flox F Sham 128.3 22.27 18.06 5.76 7.10 

CSPG4CreERT2/+; p53flox/flox F Sham 131.4 21.66 19.30 6.07 6.81 

CSPG4CreERT2/+; p53flox/flox F Sham 123.7 22.24 17.98 5.56 6.88 

CSPG4CreERT2/+; p53flox/+ M Sham 169.3 28.80 17.69 5.88 9.57 

CSPG4CreERT2/+; p53flox/+ M Sham 150.4 27.30 18.4 5.51 8.17 

CSPG4CreERT2/+; p53flox/+ F Sham 138.4 22.85 18.61 6.06 7.44 

CSPG4CreERT2/+; p53+/+ F Sham 116.4 21.70 18.16 5.36 6.41 
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Figure 5.  Specific Aim 2 Experimental Set Up and Baseline Measurements.  (A) 

Experimental set up for Specific Aim 2.  The model organism was a CSPG4CreERT2/+;Rosa26 

Ai9tdT/+;p53flox/flox mouse with a fluorescent lineage tracer to label pericytes while also knocking 

out the p53 cell cycle regulator gene.  Sham mice were of the CSPG4CreERT2/+;p53flox/flox or flox/+ or 

+/+ background.  (B-C) Echocardiogram data for CSPG4CreERT2/+;p53flox/flox mice without injury 

were collected for 6 weeks.  No phenotypes were noticed between the p53 KO, p53 partial KO, 

and p53 WT.  At the 4-week time point, there was a statistically significant difference between 

the p53 partial KO and the p53 KO in both the systolic volume and ejection fraction.  (D) Table 

of the physiological data collected on the day of tissue isolation.  HW/BW and HW/TL ratios 

were calculated to monitor compensatory hypertrophy.  *p<0.05. 
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Supplementary Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 1.  Echocardiography Procedures.  Probe placement for the specific 

heart measurements.  Long axis and short axis probe placement will be perpendicular to the 

mouse.  4-Chamber view will require the probe to be placed at a 45 ̊angle to the body.  Long axis 

view ensures that the probe is placed in the correct area.  The probe is then turned clockwise by 

90̊ to view the short axis.  Short axis views can be measured to determine cardiac function.  4-

Chamber views can measure the systolic and diastolic function of the heart by using the pulse 

wave doppler and tissue wave doppler settings. 
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Supplementary Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Tables 
 

 

 

 

Supplementary Figure 2.  Tissue Perfusion and Procurement Procedures.  Following 

ketamine intraperitoneal injections, the mice are placed with their ventral side exposed.  The skin 

is cut at the dotted lines and the internal organs will be exposed.  The internal organs should be 

gently displaced using a cotton-tipped applicator to expose the IVC and AA.  Once the distal 

portion of the AA and IVC are sutured and the rostral portion of the IVC and AA are clamped, a 

small incision will be made in the AA allowing a cannula to be placed into the AA.  The clamp 

will be placed over the cannula in the AA to maintain cannula position and retro-perfusion will 

begin.  Potassium chloride will be used to stop the heart.  Tissue procurement and isolation will 

occur after 5 minutes of hypertonic saline solution and 15 minutes of formalin solution is 

administered. 
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Table S1.  Experimental Staining Set Up 

Stain of Interest 
Primary Antibody 

Stains 

Secondary Antibody 

Stains 
Spectrum Emissions 

BrdU 

 

Rat BrdU 

 

Rabbit ERG 

DAPI – 405nm 

DαRat – 488nm 

 

DαRabbit – 647nm 

405nm – DAPI 

488nm – BrdU 

555nm – tdTomato 

647nm – ERG 

Ki-67 

 

Rat Ki-67 

 

Rabbit ERG 

DAPI – 405nm 

DαRat – 488nm 

 

DαRabbit – 647nm 

405nm – DAPI 

488nm – Ki-67 

555nm – tdTomato 

647nm – ERG 

PCNA 

 

Goat PCNA 

 

Rabbit ERG 

DAPI – 405nm 

DαGoat – 488nm 

 

DαRabbit – 647nm 

405nm – DAPI 

488nm – PCNA 

555nm – tdTomato 

647nm – ERG 

 

Table S2.  List of Primary Antibodies 

Company 
Catalog 

Number 
Host Target Name 

Abcam Ab6326 Rat Unspecified 

Rat monoclonal 

[BU1/75 (ICR1)] 

to BrdU - 

Proliferation 

Marker 

Abcam Ab92513 Rabbit Unspecified 

Rabbit 

monoclonal 

antibody to ERG 

Abcam Ab115555 Goat Human, Mouse, Rat, Horse 
Anti-ERG 

Antibody 

LS Bio 
LS-

B14132-50 
Goat 

Human, Mouse, Rat, Bovine, 

Dog, Guinea pig, Hamster, 

Horse, Pig, Rabbit, Chicken 

Goat anti-Human 

PCNA Antibody 

ThermoFisher 

Scientific 
14-5698-82 Rat 

Dog, Cynomolgus 

monkey, Human, Mouse, Non-

human primate, Rat 

Ki-67 

Monoclonal 

Antibody 

(SolA15), 

eBioscience 

ThermoFisher 

Scientific 
13-4100 Mouse Mouse, Human, Rat 

p53 Monoclonal 

Antibody 

Millipore 

Sigma 
Ab5320 Rabbit Mouse, Rat, Human, Monkey 

Anti-NG2 

Chondroitin 

Sulfate 

Proteoglycan 
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Table S3.  List of Secondary Antibodies 

Company 
Catalog 

Number 
Host Target Name 

Jackson 

ImmunoResearch 

712-545-

153 
Donkey Rat 

488-AffiniPure Donkey 

Anti-Rat IgG (1.5mg/mL) 

Fisher Scientific I32450 Unspecified Unspecified Isolectin GS-IB4 647 

Jackson 

ImmunoResearch 

705-545-

147 
Donkey Goat 

Alexa Fluor 488-conjugated 

AffiniPure Donkey Anti-

Goat IgG (1.5mg/mL) 

Jackson 

ImmunoResearch 

711-605-

152 
Donkey Rabbit 

Alexa Fluor 647-conjugated 

AffiniPure Donkey Anti-

Rabbit IgG (1.5mg/mL) 

Jackson 

ImmunoResearch 

715-605-

150 
Donkey Mouse 

Alexa Fluor 647 conjugated 

(1.5mg/mL) 

Jackson 

ImmunoResearch 

711-065-

152 
Donkey Rabbit 

Biotin-SP-conjugated 

Donkey anti-Rabbit 

(1mg/mL) 

Thermo Fisher 

Scientific 
S21381 Unspecified Unspecified 

Streptavidin Alexa Fluor 555 

conjugate (2mg/mL) 

BD Biosciences BD 564907 Unspecified Nuclei DAPI (1mg/mL) 
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