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Abstract 
 

Myoendothelial junctions (MEJ) are key signaling microdomains in 

resistance arteries, the key component of the vasculature in regulating blood 

pressure. Anatomically, they are endothelial cell (EC) projections that connect with 

smooth muscle cells (SMC) in the arterial wall through projecting through holes in 

the internal elastic lamina (HIEL), the extracellular matrix that separates the two 

cell types.   Specific protein localization to the MEJ coordinates vasodilation in 

resistance arteries through endothelial derived hyperpolarization (EDH).  

In Chapter 2, I describe the structural and functional consequences of 

inducing MEJ formation in a conduit artery, which results in a shift from nitric oxide 

(NO) to EDH based signaling.  In Chapter 3, I (1) provide evidence that every HIEL 

contains an MEJ, (2) demonstrate that MEJs are randomly distributed in 

endothelium, (3) implicate lipid localization as a determinant for MEJ 

heterogeneity, (4) propose a function for PS localization at a subpopulation of 

MEJs, and (5) introduce a mouse model for disrupting MEJ signaling. In Chapter 

4, I (1) show that a mouse model with elastin deleted from ECs disrupts IEL 

morphology in resistance arteries, (2) vasodilation shifts from EDH to NO based 

signaling, and (3) SMC function is affected by EC elastin deposition. In Chapter 5, 

I investigate the molecular composition of the IEL in resistance arteries and 

speculate how this may contribute to HIEL stability. In Chapter 6, I report on an 

effort to create a custom antibody to identify vascular connexins.  

Altogether, my data converges on the following key ideas: (1) MEJs are 

stable structures with heterogenous protein composition that is determined by local 
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lipid composition, (2) the anatomical MEJ coordinates protein expression and 

localization to form functional microdomains, and (3) EC-derived elastin deposition 

coordinates MEJ formation and signaling within the resistance arterial wall.  

  



 

 

iv 

Table of Contents 
 

Abstract ............................................................................................................... ii 
Dedication .......................................................................................................... xi 
Chapter 1. The role of the circulation in blood pressure homeostasis ........ 15 

Introduction to the circulation ..................................................................... 15 

Pathways of vasodilation ............................................................................. 21 

Chapter 2. Heterocellular contact dictates vasodilatory mechanisms, 
protein expression, and arterial function ....................................................... 29 

Abstract ......................................................................................................... 29 

Introduction ................................................................................................... 31 

Materials and Methods ................................................................................. 34 

Results ........................................................................................................... 42 

Discussion ..................................................................................................... 65 

Appendix ........................................................................................................ 69 

Chapter 3. Myoendothelial heterogeneity enables phosphatidylserine 
regulation of Kir2.1 ........................................................................................... 70 

Abstract ......................................................................................................... 70 

Introduction ................................................................................................... 74 

Materials and Methods ................................................................................. 92 

Results ......................................................................................................... 109 
Part I: MEJ spatial distribution and heterogeneity ............................................................ 109 
Part II: Proposed function of the PS-MEJ ........................................................................ 162 

Discussion ................................................................................................... 186 

Appendix ...................................................................................................... 196 
Sanger sequencing alignment Lactadherin-C2 plasmid ................................................... 196 
Sanger sequencing alignment for Cx37 plasmid .............................................................. 197 
Sanger sequencing alignment for Cx40 plasmid .............................................................. 198 
Sanger sequencing alignment for Cx43 plasmid .............................................................. 199 
Predicting the incidence of myoendothelial junctions in transmission electron microscopy 
cross-sections ................................................................................................................ 200 
Representative Myogenic Tone Trace for Elnfl/fl/Cre- ....................................................... 203 
Representative Myogenic Tone Trace for Elnfl/fl/Cre+ ....................................................... 204 

Chapter 4. The internal elastic lamina regulates vasodilation .................... 205 

Abstract ....................................................................................................... 205 

Introduction ................................................................................................. 208 

Materials and Methods ............................................................................... 215 



 

 

v 
Results ......................................................................................................... 221 

Part I: Vasodilation pathway shift in arteries lacking conical sites for MEJ formation ........ 221 
Part II: SMC constriction is reduced in knockout arteries ................................................. 231 

Discussion ................................................................................................... 247 

Chapter 5. IEL composition and stability of HIEL ........................................ 252 

Abstract ....................................................................................................... 252 

Introduction ................................................................................................. 253 

Materials and Methods ............................................................................... 255 

Results ......................................................................................................... 256 

Discussion ................................................................................................... 272 

Chapter 6. Attempt at making a pan-connexin antibody ............................. 273 

Abstract ....................................................................................................... 273 

Introduction ................................................................................................. 274 

Materials and Methods ............................................................................... 276 

Results ......................................................................................................... 278 

Discussion ................................................................................................... 292 

Appendix ...................................................................................................... 295 

Chapter 7. Future Directions.......................................................................... 296 

Myoendothelial junction heterogeneity and PS regulation of Kir2.1 ...... 296 

The morphology and composition of the IEL dictates arterial function . 304 

Chapter 8. Protocols ....................................................................................... 308 

Acetylcholine dose response curve .......................................................... 308 

NS309 dose response curve ...................................................................... 310 

Myogenic tone pressure myography ......................................................... 312 

General en face protocol ............................................................................ 313 

General western blot protocol ................................................................... 314 

Master code for determining HIEL spatial distribution ............................ 317 

MonteCarlo simulation for HIEL ................................................................. 349 

Positive control simulation for HIEL ......................................................... 353 

Negative control simulation for HIEL ........................................................ 357 

MonteCarlo simulation for puncta ............................................................. 361 

Positive control simulation for puncta ...................................................... 365 

Negative control simulation for puncta ..................................................... 369 



 

 

vi 
Matlab file to combine data across multiple images ................................ 373 

References ...................................................................................................... 385 
 
 
  



 

 

vii 

List of Abbreviations 
 
AA abdominal aorta 

ACE angiotensin converting enzyme 

Ach acetylcholine 

Akap A-kinase anchoring protein 

BUN blood urea nitrogen 

bpm beats per minute 

CA carotid artery 

Cav1 caveolin-1 

CBC complete blood count 

cGMP cyclic guanosine monophosphate 

CHRM3 acetylcholine muscarinic M3 receptor 

CO cardiac output 

Col collagen 

CO2 carbon dioxide 

Cspg chondroitin sulfate proteoglycan 

CTD cytoplasmic domain 

Cx37 connexin 37 

Cx40 connexin 40 

Cx43 connexin 43 

DAG diacylglycerol 

EC endothelial cell 

eNOS endothelial nitric oxide synthase 



 

 

viii 
ECM extracellular matrix  

EDH endothelial derived hyperpolarization 

EEL external elastic laminae 

EETs epoxyeicosatrienoic acids 

EMILIN elastin microfibril interface located protein 

ER endoplasmic reticulum 

Hba hemoglobin alpha or alpha globin 

HEK293T human embryonic kidney 293T cells 

Hspg heparan sulfate proteoglycan 

IEL internal elastic lamina 

IKCa intermediate Ca2+ activated-potassium channel  

IP3R inositol-1,4,5-triphosphate receptor 

K+ potassium 

KCl potassium chloride 

Kir2.1 inwardly rectifying potassium channel 2.1 

HIEL hole in the internal elastic lamina 

L-NAME L-NG-Nitro arginine methyl ester 

LTP lipid transfer protein 

MAGP microfibril associated glycoproteins 

MCH mean corpuscular hemoglobin 

MCHC mean corpuscular hemoglobin concentration 

MCS membrane contact sites 

MCV mean corpuscular volume 



 

 

ix 
MEJ myoendothelial junction 

MLC myosin light chain 

MLCK myosin light chain kinase 

MLCP myosin light chain phosphatase 

MMP matrix metalloproteinase 

MPV mean platelet volume 

Myh myosin 

NC negative control 

NO nitric oxide 

ORP oxysterol-binding protein-related proteins 

O2 oxygen 

PAI-1 plasminogen activator inhibitor-1 

PC positive control  

PC phosphatidylcholine 

PE phenylephrine 

PE phosphatidylethanolamine 

PH pleckstrin homology 

PIP2 phosphatidylinositol 4,5-bisphosphate 

PI4P phosphatidylinositol 4-phosphate 

PKC protein kinase C 

PKG protein kinase G 

PLA proximity ligation assay 

PLC phospholipase C 



 

 

x 
PM plasma membrane 

PS phosphatidylserine 

PSD phosphatidylserine decarboxylase 

PSS phosphatidylserine synthase 

RAND random  

RDW red cell distribution width 

RBC red blood cell 

SEM scanning electron microscope 

SERCA sarco-/endoplasmic reticulum Ca-ATPase 

sGC soluble guanylyl cyclase 

SKCa small conductance potassium channel 

SMC smooth muscle cell 

SR sarcoplasmic reticulum  

TDA thoracodorsal artery 

TEM transmission electron microscopy 

TH tyrosine hydroxylase 

TMD transmembrane domain 

TPR total peripheral resistance 

TRPV4 transient receptor potential vanilloid-type 4 

VCCC vascular cell co-culture  

WBC white blood cells 

α-GA α-glycyrrhetinic acid 

[Ca2+] calcium concentration 



 

 

xi 

Dedication 
 

There are so many people to thank who have supported me throughout my 

time here in the BIMS program at UVA. First, I want to take the time to thank my 

mentor, Brant Isakson. Thank you for giving me so many opportunities to grow in 

your lab, including working on the PAI-1 project, writing and scoring 5% on the 

F31, and doing science in Dusseldorf, Germany. I am forever grateful for the 

generosity you have shown towards me in providing all of these opportunities. 

Thank you also for letting me create a project from questions that intrigued both of 

us. At the beginning of my time in the lab, I was fixated on how HIEL were 

patterned, and at times I was unsure how it would tie into the rest of my work, but 

you believed in me and had faith that it would come together in the end. And you 

were right!  It tickles me to see how some of my very first data got incorporated 

into the final publication. Your positivity and trust in my ideas has kept me 

motivated to complete this project.  

To past members of the lab, Miranda Good, Steven Keller, Leon DeLalio, 

Scott Johnstone, Yang Yang: thank you for welcoming me into the Isakson Lab! 

To Miranda, thank you for teaching me vasoreactivity. That technique has been 

such an integral part of my work and I am so proud to say that I learned from the 

best. I hope I have made you proud! To Steven, I will never forget you sending me 

home with a 50ml conical to practice opening it with one hand so that sterile 

technique was much easier in cell culture experiments. Thanks for always being 

there to chat and give me encouragement. Leon, thank you for letting me 

collaborate on your Panx1 project and for giving me constructive criticism on 



 

 

xii 
project design early on. Your productivity has always been inspiring to me! Scott, 

I am glad my time in Brant’s lab overlapped with your second tour. I have learned 

so much molecular biology from you. And, of course, it’s not a party without you, 

thanks for all the laughs! Yang, I am so happy I joined the lab at the beginning of 

your two years in Charlottesville. Thanks for always being a positive voice. I miss 

you all the time and I hope our paths will cross again in the future. Thank you also 

to other past members, Isola Brown, Alex Keller, Edgar Macal, and Sarah Murphy. 

To current members, we endured the COVID-19 pandemic together and I 

am so thankful to have been with a fun and supportive group of people. To Abby, 

thank you for all the times you have talked me through data, ideas, and panic 

attacks. To Melissa, I am so glad that you joined the Isakson Lab and I know the 

vaso room is in great hands with you. You two are extremely talented and I know 

you are going far in life. I am happy to have overlapped with you. To Angie, thank 

you for keeping the lab running and handling all protocols and orders. I am so 

thankful to have been able to focus on science knowing you were taking care of all 

of that. To Luke, good luck fellow southerner!  

I am also thankful for my time spent with the graduate student society 

Women in Medical Sciences. I enjoyed serving on the board and working with a 

great group of women to promote community and science outreach. I’m also 

extremely thankful for the GBS events that helped me settle into Charlottesville 

when I first moved here, like tubing on the James River and the Sunset Series at 

Carter Mountain



 

 

13 

 David, thank you for being such a strong positive force in my life. In grad 

school, we have evolved from boyfriend and girlfriend, to fiancés, to husband and 

wife. Your constant encouragement and support have carried me through grad 

school and I am so grateful for that. Thank you for always researching fun things 

to do in Charlottesville and having something planned on the weekend for us. I’m 

so thankful that we lived in Charlottesville together, where we found our beautiful, 

sweet puppy, Tessie. I love you so much and I am excited for our next chapter!  

 Diane, thank you for being the best sister and always answering the phone 

and talking to me at almost any time of the day. As my older sister, I always have 

looked up to you and your interest in science made me think it was so cool! And, 

you were right. You’re my best friend and I am so thankful for your pep talks and 

our random conversations. Also, thank you for marrying, Orlando (Love you, O!), 

and having the cutest possible kids, Mason, and Miles, who always know how to 

make me smile.  

 To the rest of my family, I cannot thank you enough for your support. To my 

parents, thank you for always believing in me and encouraging me to pursue math 

and science. I would not be where I am today without your support of my education. 

To my brothers, Don, Chris, Phil, and my twin, Jon, you have always showed up 

for me. To my in-laws, Kevin and Sharon O’Donnell, and my brother-in-laws, Bill 

and Jason O’Donnell, thank you for always checking on me and for your support 

over the past 12 years.  
 Thank you to my friends who I’ve had the pleasure of making memories with 

throughout the time in grad school and who have always had encouraging words 



 

 

14 

-- Chelsea, Andrea, Erin, Carly, and Katie – thank you for being part of my life! And 

a special shout out to Carly, who refused to let me fly alone to Dusseldorf, 

Germany, for the lab rotation.  

Last, but not least, for any graduate student who is interested in MEJs and 

may have picked up this thesis…. Grad school is challenging. We all expect the 

intellectual challenge, but there will be times where it can be physically and 

emotionally challenging, too. If you enter the “valley of despair” (where you are 

unsure of where your project is heading or if you should be working on that project 

at all), don’t worry, there is a light at the end of the tunnel, especially in the Isakson 

Lab. Good luck!  

 
  



 

 

15 

Chapter 1. The role of the circulation in blood pressure 
homeostasis 
 

 

Some sections adapted from: Francesca Leo, Beate Hutzler, Claire A. 

Ruddiman, Brant E. Isakson, Miriam Cortese-Krott. Cellular microdomains for nitric 

oxide signaling in endothelium and red blood cells. Nitric Oxide. 1 March 2020.  

 

Some sections adapted from (* indicates co-first authorship):  

Wolpe AG*, Ruddiman CA*, Hall PJ, Isakson BE. Polarized Proteins in 

Endothelium and Their Contribution to Function. J Vasc Res. 2021;58(2):65-91. 

doi: 10.1159/000512618. Epub 2021 Jan 27. PMID: 33503620; PMCID: 

PMC7954879.  

 

 

Introduction to the circulation 

The circulatory system is comprised of the heart and vasculature and 

provides the body with oxygen and nutrients to sustain life. The heart is divided 

into four chambers to keep oxygenated blood and deoxygenated blood separated 

and to ensure directional flow. The right atrium collects deoxygenated blood from 

the systemic circulation and when full opens the tricuspid valve to dispense blood 

into the right ventricle, which pumps this deoxygenated blood through the 

pulmonary valve where the blood then circulates through the pulmonary circulation 

to re-oxygenate. This freshly oxygenated blood travels back to the left atrium and 
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through the mitral valve into the left ventricle. The left ventricle contracts to push 

the blood through the aortic valve and into the aortic arch. The blood circulates 

through the arterial side of the circulation where arteries branch off from the aorta 

and get consecutively smaller as the distance from the heart increases until they 

reach the capillary beds. After gas exchange at the capillary level, the blood returns 

to the heart to be re-oxygenated by flowing into the veins, which increase in size 

as they approach the heart.  

The arterial wall is composed of three main layers, endothelial cells (ECs) 

that line the lumen, the vascular smooth muscle cells (VSMCs) on the exterior of 

the vessel that are aligned perpendicularly to EC, and an extracellular matrix layer 

that separates the two cell types termed the internal elastic lamina (IEL). As the 

arteries branch and become smaller in diameter, the number of VSMC layers 

decrease and the IEL morphology also changes (discussed at length later in this 

chapter). The continual branching and reduction of VSMC eventually leads into 

capillary beds, where an individual capillary consists only of an endothelial cell 

layer and is equivalent in diameter to an erythrocyte or red blood cell (RBC). This 

allows single-file flow of RBC through capillaries to facilitates the nutrient and gas 

exchange to allow for continued tissue metabolism and function. As the blood flows 

through venules and veins on its way back to the heart to be re-oxygenated, it 

encounters numerous valves that ensure correct directional flow in the opposite 

direction of gravity. 

RBC comprise approximately 40% of blood with the role of delivering 

oxygen (O2) to tissues and to eliminate the waste product carbon dioxide (CO2) 
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through gas exchange.  RBCs are unusual because they do not contain organelles 

or nuclei like other cell types, rather they contain large amounts of the protein 

hemoglobin. Hemoglobin assembles as a tetramer, canonically with two alpha 

chains and two beta chains, where each subunit contains a polypeptide chain and 

a heme group containing an iron molecule that can bind oxygen; thus, each 

functional tetramer can cooperatively bind four molecules of O2. CO2 does not bind 

to the heme sites, but rather binds to another part of the protein that induces 

conformational changes that do not support O2 binding. In the lungs, when the 

partial pressure of O2 is high, hemoglobin favors O2 binding; in contrast, in the 

tissues, CO2 partial pressures are high such that CO2 competes for binding on the 

protein. These concentration gradients allow for unloading and loading of gases 

onto hemoglobin to facilitate gas exchange for O2 delivery to tissue and CO2 

exhalation. Following O2 delivery, blood flows to the venous circulation that will 

eventually brought back to the right atrium via the vena cava in order to get re-

oxygenated in the pulmonary circulation before returning to the systemic 

circulation.  

Blood pressure (BP) is a crucial component to the proper functioning of the 

circulatory system and without pressure driving blood flow, gas and nutrient 

exchange would not occur. Blood pressure must be maintained in a specific range 

because hypotension (low BP) is not adequate for normal tissue function and 

hypertension (high BP) leads to blood vessels and organ damage. In 2017, the 

American Heart Association defined normal BP as 120mmHg systolic and less 

than 80mmHg diastolic, with 121-129 mmHg systolic readings classified as 
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elevated (Table 1), and 80-89 mmHg diastolic readings characteristic of stage 1 

hypertension.  Thus, even small changes in blood pressure that deviate from 

homeostasis can be pathological and the human body has evolved to tightly 

regulate these pressures. 

Cardiac output is one of the determinants of BP and is the product of heart 

rate and stroke volume, which is the volume of blood that is ejected from the 

ventricle following its contraction. This corresponds with the systolic blood 

pressure measurement. The peripheral vasculature contributes to blood pressure 

by providing resistance to flow, and this is referred to as total peripheral resistance 

and corresponds with the diastolic measurement.   

The major contributors to TPR are resistance arteries that are between 100 

and 200µm in diameter, whereas large arteries function mainly as a conduit for 

flow. As arteries branch off of the aorta, they decrease in vessel size and increase 

in number such that they have a surface area several magnitudes higher than large 

conduit arteries. The mathematical definition of pressure is 𝑃 = $
%
, where F is force 

and A is area; thus, in the resistance arteries, the denominator of this equation 

increases and drives a large decrease in pressure in the resistance sized arteries. 

This is why there is such a large pressure drop over the arterioles and not the 

conduit arteries. This pressure drop is functionally important in order to regulate 

the amount of flow into local capillary beds, which can be damaged easily by 

unregulated flow or may need more flow based on metabolic need such as in 

exercise. 
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Since the largest pressure drop occurs in resistance arteries, any 

vasodilation or vasoconstriction in these vessels will have the largest influence on 

diastolic blood pressure measurements. This change in pressure can be 

understood by Poiseuille’s Law, ∆𝑃 = 	()*+
,-.

, which assumes laminar flow and that 

flow is occurring in an enclosed tube, and where 𝜂 is blood viscosity, L is length of 

the artery, Q is flow rate, and R is radius of the artery. This equation reveals that 

the most important factor in determining the pressure within an enclosed tube is 

its radius. The inverse relationship of pressure and radius of the blood vessel to 

the fourth power (r4) demonstrates that any small change in the resistance arterial 

diameter via vasodilation or vasoconstriction will have large effects on intraluminal 

pressure and thus the TPR component of BP.  It therefore follows that the 

molecular pathways that dictate changes in arterial diameter are tightly regulated 

in these resistance arteries in order to prevent or facilitate significant changes in 

overall blood pressure. 
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Table 1. American Heart Association blood pressure guidelines. Table taken 

from www.heart.org.  
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Pathways of vasodilation 

As described in the previous section, resistance arteries are crucial 

determinants of blood pressure. In resistance arteries, the IEL is unique in that it 

has a high incidence of holes in the IEL (HIEL), where there is an absence of ECM 

proteins such as collagen, elastin, laminin, and fibrinogen. The ECs of these 

arteries send projections through these HIEL and make direct contact with the 

smooth muscle, forming a signaling microdomain that is imperative to regulating 

diameter in the resistance arteries termed the myoendothelial junction (MEJ). 

Although rare, SMC projections through HIEL have also been reported. (1)  In a 

study of the dog pulmonary vasculature, MEJs that were EC projections into HIEL 

were most common compared to SMC extension or both EC and SMC extension 

into HIEL, (1) and in humans arterioles, 40% of MEJs originate from SMC.(2) 

The MEJ was first discovered in electron micrographs of coronary and 

kidney arterioles as an anatomical structure that positioned the membranes of EC 

and SMC in close apposition with each other. (3, 4) The incidence of MEJ depends 

on vascular bed and species varies, but it is been well demonstrated that incidence 

increases as vessel diameter decreases. (5) The unique protein localization that 

occurs at MEJs facilitate endothelial derived hyperpolarization (EDH), the 

dominant vasodilatory signaling mechanism in resistance arterioles (Table 2). (6-

10) (5, 11)  

 Key players of EDH which localize to the MEJ include transient receptor 

potential vanilloid 4 (TRPV4), calcium-activated intermediate conductance 

potassium (IKCa) channels, and hemoglobin alpha (Hba or alpha globin). TRPV4 
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channels facilitate calcium influx at the MEJ, (12, 13) (14) downstream of 

acetylcholine activation of the muscarinic 3 receptor (CHRM3) on EC. The 

increased cytoplasmic concentration of calcium leads to potassium efflux from the 

IKCa channel. (15) Given the close proximity of the EC and SMC membranes at 

the MEJ, this efflux of potassium ions makes the SMC relatively more negative 

compared to the extracellular environment, results in a hyperpolarization of SMC 

membranes, (6, 8, 16, 17) deactivates voltage dependent calcium channels, and 

leads to vasodilation. (18) The calcium-activated small conductance potassium 

channel  (SKCa) also participate in EDH-based vasodilation (19) (20)  despite their 

primary localization to interendothelial junctions opposed to the MEJ. (15) The 

inwardly rectifying potassium channel Kir2.1 has also been implicated in the EDH 

pathway  (21) although its localization to the MEJ has not yet been demonstrated.  
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Full Name Tissue Cell 
Culture 

Lumi
nal 

MEJ-
Localized  

Inter- 
endothelial 

A kinase 
anchoring 
protein 150 
(AKAP150)  

Mouse 
mesenteric 
artery(13) 
 
 

  (13)  

Calnexin 
(Calnx) 

Third order 
mesenteric 
artery(22) 

  (22)  

Calreticulin 
(Calr) 

Third order 
mesenteric 
artery(23) 

HCAEC 
(24) 

 (23, 24)  

Caveolin 1 
(Cav1) 

Mouse 
carotid(25)  
 
Mouse 
mesenteric 
artery(26) 
 
 

HCAEC 
(24) 
 
HMVEC 
(27) 
 
BCAEC 
(28) 

(25, 
27, 
28) 

(26)  

Connexin 37  
(Cx37) 

Rat mesenteric 
artery(15) 
 
Mouse 
mesenteric 
artery(26) 
 
Mouse 
cremaster 
arterioles(29) 
 
Hamster cheek 
pouch 
arteriole(30, 31) 

  (15, 29) (15, 26, 31) 

Connexin 40  
(Cx40) 

Rat mesenteric 
artery(15, 32) 
 
Mouse 
mesenteric 
artery(26) 
 
Mouse 
cremaster 
arteriole     (29) 
 
Hamster cheek 
pouch 
arteriole(30, 31) 

  (29, 32) (15, 26, 30, 
31) 

Connexin 43 
(Cx43) 

Rat mesenteric 
artery(15) 
 
Mouse 
mesenteric 
artery(26) 

  (29) (15, 26, 30, 
31) 
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Full Name Tissue Cell 
Culture 

Lumi
nal 

MEJ-
Localized  

Inter- 
endothelial 

 
Mouse 
cremaster 
arteriole (29) 
 
Hamster cheek 
pouch 
arteriole(30, 31) 

Endothelial 
nitric oxide 
synthase 
(eNOS) 

Mouse 
carotid(33) 
 
Mouse 
thoracodorsal 
artery(34) 

Primary 
HCAEC 
(24) 
 

(24, 
33) 

(24),(34)  

Filamentous 
actin (F-
actin) 

Mouse 
cremaster 
arterioles (29) 

HUVEC 
(35) 
 
VCCC 
(36, 37) 

 (29, 36, 37) (35) 

Hemoglobin 
alpha (alpha 
globin or 
Hba)  

Mouse 
thoracodorsal 
artery(38) 

HCAEC 
(39) 

(38) (38, 39)  

Inositol 
trisphosphate 
receptor 1 
(IP3R1) 

Mouse 
mesenteric 
artery(22) 

VCCC 
(40, 41) 
 

 (22, 40, 41)  

Intermediate 
conductance 
calcium-
activated 
potassium 
channel 
(IKCa)  

Rat cremaster 
arteriole (42) 
 
Rat mesenteric 
artery(15) 

  (15, 42)  

N-Cadherin 
(NCAD) 

Mouse 
cremaster 
arterioles (29) 

  (29)  

Plasminogen 
activator 
inhibitor 1 
(PAI-1) 

 VCCC 
(36, 37, 
43) 

 (36, 37, 43)  

Sarco/endopl
asmic 
reticulum 
Ca2+-ATPase 
(SERCA) 

Mouse 
thoracodorsal 
artery(44) 

  (44)  

Small 
conductance 
calcium-
activated 
potassium 
channel 3 
(SK3) 

Rat cremaster 
arteriole (45) 
 
Rat mesenteric 
artery(15) 

 (45) (45) (15) 
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Full Name Tissue Cell 
Culture 

Lumi
nal 

MEJ-
Localized  

Inter- 
endothelial 

Sphingosine-
1- phosphate 
receptor 
(S1P) 

Rat brain 
capillary 
endothelium 
(46) 

 (46) (46)  

Transient 
receptor 
potential 
channel 
subfamily V 
member 4 
(TRPV4) 

Mouse 3rd order 
mesenteric 
artery (12) 
 
Mouse carotid 
artery(47) 
 
Rat cremaster 
arteriole (42) 

 (47) (12, 42)  

 
Table 2. Protein localization to the MEJ. 
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Another major contributor to the EDH pathway is metabolites of aracadonic 

acid. An influx of Ca2+ into the cell can activate phospholipase A2 which cleaves 

glycerophospholipids to mobilize arachidonic acid in the cell, which undergoes 

enzymatic cleavage to produce vasoactive molecules: (48) where 

cyclooxygenase-1 produces prostaglandins in vascular endothelium (49), 

lipoxygenase (LOX) produces leukotrienes, lipoxines and hydroxyeicosatrienoic 

acids, and cytochrome P450 epoxygenase to produces epoxyeicosatrienoic acids 

(EETs). Prostacyclin can promote the opening of various potassium channels that 

lead to hyperpolarization of SMC membrane, (50) and EETs activate TRPV4 Ca2+ 

sparklets and BKCa channels on SMC (51). It remains unclear how LOX produced 

metabolites specifically contribute to the EDH pathway. (52)  

The hyperpolarization that leads to vasodilation can be communicated from 

EC to SMC via gap junctional communication. In small arterioles, connexin 37, 40, 

and 43 are most prevalent (Cx37, Cx40, Cx43, respectively), (15, 29) with Cx40 

exhibiting arterial specificity in mice. (53)  When assembled as hexamers, 

connexins form gap junctions that physically link the cytoplasm of two cells. This 

is the case at the MEJ, where gap junctions can link the cytoplasm of EC and SMC 

to coordinate vasodilation. (5, 40, 41, 54-56) Heterocellular communication occurs 

through gap junctions to facilitate EDH (32, 57) and myoendothelial feedback (41, 

58, 59). 

Myoendothelial feedback is critical in regulating the degree of constriction 

elicited through -adrenergic activation on SMCs, which occurs when inositol 1,4,5-

trisphosphate (IP3) generated in SMC diffuses through MEJ-localized gap 



 

 

27 

junctions to activate vasodilatory pathways in ECs as negative feedback 

regulation. (41, 60-63)  When Cx40 gap junctions are blocked by loading inhibitory 

antibodies, this negative regulation is lost, illustrating the functional importance of 

gap junctions within this microdomain. (32)  The localization of gap junctions to the 

abluminal surface of the endothelium, and within the MEJ signaling microdomains, 

is essential for facilitating heterocellular communication via IP3, Ca2+, and 

propagating hyperpolarization from EC to SMC. (10)  

The endothelium is a major regulator of smooth muscle relaxation and in 

general communicates vasodilatory signaling via nitric oxide (NO) and/or via 

endothelial derived hyperpolarization (EDH). The relative contribution of each 

pathway to vasodilation is correlated with vessel size, where large arteries 

primarily dilate via NO and small arteries, with a high incidence of MEJs, via EDH. 

(11, 39, 64-66) NO is produced by nitric oxide synthase (NOS) enzymes, of which 

there are three isoforms: neuronal NOS, inducible NOS, and endothelial NOS 

(eNOS), which produce L-citrulline and NO by degrading L-arginine. In 

endothelium, the NO will diffuse to nearby SMC where binds to soluble guanylyl 

cyclase (sGC), produces cyclic guanosine monophosphate (cGMP), (67) and 

activates of myosin light chain phosphatase (MLCP) and protein kinase G (PKG), 

(68) which leads to SMC relaxation and subsequent vasodilation. (69) Myosin light 

chain (MLC) is a critical component in SMC contractility and requires 

phosphorylation by MLC kinases (MLCK) to participate in SMC contractility. (70) 

Thus, MLCP removes the crucial phosphate groups thereby preventing MLC from 

contributing to SMC contraction. This method of relaxation acts by preventing 



 

 

28 

proper contraction in SMC. PKG acts in a similar manner. PKG will activate SERCA 

and inhibit IP3-R, two channels localized on the sarcoplasmic reticulum that 

regulate [Ca2+] in the cytosol and SR lumen. Collectively, NO drives Ca2+ 

sequestration to the SR lumen, reducing cytosolic [Ca2+] and calmodulin activation, 

and ultimately leading to MLCK inhibition. (71)  The storage of Ca2+ in the SR is 

therefore another way to prevent SMC contractility and promote vasorelaxation. 

One explanation for the higher EDH component in smaller arteries is the 

expression of hemoglobin alpha (Hba or alpha globin) specifically in resistance 

artery endothelium. (10, 39) As described previously in this section, the function of 

hemoglobin in RBC is to transport O2 to the tissues and deliver CO2 to the lungs 

to be exhaled. However, the specific expression of alpha globin in resistance 

arteries is to regulate signaling of another gaseous molecule: NO.(39) Alpha globin 

can bind to eNOS such that when eNOS produces NO it is chelated by alpha 

globin’s heme group thereby preventing the diffusion of NO to the SMC layers to 

promote vasodilation. Alpha globin is specifically enriched within the MEJ of 

resistance arteries (38, 39). In Chapter 2, the data demonstrates that upon 

induction of MEJs in a conduit artery, alpha globin expression is increased and 

localized specifically to the newly synthesized MEJs. This protein expression 

coincides with a switch in vasodilatory pathway from predominately NO to EDH. 

Together, all these data suggest that the specific expression of alpha globin in 

resistance arteries, and its targeted localization to the MEJ may influence the 

dominance of EDH-based vasodilation. (10) 
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Chapter 2. Heterocellular contact dictates 

vasodilatory mechanisms, protein expression, 

and arterial function 

 
 

Sections adapted from (* indicates co-first authorship):  

Shu X*, Ruddiman CA*, Keller TCSt, Keller AS, Yang Y, Good ME, Best AK, 

Columbus L, Isakson BE. Heterocellular contact can dictate arterial function. Circ 

Res. 2019;124:1473-1481 

 

 

Abstract 

Conduit arteries primarily use nitric oxide (NO) to achieve vasodilation, 

which can diffuse across the several layers of SMC in those arteries. As arterial 

diameter decreases, the contribution of NO-based vasodilation also decreases. 

This is correlated with the presence of MEJs, which are EC extensions that make 

contact with SMC through holes in the internal elastic lamina, an extracellular 

matrix layer that separates the two cell types. The MEJs are anatomical hallmarks 

of resistance arteries and are signaling microdomains that facilitate endothelial-

derived hyperpolarization (EDH) through close apposition to and direct contact with 

the SMC membrane. We sought to determine if the induction of MEJs in conduit 

arteries could induce heterocellular signaling and alter vasodilation mechanism. 
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We have previously shown that plasminogen activator inhibitor-1 (PAI-1) can 

regulate formation of MEJs.(36) Thus our experimental approach was to apply 

pluronic gel containing PAI-1 directly to the left carotid artery (CA) and to determine 

if MEJs were induced. Indeed, we found a significant increase in EC projections 

resembling MEJs in TEM transverse views. This correlated with an increase in 

biocytin dye transfer from ECs to SMCs in an ex vivo assay. We then used 

pressure myography on PAI-1-treated CA to investigate if the presence of EC 

projections was accompanied by a functional change in vasodilatory signaling. We 

found that the PAI-1-treated CAs exhibited diminished NO signaling and increased 

EDH signaling in response to the EC-dependent dilators Ach and NS309, 

indicating that these arteries switched their vasodilatory profile to resemble a 

resistance artery. We also found a significant increase in CA expression of 

endothelial alpha globin, a protein that is specifically expressed in the resistance 

arterial endothelium where it can negatively regulate eNOS function. This switch 

did not occur in PAI-1-treated CA from mice lacking alpha globin (Hba1-/-), 

indicating that alpha globin is critical in facilitating the mechanism of vasodilation. 

This data indicates that MEJs are a critical component in determining pathways of 

vasodilation. In particular, alpha globin expression, induced within newly formed 

EC projections, may influence the balance between EDH vs NO-mediated 

signaling. 
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Introduction 

Vasodilation is a critical homeostatic process that contributes to blood 

pressure regulation and generally occurs through two major mechanisms, either 

via nitric oxide (NO) and/or via endothelial derived hyperpolarization (EDH). NO is 

produced by nitric oxide synthase (NOS) enzymes, endothelial NOS (eNOS) in the 

endothelium, ultimately driving Ca2+ sequestration to the SR lumen, reducing 

cytosolic [Ca2+] and calmodulin activation, and thus leading to vasodilation via 

MLCK inhibition. (71)  The EDH based pathway occurs when calcium activates 

SKCa and IKCa to generate a potassium efflux from the cell that hyperpolarizes the 

SMC membrane and inactivates the voltage dependent calcium channels needed 

for constriction.(6, 8, 16, 17)  

EDH is the major pathway in resistance arteries compared to conduit 

arteries where NO-based signaling predominates. An anatomical difference exists 

in the structure of the conduit and resistance arteries that may account for the 

difference in functional dilation. ECs in resistance arteries have unique signaling 

microdomains termed MEJs that extend through gaps or holes in the fibrous 

internal elastic lamina (IEL, and HIEL) to make heterocellular contact with SMCs 

via gap junctions. (3-5, 72, 73) This direct heterocellular contact allows for rapid 

communication of the electrochemical changes generated via EDH signaling.(8, 

11, 61, 74, 75) Since the MEJ is a crucial facilitator of EDH, it follows that 

resistance arteries rely primarily on EDH-based vasodilation.  In contrast, conduit 

arteries have a significantly reduced number of MEJs compared to resistance 

arteries, as well as a significantly thicker IEL (~0.5µm in resistance arteries 
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compared to up to 10µm in aorta) that allows them to handle high transmural 

pressures in proximity to the heart. (76-79) Conduit arteries preferentially dilate via 

the NO pathway, presumably because NO is a highly diffusible signaling molecule 

that can cross the multiple thick IEL layers.(11, 39, 64-66)  

In addition to the high incidence of MEJs, the expression of hemoglobin 

alpha, or alpha globin, in ECs of resistance arteries likely also contributes to the 

predominance of EDH based signaling through its negative regulation of nitric 

oxide.(38, 39, 80)  Alpha globin is the one of the subunits of hemoglobin in RBCs 

and has a high affinity for NO. Its expression and function in resistance arteries 

has been a focus of the Isakson lab for more than a decade, where we have shown 

that it forms a complex with eNOS and chelates NO produced by the enzyme, 

preventing it from diffusing across the IEL to promote SMC relaxation.(39, 80, 81) 

Thus, alpha globin likely contributes to the EDH predominance in resistance 

arteries by preventing NO-based signaling from having vasodilatory action. 

The Isakson Lab has previously demonstrated that plasminogen activator 

inhibitor-1 (PAI-1) is enriched at the MEJ and that its depletion results in decreased 

MEJ formation,(36, 37) indicating that it can mediate MEJ formation. However, it 

remains to be demonstrated if PAI-1 is sufficient to induce MEJ formation in a large 

artery. In this study, we investigate the formation of HIEL in the carotid artery (a 

conduit artery) after direct application of PAI-1 to the vessel in live mice. We 

observed transient formation of EC projections/MEJs after 7 days that retreat by 

day 21. This anatomical phenotype was accompanied by an increased proportion 

of non-NO, likely EDH-based arterial relaxation. Treatment with PAI-1 also induced 
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the expression of the resistance artery-specific protein, alpha globin. These data 

indicate that treating a conduit artery with PAI-1 is a model system to sufficiently 

induce a resistance artery phenotype through inducing EC projections that 

correlate with an increased reliance on EDH-based vasodilation. Altogether, this 

data underscores the importance of the MEJ as a functional signaling microdomain 

that directs the pathways of vasodilation in arteries, and highlights how coordinated 

heterocellular communication can impact arterial function.   
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Materials and Methods 
 

Mice 

All mice and procedures were approved by the University of Virginia Animal 

Care and Use Committee. Male C57Bl/6 (Taconic Biosciences) and Hba1-/- 

(Jackson Labs) mice were used between 10-12 weeks of age. Male mice were 

used in this study for consistency in comparison of results to our previous work, as 

well as to minimize possible variability given N-values. 

 

Plasminogen activator inhibitor-1 (PAI-1) 

Lyophilized PAI-1 (500 IU, Technoclone, Vienna) powder was reconstituted 

by addition of 200µl distilled water followed by gentle agitation for 5 minutes at 

room temperature (2.5 x 106 IU/L stock solution). 40µl/tube aliquots were stored at 

-70°C. At 4°C immediately prior to use, 40µl stock solution of PAI-1 was mixed with 

460µl of sterile saline solution containing 35% F127 Pluronic Gel (Molecular 

Probes). 

 

Mouse surgery 

Mice were anesthetized with an intraperitoneal (i.p.) injection of a freshly 

made ketamine/xylazine mixture (Fort Dodge; 80 mg/kg and Vedco; 6 mg/kg, 

respectively), followed by a subcutaneous injection of 10 mg/kg buprenorphine.  

The mouse was placed in the supine position, the hair of the neck area was 

removed with Nair lotion, and the neck skin was washed with 70% ethanol followed 

by iodine solution.  A 10 mm incision was made on the anterior neck from the 
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clavicle towards the chin and the skin was carefully cut open with scissors.  The 

two lobes of thymus were carefully separated with forceps to expose the left 

common carotid artery (CA) lateral to the trachea. The CA was carefully separated 

from the vagus nerve and the tissue around the trachea. The tip of the forceps was 

carefully placed under the carotid, and the carotid was lifted slightly away from 

surrounding tissue (see Figure 1 for visual representation). 

The pluronic gel/PAI-1 mixture (preparation described above) and pipettes 

were kept at 4°C and placed on ice just before use. While holding the CA away 

from surrounding tissues, the pluronic gel/PAI-1 mixture (100 IU PAI-1 in 500µl for 

a 2.68 x 105 IU/L solution) or pluronic gel (500µl of 35% pluronic gel) was applied 

to the outside of the left CA and solidified within one minute of application.  The 

lobes of the thymus were placed back to the original position, and the skin was 

pulled together and closed using interrupted sutures.  Finally, the mouse was given 

a dorsal subcutaneous injection of 1 ml sterile saline and allowed to recover.  

Pluronic gel/PAI-1 mixture or pluronic gel only was kept on CAs for 1, 2, 3, 4, 5, 7, 

14 or 21 days. 

 

Dissection of the Carotid Artery 

At the end of the PAI-1 or pluronic gel incubation, mice were sacrificed using 

CO2 asphyxia, placed in the supine position, and the neck area was sprayed with 

70% ethanol.  A 10-15 mm incision was performed and the CA was carefully 

dissected using a stereomicroscope. Tissues were constantly kept moist with ice 

cold Krebs-HEPES containing (in mmol/L) NaCl 118.4, KCl 4.7, MgSO4 1.2, 
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NaHCO3 4, KH2PO4 1.2, CaCl2 2, HEPES 10, glucose 6, and supplemented with 

1% BSA.  Once free of surrounding tissues and cleaned, the CA was used for 

experiments (see Figure 1 for visual representation). 

 

Fluorescent microscopy measurement of HIEL 

  To evaluate whether PAI-1 could induce the formation of holes in the IEL 

where potential myoendothelial junctions could project, CAs treated as described 

above (N=minimum 4 for each treatment) were cut longitudinally and pinned open 

to expose the endothelium in plane (en face). Next, CAs were fixed with 4% 

paraformaldehyde (PFA) in PBS for 60 minutes at room temperature followed by 

four 10-minute PBS washes. CAs were stained with 0.25µmol/L Alexa Fluor 633 

hydrazide (Molecular Probes) at RT for 1 hour, followed by a PBS wash for 10 

minutes. CAs were mounted in DAPI ProLong Gold Antifade reagent (Invitrogen, 

Grand Island) and imaged in three sections along the length of each carotid using 

an Olympus Fluoview 1000 confocal microscope.  At least three images were used 

per mouse per treatment. Each image was analyzed with MetaMorph software 

(Universal Imaging Corps, version 7.5.6.0), counting the mean number of IEL holes 

(visualized as dark spots) in 100µm x 100µm regions (1000 µm2) of each CA. The 

mean numbers for each group were calculated, and data were analyzed using a 

one-way ANOVA test (Bonferroni post-hoc) where p<0.05 was considered 

significantly different. The thoracodorsal artery (TDA) and third-order mesenteric 

artery (MA) were also obtained, prepared, and analyzed as described above (see 

Figure 6).  
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Scanning Electron Microscopy (SEM) measurement of HIEL 

Mice were subjected to PAI-1 treatment as described above.  At the end of 

the treatment, the mice (N=minimum 4 per group) were perfused transcardially 

with 5 ml Ca2+-free Krebs-HEPES solution containing 10 unit/ml heparin, then with 

a 4% paraformaldehyde (PFA) and 2.5% glutaraldehyde solution. Following 

perfusion, CAs were isolated as described above, opened longitudinally, and 

endothelium was removed with a cotton swab before being washing again with 

PBS.  CAs were then post-fixed in 4% PFA and 2.5% glutaraldehyde in PBS 

overnight at 4°C.  CAs were prepared and viewed on the Scanning Electron 

Microscope (SEM) as previously described by us.(82) At least three images were 

used per mouse per treatment.  Each image was analyzed with ImageJ and the 

mean number of IEL holes (visualized as holes) from 100µm x 100µm regions 

(1000 µm2) of each CA was collated. The averages for each group were calculated 

and analyzed using one-way ANOVA test (Bonferroni post-hoc) where p<0.05 was 

considered significantly different. 

 

Transmission Electron Microscopy (TEM) measurement of HIEL 

Mice were subjected to PAI-1 treatment as described above.  At the end of 

the treatment, the mice (N= 4 minimum per group) were perfused transcardially 

with 5 ml Ca2+-free Krebs-HEPES solution containing 10 unit/ml heparin, then with 

a 4% paraformaldehyde (PFA) and 2.5% glutaraldehyde solution. Following 

perfusion, CAs were isolated as described above, then were fixed in 4% PFA and 
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2.5% glutaraldehyde overnight at 4°C. The vessels were post-fixed with 1% 

osmium tetroxide, dehydrated in a gradient of alcohols, and embedded in Epon. 

Ultrathin sections of approximately 75 nm were cut, carbon coated, and imaged on 

a JEOL 1230 Transmission Electron Microscope (TEM) as previously 

described.(83)  At least three images were used per mouse per treatment.  Each 

image was analyzed with ImageJ and the mean number of endothelial cell 

extensions (>2 µm from endothelial cell basement membrane into IEL) from 100µm 

long regions of each CA was calculated. Data were analyzed using a one-way 

ANOVA test (Bonferroni post-hoc) where p<0.05 was considered significantly 

different. 

 

Measurements of carotid artery vasoreactivity 

CAs were isolated after treatment as described above, cannulated in a 

pressure myograph chamber (Danish MyoTechnology), and secured with 10.0 

nylon sutures.(82)  Carotid arteries were placed in a circulating bath of Krebs-

HEPES buffer, perfused with the same, and equilibrated for 30-60 minutes at 100 

mmHg and 37°C.  After equilibration, 50µmol/L phenylephrine (PE, Sigma) was 

added to the bath solution to constrict the CAs to 60–80% of their baseline 

diameter. After stabilization of vasoconstriction, dose-dependent relaxation was 

measured in response to the application of cumulative concentrations of the 

vasodilator acetylcholine (Ach, 10-9 to 10-4 mol/L; Sigma).  At the end of the 

experiments, the solution was replaced with a Ca2+-free Krebs-HEPES 

supplemented with 2 mmol/L Ethyleneglycol-O,O’-bis(2-aminoethyl)-N,N,N’,N’-
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tetraacetic acid (EGTA; Sigma) and 10µmol/L sodium nitroprusside (SNP, Sigma) 

in order to measure the maximal diameter.  Vasoconstriction to PE was calculated 

as percent of initial diameter: %constriction = DPE / Dinitial * 100 and relaxation to 

Ach or NS309 was calculated as a % relaxation: % relaxation = [(DAch – DPE) * 

100]/(Dmax-DPE), where DPE was the diameter of the CA 10 minutes after application 

of 50µmol/L PE; Dinitial was the diameter prior to the addition of PE; DAch was the 

diameter of the CA after application of a given dose of Ach; and Dmax was the 

maximal diameter of the CA measured at the end of experiment as described 

above. Data were analyzed with a two-way ANOVA test one-way ANOVA test 

(Bonferroni post-hoc) where p < 0.05 was considered significant. 

In order to evaluate the effect of PAI-1 on the vasoreactivity of CA, where 

indicated, experiments were conducted in the presence or absence of selective 

blockers of endothelium-mediated vasodilator pathways.  In order to block NO 

generation alone, we used the nitric oxide synthase (NOS) inhibitor L-nitro-arginine 

methyl ester (L-NAME, 300µmol/L; Sigma).  In order to block the EDH pathway, 

we used both 300µmol/L L-NAME and also (1) the cyclooxygenase inhibitor 

indomethacin (10µmol/L; Sigma), (2) the intermediate-conductance calcium-

activated potassium channel (IKCa) blocker 1-[(2-chlorophenyl) diphenylmethyl]-

1H-pyrazole (TRAM 34, 10µmol/L; Sigma), and (3) the small-conductance 

calcium-activated potassium (SKCa) channel blocker apamin (300 nmol/L).  Both 

groups of inhibitors were preincubated with CAs intraluminally and extraluminally.  

After a 30-minute stabilization period in the circulating bath, the arteries were pre-

constricted with 50µmol/L PE, followed by cumulative concentrations of Ach (10-9 
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to 10-4 mol/L).  Maximal diameter was measured after washing with a Ca2+-free 

Krebs-HEPES solution supplemented with 2 mmol/L EGTA and 10 µmol/L sodium 

nitroprusside at the end of the experiment.  Internal diameters were used in 

calculations and results were expressed as a percentage of relaxation as 

described above.  Lastly, the small and intermediate potassium channel activator 

NS309 (3µmol/L) was added to pre-constricted CAs (described above) and dilation 

assessed as described above. Data were analyzed with a one-way ANOVA test 

(Bonferroni post-hoc) where p < 0.05 was considered significant. 

 

Biocytin dye transfer 

CAs were removed as described above, cannulated, and flushed with Ca2+-

free Krebs-HEPES buffer. CAs were perfused with new buffer supplemented with 

0.01% Tween20 + 1 mg/ml biocytin for 15 minutes at room temperature, washed 

with Ca2+-free Krebs-HEPES buffer. To test the effect of dye transfer following gap 

junction inhibition, day 7 PAI-1-treated CAs were treated with 100µM α-

glycyrrhetinic acid (α-GA) for 20 minutes prior to perfusion with buffer containing 

biocytin. CAs were removed from the cannula and fixed in 4% PFA for an hour at 

room temperature, washed with PBS, and cut open longitudinally with the 

endothelium facing upwards (en face). CAs were then permeabilized for 30 

minutes in PBS containing 0.01% TritonX-100, incubated for 60 minutes in 1:500 

streptavidin conjugated with Alexa 568 in PBS with 0.01% TritonX-100, washed 

with PBS, mounted with DAPI, and imaged on an Olympus Fluoview 1000 confocal 

microscope.  Endothelial cells were viewed initially, then smooth muscle cell 
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layers. Data were analyzed with a one-way ANOVA test (Bonferroni post-hoc) 

where p < 0.05 was considered significant. 

 

Western blotting 

CAs and third-order mesenteric arteries were isolated, homogenized in ice 

cold protein lysis buffer, and sonicated. Samples were mixed with Laemmli buffer 

and subjected to protein electrophoresis using 4-15% Bis-Tris gels, then 

transferred to a polyvinylidene fluoride (PVDF) membrane. Blots were incubated 

with anti-alpha hemoglobin or anti-VE-cadherin primary antibodies (Abcam) 

overnight at 4ºC, respectively, followed by fluorescently tagged secondary 

antibodies (LICOR) for 1 hour at RT. They were visualized and quantitated using 

Licor Odyssey as previously described (N=minimum of 4 mice).(83) Data were 

analyzed with a one-way ANOVA test (Bonferroni post-hoc) where p < 0.05 was 

considered significant. 

 

Statistics 

All statistical tests are listed with experimental conditions above.  Data are 

expressed as mean +/- SEM.  
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Results 

Functional MEJs form in the IEL of carotids after application of PAI-1 

CAs have a thick IEL separating the endothelium and smooth muscle and 

contain very few MEJs. (84, 85) We have previously demonstrated that PAI-1 can 

regulate the formation of MEJs (36) and sought to test if it could induce MEJ 

formation in CAs. We applied PAI-1 directly to CAs of C57Bl/6 mice using a 

pluronic gel to determine if functional MEJs could form in these conduit arteries 

(Figure 1). We verified our treatment method by performing an immunostaining 

experiment on arterial cross-sections and found that PAI-1 was throughout the 

arterial wall after in vivo application using a pluronic gel (Figure 2).  Initially we 

screened for extent of HIEL formation via autofluorescence of carotids prepared 

en face (Figure 3), and found that the maximum number of HIEL occurred 7 days 

after PAI-1 application. After that timepoint, HIEL density steadily regressed more 

than halfway to baseline by 21 days post PAI-1 application. Based on these results, 

we performed experiments at 0, 1, 7, and 21 days post PAI-1 application. We 

quantified HIEL incidence in en face views of carotid artery autofluorescence and 

found a significant increase 7 days post-application of PAI-1 (Figure 4A-G). We 

confirmed the formation of HIEL by imaging carotids stripped of endothelium with 

SEM (Figure 4H-N). There are several examples in the literature demonstrating 

heterogeneous protein localization to HIEL;12 therefore, we wanted to identify the 

presence of EC projections through these HIEL without relying on any individual 

protein marker. We used a TEM based approach on transverse CA sections to 

identify EC projections through HIEL at each of the timepoints (Figure4O-U). We 
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observed a significant increase in EC projection incidence at day 7 with a reversion 

to almost to baseline by day 21 post treatment, indicating a transient nature to 

these induced projections. The EC projections could not be observed to physically 

touch SMC (Figure 5). In addition, the width of induced HIEL in CAs following PAI-

1 treatment was similar to those found in mesenteric or skeletal muscle beds 

(Figure 6).  The formation of HIEL and corresponding EC projections did not affect 

the thickness of the IEL (Figure 7) or interendothelial junctions were preserved 

(Figure 8), indicating a specific function of PAI-1 in initiating MEJ formation without 

altering other morphological hallmarks in the arterial wall.  Overall, exogenous PAI-

1 application to the CA was sufficient to induce the formation of EC projections 

through HIEL, structures that are normally restricted to small-diameter arterioles 

and resistance arteries.  

We next wanted to investigate if the anatomical structures we identified in 

TEM corresponded to canonical MEJ function. One important test of functional 

MEJs is the electrochemical coupling of ECs to SMCs through gap junctions, which 

we examined using a dye transfer experiment to determine the presence of 

functional gap junctions. ECs of a cannulated CA were loaded with biocytin, a 

small, uncharged molecule that can transverse gap junctions, using a pinocytotic 

method that loads >90% of ECs (Molecular Probes). The biotin moiety facilitates 

detection using fluorescently-labeled streptavidin. At day 0 we were not able to 

observe biocytin in the SMC layer due to the absence of gap junctional 

communication and functional MEJs in the CA (Figure 9A-B). At day 7 post-PAI-

1 application, when the EC projections are present, we were able to detect biocytin 
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transfer to the SMC layer. While there are no truly specific pharmacological means 

to block gap junctions (e.g.,(85, 86)), the addition of α-glycyrrhetinic acid (α-GA), 

a purported gap junction inhibitor, prevented the biocytin dye transfer (Figure 9A-

B). We conclude that the induced MEJs in the PAI-1-treated CA physically couple 

ECs to SMCs via gap junctions. It is well understood that MEJs facilitate EDH-

based vasodilation in resistance arteries; thus, we wanted to evaluate the EDH 

component of vasodilation in the PAI-1-treated CAs. We used a vasoreactivity 

approach to assess changes in relaxation to NS309 (an activator of SKCa and IKCa 

channels; 3µmol/L). Dilation to NS309 indicates the presence of EDH machinery 

and signaling within the artery. (87) The dilation to NS309 in sham- and gel-treated 

CAs was not significantly different from CAs taken from day 0 PAI-1-treated 

animals (Figure 9C). NS309 induced a significantly higher vasodilation at day 7 

post PAI-1 treatment, which was inhibited after denuding endothelium or adding α-

GA.  Day 7 post-PAI-1 application was the only day and treatment condition to 

demonstrate increased relaxation to NS309 in these conduit arteries.  

Immunohistochemistry on en face preparations of day 7 PAI-1-treated CAs 

demonstrate a localization of Cx40 to HIEL after 7 days of PAI-1 (Figure 8).  These 

results indicate that the formation of HIEL and EC projections are coupled with 

functional heterocellular communication that resembles canonical MEJ function.   

MEJs are necessary, but not sufficient, to alter endothelial-induced dilation 

In arteries with a high incidence of MEJs (e.g., resistance arteries), 

endothelial derived vasodilation using cholinergic stimulation (via acetylcholine, 

Ach) occurs primarily via EDH (8, 11, 61, 75); whereas in arteries with few MEJs, 
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NO signaling predominates.(6, 67) We reasoned that the new formation of MEJs 

in a conduit artery could alter the endothelial-dependent mechanism of 

vasodilation. Dose-responses with Ach on control CAs demonstrated that eNOS 

inhibition significantly inhibited vasodilation in agreement with the literature (with 

300 μmol/L L-NAME, a non-specific NOS inhibitor, Figure 10A-B; Figure 11). (65, 

88) At day 7 post PAI-1 treatment, when HIEL and MEJs were maximally present 

and both  heterocellular dye transfer and NS309 both were significantly increased, 

L-NAME alone did not inhibit vasorelaxation to similar levels as seen in the control 

CAs. It was only with the addition of apamin, TRAM-34, and indomethacin (SKCA, 

IKCA, cyclooxygenase inhibitors, respectively) that vasodilation to Ach was 

significantly inhibited (Figure 10A-B; Figure 11).  In experiments on CAs treated 

with PAI-1 for 7 days, an inhibitory response was observed with the combination 

of indomethacin, TRAM-34, and apamin, as well as with only TRAM-34, apamin, 

and L-NAME (Figure 12).  These data indicate that the PAI-1-treated carotids have 

an increased reliance on EDH-based signaling, a predominance usually only 

observed in resistance arteries where MEJs are prevalent. 

Lastly, we tested if the formation of MEJs alone was sufficient to alter the 

mechanism for endothelial-derived vasodilation. We have previously 

demonstrated that alpha globin is a potent chelator of NO and is specifically 

expressed in the endothelium of resistance arteries, with little to no expression in 

conduit arteries.(39, 80) At day 7 post PAI-1 application, when MEJs and Ach-

induced non-NO vasodilation are maximal, we found a significant increase in 

expression of alpha globin (Figure 13A-B).  We also observed alpha globin in the 
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HIEL at day 7 in en face preparations of CAs (Figure 8).  In mice with a disrupted 

Hba1 gene (Hba1-/-), we found no alpha globin expression at day 7 post-PAI-1 

application, whereas in littermate controls (Hba1+/+) the protein was produced at 

normal levels similar to that seen in C57Bl/6 (Figure 13A-B; Figure 14). The 

absence alpha globin expression at day 7 post-PAI-1 application in Hba1-/- mice 

had no effect on (1) the number of HIEL (Figure 13C-D), (2) EC projections 

through HIEL (Figure 13E), (3) dye transfer to SMC (Figure 13F), or (4) relaxation 

to NS309 (Figure 13G). However, CAs of mice lacking alpha globin expression 

were unable to switch their dominant vasodilatory mechanism from NO to non-NO. 

As expected, CAs from Hba+/+ littermate controls 7 days after PAI-1 application 

appeared similar to those seen in C57Bl/6 (Figure 13H), with non-NO dominating 

the vasodilatory response. In Hba1-/- mice at the same treatment time point, L-

NAME alone was able to significantly blunt relaxation, indicating that NO was still 

the dominant dilatory pathway (Figure 13I). MEJs, and MEJ-localized alpha globin, 

are crucial components in enabling EC-driven SMC vasodilation. Through limiting 

the role of NO signaling, the expression of alpha globin at MEJs may encourage 

non-NO based signaling (e.g., EDH) to predominate in resistance arteries.  
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Figure 1.  Representation of experimental set-up used in Chapter 3 for 

carotid exposure. 
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Figure 2. PAI-1 is present in the endothelium of the carotid after treatment 

with pluronic gel/PAI-1 mixture at 24 hours, and increased at 7 days. 

Immunofluorescence images of carotid arteries treated for 24 hours or 7 days with 

pluronic gel/PAI-1 mixture. PAI-1 is shown in red, the autofluorescence of the 

layers of internal elastic lamina (IEL) in green, and DAPI denoting cell nuclei in 

white. A portion of the vessel (yellow box) is magnified in the lower left of each 

image. PAI-1 is enriched in the endothelial layer of both time points, but is more 

prominent with treatment for 7 days. Asterisks denote lumen of the vessel, and 

scale bar in upper left image is 50 μm.  
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Figure 3. Time course after surgical carotid exposure and formation of holes 

in the carotid internal elastic lamina (IEL).  Carotid images (top) were obtained 

via Alexa Fluor 633 hydrazide staining; each image is 200 µm x 200 µm.  Blue is 

remnant of DAPI stain.  In these experiments, N=3 mice per treatment group for 
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each of the 10 days analyzed (90 mice total).  In the graph below, the number of 

holes is averaged for sham surgery (red), pluronic gel only (blue), and following 

PAI-1 treatment (gray). Data is presented +/- SEM. 
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Figure 4.  Formation of holes and cellular extensions into the internal elastic 

lamina of carotids after PAI-1 application. (A-F) Representative confocal 

images of the IEL from CA en face preparations at 0, 7, and 21 days following PAI-

1 treatment and from sham control. The number of holes per 1000μm2 is quantified 
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in G. Scale bar in A is 20µm and representative for A-F.  (H-M) SEM images of the 

IEL from CA en face preparations at 0, 7, and 21 days following PAI-1 treatment 

and from sham control, with quantification of holes per 1000μm2 in N.  Scale bar 

in H is 2µm and representative for H-M.  (O-T) TEM images on transverse sections 

at 0, 7, and 21 days following PAI-1 treatment and the sham controls, with number 

of projections per 100 linear μm quantified in U. In all cases, each dot on graphs 

in G, N, and U indicates the average of 3 random fields of view from 1 mouse.  

Scale bar in O is 1 µm and representative for O-T.  In each graph, N=4 mice per 

experimental time point; *=p<0.05. 
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Figure 5.  Time course after surgical carotid exposure and formation of 

endothelial extensions in the carotid internal elastic lamina (IEL).  In each 

transmission electron micrograph (TEM), E is endothelial cells, S is smooth muscle 

cells, and MEJ is myoendothelial junction.  Scale bar is 2 µm and representative 

for all images.  Note the uranyl acetate precipitate in day 7 PAI-1 carotids. 
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Figure 6. Comparative hole size in the IEL between carotid with PAI-1 post-7 

days (CA), skeletal muscle thoracodorsal artery (TDA), and third-order 

mesenteric artery (MA). 
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Figure 7.  Thickness of the internal elastic lamina does not change with 

application of PAI-1. At least three images were used per mouse per treatment 

and N=4. 
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Figure 8.  Expression of proteins in carotids treated with PAI-1 for 7 days.  

Upper panel is VE-cadherin (green) denoting intact endothelium.  In the bottom 

two rows, the Z-focus is slightly lower to better show protein within the internal 

elastic lamina (IEL) holes.  Middle row shows Cx40 (magenta) and bottom row 

shows alpha hemoglobin (red).  In all cases, IEL is counterstained with Alexa Fluor 

633 hydrazide.  Arrows point to representative Cx40- or alpha globin-occupied 

holes in the IEL.  Scale bar in upper left is 20 µm and is representative for all 

images. 
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Figure 9. Endothelium and smooth muscle cells of the carotid are 

functionally coupled after PAI-1 application. (A) Representative images of 

biocytin highlighted with streptavidin conjugated Alexa 568 fluorophore (red); 

nuclei in blue (DAPI). The XY-plane of endothelium is shown in the top row and 
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smooth muscle in the one below. Note the addition of a-GA blocked biocytin 

transfer to smooth muscle in carotids treated with PAI-1 for 7 days. Scale bar is 20 

µm. (B) Percent streptavidin-positive smooth muscle cells per 10,000 μm2 after 

loading of endothelium with biocytin. (C) Carotids were stimulated with 3 μmol/L 

NS309 and relaxation was measured. Each dot on graphs in B and C indicates the 

average of 3 random fields of view from 1 mouse, minimum N=3 mice per 

experimental condition. Note the addition of a-GA, and denuding endothelium, 

prevented relaxation of carotids treated with PAI-1 for 7 days.  In each graph, 

*=p<0.05. 
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Figure 10. When myoendothelial junctions are present in carotids, 

acetylcholine-induced relaxation is no longer reliant on nitric oxide. (A) Dose 

response curves to Ach; black circles are untreated control carotids, blue triangles 

are carotids treated with L-NAME, and red squares are carotids treated with L-

NAME plus the inhibitors TRAM-34, indomethacin, and apamin. N values indicate 

the number of carotids. In all experiments, a minimum of N=3 mice were used per 

time point per experimental condition. (B) Representative traces of Ach dose-

response curves in the presence of L-NAME; green arrow is initial phenylephrine 

(PE) constriction (in %), with each Ach dose indicated by a blue arrow. Red arrows 

indicate perfusion with Ca2+-free buffer. *=p<0.05 indicates control compared to L-

NAME, TRAM-34, indomethacin, and apamin; #=p<0.05 indicates control 

compared to L-NAME.  
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Figure 11.  Representative acetylcholine traces for all of the experimental 

conditions with carotids.  For all traces, green arrows indicate application of 

phenylephrine (PE) and the percentage in parentheses above is the amount of 

pre-constriction achieved; blue arrows indicate the cumulative concentrations of 

subsequent applications of acetylcholine (Ach); and red arrows indicate the start 

of perfusion with Ca2+-free buffer. 
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Figure 12.  Carotids treated with PAI-1 for 7 days were subject to pressure 

myography in the presence of inhibitors.  In each case, a minimum of 3 mice 

were used per experimental condition, and *=p<0.05. See online methods for 

details of % relaxation. 
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Figure 13. Induction of alpha globin expression within heterocellular 

contacts regulates nitric oxide diffusion, but not myoendothelial junction 

formation. (A) Western blot for alpha globin from carotids, with VE-cadherin used 

as loading control for endothelium. In the right panel, expression of alpha globin at 

7 days post-PAI-1 application is shown in samples from Hba1+/+ and Hba1-/- mice. 

Arrows indicate 10 kDa for alpha globin, and 100 kDa for VE-cadherin. (B) Note 

the significant increase in alpha globin 7 days after PAI-1 treatment that decreases 
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by day 21, matching hole and endothelial projection prevalence. (C-D) the number 

of holes in the IEL were assessed via fluorescent microscopy (C) and SEM (D). 

(E) Endothelial projections down into the IEL were assessed the same way as in 

Figure 1. Coupling of endothelium and smooth muscle was experimentally 

determined using biocytin dye transfer (F) and relaxation to NS309 (G). (B-G) 

Colors indicate identical time points; black is day 0 after PAI-1 on a C57Bl/6 mouse, 

grey is day 7 after PAI-1 on a C57Bl/6 mouse, brown is day 7 after PAI-1 on a 

Hba+/+ mouse, and pink is day 7 after PAI-1 on a Hba-/- mouse. (H-I) CAs were 

collected from Hba+/+ (H) or HBA1-/- (I) mice 7 days after PAI-1 application, 

cannulated, pressurized, and tested in the presence of L-NAME or L-NAME with 

the inhibitors, indomethacin, TRAM-34, and apamin. Loss of alpha globin had no 

effect on the number of holes in the IEL, cellular extensions, dye transfer, or NS309 

induced relaxation (IKCa/SKCa), indicating MEJs were still capable of forming (C-

G). However, data in H-I demonstrate the mechanism of endothelial vasodilation 

was altered without alpha globin present. In all cases, each dot on graphs in C-G 

indicates the average of 3 random fields of view from 1 mouse. N=4 mice per 

experimental time point for all experimental conditions in A-I. In each graph, * and 

# = p<0.05. In B-G, * indicates control compared to respective carotid treatment. 

In H and I, * indicates control compared to inhibitors L-NAME, TRAM-34, 

indomethacin, and apamin; # indicates control compared to L-NAME. 
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Figure 14.  Baseline expression of alpha hemoglobin in resistance versus 

carotid arteries.  Alpha hemoglobin arrow indicates 10 kDa and VE-cadherin 

arrow indicates 100 kDa. All samples are from untreated arteries. 
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Discussion 

We have previously demonstrated that PAI-1 regulates MEJ formation.(36) 

In this study, we further investigated the involvement of PAI-1 in MEJ formation by 

delivering a high concentration of PAI-1 directly to CAs of live mice via a pluronic 

F-127 gel while avoiding adverse systemic effects. The local increase in PAI- 

resulted in structural and functional changes in the CA that phenotypically shifted 

it to resemble a resistance artery. CAs normally have few HIEL and EC projections 

through those breaks in the lamina; however, after 7 days of PAI-1 directly on the 

CA, both of these anatomical phenomena developed. Evidence of direct 

heterocellular coupling between endothelium and smooth muscle were also 

observed following PAI-1 treatment, including Cx40 expression in the newly 

formed HIEL and biocytin transfer that was blocked when α-GA, a purported gap 

junction inhibitor, was included in the experimental setup.  However, direct 

evidence of heterocellular coupling via electrical coupling (e.g.,(17, 89)) could not 

be demonstrated.  Regardless, the significant upregulation of HIEL, EC 

projections, and heterocellular movement of molecules represents an important 

anatomical shift in this conduit artery.  

Our results show that the formation of HIEL is transient, achieving a 

maximum by day 7 of PAI-1 treatment and dissipating by day 21. The underlying 

mechanism of this transient formation is unclear, but it could represent either an 

unresolved inflammatory response or, more simply, degradation of the 

exogenously applied PAI-1. This temporal loss of the HIEL formed following PAI-1 

treatment also suggests a dynamic nature of HIEL/MEJ, with the potential 
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necessity of a constant stimulus to maintain the ability to form MEJs. Since 

exogenous application of PAI-1 alone induces formation of HIEL and MEJ-like 

projections within the carotid, this represents an important advancement in our 

understanding of the development of these critical vascular signaling domains. The 

spatial distribution of PAI-1 across the vascular wall may be one such avenue to 

explore—with its local translation and thus protein enrichment at MEJs (90), it is 

possible the MEJ signaling domain may be capable of regulating formation of holes 

in the matrix. Lastly, the role of inflammation on formation of HIEL and/or EC 

projections will be an important expansion on this work that will be elaborated on 

in future studies. 

Functionally, the induction of these MEJs in the carotid was able to switch 

the vasodilatory profile of these conduit arteries to be more reliant on EDH based 

vasodilation compared to NO. Pressure myography experiments revealed 

increased relaxation via the IKCa/SKCa-channel activator NS309, and that L-NAME, 

an inhibitor of NO production, was unable to prevent vasodilation via the Ach 

pathway in PAI-1-treated CAs at 7 days post-treatment. These results indicate a 

switch from primarily NO-based signaling, normally characteristic of conduit 

arteries, to a predominantly EDH-based mechanism, characteristic of resistance 

arteries. The correlation of this switch in dilatory mechanism alongside increased 

MEJ formation mimics the anatomical and functional observations of resistance 

vessels; thereby demonstrating that the MEJ is a crucial regulator in determining 

the vasodilation pathways in arteries. 
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Alpha globin expression is normally limited to resistance arteries where it 

localizes to the MEJ.(38) Alpha globin has been shown to complex with eNOS to 

regulate NO-signaling in the resistance vasculature, (80, 81) where it can 

scavenge NO produced by eNOS and limit the amount available for diffusion 

across the vessel wall to result in vasodilation. (38, 39) Its expression at the MEJ 

finely controls vasodilation by limiting the diffusion of eNOS-derived NO from the 

MEJ to the SMC.(38)  As follows with our other data, the expression of this 

resistance artery specific protein was increased in CAs following PAI-1 treatment 

in the newly formed MEJs. This aligns with previous data that indicated protein 

expression of alpha globin is dependent on the heterocellular contact between ECs 

and SMCs (39). The PAI-1-induced expression of alpha globin in CA MEJs limited 

the dilatory effect of NO in these vessels (Figure 4H). In mice with a disrupted 

alpha globin gene product, vasodilation still occurs via NO, with Ach-mediated 

vasodilation nearly completely inhibited with L-NAME alone, with little additive 

effect from EDH inhibitors (Figure 4I).  

Within the vasculature, cell-cell interactions induce protein expression to 

influence cellular function (39, 91-94) and our results embody this motif: alpha 

globin expression is induced upon heterocellular contact (EC-SMC coupling) and 

alters cellular function (altered mechanism of arterial relaxation). This data also fits 

well with previous work demonstrating alpha globin’s regulation of eNOS (80, 81) 

and suggests that alpha globin expression is imperative for EDH-based signaling 

to predominate. Our lab has demonstrated that the disruption of the alpha 

globin/eNOS interaction via a mimetic peptide leads to increased NO signaling. 
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(38, 80) Based on this and the data we show in this paper, alpha globin at newly 

formed MEJs in PAI-1-treated carotids likely participates in the switch to EDH-

based relaxation through limiting the effects of NO-based vasodilation.  It is also 

possible that the PAI-1 enzyme may be simultaneously acting on eNOS to reduce 

NO-availability, enhancing the inhibitory effect to ensure EDH predominates. The 

interaction between PAI-1 and eNOS may be an interesting avenue to explore in 

future studies. 

Since the major anatomical differences between a conduit and resistance 

artery are the IEL and points of heterocellular contact via MEJs, our finding that 

the induction of MEJs can switch a conduit artery’s dilatory mechanism from NO-

dominated to likely EDH-dominated demonstrates a match between form and 

function. Our data suggests that MEJs are an anatomical platform for EDH 

signaling with alpha globin expression, and could be the reason why EDH 

predominates in resistance arteries.  
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Appendix 

Contributions from authors: 

X Shu and CA Ruddiman performed experiments, especially en face 

imaging and vasoreactivity. ME Good, Y Yang, and AS Keller performed 

vasoreactivity and other experiments as needed. X Shu and TCS Keller were 

responsible for carotid/PAI-1 surgeries. AK Best supervised mouse colon 

management, L Columbus and BE Isakson supervised project.  

CA Ruddiman amended figures and manuscript for this version to be 

incorporated into her thesis. 
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Chapter 3. Myoendothelial heterogeneity enables 

phosphatidylserine regulation of Kir2.1  

 

Abstract 

Total peripheral resistance is a major component of blood pressure that is 

dictated by resistance arteries. Poiseuille’s Law describes that flow is proportional 

to the radius of the blood vessel to the fourth power (r4), indicating that minute 

changes in the resistance arterial diameter have large effects on blood pressure; 

thus, the vasodilatory pathways that dictate their diameter is tightly regulated. The 

myoendothelial junction (MEJ) is an anatomical hallmark of resistance arteries and 

is a crucial signaling microdomain that coordinates vasodilation through 

heterocellular communication. The MEJ forms when endothelial cells (EC) extend 

through holes in internal elastic lamina (HIEL) and make contact with smooth 

muscle. It is well-known that gap junction proteins, potassium channels, and 

calcium channels localize to the MEJ. However, en face immunohistochemistry 

throughout the literature demonstrates heterogeneous protein localization to HIEL, 

posing the question if each HIEL contains an MEJ or if functionally distinct 

subpopulations of MEJs exist. 

In order to answer this question, I first sought to determine if every HIEL 

contained an MEJ via a transmission electron microscopy approach. I predicted 

how many MEJs I would expect to see in TEM cross-sections based on 

quantitative measurements of HIEL in en face images. This approach allowed me 
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to identify a cellular projection independent of protein localization. The number of 

MEJs detected was within the predicted range, thus I conclude that every HIEL 

contains an MEJ. Since this was the case, it was unclear to us why protein 

localization to these domains was heterogenous.  

We hypothesized that the local lipid composition of MEJs could in part 

regulate the protein composition, given the growing evidence that lipids 

regulate protein function and localization. Previously, we demonstrated that 

phosphatidylserine (PS), an anionic lipid species, localizes to the MEJ in an in vitro 

vascular cell co culture model. We show that this lipid is also present in intact, third 

order mesenteric arteries and is enriched in only 13.8% of MEJs, with 1.18 PS-

MEJs per EC. We wanted to better understand the function of this unique 

subpopulation of MEJs. Recent in silico data indicate that PS has a binding site on 

the Kir2 channel and can compete for the PIP2 binding site, which is a known 

activator of channel function. Due to the evidence that Kir2.1 is crucial for 

facilitating vasodilation and is active in endothelial cells, we hypothesized that PS 

could regulate Kir2.1 function at the MEJ.  

Indeed, we found that 83.33% of Kir2.1-MEJs also contained PS. In 

contrast, only 14.64% of Cx40-MEJs also contained PS. This demonstrated to us 

that the PS-Kir2.1 interaction at the MEJ was an intentional, specific interaction. 

We next tested this interaction functionally, and found that in an ex vivo pressure 

myography setup, addition of exogenous PS blunted Kir2.1-mediated vasodilation 

to similar levels of the known Kir2.1 inhibitors, Ba2+ (100µM) and ML-133 (3.6	µM). 

Based on this inhibition and in silico data suggesting PS can bind to the PIP2 
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binding site, we hypothesized that PS may compete for the PIP2 binding site 

on Kir2.1. We tested this using whole-cell patch clamp electrophysiology and 

found that the addition of PS to the system inhibited PIP2-mediated Kir2.1 

activation. We next tested the impact of PS on PIP2-mediated dilation on intact 

arteries. We demonstrated that exogenous addition of PIP2 to arteries resulted in 

a consistent vasodilatory response that was inhibited by Ba2+, ML-133, and PS. 

Since exogenous PS was able to block PIP2-mediated vasodilation in intact 

arteries to a similar level of known Kir2.1 inhibitors, we conclude that PS at the 

MEJ can compete for and block PIP2 access to its binding site on Kir2.1. In vivo, 

this interaction may have a dampening effect to prevent excessive vasodilation.   

The MEJ is the anatomical location that facilitates the interaction between 

PS-Kir2.1. We hypothesized that the absence of MEJs in vivo would prevent this 

lipid-protein interaction. We sought to use a genetic mouse model to disrupt 

canonical MEJ formation, and were inspired by a recent study that demonstrated 

IEL disruption via TEM cross-sections from an endothelial cell-specific elastin 

knockout (Elnfl/fl/Cdh5Cre+) mouse model. We followed up on this study and found 

that canonical HIEL were no longer detectable in the en face view. In addition, PS 

was disrupted with fewer high intensity puncta and reduced surface area coverage. 

The protein expression of Kir2.1 was unchanged between genotypes; however, 

the dilation to exogenous PIP2 was significantly increased in EC-Eln KO mice. This 

suggests that Kir2.1 is more susceptible to PIP2 activation in EC-Eln KO arteries. 

Since PS is disrupted in the endothelium, and Kir2.1 protein expression is 

unchanged in KO, we conclude that PS is no longer competing for the PIP2 binding 
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site on the channel which results in an increased dilation. We tested this 

experimentally by adding back PS ex vivo prior to PIP2 dilation. Indeed, addition of 

exogenous PS reduced PIP2 dilation back to control levels. Taken together, this 

evidence indicates that the directed localization of PS to MEJs functions to 

modulate Kir2.1 function in resistance arteries.   
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Introduction 

Kir2.1 important in regulating cardiovascular homeostasis and is expressed 

in both the heart and peripheral vasculature. (21, 95) This channel is important in 

maintaining homeostatic potassium levels inside the cell by generating a 

potassium efflux. In resistance arteries, active currents have been observed in 

endothelium but not smooth muscle (21), and global heterozygous knockout of 

Kir2.1 leads to hypertension in mice. (95) In addition to its role in nitric oxide-based 

flow-mediated vasodilation (96), Kir2.1 is also a contributor to endothelial derived 

hyperpolarization (EDH), the predominate dilation pathway in resistance arteries. 

(10, 21) Resistance arteries contain a signaling microdomain called the 

myoendothelial junction (MEJ), which is an endothelial cell (EC) projection through 

holes in the internal elastic lamina (HIEL) that makes contact with smooth muscle 

cells (SMC). The MEJ is a critical site of heterocellular communication that 

facilitates EDH-based vasodilation through gap junction formation and localization 

of ion channels, (5, 9, 56) such as the Ca2+-activated intermediate conductance 

potassium channel (IKCa), and Transient Receptor Potential Cation Channel 

Subfamily V Member 4 (TRPV4) (13, 97). While functional data implicates that 

Kir2.1 may be at the MEJ, it has not been demonstrated to localize there via 

microscopy. Further, Kir2.1 channel function is regulated by lipids, where 

cholesterol prevents normal activation (96, 98, 99) and PIP2-Kir2.1 interaction lead 

to channel opening and activation (100). Thus, we sought to determine if Kir2.1 

was localized to the MEJ and how channel function was regulated by the local lipid 

environment. 
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Our lab demonstrated that phosphatidylserine (PS) was enriched in in vitro 

MEJs that were isolated from a vascular cell co-culture model (VCCC) (24). PS is 

an anionic phospholipid that is enriched on the inner leaflet of lipid bilayers and 

comprises between 3-10% of the lipid composition of a cell. (101)  Given that PS 

has been implicated in regulating protein localization and inward rectifying 

potassium channel function, (102, 103) we sought to determine the contribution of 

PS to localization and function of Kir2.1 in resistance arteries. While some data 

indicate PS as a co-activator of Kir2.1 function, (104, 105) a recent in silico model 

demonstrated that PS can also bind to the PIP2 activation site, (102)  implicating 

that PS may be capable preventing the necessary binding of PIP2 for Kir2.1 

channel activity. We therefore hypothesized that PS and Kir2.1 localized together 

at a unique subpopulation of MEJs, where PS could negatively regulate PIP2 

activation of Kir2.1 and thus modulate the magnitude of vasodilation and thus total 

peripheral resistance.  
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Introduction to Kir 
 

Maintenance of intracellular ion concentrations is imperative for healthy 

cellular function and processes, where normal homeostatic K+, Na+, and Ca2+ are 

approximately 150mM, 15mM, and 0.1µM, respectively. Small deviations from 

homeostatic concentrations are immediately sensed within the cell and often 

trigger downstream events. The cell has evolved to produce machinery to tightly 

control these concentrations including ion channels and transporters that localize 

to PM. Cytoplasmic concentrations can also be regulated by ion channels localized 

to organelles such as the endoplasmic reticulum. The mechanism of how a heart 

beats or how a neuron fires are iconic examples of ions coordinating cellular events 

that sustain the human body. Vasodilation and constriction are also tightly 

controlled by the movement of ions into and out of the cell. The level of dilation 

and constriction in resistance arteries is most impactful in determining TPR and 

ultimately blood pressure. This section will focus on the role of potassium (K+) its 

contribution to vasodilation and its regulation by the inward rectifying potassium 

channel 2.1 (Kir2.1).  

Kir channels are found in a plethora of cell types throughout the body, 

including excitable cells such as cardiac myocytes (106, 107) and neurons, (108, 

109) non-excitable cells such as osteoclasts, (110) glial cells, (111) epithelial cells, 

(112) oocytes, (113) and non-excitable vascular cells such as blood cells,(114) 

endothelial cells, (21, 100, 115, 116) and smooth muscle cells. (117)  In the 

vasculature, Kir2.1, Kir2.2 are the most highly expressed isoforms, with Kir2.1 

being the most predominate in the endothelium. (118) SMC Kir2.1 does not have 
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active currents in mouse mesenteric arteries.(21) Channel mutations in humans 

are associated with Andersen’s syndrome which is characterized by cardiac 

arrhythmias. (119, 120)  Downregulation or disruption of Kir channels are 

associated with heart failure and reduced dilation in cerebral arteries. (121) (122)  

Global constitutive knockout Kir2.1-/- mice die within 12 hours of birth (122) and 

Kir2.1+/- mice are hypertensive. (95) Together, this demonstrates the importance 

of this channel in cardiovascular homeostasis and function.  

The Kir channel family consists of 16 KCNJ genes divided into seven 

families (Kir1.x to Kir7.x), where Kir2.x and Kir3.x are strong rectifiers, Kir4.x are 

intermediate rectifiers, and Kir1.x and Kir6.x are weak rectifiers.(123) The channels 

can also be classified into different functional groups, where Kir2.x are classical 

Kir channels, Kir3.x are G protein gated Kir channels, and Kir6.x are ATP 

sensitive.(124) Kir were first discovered in skeletal muscle,(125, 126) and they 

were particularly interesting because their ion flow did not follow the outward 

rectification as predicted by the Nernst equation or Hodgkin-Huxley kinetics,(127) 

with a inactivation when depolarization occurs. This is attributed to intracellular 

pore blockage by both polyamines and Mg2+ ions, otherwise referred to as 

“polyamine block”. The Kir2 subfamily are particularly sensitive to polyamine block, 

in particular spermine and spermidine,(128) then somewhat regulated by 

cadaverine and putrescine.(129) 

 

  



 

 

78 

Overview of Kir channel structure 

The Kir2.x channel subfamily are comprised of a transmembrane domain 

and a large cytoplasmic domain (TMD, CTD), with structural features that 

contribute to channel regulation in both domains. The transmembrane domain 

contains four alpha helices, two that traverse the membrane, one that lines the 

pore, and one that is on the outside of the channel. (130) At the most extracellular 

region of the TMD, there is a protein sequence that connects the two alpha helices 

on that side of the channel, with a major structural function of restricting the size 

of the extracellular opening.(131) This region is referred to as the turret. Right 

below the turret is the selectivity filter, which has sequence to similarity across the 

family.(132) The selectivity filter is localized in the middle of the pore and is 

comprised of two major features: (1) conserved disulfide bond between 

extracellular loops of the transmembrane domain and (2) an ion pair between intra- 

and extracellular sides of the loop.(133, 134) These features are required for ion 

movement through the pore. At the interface of the TMD and CTD is a bundle 

crossing region that acts as a gate for ions into the transmembrane region. The 

amino acid at this region varies between the different isoforms of Kir, and is a 

methionine in the strongly rectifying Kir2.x family. (135) The CTD is comprised of 

the functional units G-loop, upper ring, and lower ring. The G-loop contains 

residues (G285 and G300 in Kir2.1) that are involved in channel regulation through 

providing flexibility where a binding partner can induce conformational changes, 

including by PIP2 binding.(131, 136, 137) 
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A single residue in the TMD of Kir channels can dictate the level of 

rectification, which is the acidic aspartate at 172 (D172) , and therefore is termed 

the “rectification controller”. (138) It is located between the selectivity filter and 

bundle crossing region, where an aspartate from each of the subunits of the 

tetramer interact and form a highly negatively charged ring, allowing polyamines 

to bind and block ion flux. (139) While this is a major contributor to polyamine block 

there are other residues within the TMD and CTD that are also crucial in regulating 

the strong rectification properties of Kir channels. (139)  

 

Regulation of Kir2.1 by lipids 
 

Phosphoinositol-4,5-bisphosphate (PIP2), is a phosphoinositide that 

comprises approximately 3% of eukaryotic membranes and represents over 99% 

of all phosphoinositide in the cell. (140) (141)  This lipid localizes primarily to the 

intracellular side of the plasma membrane and can be cleaved by phospholipase 

C downstream of Gq coupled signaling where its cleavage products, IP3 and 

diacylglycerol (DAG), act as second messengers in a variety of cellular signaling 

events, including specifically at the MEJ. (24, 41) This small, anionic phospholipid 

is also a direct activator of Kir channels, (142) including Kir2.1, Kir2.1, Kir3.1, 

Kir3.2, Kir3.4, Kir6.1, and Kir6.2. (119)  

An x-ray crystallography structure of Kir2.2 with PIP2 revealed the structural 

mechanism of PIP2 facilitating Kir channel opening and thus potassium flux. PIP2 

associates with a specific phosphoinositide binding site within the CTD and a 

nonspecific lipid association site in the TMD domain. Thus, the ability of PIP2 to 
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interact with the two major domains of the channel induces a conformational 

change, specifically with the CTD shifting 6 angstroms, that promotes pore 

opening. (130, 135) On Kir2.2, the identified residues are: R65, R78, W79, R80, 

K183, R186, K188, K189, R190, and R219. (135) This was the first study to 

structurally define how PIP2 was interacting with the Kir2.2 channel. Similar 

residues in Kir2.1 were shown to confer PIP2 sensitivity, as when they were 

mutated, the ability for PIP2 to increase Kir2.1 currents was reduced: H53, R67, 

K182, K185, K187, K188, R189, R218, K219, R228, H271, and R312. (119) 

Further, the PIP2-mediated activation of these channels has been demonstrated to 

likely be independent of subsequent cleavage into diacylglycerol (DAG) and 

inositol-1,4,5-trisphosphate (IP3). (105) 

There is also evidence of a secondary binding site, involving the residue 

K64 and K219 define the secondary lipid binding site on Kir2.1, (143) (102)  where 

another anionic lipid can bind and in many cases has been shown to increase 

channel activation through conformational changes that favor opening. (104) 

Indeed, the oxidation of these residues can also have a “tethering” effect that 

mimics channel opening in the same way association with an anionic phospholipid 

would. (143) The presence of two anionic binding sites introduces lipid interplay as 

another variable that must be considered in channel regulation and may only be 

more complicated by specialized, cellular lipid environments that cannot be 

captured through computer simulations or liposome experimentation.   

In a simulation of a cellular membrane containing Kir2.1 and modeled 

without PIP2, phosphatidylserine (PS) associates equally with both the primary and 
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secondary lipid binding sites,  (143) and clusters around the channel. (102) In 

contrast, other lipids such as PPA, phosphotidylethanolamine (PE), and 

phosphatidylcholine (PC) will primarily occupy the primary lipid binding site when 

PIP2 is absent. (143) PS also interacts strongly with residues at the primary binding 

site, R78, R80, K183, R186, K189, and with the two defining residues of the 

secondary binding site, K64 and K219. (102) Altogether this suggests that PS is 

spatially oriented and inclined to interact with both binding sites in a low PIP2 

environment. When PIP2 is bound to the primary site at the beginning of the 

simulation, PS is more likely to associate with just the secondary site. (143) This 

secondary site occupancy when PIP2 is also bound has been attributed to 

increased channel activity. (104) (105) Interestingly, when PIP2 is bound to its 

primary site at the beginning of the simulation, the only lipid other than PS that 

accesses the primary site is PE, a lipid product that can be synthesized by PS. 

(144) These data indicate that lipid environment is a strong mediator of how lipids 

interact with channels to regulate their function.  

Of note, the previously described experiments do not control for cholesterol 

content, a known inhibitor of Kir2.1 activity. Cholesterol constitutes 10-45% of lipids 

in the cell. (145) An enrichment of cholesterol in aortic endothelial cells significantly 

suppresses current through Kir, (146), cholesterol suppresses flow-mediated 

vasodilation of Kir2.1(96), and Kir2.1 fractionates in low-density sucrose fractions 

indicating that it localizes to cholesterol-rich lipid rafts. (147) (148) These data 

suggest that cholesterol is involved in regulating Kir channel activity. Indeed, Kir 

channels are sensitive to cholesterol through a specific region on the CTD called 
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the CD loop, which houses the L222, N216, K219 residues. Specifically mutating 

the L222 residue has a dominant negative effect on cholesterol sensitivity. (149) 

While initial mutagenesis studies suggested cholesterol sensitivity was 

independent of PIP2 binding, (149)  follow-up studies indicate that cholesterol 

sensitivity is conferred through prevents the conformational changes induced by 

PIP2 binding. (150) Further simulation work has suggested that cholesterol 

interactions with Kir2.1 actually prevent tetramer formation to prevent channel 

activity. (99) 

Other lipid inhibitors of Kir2.1 include pyrophosphatidic acid (PPA), an 

anionic phospholipid that was demonstrated to be able to occupy essentially the 

same region as PIP2 without contributing to an activating conformational change. 

(135)  In further functional testing, it was confirmed that PPA alone cannot act as 

a substitute for PIP2, but rather prevents PIP2-mediated activation of Kir2.1. (143) 

This competitive inhibitor function of PPA is similar to that of other 

phosphoinositides. (104) Other antagonists of PIP2-mediated activation are oleoyl 

coA and ethyl-phosphatidylcholine (EPC).  
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Lipid composition, organization, and function in the plasma 

membrane 

All eukaryotic cells have plasma membrane consisting that consists of a 

lipid bilayer. An individual phospholipid consists of a hydrophilic phosphate head 

group connected to two hydrophobic fatty acid chains by an alcohol or glycerol 

group. When assembled in a bilayer, the hydrophilic head groups will face the 

cytoplasmic and extracellular space, while the fatty acid chains from adjacent 

phospholipids will interact with each other in the middle. The plasma membrane 

was initially viewed only as a protective barrier with no active role in cellular 

function. In 1972, Singer and Nicholson described the fluid mosaic model of 

plasma membranes. (151) With thermodynamic considerations, they described 

that the membrane was a non-uniform mixture of lipids and proteins that were 

continually moving. This new way of viewing the plasma membrane implicated an 

active role in modulating cellular function.  

Lipid composition of the plasma membrane varies depending on cell types, 

but the four major phospholipids of mammalian cells are phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), sphingomyelin, and 

cholesterol. (152)   Both PS and PE are asymmetrically distributed across the 

bilayer with a majority localized to the inner leaflet. (152) Flippases, floppases, and 

scramblases regulate the localization of lipids to the cytoplasmic or extracellular 

side of the membrane. (153) Flippases regulate translocation of PE and PS from 

outer to inner leaflet, while floppases transport PC from inner to outer leaflet. Since 

these transport lipids against their concentration gradient both of these enzymes 
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require ATP. Scramblases, however, do not transport lipids in any particular 

direction and do not require ATP to translocate lipids to different sides of the PM. 

(153) PS  can be flipped to the extracellular side of the plasma membrane in a 

Ca2+-dependent manner, where calcium influxes can result in translocation to the 

outer leaflet via TMEM16F, and upon return to baseline calcium concentration, 

flippases can reactivate to reestablish asymmetrical PS distribution. (154, 155)  

 

Phosphatidylserine 

PS is negatively charged at physiological pH, unlike PC, PE, and 

sphingomyelin which are neutral, and comprises approximately 5-10% of 

mammalian cell membranes. (101)  PC and PE undergo de novo synthesis via the 

Kennedy pathway (156), and PS can be synthesized from them via two enzymes, 

phosphatidylserine synthase 1 or 2 (PSS1 or PSS2). (157) Although structurally 

similar, the two enzymes only share 32% amino acid sequence identity and use 

different substrates, PC or PE, respectively. (158) There is differential localization 

of mRNA in mouse tissue, with PSS1 being more ubiquitously expressed and 

PSS2 being more concentrated in Sertoli cells (testes) and Purkinje cells (brain). 

Both PSS1 and PSS2-deficient mouse models are viable mice with normal 

development. (144, 158) In PSS2-deficient mice, phospholipid composition 

remains unchanged, and in PSS1-deficient mice PS content is only reduced in the 

liver, and is unchanged in the heart and brain. Interestingly, PSS2 mRNA 

expression is not significantly increased in PSS1 knockout tissues (although there 

is a trending upregulation in brain tissue isolated from homozygous global 
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knockout mice). (144) When attempting to make a double knockout mouse of both 

these enzymes, only mice with 3 alleles knocked out are generated, and no double 

knockouts were produced, indicating that PS synthesis via these enzymes is 

necessary for development.  In mice with just one allele (Pss1-/- / Pss2+/- or Pss1+/- 

/ Pss2-/-) there is a 40% reduction in PS content (and 29% reduction in PE) but still 

the mice are outwardly normal. (144)   Since there are no PSS1 and PSS2 double 

knockouts produced, it is clear that a pathway necessary for development is 

disrupted in their absence. However, it is difficult to interpret if PS itself or if PE 

derived from PS via PS decarboxylase (PSD) is the crucial developmental 

component, (144) since PE is functionally relevant in facilitating protein biogenesis, 

protein activity, membrane fusion, and oxidative phosphorylation and 

autophagy.(159) 

 

Biological functions of phosphatidylserine 

One of the canonical functions of PS is facilitating the hemostasis through 

participating in the clotting cascade.  When there is damage to a blood vessel that 

needs to be repaired, the matrix beneath the endothelial cells is exposed. Collagen 

receptors on platelets that can bind to these injured areas to jumpstart the signaling 

pathways for clotting. This binding initiates a signaling cascade that results in a 

significant calcium increase within the platelet. (160) The lipid scramblase 

TMEM16F is activated by this calcium increase and flips the PS to the exofacial 

surface of the platelet. Due to the anionic nature of PS, it functions as a scaffold 

where the clotting factors can aggregate to facilitate downstream signaling. (161) 



 

 

86 

Patients with Scott syndrome lack a functional TMEM16F and therefore have 

bleeding disorders. (161, 162) 

Another well-known and -studied function of PS is its role in apoptotic cell 

death. (163) Exofacial presentation of PS on apoptotic cells occurs over the course 

of hours and is well-recognized as the “eat me” signal in apoptosis. (164, 165) It is 

currently a debate whether PS movement to the extracellular side of the lipid 

bilayer is a Ca2+-independent or -dependent process. (165) Interestingly, patients 

with Scott syndrome have normal PS exposure during apoptosis, which strongly 

suggests that TMEM16F is not involved in the apoptotic movement of PS.(166) 

The C2 domain of lactadherin binds specifically to PS and is present on 

macrophages, which can also interact with integrins on phagocytic cells, targeting 

the apoptotic cell for engulfment. (167) 

PS is also an important regulator of protein function by acting as a co-

activator, along with diacylglycerol (DAG), of protein kinase C (PKC). (24, 168, 

169)   PKC is an enzyme that can regulate the phosphorylation and thus activation 

of numerous proteins in a cell. In ECs, PKC can activate Akt, which in turn activates 

eNOS signaling. (170)  PS is also implicated in the polar localization and trafficking 

of proteins within cells, where it can interact with numerous proteins containing a 

polycationic stretch of amino acids. (165) PS regulates the polarity of Cdc42 in 

yeast such that proper budding occurs, (171) phagosome function through 

localization and recruitment of Src, (172) and interacts with Ras and Rho family 

GTPases to regulate their function. (173) PS is also important in intracellular 

membranes through its enrichment to recycling endosomes through interactions 
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with evectin-2. (174) It is also involved in trafficking events, through being a 

substrate for oxysterol-binding proteins (ORPs) (175, 176) and through promoting 

the trafficking of other lipids to the PM (177). The localization of PS to inner or 

outer membranes on organelles also influences protein and lipid trafficking, with a 

proposed role for the PS flippases ATP8A1 and ATP8A2. (178) 

 

PS and Cholesterol interactions in the membrane 

The localization of PS within the plasma membrane tends to be enriched 

within lipid rafts which are high in cholesterol content. (179) PS also has been 

demonstrated to localize to and facilitate the formation of caveolae. (180, 181) 

When PS depleted from cell membranes, caveolin-1 (Cav1) proteins disassociate 

from their clusters and reduce the number of anatomical caveolae in the 

membrane.(181) PS can also influence the curvature of the membrane where it is 

enriched. For example, when cholesterol is depleted from a PS enriched 

membrane, there is a spontaneous membrane curvature inward due to the charge 

repulsion force of clustered anionic lipids. (182-184)  

PS is also important in the trafficking and retention of cholesterol in the 

plasma membrane. (177) (185) When LDL cholesterol is taken up into the cell via 

endocytosis to enter a lysosome. This pool of cholesterol must go to the plasma 

membrane before being trafficked to ER. However, when PSS1 is depleted from 

cells, this cholesterol is trapped at the plasma membrane, implicating PS as an 

important determinant in cholesterol movement. Interestingly sphingomyelin has 
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the opposite effect on cholesterol movement and contributes to its stability and 

retention in the plasma membrane.(177) 

 

Diseases associated with PS 

Scott syndrome is an extremely rare disease that is characteristic of severe 

hemorrhagic episodes. This disease is not diagnosed by normal coagulation tests 

because clotting factors are present at normal levels. Diagnosis involves 

examining platelet aggregation under arteriolar flow (high shear stress), which is  

significantly reduced in patients, and also through thrombin stimulation of platelets 

and flow cytometry to detect the amount of PS present on platelet membranes. 

(186) The lack of PS flipping to the extracellular side of the bilayer is attributed to 

a dysfunctional scramblase, TMEM16F in these patients. (161, 162)  

PS overproduction is the cause of a long-known developmental disease 

called Lenz-Majewski syndrome. (187, 188) This is an extremely rare disease with 

only eight total cases reported as of 2013 and patients present with severe 

developmental, intellectual, and physical abnormalities. It was identified in a study 

of five patients’ DNA that mutations in PTDSS1 resulted in a gain of function effect 

for the enzyme, where it affects the negative feedback regulation of PS on PSS1 

activity.(188) 

 

Lipids at the MEJ 

In our lab’s in vitro VCCC model, we were able to determine the relative 

amounts of lipids in EC, SMC, and MEJ fractions compared to cells that were 
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cultured separately.(24) This data indicates that heterocellular contact can dictate 

the relative abundance of lipids in the cell. For example, sphinogmyelein is heavily 

enriched in EC monolayer culture compared to other sphingolipids, but is 

significantly reduced in the EC fraction of VCCC experiments.  On the other hand, 

there is a significant increase of glycerolipids in the EC fraction of VCCC 

experiments, including phosphatidylethanolamine and phosphatidic acid.  

In the MEJ, although not significant, cholesterol content is reduced 

compared to the EC fraction of the VCCC experiment. Phosphatidylserine, 

sphingamine, and phosphatidic acid are increased in the MEJ fraction compared 

to the EC or SMC layers while sphingosine 1 phosphate is decreased in MEJ 

fraction compared to SMC fraction. DAG is also significantly increased in the MEJ 

fraction, indicating the relatively high hydrolysis of PIP2 that may occur at this 

signaling microdomain. These results indicate that heterocellular contact can alter 

the lipid composition in EC and SMC. However, it remains unclear how this lipid 

composition can affect MEJ heterogeneity, which will be explored in this chapter.   

 

Caveolae are present in the endothelium and MEJ 

The general definition for lipid/protein complexes at the cellular membrane 

is lipid rafts. Although individual lipid rafts are small in size and generally not 

detectable by electron microscopy, they have been shown to make up to 50% of 

the plasma membrane. They are enriched in cholesterol and glycosphingolipids, 

which reduces membrane fluidity compared to the surrounding plasma membrane; 

this high saturation allows for tight packing to facilitate microdomain formation 
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(189). Clustering of proteins within microdomains can facilitate signal transduction, 

but can also negatively regulate protein activity by sequestering proteins to prevent 

activating protein-protein interactions that may occur outside of the microdomain 

(189). On the other hand, recruitment of a protein to a microdomain could also 

promote a protein-protein interaction that ultimately negatively regulates it through 

an inhibitory interaction (189). An example of this is the eNOS/Caveolin-1 (Cav-1) 

interaction within caveolae (189). Moreover, proteins belonging to specific 

signaling cascades like tyrosine kinase or G-protein coupled receptors, 

glycosylphosphatidylinositol-linked proteins (GPI-linked proteins), G proteins, and 

protein kinases may be clustered in membrane microdomains.  

Caveolae are a subset of lipid rafts and are small plasma membrane 

invaginations of about 50-100 nm in diameter (190), which (contrary to other lipid 

rafts) are visible by electron microscopy. They were initially described by G.E. 

Palade in 1953 from electron micrograph images of capillaries and were termed 

plasmalemma vesicles (191). In 1955, E. Yamada discovered them in the gall 

bladder epithelium (192). He viewed them as “little cave” structures and thus 

termed them caveolae intracellulares. These flask shaped microdomains were 

only defined in terms of morphology until 1992, when caveolin, the major coat 

protein of caveolae, was discovered (193). Caveolin proteins distinguish caveolae 

from other lipid rafts, whose binding to cholesterol is thought to stabilize their 

invaginated structure (189). PS is also present within caveolae (180) and facilitates 

their formation (181, 184), where cells depleted of PS had more freely moving Cav-

1. Thus, both PS and cholesterol are needed for proper caveolae formation in ECs. 
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PIP2 is also present in caveolae, but is not required for proper formation of these 

lipid rafts.(194)  

Caveolae are highly enriched in epithelial cells, adipocytes, fibroblasts, 

VSMC, and EC (195). In ECs, they occur at a striking density of approximately 80 

per µm2. They facilitate macromolecular endocytosis in EC, whereas in other cell 

types this process is largely mediated through clathrin-coated vesicles. Moreover, 

they participate in mechanosensing and mechanotrasduction (25), where they 

flatten in response to shear stress. (196) In ECs, shear stress decreases 

cholesterol content and increases fluidity.(197, 198) Another crucial function of 

caveolae is their participation in microdomain formation within the resistance 

arterial endothelium where they are specifically enriched within the MEJ. (26) 
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Materials and Methods 
 
Mice 

The elastin gene, Eln, was selectively knocked out of ECs via a VE-cadherin 

cre (Cdh5Cre+/Elnfl/fl). These mice were on a C57Bl/6 background, and both sexes 

within the age range of 10-20 weeks were used for experiments. For experiments 

on this knockout mouse, Cdh5Cre-/Elnfl/fl littermates were used. For all other 

experiments, C57Bl6/J male mice between 10-20 weeks were used. Mice were fed 

a normal chow and housed under a 12-hour light/dark cycle. Mice were sacrificed 

via CO2 inhalation with a secondary method of cervical dislocation. All experiments 

were approved by the University of Virginia Animal Care and Use Committee.   

 

Antibodies and plasmids 

The following connexin plasmids were a kind gift of Janis Burt: pcDNA3.1 

hygro mouse Cx37, pcDNA3.1 puro mouse Cx40, and pcDNA3 neo mouse Cx43. 

We purchased pEGFP-C1 neo Lactadherin-C2 (Addgene, 22852) and pCAG-

Kir2.1-T2A-tdTomato (Addgene, 60598). pcDNA3.1 Panx1 was cloned in house.  

Antibodies used were rabbit anti phosphatidylserine (Biomatik, CA30389), 

mouse anti KCNJ2 (Sigma, SAB5200027), rb anti connexin 37 (Thermofisher 40-

4300, preferred), mouse anti connexin 40 (Thermofisher, 37-890, preferred), rb 

anti connexin 40 (Thermofisher, 36-400), mouse connexin 43 (Sigma, C8093), rb 

anti connexin 43 (Sigma, C6219),  goat anti calnexin (Abcam, ab219644), mouse 

anti caveolin-1 (Novus Biologicals, NB100-615), mouse anti IKCa(Alomone, ALM-
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051) Alexa-Fluor linked hydrazide 488 (Thermofisher, A10436) or 647 

(Thermofisher, A20502). 

 

En face immunohistochemistry 

Mesenteric arteries were fixed with 4% paraformaldehyde at 4°C for 15 

minutes.  Following PBS washes, arteries were cut en face using microscissors 

and pinned out with tungsten wire (0.013mm diameter) on small sylgard squares.  

Next, en face preps were permeabilized in 0.2% NP40/PBS at RT for 30 minutes, 

blocked with BSA or animal serum for 1 hour, and incubated with primary antibody 

1:100 at 4°C overnight in blocking solution.  Blocking solutions were either 5% 

serum or 10% BSA (for PS detection) in 0.2% NP40/PBS, depending on the 

experiment.  

The next day en face preps were washed in PBS and incubated with 

secondary antibodies (1:400) and hydrazide at RT for 1 hour in blocking solution.   

Alexa Fluor 488- or 647-linked hydrazide powder was reconstituted in diH2O for a 

final concentration of 1mM and diluted 1:1250-1:2500 in secondary antibody 

solution to visualize IEL. Next, the arteries were washed 3x 10 minutes in PBS. 

The third PBS wash included DAPI at 1:5000 from a 5mg/ml stock solution.  

Following PBS washes, the sylgard square was placed onto a microscope slide.  

Next, a droplet of Prolong Gold with DAPI was dispensed on top of the sylgard 

square.  Lab tape was used to secure a square coverslip to the microscope slide 

prior to imaging.  Images were obtained on either a Zeiss 880 LSM with Airyscan 

(Matlab analysis images) or Olympus Fluoview 1000, with a 40x oil objective.  
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Analysis of stitched confocal en face images 

 Stitched confocal images of arteries prepared en face were taken as three 

images on a Zeiss 880 LSM confocal microscope with a 40x objective and 1.8 

zoom. Each individual image was analyzed using our in-house Matlab analysis 

program in order to identify HIEL and PS-HIEL. Next, individual ECs were traced 

using claudin-5 staining in Image J and assigned a number. Individual HIEL data 

obtained from Matlab was then manually organized by EC number in Microsoft 

Excel for analysis. 

 

In-house analysis of immunofluorescence en face images 

Briefly, each immunofluorescence channel of an en face image was subject 

to customized thresholding in order to detect HIEL and EC signaling hub (nuclei, 

interendothelial junctions, or endoplasmic reticulum depending on experiment).  

The brightness and contrast settings were adjusted around difficult- to-detect HIEL 

in ImageJ prior to thresholding in Matlab.  For claudin-5 experiments (not calnexin 

or nuclei), the ImageJ line tool was used to assist in detection of low-intensity 

claudin-5 signal at interendothelial junctions, and nonspecific background noise in 

the middle of the cell was removed to facilitate correct thresholding in Matlab 

program.  

This thresholding was then used to calculate the minimum distance of HIEL 

center points to the EC signaling hub considered and this distribution was plotted 

as a box and whiskers plot.  The distribution was then compared to positive (PC), 

negative (NC), and random control (RAND, via Monte Carlo) simulations in order 
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to determine the spatial distribution.   Positive control simulations generate HIEL 

within 1µm of signaling hub, negative controls generate HIEL between 1.5-4.5µm 

of signaling hub, and Monte Carlo simulations generate randomly distributed HIEL. 

For positive and negative simulations, each HIEL simulated was the average 

diameter of all HIEL within the image. Example plots show center points of HIEL.  

For Monte Carlo simulations, in addition to a random position being selected for 

the HIEL, a random HIEL diameter was chosen within the range of HIEL sizes 

measured for each image. 

 Puncta detection of PS, Kir2.1, and Cx40 was also done in this automated 

Matlab program, where a puncta was defined as being within an HIEL if its center 

point was within 0.75µm of the HIEL center point.  This definition was verified as 

accurate via a visual output from the program.  The same PC, NC, and RAND 

simulations were run on PS-MEJs to determine spatial patterns.  Data was 

transferred to GraphPrism, plotted as a box and whisker plot, and a Brown-

Forsythe and Welch ANOVA statistical test was performed to detect differences.  

Outliers were removed via ROUT (Q=1%).  N values for HIEL in figure legends 

include entire set and do not reflect data points removed via outlier analysis.  In-

house Matlab code, example images, and instructions on how to use the code are 

available on Github: https://github.com/claireruddiman/Spatial-Distribution.  

 

Transmission Electron Microscopy 

Third order mesenteric arteries were dissected from mice and fixed in 4% 

paraformaldehyde / 2.5% glutaraldehyde / PBS for a minimum of 4 hours. Arteries 



 

 

96 

were then processed at the UVA Advanced Microscopy Facility. The arteries were 

washed in cacodylate buffer, incubated in 2% osmium tetroxide for 1 hour, washed 

in cacodylate buffer, then dehydrated with ethanol washes prior to incubation in 

1:1 propylene oxide:epoxy resin overnight. The next day the samples were 

incubated in a 1:2 PO/EPON mixture for 2 hours, then a 1:4 PO/EPON mixture for 

4 hours, then 100% EPON overnight. The next day, the samples were baked in an 

oven at 65°C prior to sectioning. Ultrathin 70nm sections were mounted on a mesh 

copper grid. Sections were contrast stained with 0.25% lead citrate for 5 minutes, 

2% uranyl acetate for 20 minutes, and then again 0.25% lead citrate for 5 minutes. 

Sections were visualized and imaged using a JEOL 1230 Transmission Electron 

Microscope. To avoid the possibility of double counting an HIEL, only 1 section per 

5µm artery length was analyzed, and a minimum of 500µm of IEL length was 

analyzed per artery.  

 

Vascular cell co-culture 

Vascular cell co-culture (VCCC) was created by inverting a Transwell insert 

(0.4µm diameter pore, 10µm thick; Fisher, 07-200-170), in a 100mm dish and 

seeding  human coronary artery smooth muscle cells (HCoASMCs) and human 

umbilical vein endothelial cells (HUVECs) Confluent SMC were removed from 

culture dishes with 0.25% trypsin EDTA, plated on fibronectin  coated (0.3% 

human fibronectin for 24hrs at 37°C ) insert at 1.6x105cells/insert, and grown at 

37°C in an incubator with 5% CO2 atmosphere.  After 4 days the VSMC were 

confluent and the insert was turned over.  The upper membrane surface was 
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coated with 0.3% fibronectin for 1hr at 37°C.  Next, ECs were removed from culture 

dishes with 0.25% trypsin-EDTA and plated on the upper membrane surface at 

1.6x105cells/insert. The co-culture was allowed to stabilize for at least 72 hours. 

After 72 hours of co-culture, the media is suctioned off the insert and 

washed with PBS.  The inserts were fixed with 4% PFA overnight at 4°C with gentle 

shaking.  The inserts were then transferred to 70% ethanol (EtOH) for 24 hours. 

Next, serial dehydration steps were performed as follows: ETOH incubations at 

70%, 85%, 95%, 100% for 30 minutes each, then 100% EtOH x2 for 45 minutes 

each. Rehydration was performed with Xylene x2 for 30 minutes each, and a last 

Xylene incubation for 45 minutes.  Next, parrafin incubations were done at 60°C, 

twice at 30 minutes, and then once for 45 minutes. The harvested filters were then 

embedded in liquid paraffin, keeping the filter in the cassette. The embedded 

inserts were then sent to the UVA Research Histology Core for sectioning at a 

thickness of 5μm. Sections were placed into a 42°C water bath, picked up using 

positively charged slides, and dried overnight in a 42°C oven. 

Before beginning the rehydration steps, bake the slides at 60°C to melt the 

paraffin and help adhere the VCCC sections to the slide. Cool briefly, then 

rehydrate the slides through two changes of xylene, 100% EtOH, 95% EtOH, one 

change of 70% EtOH, and two changes of distilled water. Next, using a humidity 

chamber, block the slides for 1 hour at RT in blocking solution (0.2% TritonX-

100/5% normal serum/PBS) supplemented with 0.05% fish skin gelatin. Then 

incubate the slides in a humidity chamber overnight at 4°C with 1:100 primary 

antibody in blocking solution. The following day, incubate with 1:500 secondary 
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antibody in blocking solution at RT for 1 hour. Mount with Prolong Gold with DAPI, 

coverslip, and image on the Olympus FV1000 confocal microscope using the 60x 

oil objective. 

 

Transfections for immunohistochemistry  

HeLa or HEK293T were plated in 6-well dishes and grown until 70–80% 

confluent.  Each well contained a 10mm circular glass coverslip at the bottom. 

Transfections were performed either with Lipofectamine 3000 or with the Lonza 

Nucleofector kit for HeLa cells. For validation of PS antibody, HeLa cells were 

plated in a 12-well dish at a 60% confluency with a coverslip and were transfected 

for 17 hours with 1.8µg plasmid, 3.65µl P3000, and 2.7µl Lipofectamine 3000 per 

well. For validation of Kir2.1 antibody, HEK293T cells were plated in a 6-well dish 

at a 60% confluency with a coverslip and were transfected for 24 hours with 2.25µg 

plasmid, 4.48µl P3000, and 3.47µl Lipofectamine 3000 per well.  For validation of 

Cx40 antibody, HeLa cells were transfected using nucleofection (Lonza, VCA-

1001) where 1x106 cells were transfected with 0.50µg plasmid and split across two 

wells of a 12-well dish. Cells were fixed with 4% PFA for 10 minutes at 4°C, washed 

with PBS 3x5 minutes, then blocked for one hour with 1% fish skin gelatin, 0.20% 

Triton-X 100, 0.50% BSA, and 5% animal serum in PBS. Primary antibody was 

diluted in blocking solution at a 1:100 concentration overnight at 4°C. The next day, 

following 3x 5-minute PBS washes, secondary antibody incubations were 

performed at a concentration of 1:500 for 1 hour.  After secondary incubations, 

samples were washed once with PBS for 10 minutes, then incubated with DAPI at 
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a concentration of 1:5000 for 10 minutes in PBS, and washed again for 10 minutes 

with DAPI prior to mounting the coverslips onto microscope slides. Images were 

obtained using an Olympus FV1000 confocal microscope. 

 

Whole-cell patch-clamp electrophysiology 

HEK cells at 60% confluence (10cm dish) were transfected for 24 hours with 

14µg of pCAG-Kir2.1-T2A-tdTomato (Addgene, 60598) using 21.7µl 

Lipofectamine 3000 (Thermofisher, L3000008) and 28µl P3000 (Thermofisher, 

L3000008). Transfection was confirmed prior to experiment by td-Tomato 

fluorescence using a confocal microscope epi-lamp.  

Currents were recorded in a conventional whole cell patch clamp 

configuration with a voltage ramp from -140 mV to 50 mV over 250 ms, and were 

measured with 10µM dic8PIP2, 10µM PS, or 10µM dic8PIP2 + 10µM PS in pipette 

solution. For each of these conditions, Ba2+-sensitive currents were measured by 

adding 100µM Ba2+ to the bath solution and recording current 5 minutes later.  For 

basal measurements, current was recorded after equilibration. The pipette solution 

consisted of 10 mM HEPES, 30 mM KCl, 10 mM NaCl, 110 mM K-aspartate and 

1 mM MgCl2 (adjusted to pH 7.2 with NaOH). HEPES-PSS (10 mM HEPES, 134 

mM NaCl, 6 mM KCl, 1 mM MgCl2 hexahydrate, 2 mM CaCl2 dihydrate, and 7 mM 

dextrose, pH adjusted to 7.4 using 1 M NaOH) was used as the bath solution. 

Patch electrodes were pulled with a Narishige PC-100 puller (Narishige 

International USA, Inc, Amityville, NY) and polished using a MicroForge MF-830 

polisher (Narishige International USA). The pipette resistance was (3–5 ΩM). Data 
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were acquired using a Multiclamp 700B amplifier connected to a Digidata 1550B 

system and analyzed using Clampfit 11.1 software (Molecular Devices, San Jose, 

CA, USA). 

 

General Pressure Myography 

For all experiments, Krebs-HEPES buffer containing (in mM) NaCl 118.4, 

KCl 4.7, MgSO4 1.2, NaHCO3 4, KH2PO4 1.2, HEPES 10, and glucose 6. On the 

day of the experiment, CaCl2 is added to the buffer at a final concentration of 2mM. 

Buffer is pH measured on day of experiment and adjusted to be within 7.40-7.42 

by adding NaOH or HCl. Mice are sacrificed using CO2 asphyxiation. The 

mesentery was dissected out and placed in ice-cold buffer, and then pinned out on 

a 10cm plate filled with 0.5cm of Sylgard (Electron Microscopy Sciences, 24236-

10; Fine Science Tools, 26002-10). Third order mesenteric arteries, defined as the 

third branch point relative to the feed artery and with a maximum diameter between 

100-200µm, were cleared of surrounding adipose tissue using super fine forceps 

(Fine Science Tools, 11252-00) and microscissors (Fine Science Tools, 15000-

03). The artery was then cut out of the mesentery, placed into the arteriograph 

chamber (DMT) containing Krebs-HEPES, and cannulated on glass pipette tips 

using super fine forceps (Fine Science Tools, 11254-20) and suture (DMT, Nylon, 

P/N 100115). Glass pipette tips were created from glass rods (World Precision 

Instruments, Inc., 1B120F-4). Buffer was gently pushed through the artery to clear 

remaining blood before cannulating the second side. Following cannulation, the 

artery was equilibrated over a 25-minute period by increasing the pressure from 
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20 to 80 mmHg in 20 mmHg (Big Ben Sphygmomanometer) increments and slowly 

heating the artery to 37°C. For experiments on Elnfl/fl/Cre- or Elnfl/fl/Cre+ mice, 

arteries were equilibrated to 60mmHg.  The buffer was circulated between the 

arteriography chamber and a beaker containing an excess reservoir of buffer by 

using a peristaltic pump (Atalyst Masterflex, FH30) to prevent overheating and 

facilitate the delivery of pharmacological agents. DMT cell culture pressure 

arteriography setups were used and the inner diameter of the vessel was recorded 

with the 2015 release of the DMT software. 

 

NS309 dose response curves  

For the NS309 curves, the total system volume was 50ml to facilitate 

delivery of small doses of NS309. All other experiments had a total system volume 

of 10ml. The artery was pre-constricted using 1µM phenylephrine (PE) in water 

(Sigma, P6126) and the inner diameter was recorded after 10 minutes (DPE). A 

10mM NS309 (Sigma, N8161) in DMSO stock solution was prepared and 10µl 

aliquots were stored at -20°C in amber microcentrifuge tubes. The stock solution 

was thawed prior to the experiment and the following NS309 concentrations (in 

µM) were tested in the 50ml system volume: 0.1, 0.3, 0.5, 0.6, 1, and 2, where the 

0.1µM dose corresponds to 0.5µl of the NS309 stock (DNS309). The inner diameter 

was recorded as the average over the 7-minute time period for each dose of 

NS309. SMC function was then assessed by adding 30mM KCl (1M stock in 

water), and the inner diameter was recorded as the plateau after 5-10 minutes. 

The bath was then replaced with Ca2+-free Krebs-HEPES, containing 1mM EGTA 
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and 100µM SNP, and inner diameter was recorded after 10 minutes (DMAX). The 

data was exported to Microsoft Excel to calculate percent dilation using the 

following equation: (DNS309 – DPE) / (DMAX-DPE) *100. The percent vasodilation was 

plotted in GraphPad Prism as a dose response curve. Students t-test was 

performed at each dose. For experiments where Kir2.1 was inhibited, ML-133 

hydrocholoride (Sigma, 422689, IC50 = 1.8µM) was prepared as 7.2mM stocks in 

DMSO, and was added at a final concentration of 3.6µM. Stocks were stored for 

three months at -20°C. For BaCl (Sigma, 217565) experiments, the stock solution 

was prepared as 100mM water and added at a final concentration of 30-100µM. 

The inhibitor circulated after the artery was equilibrated and before pre-constriction 

with PE. The NS309 curve was then performed as stated previously and smooth 

muscle cell function was tested with 30mM KCl and Ca2+-free Krebs-HEPES.  

 

TopFluor PS experiments 

 Third order mesenteric arteries were dissected from male C57Bl6/J mice 

and secured to Sylgard squares using tungsten wire. Arteries were place in a 1.5ml 

Eppendorf tube containing Krebs-HEPES supplemented with 2mM Ca2+ Next the 

arteries were incubated with DAPI at 16.67 µg/ml and Alexa Fluor 647-linked 

hydrazide at 3.3µM in Krebs-HEPES supplemented with 2mM Ca2+ for 30 minutes 

in a 37°C water bath. The artery was then cannulated on glass canula on a 

pressure myograph setup. After equilibration to 80mmHg, 10µM of TopFluor-PS 

was added to the bath solution and circulated for 30 minutes. The artery was then 

immediately prepared en face and secured to a microscope slide with mounting 
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media and a glass coverslip (no fixation step). Arteries were imaged on an 

Olympus Fluoview 1000 microscope.   

 

Pressure myography in lipid experiments 

For evaluation of PIP2 dilation, third order mesenteric arteries were 

cannulated, pressurized to 80mmHg, and equilibrated to myogenic tone. For 

experiments on  After myogenic tone plateaued and stabilized for a period of 10 

minutes (DEQ), 10µM diC8PIP2 (10mM stock in Krebs-HEPES, Cayman Chemical, 

64910) was added to the bath and circulated for 15 minutes. The maximum change 

in diameter was recorded for the lipids within the respective incubation period 

(DPIP2). For experiments with Kir2.1 inhibitors, drug or lipid was added after 

myogenic tone developed and the diameter plateaued for 10-minutes.  ML-133 and 

PS (10.15 mg/ml stock in 1:1 EtOH:diH2O, Avanti, 840035) were circulated for 30 

minutes, while BaCl was circulated for 15 minutes prior to adding exogenous 

diC8PIP2. PS stock solution was stored at -20°C. Prior to experiments, PS was 

warmed in a 60°C incubator for 10 minutes and vigorously vortexed until dissolved 

into solution. Maximum change in diameter was recorded. Next, lipids and 

inhibitors were washed out of the system for 5 minutes.  Arterial function was then 

evaluated by dilation to 1µM NS309 and constriction to 30mM KCl.  As with other 

pressure myography experiments, Ca2+-free Krebs-HEPES was circulated through 

the system at the end of the experiment and diameter was recorded 10 minutes 

later (DMAX).  This diameter was used as maximum diameter in following 

calculations. Two zones are monitored for arterial dimeter and the average of the 
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two measurement are reported per artery. Zones were excluded if stable myogenic 

tone could not be achieved for the duration of the experiment. Lastly, if observable 

myogenic tone constriction occurred following a transient constriction or dilation, it 

was not recorded as the maximum change in diameter. The dilation to diC8PIP2 

was measured by the percent change right before application of the lipid: (DPIP2 – 

DEQ) / (DMAX-DEQ)*100. The data for maximum change in diameter for PS was 

taken from experiments where PS was circulating on the artery for 30 minutes prior 

to diC8PIP2 application: (DPS – DEQ) / (DMAX-DEQ)*100. For all experiments, time to 

maximum dilation is reported as the nearest half minute. 

 

Myogenic tone experiments on Elnfl/fl/Cre- and Elnfl/fl/Cre+ mice 

Third order arteries are cannulated, pressurized to 60mmHg, and 

equilibrated to 37°C. After the development of myogenic tone, EC health was 

evaluated using 1-2µM NS309. Maximum diameter was recorded after 5 minutes 

and NS309 was washed out of the system until myogenic tone returned. The active 

curve was completed by increasing the pressure in 20mmHg increments from 20-

120mmHg. Diameter was recorded after 5 minutes equilibration at each pressure 

(DACT). After the active curve, pressure was brought back down to 60mmHg for 5 

minutes. SMC and EC function were evaluated with a 10µM PE dose, 10µM Ach 

dose, and 30mM KCl dose. Next, Ca2+-free Krebs-HEPES was then circulated in 

the system for 15 minutes. The passive curve was then completed by increasing 

the pressure in 20mmHg increments from 20-120mmHg. Diameter was recorded 

after 5 minutes equilibration at each pressure (DPASS). Myogenic tone was 
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calculated as ((DACT-DPASS)/DPASS)*100. For active and passive curves, the percent 

change in diameter relative to the diameter at 20mmHg was calculated as ((DX-

D20)/D20)*100, where DX is diameter at any pressure and D20 is the diameter at 

20mmHg. 

  

Genomic DNA gel 

Genomic DNA was isolated from lung tissue from Elnfl/fl/Cre- and Elnfl/fl/Cre+ 

mice between 10-12 weeks old.  Lung samples were incubated at 56°C overnight 

in lysis buffer (20mM Tris Base; 150mM NaCl; 1mM EDTA; 1mM EGTA; 20mM 

NaF; 0.5% Triton x-100) supplemented with 100ug/ml of Proteinase K.  

Isopropanol was used to precipitate DNA and ethanol was used to wash DNA.  The 

dried DNA pellet was resuspended in autoclaved water and incubated for 1 hour 

at 56°C to allow the DNA to go into solution. The concentration was measured via 

nanodrop, then 15ng/ul DNA stocks were stored at -20°C until PCR was per 

formed.  The following primers were used to differentiate between wildtype and 

knockout mice: WT F: CCATGTGGGTGCTGTAAGCT, Excision R: 

GTGTGTGTAGCTGAGGAATGGG, and LoxP Site R: 

CCTACCTTTCTGGGGCCACT (ordered from Integrated DNA Technologies). 

Each PCR reaction contained 10ul of MyTaqRed Mix (Bioline, C755G95), 350nM 

of each primer, and 100ng of gDNA.  Total reaction volume was 20µl.  Initial 

denaturation temperature was 95°C for 5 minutes, followed by 28 cycles of with 30 

seconds denaturation, annealing, and elongation steps at 95°C, 61°C, and 72°C, 

respectively.   The final annealing step was 72°C for 5 minutes. PCR products 
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were then run on a 1% agarose gel containing 0.01% ethidium bromide for 50 

minutes at 120V. Gels were imaged using a UV light source. The expected bands 

are 243 bp (WT), 283bp (KO LoxP site) and 410 bp (excision product). 

 

qPCR 

Mesenteric vasculature was trimmed of connective tissue, snap frozen in 

liquid nitrogen, and stored in -80°C. RNA isolation from tissue was achieved using 

a Aurum Total RNA Fatty and Fibrous Tissue Kit (BioRad, 7326870). RNA yields 

were between 40-200 ng/µl. cDNA synthesis was next performed using 

SuperScript IV Reverse Transcriptase (Thermofisher, 18090050). Total well 

volume is 20µl with equal amounts of cDNA for each sample loaded in 8µl, and 

master mix as 12µl and containing: (1) Taqman gene expression master mix 

(Thermofisher, 4369016), (2) probe of interest (Taqman probe Mm00514670_m1 

Eln FAM-MGB, Thermofisher, 4453320) and an (3) in-well control (Taqman probe 

Mm00437762_m1 B2M VIC PL, Thermofisher, 4448485). Each sample was 

loaded in triplicate. Protocol was run using a Biorad Thermal Cycler using a 

standard protocol for 40 cycles. ∆∆CT quantification method. 

 

VVG stain and quantification 

Arteries were isolated from mice and fixed with 4% PFA at 4°C overnight, 

embedded in 3% agarose/PBS, then sent to the UVA Research Histology Core to 

be embedded in paraffin wax cut into 5µm cross-sections. The cross-sections were 

deparaffinized by heating to 60°C for 1 hour in a glass slide holder, followed by 
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dehydration with Histoclear and a decreasing ethanol gradient. The Elastic Stain 

Kit (Verhoeff Van Gieson / EVG Stain) kit was purchased from Abcam (ab150667).  

Slides were placed into elastic stain solution for 15 minutes and rinsed with cool, 

running diH2O to remove excess stain.  Sections were differentiated by dipping the 

slides in 2% ferric chloride solution 15 times.  The differentiation reaction was 

stopped by rinsing slides in cool, running diH2O. Excess stain was further removed 

by dipping the slides in the sodium thiosulfate solution for 1 minute, followed by 

rinsing in cool, running diH2O.  The slides were then placed in Van Gieson solution 

for 2 minutes for a counterstain.  Excess stain was removed by rinsing in two 

changes of 95% EtOH, followed by a 2-minute incubation in 100% EtOH.  The 

slides were then quickly mounted using VectaMount media and a coverslip.  

Images were taken using a traditional light microscope and a 20x or 40x objective.   

Image analysis was done in ImageJ.  The stained arterial cross-section 

image was opened in ImageJ.  The colors of the original image were then 

separated by “H PAS stain” color deconvolution (Image à Color à Color 

Deconvolution à H PAS).  Only the indigo image was analyzed because that is 

the channel containing the Verhoeff elastin stain.  The indigo imaged was 

converted to a black and white mask, and the threshold of indigo was automatically 

determined by the ImageJ software (Process à Binary à Convert to Mask).  

 

En face quantification for hydrazide Elnfl/fl/Cre- and Elnfl/fl/Cre+ mice 

Images were opened in Image J. The hydrazide channel was projected as 

a Z-0stack image and brightness and contrast were adjusted for visualization of 
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HIEL. Next, Analyze à Histogram was used to see the distribution of pixel 

intensity. The cutoff for black pixels was determined by looking at the color-coded 

legend for the histogram. The number of black pixels per image was then 

calculated as the percentage of total pixels. Subtracting this number from 100 

gives the percentage of pixels containing hydrazide signal. These are the numbers 

that were plotted to determine hydrazide coverage in each image. 

  

En face quantification for PS distribution in en face view 

En face images were opened in Image J. The PS channel was then 

thresholded. Next, the “Analyze Particles” Function was used to determine the 

area containing signaling and the number of puncta in the image, where particle 

size identification was set to be 0-Infiinity. The results table in ImageJ contained 

the number of puncta and the coverage area of puncta. These values were 

normalized using the average value of control samples.   

For HeatMap Analysis, the Royal Lookup Table in ImageJ was used to 

differentiate between low and high intensity signal. The index that separated low 

and high intensity pixels was determined by looking at the color-coded legend for 

the histogram for the last blue bin. Empty pixels were considered as index 0 and 

were not included in the low intensity values.  Number of low and high intensity 

pixels were then normalized using the average value obtained from control images. 
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Results 

Part I: MEJ spatial distribution and heterogeneity 

 
HIEL spatial distribution and determination that every HIEL contains an MEJ 

In endothelium, signaling microdomains can be visualized through en face 

views of an artery, where the vessel is cut longitudinally, and the endothelial 

monolayer is facing upwards and potential sites of MEJ formation are detected as 

holes in the IEL (HIEL). Immunohistochemistry studies on en face views have 

reported heterogeneous protein localization to the MEJ (15, 23, 29, 38, 43, 199-

201), possibly indicating unique juxtaposition of HIEL to other signaling 

organelles/structures in the endothelium. To determine if this may be the case, we 

initially used stitched confocal images of third order mesenteric arteries stained for 

nuclei, the IEL, and interendothelial junctions via claudin-5 and visualized 

approximately 50 fully in view EC per artery per field of view (Figure 1A) and 

quantified that there were 9.83 HIEL per EC (Figure 1A). We then found that the 

number of HIEL could be predicted by the size of an EC (Figure 1A). Next, we 

developed a Matlab program (see Methods) to calculate the minimum distance of 

each individual HIEL to EC signaling hubs in immunofluorescence images and 

compared it against simulations for a positive (PC), negative (NC), and random 

(RAND) spatial pattern (Figure 1B). We found a significant difference between 

real-world and simulated positive and negative values, but no differences between 

real-world and simulated random values in all tested conditions; nuclei (Figure 1C-

D), endoplasmic reticulum (Figure 1E-F), and interendothelial junctions (Figure 

1G-H).  
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I next wanted to investigate if this random distribution pattern was also 

present in first order arteries. As expected with previous reports, the HIEL density 

in third order arteries is significantly higher both when analyzing the incidence per 

1000µm2 (obtained from Matlab analysis program) and per EC (Matlab 

identification of HIEL and manual stitch analysis, Figure 2). The random 

distribution of HIEL was also evident in first order mesenteric arteries (Figure 3), 

indicating the random localization of the HIEL is not an outcome of high density. 

Thus, HIELs are randomly distributed with respect to major endothelial cell 

signaling domains.  

This random distribution of HIEL is also supported by numerous correlations 

obtained from measurements of stitched confocal images in both first and third 

order mesenteric arteries prepared en face (Figures 4-7). These correlations 

involve measurements of both EC area and HIEL size, which are similar between 

the two artery sizes (Figure 8). As the number of MEJs increase within an 

endothelial cell, the surface area at which a new MEJ can exist decreases. For this 

reason, it follows that as the number of MEJs increases, so does the localization 

along the interendothelial junction (Figure 9). This correlation holds in both first 

and third order mesenteric arteries and supports the notion that MEJs populate 

randomly throughout the EC, where the positive correlation is likely due to the 

physical constraint of EC area (Figure 9).  

Similarly, the number of HIEL per EC is positively correlated with EC area 

in third order mesenteric arteries where HIEL density is high. This positive 

correlation once again is likely due to the physical constraint of EC area and high 
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HIEL density (Figure 10). Thus, looking at first order arteries can be informative to 

understand if there is a predetermined number of HIEL per EC based on its area. 

There is a weak positive correlation for first order arteries, indicating that EC area 

is not a strong predictor of the number of HIEL within that EC (Figure 10).  This 

indicates that there is not a predetermined number of HIEL that an individual EC 

will make based on its area, and further supports the random localization of HIEL 

with respect to endothelium.  

Additionally, the average size of HIEL does not predict the localization within 

an EC (Figure 11), and is not associated with EC area (Figure 12). In other words, 

neither larger or smaller HIEL localize to the interendothelial junctions and larger 

ECs do not contain larger or smaller HIEL compared to smaller ECs. Lastly, the 

surface area of an EC does not predict the localization of HIEL within ECs (Figure 

13), i.e. larger or smaller ECs do not have a higher or lower tendency of HIEL 

localization to interendothelial junctions. These data also indicate that HIEL are 

randomly distributed with respect to EC signaling domains since there is not a 

relationship between cellular localization and size of HIEL or EC. 

A final analysis of HIEL distribution in endothelium also supports a random 

localization in the arterial wall. Confocal stitched images of first and third order 

mesenteric arteries were used to create EC maps to visualize patterns or potential 

groupings of similar ECs (Figures 4-7). In maps showing HIEL per EC (Figure 14 

and 15), there are some instances where ECs of similar HIEL density appear to 

group together within each artery; however, when looking across all arteries 

analyzed, there is not an observable grouping pattern that occurs in each case.  In 
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maps to visualize spatial pattern of HIEL within EC, it is apparent that a large 

proportion of ECs do have >66.1% of HIEL localized along the border (Figure 16 

and 17), and that groups of ECs with this localization do form throughout the 

endothelium. However, there is no specific pattern to this EC grouping across 

arteries, and this lack of patterning also supports random localization throughout 

the arterial wall. Lastly, I created EC maps to visualize the distribution of HIEL 

sizes throughout ECs (Figure 18 and 19), where again there are some groups of 

ECs that have similar HIEL size, but that pattern does not carry over to other 

arteries. Thus, from the data presented in Figures 1-19, we conclude that the HIEL 

exhibit a random spatial distribution with respect to endothelium.  

Given the heterogeneity of proteins observed at the HIEL, if the HIEL were 

not specifically localized to signaling hubs as noted above, another alternative may 

be that not every HIEL is an anatomical MEJ. To determine if HIEL were equal to 

MEJs, we used TEM to examine transverse sections of third order mesenteric 

arteries, where MEJs can be unequivocally identified at the ultrastructural level, 

thus circumventing the need to rely on an individual protein marker (Figure 20). 

We then leveraged our en face data obtained from our Matlab program and 

measurements taken from third order mesenteric arteries (Figure 20B, Tables1-

2) to predict how many MEJs we would observe in transverse TEM images (Figure 

21; Tables1-3; Chapter 4 Appendix). Based on our calculations, we predicted 

between 5 and 17.8 HIEL per 1000µm IEL length in the cross-sectional TEM view 

if all the HIEL were MEJs. Calculation from HIEL density in en face images to HIEL 

per 1000µm IEL length in TEM images falls within this predicted range (Figure 
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20C). The measurements taken from TEM cross-sections also fall within this 

predicted range, where every HIEL contained a cellular projection (Figure 20C). 

Thus, we conclude each HIEL contains a bona fide MEJ.  

 
 
Phosphatidylserine defines a subpopulation of MEJs 

If every HIEL contains an MEJ, it was unclear to us what contributes to the 

heterogenous localization of proteins to the MEJ, especially if there is a random 

distribution of MEJs with respect to endothelial signaling hubs. The possibility we 

considered was the lipid composition of MEJs, due to the emerging evidence of 

lipid regulation of membrane protein (100, 102, 135, 202). In vitro, we have 

previously demonstrated enriched PS via lipid mass spectrometry at MEJs in our 

vascular cell co-culture system (24) (Figure 22), and hypothesized the same lipid 

accumulation at in vivo MEJs. Stitched confocal images of third order mesenteric 

arteries viewed en face revealed PS localization to MEJs and endoplasmic 

reticulum in intact arteries (Figure 23A-C and 24). In co-stains with calnexin and 

PS, both localized to MEJs, but not to the same MEJs, in agreement with previous 

observations of an ER presence at the MEJ.(41, 44) The specificity of the PS 

antibody was confirmed using Lactadherin-C2 plasmids, a protein that specifically 

binds to PS(203-206) (Figure 22). PS was found to be heterogeneously distributed 

and occupied 13.8% of MEJs (Figure 23D). Analysis of PS-MEJs per EC reveals 

that on average 1.18 PS-MEJs are associated with any individual EC (100% of 

ECs analyzed, Figure 23E), or 1.95 PS-MEJs if only considering ECs that contain 

at least one (58.04% of all ECs analyzed, Figure 23E). Based on comparisons to 
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Matlab simulations, PS-MEJs did not exhibit a localization pattern with respect to 

interendothelial junctions (Figure 23F).  

Confocal stitched images of first and third order mesenteric arteries 

(Figures 4 and 6) were used to analyze for potential explanations for PS 

localization in ECs. The total number of PS-MEJs demonstrates a weak positive 

correlation with the number of total MEJs per EC in both first and third order 

arteries. In other words, as the number of MEJs increases within an EC, the 

number of PS-MEJ also increases (Figure 25). The PS localization to 

interendothelial junction was not correlated with total MEJs per EC (Figure 26), 

total MEJs localized to the border (Figure 27), or to EC area (Figure 28). This 

indicates that the localization of PS-MEJs to interendothelial junctions is 

independent of these variables. There was also no correlation between the number 

of PS-MEJs and average size of MEJs within each EC (Figure 29), indicating that 

PS occupancy is independent of MEJ size. These findings support the random 

distribution of PS-MEJs within the endothelium (Figure 23F).  Interestingly, in third 

order mesenteric arteries, the percentage of PS-MEJ per EC, but not number, 

demonstrates a weak negative correlation with EC area, suggesting that smaller 

ECs may be more likely to contain a higher percentage of PS-MEJs (Figures 30 

and 31). 

Lastly, EC maps were created from confocal stitched images (Figures 5 

and 7) to visualize patterns or potential groupings of ECs in terms of PS-MEJs. 

The number of PS-MEJ per EC is visualized in first and third order mesenteric 

arteries (Figures 32 and 33). Similar to EC maps done for all MEJs (Figures 14 



 

 

115 

and 15), it is apparent that there is some clustering of ECs with higher numbers of 

PS-MEJs. In almost all arteries, there is a case of one single EC in the highest 

category of PS-MEJs, that is surrounded radially by ECs with incrementally fewer 

PS-MEJs. This appears to lead to a clustering of ECs containing PS to very distinct 

areas of the artery. When viewing the same data as a PS occupancy of total MEJ 

within the EC, this radial pattern is no longer observable, but it is clear that there 

are patches of ECs with and without PS-MEJs (Figures 34 and 35). Lastly, 

although randomly distributed with respect to interendothelial junctions (Figure 

23F), there are clearly patches of ECs that demonstrate PS-MEJ localization along 

their interendothelial junction (Figures 36 and 37). However, when looking across 

all arteries analyzed, both first and third order, there is no pattern that clearly holds 

in all cases. Altogether, these data may indicate that there could be a pattern of 

PS-MEJ that may coincide with EC heterogeneity rather that spatial distribution 

throughout the endothelium as a whole. Table 4 summarizes all of the data 

obtained from stitched confocal images for first and third order arteries for both 

MEJs and PS-MEJs.  
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Figure 1. HIEL are randomly distributed with respect to endothelial signaling 

domains. (A) Representative stitched confocal image of a third order mesenteric 

artery prepared en face and stained for nuclei (blue) via DAPI, IEL (grey) via Alexa 

Fluor 488-linked hydrazide, and interendothelial junctions (green) via claudin-5. 

Scale bar is 30µm in both the x and y directions. Quantification of HIEL per EC, 
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and plot of HIEL per EC vs. EC area. N=4 mice, n=4 arteries, n=12 ROIs, and 

n=205 ECs. (B) Graphical outputs of Matlab thresholding and simulations. 

Interendothelial junction coordinates from en face imaged are plotted in green and 

real-world HIEL centers are plotted in black (HIEL Distribution). Representative 

outputs of Matlab simulations that generate random (RAND), positive (PC), or 

negative (NC) HIEL distribution patterns (in black) with respect to interendothelial 

junctions. Note that random simulations also took HIEL diameter size into account 

and that is why the output image shows circles (full HIEL) instead of dots (HIEL 

centers) as in positive and negative controls. (C) Representative en face confocal 

image of endothelial nuclei (blue) detected via DAPI and IEL (grey). (D) Plot of 

minimum distance of real-world HIEL centers to endothelial nuclei, compared to 

Matlab-simulated HIEL centers. N=3 mice, and n=6 arteries, n=18 ROIs, 

Area=9.75x104µm2, and n=1607 HIEL. (E) Representative en face confocal image 

of endoplasmic reticulum (yellow) detected via calnexin and IEL (grey). (F) Plot of 

minimum distance of real-world HIEL centers to endoplasmic reticulum compared 

to Matlab-simulated HIEL centers. N=3 mice, and n=4 arteries, n=9 ROIs, 

Area=7.96x104µm2, and n=1157 HIEL. (G) Representative en face confocal image 

of interendothelial junctions (green) detected via claudin-5 and IEL (grey). (H) Plot 

of minimum distance of real-world HIEL centers to interendothelial junctions 

compared to Matlab-simulated HIEL centers. N=6 mice, and n=10 arteries, n=22 

ROIs, Area=1.48x105µm2, and n=2166 HIEL. Brown-Forsythe and Welch ANOVA. 

# indicates a p <0.0001 significant difference to real-world HIEL distribution, * 

indicates a p <0.0001 significant difference to random simulation distribution, $ 
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indicates a p <0.0001 significant difference to negative control simulation 

distribution, and & indicates a p <0.0001 significant difference to positive control 

simulation distribution. 
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Figure 2. HIEL density in first and third order mesenteric arteries. Data 

obtained from stitched confocal images comparing metrics from first and third order 

mesenteric arteries. The IEL was visualized with Alexa Fluor 488-linked hydrazide 

and interendothelial junctions were defined via claudin-5. (A) Calculated density of 

HIEL per 1000µm2 comparing first and third order mesenteric arteries. N= 6 mice, 

n=6 arteries, n=15 ROIs for first order mesenteric arteries, and N=8 mice, n=7 

arteries, n=16 ROIs for third order mesenteric arteries. (B) Number of HIEL per EC 

comparing first and third order mesenteric arteries. N=3 mice, n=3 arteries, n=155 

ECs for first order mesenteric arteries, and N=4 mice, n=4 arteries, n=205 ECs for 

third order mesenteric arteries. Data is presented as median. Student’s t-test. **** 

indicates p<0.0001. 
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Figure 3. Quantification of HIEL in first order mesenteric arteries and 

evaluation of spatial distribution via Matlab simulations. (A) Representative 

stitched confocal image of a first order mesenteric artery prepared en face and 

stained for nuclei (blue) via DAPI, the IEL (grey) via Alexa-Fluor 488 hydrazide, 

and interendothelial junctions (green) via claudin-5. Scale bar is 30µm in both the 

x and y direction. Quantification of number of HIEL per EC and plot of HIEL per EC 

versus EC area. N=4 mice, n=4 arteries, n=12 ROIs, and n=155 ECs. (B) 

Representative en face confocal image of endoplasmic reticulum (yellow) detected 

via calnexin and IEL (grey), (C) plot of minimum distance of real-world HIEL 
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centers to endoplasmic reticulum compared to Matlab-simulated HIEL centers. 

N=1 mouse, and n=1 artery, n=2 ROIs, Area= 6.96x104	µm2, n=315 HIEL. (D) 

Representative en face confocal image of interendothelial junctions (green) 

detected via claudin-5 and IEL (grey), (E) plot of minimum distance of real-world 

HIEL centers to interendothelial junctions compared to Matlab-simulated HIEL 

centers. N=6 mice, and n=10 arteries, n=15 ROIs, Area=1.66x105 µm2, n=1200 

HIEL. Statistical test: Brown-Forsythe and Welch ANOVA. #### indicates a p 

<0.0001 significant difference to real-world HIEL distribution, **** indicates a p 

<0.0001 significant difference to random simulation distribution, $$$$ indicates a 

p <0.0001 significant difference to negative control simulation distribution, and 

&&&& indicates a p <0.0001 significant difference to positive control simulation 

distribution. (F) Circumference of first order mesenteric arteries measured as the 

width of the artery in an en face preparation. N=1 mouse, n=1 artery. (G) HIEL per 

area taken from en face images that were used for HIEL spatial pattern analysis 

with respect to claudin-5. Number of HIEL was determined via the in-house Matlab 

program. (H) HIEL radius measurements obtained from in-house Matlab program. 
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Figure 4. Stitched confocal images of first order mesenteric arteries 

prepared en face. (A-C) Each panel is an artery from a different mouse, where 

nuclei (blue) detected via DAPI, the IEL (grey) detected via Alexa-Fluor 488 

hydrazide, interendothelial junctions (green) detected via claudin-5, and PS 

(magenta). Scale bar is 30µm in both the x and y direction. N=3 mice, n=3 arteries, 

n=155 ECs. 
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Figure 5. EC maps from stitched confocal images of first order mesenteric 

arteries prepared en face. Maps of ECs from multiple first order mesenteric 

arteries, where individual ECs are outlined in black. Claudin-5 staining was used 

to define EC borders. Borders were traced over and each EC given a number to 

track them for analysis. Only fully in view endothelial cells were considered. 

Images were taken with a 40x oil objective (1.8 zoom) on a Zeiss 880 LSM 

microscope. N=3 mice, n=3 arteries, n=155 ECs. 
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Figure 6. Stitched confocal images of third order mesenteric arteries 
prepared en face. 
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Figure 7. EC maps from stitched confocal images of third order mesenteric 

arteries prepared en face. Maps of ECs from multiple third order mesenteric 

arteries, where individual ECs are outlined in black. Claudin-5 staining was used 

to define EC borders. Borders were traced over and each EC given a number to 

track them for analysis. Only fully in view endothelial cells were considered. 

Images were taken with a 40x oil objective (1.8 zoom) on a Zeiss 880 LSM 

microscope. N=4 mice, n=4 arteries, n=205 ECs. 
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Figure 8. EC Area and HIEL radius, in first and third order mesenteric arteries. 

Data obtained from stitched confocal images comparing metrics from first and third 

order mesenteric arteries. The IEL was visualized with Alexa Fluor 488-linked 

hydrazide and interendothelial junctions were defined via claudin-5.  (A) EC area 

comparing ECs from first and third order arteries. Area was measured by tracing 

over interendothelial junction staining in ImageJ. N=3 mice, n=3 arteries, n=155 

ECs for first order mesenteric arteries, and N=4 mice, n=4 arteries, n=205 ECs for 

third order mesenteric arteries. (B) HIEL radius comparing first and third order 

arteries. Radius was measured via in-house Matlab analysis program. N=3 mice, 

n=3 arteries, n=155 ECs for first order mesenteric arteries, and N=4 mice, n=4 

arteries, n=205 ECs for third order mesenteric arteries. 
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Figure 9. Correlation between the number of HIEL per EC and number of HIEL 

localized to the interendothelial junction. Stitched confocal images from (A) first 

order and (B) third order mesenteric arteries were used to analyze number and 

position of HIEL within individual ECs. Interendothelial junctions were defined via 

claudin-5 and IEL was visualized with Alexa Fluor 488-linked hydrazide. An HIEL 

was defined to be on border if it was within 1µm of claudin-5. Distance to claudin-

5 was measured using the in-house Matlab analysis program. N=3 mice, n=3 

arteries, n=155 ECs for first order mesenteric arteries, and N=4 mice, n=4 arteries, 

n=205 ECs for third order mesenteric arteries. 
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Figure 10. Correlation between the number of HIEL per EC and EC area. 

Stitched confocal images from (A) first order and (B) third order mesenteric arteries 

were used to analyze number of HIEL and the area of individual ECs (defined via 

claudin-5). The IEL was visualized with Alexa Fluor 488-linked hydrazide. EC area 

was measured by manual tracing in ImageJ. N=3 mice, n=3 arteries, n=155 ECs 

for first order mesenteric arteries, and N=4 mice, n=4 arteries, n=205 ECs for third 

order mesenteric arteries. 
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Figure 11. Correlation between the size of HIEL and percent HIEL localized 

to the interendothelial junction. Stitched confocal images from (A) first order and 

(B) third order mesenteric arteries were used to analyze number and position of 

HIEL within individual ECs. Interendothelial junctions were defined via claudin-5 

and IEL was visualized with Alexa Fluor 488-linked hydrazide. An HIEL was 

defined to be on border if it was within 1µm of claudin-5. Distance to claudin-5 stain 

and HIEL radius were measured using the in-house Matlab analysis program. N=3 

mice, n=3 arteries, n=155 ECs for first order mesenteric arteries, and N=4 mice, 

n=4 arteries, n=205 ECs for third order mesenteric arteries. 
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Figure 12. Correlation between HIEL size and EC Area. Stitched confocal 

images from (A) first order and (B) third order mesenteric arteries were used to 

analyze the size of HIEL and EC area. Interendothelial junctions were defined via 

claudin-5 and IEL was visualized with Alexa Fluor 488-linked hydrazide. HIEL 

radius measured using the in-house Matlab analysis program. EC Area was 

measured manually in ImageJ. N=3 mice, n=3 arteries, n=155 ECs for first order 

mesenteric arteries, and N=4 mice, n=4 arteries, n=205 ECs for third order 

mesenteric arteries. 
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Figure 13. Correlation between the number of HIEL localized to the 

interendothelial junction and EC Area. Stitched confocal images from (A) first 

order and (B) third order mesenteric arteries were used to analyze number and 

position of HIEL within individual ECs. Interendothelial junctions were defined via 

claudin-5 and IEL was visualized with Alexa Fluor 488-linked hydrazide. An HIEL 

was defined to be on border if it was within 1µm of claudin-5 stain. Distance to 

claudin-5 stain and was measured using the in-house Matlab analysis program. 

EC Area was measured manually in ImageJ. N=3 mice, n=3 arteries, n=155 ECs 

for first order mesenteric arteries, and N=4 mice, n=4 arteries, n=205 ECs for third 

order mesenteric arteries. 
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Figure 14. Number of HIEL per EC in first order mesenteric arteries prepared 

en face. Color-coded EC maps to visualize density of HIEL per EC in first order 

mesenteric arteries. Lighter green shades indicate lower HIEL while darker green 

shades indicate more HIEL are present within that EC. N=3 mice, n=3 arteries, 

n=155 ECs. 
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Figure 15. Number of HIEL per EC in third order mesenteric arteries prepared 

en face. Color-coded EC maps to visualize density of HIEL per EC in third order 

mesenteric arteries. Lighter green shades indicate lower HIEL while darker green 

shades indicate more HIEL are present within that EC. N=4 mice, n=4 arteries, 

n=205 ECs.  
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Figure 16. Percentage of HIEL within 1𝛍m of interendothelial junction in first 

order mesenteric arteries prepared en face. Color-coded EC maps to show how 

HIEL are distributed within individual cells in first order mesenteric arteries. Lighter 

green shades indicate that the HIEL tend to be towards the middle of the cell 

whereas darker green shades indicate a localization towards interendothelial 

junctions. N=3 mice, n=3 arteries, n=155 ECs. 
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Figure 17. Percentage of HIEL within 1𝛍m of interendothelial junction in third 

order mesenteric arteries prepared en face. Color-coded EC maps to how HIEL 

are distributed within individual cells in third order mesenteric arteries. Lighter 

green shades indicate that the HIEL tend to be towards the middle of the cell 

whereas darker green shades indicate a localization towards interendothelial 

junctions. N=4 mice, n=4 arteries, n=205 ECs. 
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Figure 18. Average HIEL size within an EC compared to the average EC in 

first order mesenteric arteries prepared en face. Color-coded EC maps to 

visualize the average HIEL size within individual cells in first order mesenteric 

arteries. White ECs indicate that the HIEL within that cell are within the average 

range for that artery. ECs in cool, blue shades represent ECs with lower HIEL size 

compared to the artery average, and ECs in warm, red tones represent ECs with 

higher HIEL size compared to the artery average. N=3 mice, n=3 arteries, n=155 

ECs. 
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Figure 19. Average HIEL size within an EC compared to the average EC in 

third order mesenteric arteries prepared en face. Color-coded EC maps to 

visualize the average HIEL size within individual cells in third order mesenteric 

arteries. White ECs indicate that the HIEL within that cell are within the average 

range for that artery. ECs in cool, blue shades represent ECs with lower HIEL size 

compared to the artery average, and ECs in warm, red tones represent ECs with 

higher HIEL size compared to the artery average. N=4 mice, n=4 arteries, n=205 

ECs.    
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Figure 20. Every HIEL contains an MEJ. (A) Transmission electron microscopy 

image of an arterial cross-section at 2K magnification. IEL is pseudo-colored in 

blue and ECs/MEJs pseudo-colored in yellow. Scale bar 2µm. (B) Quantitation of 

en face HIEL from Matlab simulations that were used to predict if every HIEL 

contains an MEJ (also refer to Tables 1-3 and Chapter 4 Appendix). Where C is 

the circumference of the artery, d is the diameter of HIEL, Ǡxy is the area of en 

face images, NHIEL is the average number of HIEL per image, YTEM is the thickness 

of an individual TEM section, X is the width of an en face image, Y is the height of 

an en face image, and Z is the thickness of the arterial wall. (C) Quantification of 

HIEL per 1000µm measured in TEM cross-sections or back calculated from en 

face views. Note that both values are in predicted range. N=6 mice, n=6 arteries, 

n=3-5 TEM sections, and 570-964µm IEL length quantified per mouse.  
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Figure 21. Quantitative data obtained from third order mesenteric artery en 

face preparations. (A) Circumference of third order mesenteric arteries measured 

as the width of the artery in an en face preparation. N=5 mouse, n=6 arteries. (B) 

HIEL radius measurements obtained from in-house Matlab program. N=6 mice, 

and n=10 arteries, n=22 ROIs, Area=1.48x105µm2, n=2166 HIEL. (C) HIEL per 

area taken from en face images used in Matlab analysis. Number of HIEL was 

determined via the in-house Matlab program. N=4 mice, n=4 arteries, n=12 ROIs, 

Area=1.67x105 µm2. 
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Table 1. Summary of quantitative data obtained from third order en face 
images. 
 

Variable Value Unit Source Description 
C 
 

298.6 
 

µm 
 

N=4, n=6 arteries 
 

Circumference of 3rd order 
mesenteric arteries 
 

CIEL 
 

298.6 
 

µm 
 

Assume that it is 
equal to C 
 

Circumference of IEL  
 

d 
 

2.1 
 

µm 
 

N=5 mice, n=2166 
HIEL  
 

Average diameter of HIEL 
 

Ǡxy 
 

13,942.9 
 

µm2 
 

 Area of en face images 
 

ÑHIEL 
 

190.7 
 

HIEL / 
image 
 

N=4, n=4 arteries, 
n=12 images 
 

Average number of HIEL 
 

⍴HIEL 
 
 

13.6 HIEL per 
1000µm2 
 

(ÑHIEL / Ǡxy) x 1000 
µm2 
 

Density of HIEL per 1000 µm2 
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Table 2. Calculated parameters of arterial cross-sections imaged via TEM. 
 

Variable Value Units Source Description 
YTEM 
 

0.070 
 

µm 
 

Experimental 
parameter 

Thickness of transverse TEM 
sections 
 

ATEM,1 
 

20.902 µm2 
 

CIEL x YTEM Artery area spanning YTEM 
 

ATEM, d 
 

627.06 µm2 
 

CIEL x d 
 

Artery area spanning the length d 
 

LIEL 
 

1791.6 µm 
 

6 x CIEL 
 

Length of IEL across 6 TEM 
sections 
 

HIELTEM 
 

9 HIEL per 
ATEM 
 

(⍴HIEL x ATEM,d) / 
1000µm2 
 

Number of HIEL expected across 
ATEM,d 
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Table 3. Case scenarios that consider the potential spatial distributions of 
HIEL.  
 

Case Definition Variable Value Units Calculation Description 
Case1: Maximum 
case, assumes 
HIEL are evenly 
distributed 
 

DHIEL, 1 
 

54 TEM 
detections 
 

6* HIELTEM,6  
 

HIEL detections over 
6 sections for Case 1 
 

Case 2: Assumes 
HIEL are randomly 
distributed 
 

DHIEL, 2 
 

32  6* HIELTEM,6 
 

HIEL detections over 
6 sections for Case 2 
 

Case 3: Minimum 
case, represents 
the rare case 
where each HIEL 
only appear on 1/6 
of sections 
 

DHIEL, 3 
 

9  6* HIELTEM,6 
 

HIEL detections over 
6 sections for Case 3 
 

Normalized Case 1 DHIEL, 1N 
 

30 TEM 
detections 
per 1000µm 
IEL 
 

(DHIEL, 1) / 
(LIEL) x 
1000µm  
 

HIEL detections over 
6 sections for Case 1 
normalized to IEL 
length 
 

Normalized Case 2 DHIEL, 2N 
 

17.8  (DHIEL, 2) / 
(LIEL) x 
1000µm  
 

HIEL detections over 
6 sections for Case 2 
normalized to IEL 
length 
 

Normalized Case 3 DHIEL, 3N 
 

5  (DHIEL, 3) / 
(LIEL) x 
1000µm  
 

HIEL detections over 
6 sections for Case 3 
normalized to IEL 
length 
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Figure 22. Validation of PS antibody. (A) Transverse cross-sections of an in vitro 

vascular cell co-culture model where EC and SMC are plated on either side of a 

Transwell. Nuclei (blue) are detected via DAPI and PS (magenta). Brightfield 

image of Transwell is shown in the bottom panel. Arrowheads indicates PS 

localization to in vitro MEJs. (B) HeLa cells transfected with Lact-C2-GFP plasmid 

(grey) and co-stained with PS antibody or (C) IgG control. Nuclei (blue) are 

detected via DAPI. Scale bars are 10µm. 
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Figure 23. PS colocalizes with Kir2.1 in a subpopulation of MEJs. 

Representative stitched confocal image of a third order mesenteric artery showing 

(A) PS (magenta), (B) PS and IEL (grey) detected via Alexa Fluor 488-linked 

hydrazide, and (C) merge with nuclei (blue) detected via DAPI and interendothelial 

junctions (green) detected via claudin-5. Arrowheads indicate PS localized to MEJ. 

Scale bar is 30µm in both X and Y directions. (D) Percentage of MEJs that contain 

PS. (E) Number of MEJs containing PS per EC, where EC borders were defined 

via claudin-5 staining. N=4 mice, n=4 arteries, n=12 ROIs, and n=205 ECs. (F) 

Spatial analysis of PS-MEJ compared to positive control (PC), random (RAND), 

and negative control (NC) simulations. Brown-Forsythe and Welch ANOVA. # 

indicates a p <0.0001 significant difference from real-world HIEL distribution, * 
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indicates a p <0.0001 significant difference from random simulation distribution, $ 

indicates a p <0.0001 significant difference from PC simulation distribution, and & 

indicates a p <0.0001 significant difference from NC simulation distribution. N=3 

mice, n=4 arteries, n=4 ROIs, n=66 PS-MEJs. 
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Figure 24. En face immunohistochemistry with PS and calnexin. 

Representative en face images from third order mesenteric arteries. (A) Panel 

demonstrating PS (magenta) and calnx (yellow) staining in separate channels or 

merged together. (B) PS, calnx, and merge staining overlayed on the IEL (grey) 

detected via Alexa Fluor linked hydrazide. Arrowheads indicate colocalization of 

PS and calnx to same HIEL. (C) PS, calnx, or merge overlayed with nuclei (blue), 

detected via DAPI. Scale bar is 30µm. 
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Figure 25. Correlation between the number of PS-MEJs per EC and #MEJs 

per EC. Stitched confocal images from (A) first order and (B) third order mesenteric 

arteries were used to analyze number of PS-MEJ and total MEJ within individual 

ECs (defined via claudin-5). The IEL was visualized with Alexa Fluor 488-linked 

hydrazide. N=3 mice, n=3 arteries, n=155 ECs for first order mesenteric arteries, 

and N=4 mice, n=4 arteries, n=205 ECs for third order mesenteric arteries. 
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Figure 26. Correlation between PS-MEJ localization and number of MEJs per 

EC. Stitched confocal images from (A) first order and (B) third order mesenteric 

arteries were used to analyze PS-MEJ and total MEJs within 1µm of the 

interendothelial junction for individual ECs (defined via claudin-5). The IEL was 

visualized with Alexa Fluor 488-linked hydrazide. EC area was measured by 

manual tracing in ImageJ. Only ECs with at least one PS-MEJ were plotted. N=3 

mice, n=3 arteries, n=81 ECs for first order mesenteric arteries, and N=4 mice, n=4 

arteries, n=119 ECs for third order mesenteric arteries. 
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Figure 27. Correlation between PS-MEJ localization and MEJ localization. 

Stitched confocal images from (A) first order and (B) third order mesenteric arteries 

were used to analyze PS-MEJ and total MEJ localization within 1µm of the 

interendothelial junction for individual ECs (defined via claudin-5). The IEL was 

visualized with Alexa Fluor 488-linked hydrazide. EC area was measured by 

manual tracing in ImageJ. Only ECs with at least one PS-MEJ were plotted. N=3 

mice, n=3 arteries, n=81 ECs for first order mesenteric arteries, and N=4 mice, n=4 

arteries, n=119 ECs for third order mesenteric arteries. 

  



 

 

150 

 

Figure 28. Correlation between PS-MEJ localization and EC area. Stitched 

confocal images from (A) first order and (B) third order mesenteric arteries were 

used to analyze PS-MEJ localization within 1µm of the interendothelial junction 

and EC area individual ECs (defined via claudin-5). The IEL was visualized with 

Alexa Fluor 488-linked hydrazide. EC area was measured by manual tracing in 

ImageJ. Only ECs with at least one PS-MEJ were plotted. N=3 mice, n=3 arteries, 

n=81 ECs for first order mesenteric arteries, and N=4 mice, n=4 arteries, n=119 

ECs for third order mesenteric arteries. 
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Figure 29. Correlation between the average MEJ size and number of PS-MEJs 

per EC. Stitched confocal images from (A) first order and (B) third order mesenteric 

arteries were used to analyze average MEJ size and number of PS-MEJ for each 

individual ECs (defined via claudin-5). MEJ size was determined via Matlab 

program. The IEL was visualized with Alexa Fluor 488-linked hydrazide. EC area 

was measured by manual tracing in ImageJ. Only ECs with at least one PS-MEJ 

were plotted. N=3 mice, n=3 arteries, n=81 ECs for first order mesenteric arteries, 

and N=4 mice, n=4 arteries, n=119 ECs for third order mesenteric arteries. 
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Figure 30. Correlation between the percentage of PS-MEJs per EC and EC 

area. Stitched confocal images from (A) first order and (B) third order mesenteric 

arteries were used to analyze percentage of PS-MEJ and EC area for each 

individual ECs (defined via claudin-5). The IEL was visualized with Alexa Fluor 

488-linked hydrazide. EC area was measured by manual tracing in ImageJ. Only 

ECs with at least one PS-MEJ were plotted. N=3 mice, n=3 arteries, n=81 ECs for 

first order mesenteric arteries, and N=4 mice, n=4 arteries, n=119 ECs for third 

order mesenteric arteries. 
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Figure 31. Correlation between the number of PS-MEJs per EC and EC area. 

Stitched confocal images from (A) first order and (B) third order mesenteric arteries 

were used to analyze number of PS-MEJ and EC area for each individual ECs 

(defined via claudin-5). The IEL was visualized with Alexa Fluor 488-linked 

hydrazide. EC area was measured by manual tracing in ImageJ. N=3 mice, n=3 

arteries, n=155 ECs for first order mesenteric arteries, and N=4 mice, n=4 arteries, 

n=205 ECs for third order mesenteric arteries. 
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Figure 32. Number of PS-MEJ first order mesenteric arteries prepared en 

face. Color-coded EC maps to show how PS-MEJ are distributed within individual 

cells in first order mesenteric arteries. N=3 mice, n=3 arteries, n=155 ECs. 
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Figure 33. Number of PS-MEJ third order mesenteric arteries prepared en 

face. Color-coded EC maps to show how PS-MEJ are distributed within individual 

cells in third order mesenteric arteries.  N=4 mice, n=4 arteries, n=205 ECs. 
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Figure 34. Percent PS-MEJ in first order mesenteric arteries prepared en 

face. Color-coded EC maps to show how percentage occupancy of PS in total 

MEJ is distributed within individual cells in first order mesenteric arteries. N=3 

mice, n=3 arteries, n=155 ECs. 
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Figure 35. Percent PS-MEJ in first order mesenteric arteries prepared en 

face. Color-coded EC maps to show how percentage occupancy of PS in total 

MEJ is distributed within individual cells in first order mesenteric arteries. N=4 

mice, n=4 arteries, n=205 ECs. 
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Figure 36. Percent PS-MEJ localized within 1𝛍m of interendothelial junctions 

in first order mesenteric arteries prepared en face. Color-coded EC maps to 

visualize of PS-MEJ localization with respect to interendothelial junctions in first 

order mesenteric arteries. N=3 mice, n=3 arteries, n=155 ECs. 
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Figure 37. Percent PS-MEJ localized within 1𝛍m of interendothelial junctions 

in third order mesenteric arteries prepared en face. Color-coded EC maps to 

visualize of PS-MEJ localization with respect to interendothelial junctions in third 

order mesenteric arteries. N=4 mice, n=4 arteries, n=205 ECs. 



 

 

160 

Table 4. Summary of en face stitch data for first and third order mesenteric 
arteries. 
 
 1st order 3rd order Units Figures 

HIEL per EC 5 9 HIEL per EC Fig. 2 

EC Area 535.77 537.10 µm2 Fig. 8 

Arterial 

Circumference 

575.98 298.63 µm Fig. 3, 21 

HIEL per area 7.06 13.68 HIEL per 

1000µm2 

Fig. 3, 21 

HIEL radius 1.09 1.06 µm Fig. 3, 8, 

21 

HIEL  

vs. HIEL on border 

0.838 0.839 R value Fig. 9 

HIEL  

vs. EC Area 

0.253 0.601 R value Fig.1, 3, 10 

HIEL size  

vs. % on border 

0.0876 0.176 R value Fig. 11 

HIEL size  

vs. EC Area 

0.133 0.097 R value Fig. 12 

HIEL on border  

vs. EC Area 

0.107 0.415 R value Fig.13 

PS-MEJ on border 

vs. MEJ 

0.021 0.104 R value Fig. 26 
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PS-MEJ on border 

vs. MEJ on border 

0.041 0.318 R value Fig. 27 

PS-MEJ on border 

vs. EC Area 

0.188 0.032 R value Fig. 28 

MEJ radius vs.  

PS-MEJ 

0.306 0.074 R value Fig. 29 

%PS-MEJ vs.  

EC Area 

0.171 0.329 R value Fig. 30 

PS-MEJ vs.  

EC Area 

0.185 0.123 R value Fig. 31 
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Part II: Proposed function of the PS-MEJ 

 

PS localizes with Kir2.1 at the MEJ  

Next, we sought to determine what proteins were localizing to the PS-MEJ 

subpopulation. Due to the function of caveolin-1 (Cav1) in regulating lipid 

environment, we hypothesized an enrichment of Cav1 protein specifically within 

PS-MEJs. En face staining reveals that while there is some potential overlap with 

Cav1 and PS (Figure 38), the Cav1 staining is ubiquitous throughout the 

endothelium and there are appear to be just as many MEJ containing PS or Cav1 

alone as there are that contains both (n=1). Thus, any overlap between PS and 

Cav1 may be due to random localization. We therefore concluded that Cav1 does 

not contribute to the defining features and specificity of the PS-MEJ subpopulation.  

Because it well known that lipid interactions with ion channels regulate 

channel activity (e.g.,(100, 102, 135, 202)), we wanted to investigate if PS could 

have a similar function. Recent in silico data suggests PS has a binding site on 

Kir2.1 (102), an important potassium channel involved in vasodilation.(21) This in 

silico study also demonstrated that PS can access and bind the PIP2 binding site, 

a well-known activator of Kir2.1 channel activity (135, 202). Using en face IHC, we 

observed 83.33% of Kir2.1-MEJ puncta also contained PS (Figure 39). We verified 

Kir2.1 antibody specificity by transfecting HEK cells with a Kir2.1 plasmid (Figure 

41).  In contrast, Cx40, a component of gap junction formation at the MEJ 

(e.g.,(207)) localized with PS just 14.64% of the time. PS also did not localize with 
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Cx43 (Figure 40) (antibody confirmed in Figure 42). Thus, Kir2.1 is highly 

enriched in PS-MEJs, whereas Cx40 is segregated to non-PS MEJs. 

 

The functional implication of the PS-Kir2.1 MEJ 

The strong co-localization of Kir2.1 and PS at MEJs, with in silico data 

hypothesizing a binding site (102), led us to hypothesize that PS may regulate 

Kir2.1  function. We tested this by performing experiments on pressurized third 

order mesenteric arteries from adult C57Bl6 mice, and performing dose-response 

curves with NS309, a potent dilator that can activate Kir2.1(21). We observed a 

reduced dilatory capacity to NS309 in the presence of known Kir2.1 inhibitors BaCl 

(208) at 100µM (Figure 43A) and ML-133 at 3.6µM (Figure 43B). Next, we applied 

exogenous PS at 10µM to the arteries and observed a similar reduction in NS309-

mediated vasodilation (Figure 43C), indicating that an enrichment of PS could 

have an inhibitory effect on Kir2.1 activity, in contrast to previous observations of 

PS supplementing channel activity. (104, 105) We confirmed that in this 

experimental setup PS could get to the MEJ (Figure 44). Importantly, the known 

Kir2.1 inhibitors and PS did not influence smooth muscle function (Figure 43D-F; 

except for BaCl significantly inhibiting KCl constriction, likely due to off-target 

effects). 

NS309 also activates IKCa, a potassium channel that is crucial for EDH-

based vasodilation.(10, 21) Interestingly, application of exogenous PS to intact 

arteries inhibits vasodilation at higher NS309 doses compared to the Kir2.1-

specific inhibitors, indicating that PS may also be inhibiting the activation of IKCa 
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channels at MEJs. We checked for co-localization of PS and IKCa at MEJs in the 

en face view (Figure 45), but the two were spatially separated to different MEJs 

(n=1). This initial data indicates that in the intact artery PS does not colocalize with 

IKCa to regulate its function, but that the addition of exogenous PS can block 

potassium flux in an ex vivo system.  

The microscopy and functional data however still indicate that PS and Kir2.1 

are localizing to the MEJs and there is an inhibition of Kir2.1 dilation upon 

exogenous PS application. We next sought to determine how PS was inhibiting 

Kir2.1 activity. There is strong evidence for PIP2 mediated dilation of Kir2.1 in 

cerebral arteries (100). We sought to test the effect of PS on PIP2-mediated dilation 

on arteries constricted to myogenic tone (Figure 46C). We also observed a 

consistent dilation to 10µM PIP2 in pressurized third order mesenteric arteries 

(Figure 46D). Based on recent evidence that PS may compete for the PIP2 binding 

site (102) and our data in Figure 43, we hypothesized that PS would block PIP2-

mediated vasodilation in these arteries. Indeed, we found that when we 

preincubated the arteries with 10µM exogenous PS for 30 minutes prior to adding 

PIP2, the dilation was significantly decreased (Figure 46D-E), and the PIP2 dilation 

was preserved when pre-treating the artery with PS vehicle alone (Figure 46D). 

The PIP2 dilation was also blocked by well-described Kir2.1 inhibitors BaCl and 

ML-133, and the addition of PS alone did not result alter arterial diameter (Figure 

46D-E). The residual dilation that occurs with a PS preincubation occurs at the 

same time as PIP2 alone, indicating that some PIP2 may still be able to compete 

for its binding site (Figure 46F), although to a significantly lower extent (Figure 
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46D). Following a washout period at the end of the experiment, arteries were 

evaluated for EC health via dilation to 1µM NS309 (Figure 46G) and constriction 

to 30mM KCl (Figure 46H) in order to ensure measured differences in PIP2 dilation 

were not due to arteries of compromised function. The sum of these results 

indicate that PS localizes to selective MEJs to regulate Kir2.1 function and 

subsequent vasodilation.  

Since PS is blocking PIP2-mediated vasodilation, we wanted to determine if 

PIP2 was also concentrated to MEJs. Lipid mass spectrometry on in vitro indicates 

that diacylglycerol (DAG), a byproduct of phospholipase C cleavage of PIP2, was 

detected and enriched within MEJs, but PIP2 was not detected. (24) Using an 

antibody for PIP2, we saw that while there were punctate in the endothelium, the 

punctate did not overlap with the MEJ (Figure 47). Together with DAG enrichment 

at the MEJ, this suggests that PIP2 at MEJs is rapidly cleaved by PLC to produce 

second messengers and activate downstream signaling pathways. Any remaining 

PIP2 at the MEJ is likely prevented from increasing Kir2.1 activation due to the 

enrichment of PS, such that Kir2.1 mediated vasodilation does not have large 

fluctuations at homeostasis. 

 

The MEJ is necessary for facilitating the PS-Kir2.1 interaction 

Next, we sought to determine if the MEJ itself was the key driver in PS-

Kir2.1 organization. To do this, we took advantage of floxed elastin mouse (Elnfl/fl) 

on an endothelial cell-specific Cre (Cdh5-Cre) that had previously been shown to 

lack IEL in resistance arteries (209), and by extension possibly MEJs. These mice 
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had the correct elastin deletion and loss of IEL in resistance arteries (Figure 48A-

C; Figure 49A-C) but not large arteries (Figure 49D-G). The disruption of IEL was 

also evident in the en face view with a 56.26% reduction in hydrazide area and the 

loss of observable HIEL (Figure 48D-F). Despite normal tight junction morphology 

(Figure 48E), the pattern of PS localization in endothelium is drastically changed, 

where it covers less surface area (Figure 48I), does not accumulate into large 

puncta (Figure 48J), and has decreased pixel intensity compared to controls 

(Figure 48L-M).  

Despite this drastic change in PS and HIEL, the protein expression and 

function of Kir2.1 as assessed by NS309-mediated dilation was unchanged in 

Elnfl/fl/Cre+ mice (Figure 50A-B). Given these two results, if the lack of PS 

organized at MEJs were important for Kir2.1-mediated dilation, application of PIP2 

would have increased dilation in Elnfl/fl/Cre+ arteries. Elnfl/fl/Cre- arteries were used 

at 60mmHg based on their myogenic tone (Figures 50C and 51). This dilation was 

not different compared to arteries from C57BL6 mice at 60mmHg (Figure 50C). 

Elnfl/fl/Cre+ arteries exhibited a significant increase in PIP2-mediated vasodilation 

which was inhibited after adding 10µM PS or 3.6µM ML-133 to the experimental 

setup (Figure 50C). Interestingly, arteries from Elnfl/fl/Cre+ had an increased time 

to maximum change in diameter (Figure 50D-E) compared to Elnfl/fl/Cre- or C67Bl6 

arteries, which is reflective of a continued dilation in Elnfl/fl/Cre+ arteries compared 

to a transient dilation in control experiments. A continued dilation coincides with 

the idea that PS is not spatially oriented to negatively regulate the PIP2-mediated 

activation of Kir2.1 in EC-Eln KO arteries, thus resulting in an uncontrolled dilation. 
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After a washout period, EC and SMC health were evaluated with 1µM NS309 and 

30mM KCl, respectively, to ensure differences in PIP2 dilation were not due to 

compromised arterial health (Figure 50F-G).  

  



 

 

168 

 

Figure 38. En face immunohistochemistry with PS and Cav1. Representative 

en face images from third order mesenteric arteries. (A) Panel demonstrating PS 

(magenta) and Cav1 (green) staining in separate channels or merged together. 

(B) PS, Cav1, and merge staining overlayed on the IEL (grey) detected via Alexa 

Fluor linked hydrazide. White arrowheads indicate colocalization of PS and Cav1 

to same HIEL, while black arrows indicate localization of either PS or Cav1 to 

HIEL, but not both. (C) PS, Cav1, or merge overlayed with nuclei (blue), detected 

via DAPI. Scale bar is 30µm.  
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Figure 39. En face immunohistochemistry demonstrating specific co-

localization of PS and Kir2.1 at MEJ. (A) En face images of third order 

mesenteric arteries with IEL (grey) detected via hydrazide, PS (magenta), Kir2.1 

(cyan), and Cx40 (yellow). (B) Analysis from in-house Matlab program that detects 

the incidence of PS and Kir2.1 or (C) PS and Cx40 puncta at MEJ in en face 

images. Arrowhead indicates Kir2.1 and PS co-localization or only Cx40 

localization to MEJ. Arrow indicates only PS localization to MEJ. N=4 mice, n=4 

arteries per group.  
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Figure 40. En face immunohistochemistry with PS and Cx43. (A) En face 

images of third order mesenteric arteries, showing PS (magenta), Cx43 (cyan), or 

merged. The same stains are also shown merged with (B) IEL (grey) detected via 

hydrazide, or (C) nuclei (blue) detected via DAPI. N=1 mouse, n=1 artery, n=1 

image. 
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Figure 41. Validation of Kir2.1 antibody. (A) HEK293T cells transfected with 

Kir2.1-T2A-tdTomato plasmid (red) and co-stained with PS antibody or (B) IgG 

control. Nuclei (blue) are detected via DAPI. Scale bar is 30µm. (C) Western blot 

detection of Kir2.1 protein in HEK293T cells that were untreated or transfected with 

Kir2.1-T2A-tdTomato plasmid. Total protein was used as a loading control. 
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Figure 42. Validation of Cx40 antibody. (A) HeLa cells transfected with 

transfected with connexin plasmids (yellow): connexin 37 (Tx Cx37), connexin 40 

(Tx Cx40), and connexin 43 (Tx Cx43). Cells were then stained using a Cx40 

antibody or IgG control to evaluate antibody specificity for the isoform. Nuclei (blue) 

are detected via DAPI. Scale bar is 30µm. (C) Western blot detection of Cx40 

protein in HeLa cells that were transfected with plasmids for Cx37, Cx40, Cx43, 

and Panx1. Total protein was used as a loading control. 

  



 

 

173 

 

Figure 43. Exogenous PS blocks Kir2.1-mediated vasodilation. Dose 

response curves to NS309 on third order mesenteric arteries in the presence of 

(A) 100µm BaCl (B) 3.6µm ML-133, or (C) 10µm PS compared to vehicle controls 

of water, DMSO, and ethanol, respectively. (D-F) Percent constriction to PE or KCl 

in the presence of each Kir2.1 inhibitor. 
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Figure 44. Exogenous application of TopFluor-PS localizes to the MEJ in 

intact third order mesenteric arteries. Live third order mesenteric arteries 

prepared en face after treatment with (A) 10µM TopFluor-PS in the bath solution 

of a pressure myography setup or (B) without treatment. Nuclei (blue) are detected 

via DAPI and IEL (grey) is detected via Alexa Fluor linked hydrazide. Arrowheads 

indicate TopFluor-PS localization to MEJ. Scale bars are 10µm. 
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Figure 45. En face immunohistochemistry with PS and IKCa. Representative 

en face images from third order mesenteric arteries. (A) Panel demonstrating PS 

(magenta) and IKCa (green) staining in separate channels. (B) PS, IKCa, and merge 

staining overlayed on the IEL (grey) detected via Alexa Fluor linked hydrazide. 

White arrowheads indicate spatial separation of PS and IKCa to different MEJs (C) 

PS, IKCa, or merge overlayed with nuclei (blue), detected via DAPI. Scale bar is 

30µm. 
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Figure 46. PIP2 dilation in intact arteries is blocked by Kir2.1 inhibitors and 

PS. (A) Average whole cell Kir2.1 currents at -140mV in transfected HEK cells at 

baseline and with 100µM Ba2+. Ba2+-sensitive currents were calculated by 

subtracting Ba2+ current from basal current. (B) Representative traces of Ba2+-

sensitive currents. For all graphs: black is baseline, grey is treatment with 10µM 

PIP2, magenta is treatment with 10µM PS, and cyan is treatment with 10µM PIP2 
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+ 10µM PS. N=2-3 independent transfections and n=5-7 cells per group. Student’s 

t-test. * indicates p<0.05.  (C) Experimental timeline to assess PIP2 dilation in intact 

arteries. Arteries are equilibrated to temperature and pressure until the 

development of myogenic tone. After 10 minutes of plateaued diameter, the drug 

or vehicle treatment was applied to the system for 30 minutes. Next, 10µm PIP2 

was applied to the system for 15 minutes. The maximum change in diameter within 

this period was recorded and used for analysis. Following a 5-minute washout, 

arterial function was assessed via 1µm NS309 and 30mM KCl. (D) Maximum 

change in diameter in each treatment group. Changes in diameter for PS were 

taken from the same experiments as 10µm PIP2 + 10µm PS groups, where the 

maximum change in diameter was recorded within the 30-minute incubation prior 

to PIP2 treatment. Student’s t-test, where * p<0.05 and *** p <0.001. (E) Legend 

for the different groups where (i) 10µm PIP2 is black circles, (ii) 10µm PS is 

magenta closed circles, (iii) 10µm PIP2 + 10µm PS is magenta open circles, (iv) 

10µm PIP2 + PS vehicle is light grey circles, (v) 10µm PIP2 + 10µm ML-133 is light 

blue circles, (vi) 10µm PIP2 + 30µm BaCl is dark blue circles, and (vii) PIP2 vehicle 

only is black open circles. Representative traces of inner diameter from pressure 

myography experiments demonstrating the effects of 10µm PIP2, 10µm PS, or 

10µm PIP2 + 10µm PS on arterial diameter. (F) The timepoint at which maximum 

change in diameter is achieved for each group. (G) The dilation to 1µm NS309 

following a 5-minute washout period to assess endothelial function in each 

experiment. (H) The constriction to 30mM KCl to assess smooth muscle cell 

function in each experiment. N=4-5 mice and n=4-7 arteries per group. 
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Figure 47. En face immunohistochemistry with PS and PIP2. Representative 

en face images from third order mesenteric arteries. (A) Panel demonstrating PS 

(magenta) and PIP2 (green) staining in separate channels or merged together. (B) 

PS, PIP2, and merge staining overlayed on the IEL (grey) detected via Alexa Fluor 

linked hydrazide. (C) PS, PIP2, or merge overlayed with nuclei (blue), detected via 

DAPI. Scale bar is 30µm. 
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Figure 48. Elnfl/fl/Cre+ mice have disrupted PS localization in endothelium. (A) 

Genomic DNA isolated from endothelial-rich lung tissue demonstrating the 

expected excision band of elastin in Elnfl/fl/Cre+ tissue at 410bp. (B) qPCR on 
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mesenteric vasculature to assess the mRNA levels of Eln in both Elnfl/fl/Cre- and 

Elnfl/fl/Cre+ tissue. (C) Cross-sections of third order mesenteric arteries that are 

stained with Verhoeff elastic stain (black) and counterstained with van Gieson 

(pink). * indicates lumen. Scale bar is 30µm. Percent area that is positive for elastin 

is quantified in the graph on the right. Student’s t-test and * indicates p < 0.05. (D) 

En face immunohistochemistry on Elnfl/fl/Cre- and (E) Elnfl/fl/Cre+ third order 

mesenteric arteries where interendothelial junctions (green) are detected via 

claudin-5, nuclei (blue) are detected via DAPI, and IEL (grey) is detected via and 

Alexa Fluor 488-linked hydrazide. Scale bar is 30µm. (F) Quantification of IEL area 

in en face views, expressed as a percentage of total image area. N=5 mice, n=6 

arteries. Student’s t-test and **** indicates p < 0.0001. (G) En face 

immunohistochemistry on Elnfl/fl/Cre- and (H) Elnfl/fl/Cre+ third order mesenteric 

arteries where PS (magenta), nuclei (blue) are detected via DAPI, IEL (grey) is 

detected via Alexa Fluor 488-linked hydrazide. PS heatmaps were generated from 

Royal Lookup Tables in ImageJ, where low intensity signal is in cool tones (blue 

to aqua) and high intensity signal is warm tones (yellow to white). The white box 

on the heatmap indicates the zoomed in area shown on the right. Scale bars are 

10µm. (I) Quantification of PS area, (J) puncta size, (L) low intensity pixels, and 

(M) high intensity pixels in PS en face images comparing Elnfl/fl/Cre- and Elnfl/fl/Cre+ 

third order mesenteric arteries. N=3-4 mice, and n=4-5 arteries per group. 

Student’s t-test and * indicates p < 0.05. 
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Figure 49. EC-specific knockout of elastin disrupts IEL in resistance arteries 

and not large conduit arteries. Representative images of cross-sections from 

third order mesenteric arteries taken from (A) Elnfl/fl/Cre- and (B) Elnfl/fl/Cre+ mice 

where nuclei (blue) are detected via DAPI, IEL (grey) is detected via 

autofluorescence, and interendothelial junctions (green) are detected via claudin-

5. Scale bar is 30µm. (C) Quantification of cross-sectional IEL area detected via 

autofluorescence. Representative images of cross-sections from the abdominal 

aorta (AA) and carotid artery (CA) of (D) Elnfl/fl/Cre- and (E) Elnfl/fl/Cre+ mice. Scale 

bar is 30µm. Quantification of Verhoeff stain in (F) AA and (G) CA.  
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Figure 50. Elnfl/fl/Cre+ mice have increased dilation to PIP2. (A) Western blot on 

mesenteric vasculature to detect Kir2.1. Total protein was used as a loading 

control. Quantification was performed as a percent of total protein, then normalized 

with respect to control group. N=4 mice per group. (B) NS309 dose response curve 

on Elnfl/fl/Cre- and Elnfl/fl/Cre+ third order mesenteric arteries. N=4 mice and n=8-11 

arteries per group. (C) Dilation to PIP2 experiments at 60mmHg. N=4-5 mice, n=4-
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7 arteries per group. Student’s t-test, where * indicates p<0.05 and ** indicates p 

<0.01. (D) Representative traces from pressure myography experiments 

demonstrating the dilation to PIP2 in Elnfl/fl/Cre- arteries and Elnfl/fl/Cre+ arteries with 

or without a 30-minute PS preincubation. (E) The timepoint at which maximum 

change in diameter is achieved for each group. (F) Dilation to 1µm NS309 following 

a 5-minute washout period to assess endothelial function in each experiment. (G) 

Constriction to 30mM KCl to assess smooth muscle cell function in each 

experiment. 
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Figure 51. Determination of optimal pressure for myography experiments on 

EC-Eln KO mice. Pressure myography experiments on third order mesenteric 

arteries from Elnfl/fl/Cre- and Elnfl/fl/Cre+ mice, where (A) is myogenic tone, (B) is 

the active diameter and (C) is the passive diameter. Dotted line indicates the 

optimal pressure for Elnfl/fl/Cre+ arteries. N=3 mice per group and n=4-6 arteries 

per group. Students t-test was performed at each pressure. * indicates p<0.05, and 

** indicates p<0.01. 
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Figure 52. Heterogeneous lipid localization to MEJs results in functionally 

distinct subpopulations. A zoomed in look at MEJs in the arterial wall. ECs are 

at the top, SMCs are at the bottom, MEJs are between the two and are encased 

in IEL proteins such as elastin (grey). Kir2.1 channels (blue) localize to MEJs that 

are enriched with PS (magenta), while the gap junction protein Cx40 (yellow) 

localizes to MEJs that do not contain PS (beige). This demonstrates that 

subpopulations of MEJs exist within the artery and implies they have unique, 

specific functions. For clarity, the IEL is only shown at the edges of the image. * 

indicates lumen.  
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Discussion 

HIEL spatial distribution in mesenteric arteries  

The presence of MEJs in resistance arteries play a vital role in regulating 

signaling pathways to tightly control arterial diameter and thus peripheral 

resistance. This signaling domain is well studied and there are numerous proteins 

that are known to localize specifically to the MEJ, forming a specific signaling 

microdomain. Interestingly, we and others have demonstrated that these MEJ-

localized proteins do not occupy every HIEL in en face views. (15, 23, 29, 38, 43, 

199-201) I have demonstrated here that the localization of HIEL with respect to EC 

signaling domains exhibits a random spatial distribution, through analysis via an 

in-house Matlab program that leverages PC, NC, and RAND simulations (Figures 

1 and 3). The in-house Matlab program considers a spatial pattern across an 

image and does not consider spatial orientation within individual ECs. Thus, in 

order to determine if there was a spatial distribution of HIEL in relation to individual 

ECs, we analyzed stitched confocal images that were stained for claudin-5 to 

detect interendothelial junctions as our method of defining individual cell borders. 

Each arterial EC map does demonstrate some degree of similar ECs 

grouping together, although no patterns are consistent from artery to artery. For 

example, in the third order map of HIEL number per EC (Figure 15, artery 4), it is 

clear that ECs with a higher HIEL density are grouped together and separate from 

the ECs with lower HIEL density. This may also be the case when considering the 

results from the EC map that shows HIEL localization within ECs (Figures 16 and 
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17), which shows that ECs with >66.1% HIEL localized along the border, tend to 

group separately from ECs that contain HIEL in the middle of the cell.   

Further, a large proportion of cells in each artery map are in the >66.1% 

HIEL localization category ECs (Figures 16 and 17). This brings up an interesting 

point given that Matlab analysis with respect to interendothelial junctions revealed 

a random localization. This is likely the case because of the large percentage 

range in the last category. Further, while the EC maps may offer explanations on 

spatial distributions of unique ECs, the in-house Matlab simulations are a more 

robust way of interpreting spatial localization in the endothelium because they 

include simulations that are repeated 1000 times per image. Thus, the conclusion 

from Figures 16 and 17 should not be that HIEL tend to localize to the 

interendothelial junction, but should be used to evaluate if similar ECs tend to 

group together in the endothelium. Thus, the EC maps reveal that ECs of similar 

functions may group together spatially such that the endothelium can be 

considered as unique EC patches with heterogeneous roles, an idea that has been 

discussed in the literature. (210, 211) 

This random distribution paired with demonstrated heterogenous protein 

localization to MEJs led us to ask whether or not every HIEL contained a physical 

cellular projection. Our TEM analysis revealed that every time an HIEL was 

detected, so was a cellular projection. Since the detection rate of HIEL in TEM was 

within the predicted range, we concluded that it is likely every HIEL contains an 

actual MEJ. This raises interesting questions about the heterogeneous protein 
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localization at the MEJ, and why segregated protein localization to unique MEJ 

subpopulations may benefit arterial function. (15)  

 

Subpopulations of MEJs have distinct functions  

The heterogeneous protein localization to MEJ is likely defined by the local 

lipid concentration rather than any unique spatial distribution throughout the 

endothelium (Figures 1 and 3). The lipids may contribute to protein trafficking or, 

may be colocalized with certain proteins to regulate their function.  Here we have 

demonstrated that PS defines a functionally distinct subpopulation of MEJs where 

it localizes with and negatively regulates Kir2.1 through preventing PIP2 activation, 

and is spatially separated from MEJs containing the gap junction protein Cx40 

(Figure 52). It is likely that the primary function of PS-Kir2.1 MEJs is to generate 

vasodilatory hyperpolarization, which can be communicated to SMCs via nearby 

gap junction-MEJs. Segregating the generators and communicators of 

hyperpolarization to distinct subpopulations of MEJs (Figure 52) represents 

another mechanism of the tight regulation of resistance arterial diameter. The 

observation, coupled with the functional data herein, strongly suggests 

heterogenous MEJ populations may exist to carry out different functions, either 

direct heterocellular communication or to function in a vasodilatory capacity. Here 

we have defined a unique MEJ subpopulation, suggesting a role for PS in 

modulating PIP2 activation of Kir2.1 within the artery.  

Uncovering unique MEJ populations will continue to move the field forward 

in understanding how vasodilation is regulated in these arteries. One population 
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that has been described is the a-kinase anchoring protein 150 (AKAP150) localizes 

specifically with TRPV4 at MEJs, where AKAP150 is required for adequate 

activation of TRPV4 activation and vasodilation. (13) This co-localization at the 

MEJ is important for facilitating the EDH pathway. (97) In a separate study on rat 

resistance arteries, Cx37 and the IKCa colocalize in a subpopulation of MEJ, 

suggesting some potential for potassium channel and gap junction MEJ overlap. 

(15) Further spatial and functional analysis of the Cx37-IKCa would be necessary 

in order to fully understand the role for the co-localization, but we speculate that 

the Cx37-IKCa MEJ population identified in rat resistance arteries may exist in small 

groups of ECs and correlate with heterogenous responses of ECs to receptor 

agonism. (210) Interestingly, the Cx37-IKCa population is in contrast to the spatial 

separation of Kir2.1 and Cx40 that we demonstrate here. However, it is not 

surprising that there is a difference in colocalization with gap junctional MEJs 

between these two potassium channels because of the differences in regulation, 

activation, and potassium flux. 

Further, it is likely that PS defines more than one MEJ subpopulation. We 

demonstrated that the majority of Kir2.1-MEJs also contain PS, however not every 

PS-MEJ contains Kir2.1. Another potential role for PS at the MEJ is to modulate 

IKCa. We show that addition of exogenous PS inhibits NS309-mediated dilation 

(Figure 43). In addition to inducing Kir2.1 activation, NS309 directly activates the 

IKCa channel that is localized to MEJs, (15, 21)  where Kir2.1 activation occurs at 

lower doses, and IKCa activation at higher doses. (21) Our data in Figure 43 shows 

that there is a larger inhibition of NS309-mediated vasodilation at the higher doses 
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compared to the inhibition in response to Kir2.1 specific inhibitors, implying PS 

may also be dampening IKCa activity. While I was not able to demonstrate a co-

localization of PS and IKCa in an initial en face experiment (Figure 45), this co-

stain should be repeated on more biological replicates.   Lipid regulation of IKCa in 

endothelium, to our knowledge, is currently unexplored and our data indicates a 

potential role for PS regulating IKCa at the MEJ.  

It is clear in our en face immunohistochemistry that PS localizes to the 

perinuclear region (Figure 23) suggesting localization in the endoplasmic 

reticulum (ER). Given the distinct subpopulation of MEJs that PS occupies, there 

is likely a specific mechanism of PS transport to facilitate accumulation in the MEJ. 

Energy driven lipid transport within a cell occurs via specific lipid transport proteins 

(LTP) at membrane contact sites, where two lipids are transported in opposite 

directions. A family of LTPs, called oxysterol-binding proteins (ORPs), have been 

implicated in the trafficking of PS to the plasma membrane. (175, 176, 212) It could 

be that the expression of an ORP in ECs drives deposition of PS to specific the 

MEJs. It is also well described that Kir2.1 is trafficked through the ER, and indeed, 

we see perinuclear staining in Kir2.1 en face preparations (Figure 39). (213, 214) 

Given the specific, targeted localization of Kir2.1 to PS-enriched MEJs, we 

speculate that PS may also function in trafficking Kir2.1 to these signaling 

microdomains.  
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Phosphatidylserine regulation of Kir2.1 

Kir2.1 channel function is dependent on the presence of both PIP2 and an 

anionic phospholipid. (104, 105) We have reproduced this data and shown that 

both PS and PIP2 can activate the channel in an electrophysiology experiment. 

However, when added together, the lipids did not have an additive effect on 

channel activity, but rather did not increase current beyond baseline. In agreement 

with this finding, our pressure myography data indicates that addition of exogenous 

PS blocks PIP2 activation of Kir2.1, suggesting that the role of PS at the MEJ may 

be primarily to dampen Kir2.1 channel activity as opposed to activating the 

channel. Our data also demonstrates that exogenous application of PS inhibits 

agonist-mediated Kir2.1 activation in intact arteries, also reinforcing the idea of PS 

as a negative regulator in these arteries. Since flux through the Kir2.1 channel 

hyperpolarizes the SMC membrane, PS localization with Kir2.1 at the MEJ likely 

dampens the K+ flux through Kir2.1, to regulate the magnitude of relaxation and 

prevent overshooting a dilatory effect.  

It has been demonstrated that relative concentrations of lipids can have 

differential effects on channel function, (104) and in MEJs where PS is localized, 

it is likely that the PS concentration is magnitudes higher than the local PIP2 

concentration, such that PIP2 interactions with the channel are limited. Although 

the local concentration of PIP2 at MEJs remains elusive, the half-life of PIP2 at the 

MEJ is likely short given and the importance of IP3 in heterocellular signaling to the 

SMC and the enrichment of diacylglycerol at the MEJ, the two products of PIP2 

cleavage by phospholipase C. (24, 41) An initial en face experiment using an 
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antibody for PIP2 supports this observation (Figure 47). Future studies should 

include repeating this en face stain for quantification and validating the antibody 

before drawing any conclusions. Thus, the PS localization to the MEJ may be 

antagonizing the PIP2 requirement for channel opening, and may explain why in 

intact arteries PS blocks PIP2 activation of Kir2.1. Together with the pressure 

myography results, it is evident that the balance between PS and PIP2 within the 

membrane can have differential effects on the protein. We conclude a relatively 

higher PS concentration at the MEJ functions to negatively regulate Kir2.1 

opening. 

Our pressure myography data indicates that exogenous PS alone does not 

have an effect on arterial diameter, which is the opposite effect seen in 

electrophysiology experiments where PS activates the channel.  A possible reason 

for the differential results of PS influence on Kir2.1 could be the differences in 

cellular lipid composition of HEK cells and intact arteries. (104) For example, the 

plasma membrane of ECs in intact arteries is complex, with signaling 

microdomains defined by protein and lipid composition. One example of this is the 

high density of caveolae in endothelium. (215) Caveolae are crucial for plasma 

membrane organization and are also enriched with cholesterol, with some studies 

also implicating specific localization of PS and PIP2 to caveolae. (180, 194) It could 

be that there is some interplay between PS and cholesterol, a known depressor of 

Kir2.1 activity (96, 98, 99), in intact arteries that prevents PS alone from having a 

dilatory effect. Indeed, this could be another mechanism by which cholesterol 

prevents Kir2.1 activation.   It is highly likely that caveolae are present within this 
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population given the high density of caveolae in the endothelium (Figure 38). In 

the future, the interplay between cholesterol, PS, and PIP2 at the MEJ should be 

investigated in the context of Kir2.1 and other ion channels.   

 

The role of MEJ in facilitating phosphatidylserine regulation of Kir2.1 

We also demonstrate the inhibitory effect of PS on PIP2 activation using 

arteries from a mouse model with HIEL morphology and thus MEJ formation 

(Elnfl/fl/Cre+). In this mouse, the PS localization within the intact resistance arterial 

endothelium is completely disrupted (Figure 48), covering less surface area and 

demonstrating reduced accumulation into punctate (reduced high intensity signal). 

Notably, Kir2.1 protein expression is unchanged, yet Elnfl/fl/Cre+ arteries exhibited 

an increased dilation to PIP2, which was brought back down to control levels by 

adding back PS to the artery. These results support our findings that PS negatively 

regulates PIP2-mediated Kir2.1 vasodilation. Based on the result that the PIP2 

dilation can be recovered to control levels with the addition of PS or ML-133 (a 

known Kir2.1 inhibitor), we attribute the increase dilation to the increased access 

of PIP2 to Kir2.1. This increased dilation is likely due to the disrupted PS 

localization in the endothelium rather than a direct result of reduced elastin protein, 

which is cogent with Kir2.1 not demonstrating any known adhesion properties or 

being regulated by ECM proteins. However, there are some studies that link 

integrin signaling to ion channel function (216) and in particular, increasing current 

through Kir2.1. (217) Integrin signaling is likely decreased in Elnfl/fl/Cre+ arteries 

since there is a reduction of integrin substrate (ECM proteins). Thus, integrins are 
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likely not at play here since we see an increase in PIP2-mediated dilation. We 

therefore do not attribute the increase in PIP2 dilation to reduced Kir2.1-elastin 

interactions or a reduced Kir2.1-integrin signaling axis. 

Lastly, the Elnfl/fl/Cre+ mouse model has broader implications for studying 

the functional importance of elastin on the formation of the anatomical structure of 

the MEJ and the protein/lipid trafficking that is necessary to form this functional 

signaling microdomain. In the future, the anatomical structure of MEJs in these 

resistance arteries should be investigated through transmission electron 

microscopy. It is possible that there are fewer individual MEJs, where each one 

occupies a larger area of heterocellular contact. If this is the case, the MEJ may 

not be no longer identified as a “microdomain” within the cell which may alter the 

spatial distribution of transcription, translation, and trafficking of proteins. It is also 

possible that disruption or downregulation of an ORP may be responsible for the 

disruption of PS localization.(175, 218) Since the MEJ is a crucial regulator of 

vasodilation in resistance arteries, any alterations in protein trafficking could also 

have implications in signaling pathways that contribute to total peripheral 

resistance. 

 

Limitations of this work 

I present evidence of a novel lipid regulation mechanism in intact arteries 

and proposes a new role for PS regulation of Kir2.1 function. My interpretation of 

PS negatively regulating PIP2 mediated activation assumes that local PIP2 

concentration at the MEJ is orders of magnitude lower compared to PS.  It is a 
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technical challenge to establish the local lipid concentration of PIP2 at the MEJ; it 

was not detected in lipid mass spectrometry of in vitro MEJs, but rather, a product 

of its cleavage, DAG, was found to be enriched at MEJ compared to EC or SMC. 

(24) This suggests to us that the half-life of PIP2 at the MEJ is short lived because 

its cleavage products are needed for downstream vasodilatory signaling. (24, 41) 

I also present convincing evidence of lipid regulation of Kir2.1 by using an 

Elnfl/fl/Cre+ mouse model. However, it should be noted that this is the first study to 

investigate endothelial function on these mice. While ECs appear to function 

normally (Figure 50B), their myogenic tone (Figure 51) is significantly altered at 

higher pressures with deviation from controls beginning at 80mmHg, a pressure 

that is within normal physiological range. This suggests a possible alteration of 

other pathways within the arterial model. 
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Appendix 

Sanger sequencing alignment Lactadherin-C2 plasmid 
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Sanger sequencing alignment for Cx37 plasmid 
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Sanger sequencing alignment for Cx40 plasmid 
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Sanger sequencing alignment for Cx43 plasmid 
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Predicting the incidence of myoendothelial junctions in transmission 

electron microscopy cross-sections 

First, we can consider basic descriptive data obtained from the en face 

images (Table 1) including the circumference of the artery (C, Supp Fig2A) the 

average diameter of HIEL (d, Supp Fig2B), and spatial density of HIEL (⍴HIEL, Supp 

Fig2C), which is calculated by dividing the number of HIEL in an image (ÑHIEL) by 

the image area (Ǡxy). ÑHIEL and d were quantified via the in-house Matlab program, 

and C was measured as the width of the artery when prepared en face.  For this 

calculation, we assume that the measured circumference of the artery is equivalent 

to the circumference of the IEL (CIEL). 

Next, we considered the transverse view of the artery when prepared for 

TEM imaging (Table 2). The TEM section is a thin cross section sliced from a third 

order mesenteric artery where the thickness of an individual section is YTEM. Since 

our quantification of HIEL thus far is from the en face view, we wanted to ask the 

question of how much IEL surface area would be represented in one TEM section 

in order to predict the density of HIEL. A single TEM cross-section corresponds to 

an en face surface area of 20.902µm2, which was calculated by multiplying the 

thickness of a TEM section by the circumference of the artery (ATEM,1 = YTEM *CIEL). 

An important note is that d is much larger than YTEM, such that the average HIEL 

will span 30 TEM sections (d / YTEM). For conceptual clarity, we will consider 6 

TEM sections equally spaced apart along artery length d, which corresponds to an 

IEL surface area of 627.06µm2 (ATEM, d  = CIEL x d), and an IEL length of 1791.6µm 
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(LIEL = 6 * CIEL).  Using ⍴HIEL and ATEM, d, we calculated that we would detect a total 

of 9 unique HIEL across artery length d (HIELTEM = (⍴HIEL x ATEM, d) / 1000𝛍m2). 

The final variable we considered in our prediction is the spatial distribution 

of holes throughout the IEL. For this, we considered three cases of distribution 

(Table 3): (1) uniform distribution (maximum detection), (2) random distribution, 

and (3) sparse distribution (minimum detection). Using ⍴HIEL and ATEM, d, we 

calculated that we would detect a total of 9 unique HIEL across artery length d 

(HIELTEM = (⍴HIEL x ATEM, d) / 1000𝛍m2). 

For Case 1, we considered 6 TEM sections over artery length d and 

assumed that each of the 9 HIEL were exactly aligned with the start and end of the 

sectioned area, such that the HIEL distribution is uniform, such that the number of 

HIEL detections by the microscope user is 54 (9 total HIEL, appearing once on 

each of the 6 sections). However, due to the nature of TEM, the entire cross-

sectional area cannot be imaged due to visibility blockages by grid lines, indicating 

that all 54 HIEL cannot be imaged by the user, even if they were present. In order 

to account for this technical challenge, the predicted number of HIEL detections 

can be normalized to the length of IEL in the TEM image. This normalization 

process results in a numerical value with the units of HIEL per length of IEL. Thus, 

if HIEL are uniformly distributed, then we expect 30 HIEL per 1000𝛍m IEL 

length (54 HIEL / 1791.6µm IEL length x 1000µm IEL).  

However, based on the Matlab simulations (Figure 1), we have shown that 

HIEL are randomly distributed. We therefore incorporated a random distribution of 

HIEL into our prediction. Thus, instead of assuming each HIEL would have 6 
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detections across each of the 6 sections, we assumed that each HIEL had a 

different number of detections due to a random alignment with the beginning and 

end of the length sectioned area. The random distribution of detections was 

considered as follows: 2 HIEL with 6 detections each (12 detections), 1 HIEL with 

5 detections each (5 detections), 2 HIEL with 4 detections each (8 detections), 1 

HIEL with 3 detections each (3 detections), 1 HIEL with 2 detections each (2 

detections), and 2 HIEL with 1 detection each (2 detections), bringing the total to 

32 detections. Using the same normalization process as described above, we 

determined that if HIEL are randomly distributed, we expect 17.5 HIEL per 

1000𝛍m length of IEL (32 HIEL / 1791.6µm IEL length x 1000µm IEL). 

Due to the random distribution of HIEL, there are some areas of IEL that 

have relatively few holes. Thus, a third case is considered to reflect a sparse 

distribution scenario. In this minimum case scenario, each of the 9 HIEL are only 

aligned with 1 TEM section and thus is only detected once during imaging.  For 9 

HIEL considered across 6 sections, with each HIEL appearing in only 1 section, 

there are 9 total detections. Normalizing these to the IEL within TEM images as for 

the previous two scenarios, 5 HIEL are expected per 1000um length of IEL (12 

HIEL / 1791.6µm IEL length x 1000µm IEL). 

There are areas in the internal elastic lamina that are more sparse with 

HIEL, and since we have demonstrated that the HIEL are randomly distributed, we 

conclude that the predicted range of HIEL density in the TEM images is 5-17.8 

HIEL per 1000𝛍m IEL analyzed. 
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Representative Myogenic Tone Trace for Elnfl/fl/Cre- 
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Representative Myogenic Tone Trace for Elnfl/fl/Cre+ 
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Chapter 4. The internal elastic lamina regulates 

vasodilation  

Abstract 

The MEJ is a crucial regulator of total peripheral resistance and thus blood 

pressure. This anatomical signaling microdomain is defined as an EC extension 

that makes contact with SMCs by protruding through holes in the matrix layer that 

separates the two cell types, termed the internal elastic lamina (IEL). The holes in 

the IEL increase as arterial diameter decreases and is correlated with the 

mechanism of vasodilation. In larger, conduit arteries where there are no HIEL, 

nitric oxide is the primary vasodilator. NO can diffuse across the IEL and to the 

several layers of smooth muscle in the large arteries. In contrast, smaller 

resistance arteries have a high density of HIEL and a predominate EDH-based 

vasodilation profile, which can be attributed to the protein localization to this 

signaling microdomain. Hemoglobin alpha (Hba) is an MEJ-resident protein that 

significantly contributes to the predominance of EDH-based signaling in resistance 

arteries by complexing with endothelial nitric oxide synthase (eNOS) and chelating 

any NO produced by the enzyme. 

A recent study investigated the contributions of both SMC and EC to IEL 

formation in both large and small arteries. Interestingly, ECs were the major 

contributor to IEL formation in small resistance arteries, where Elnfl/fl/Cre+ (on a 

Cdh5 Cre) mice demonstrated a fragmented IEL in cross-section TEM views.  We 

therefore wanted to investigate the impact on canonical HIEL and MEJ 
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formation in these arteries. Alexa Fluor-488 linked hydrazide was used to detect 

IEL. In knockout arteries, hydrazide signal was reduced by 56.26% with a complete 

ablation of canonical sites of MEJ formation. Thus, I hypothesized that the 

localization of the MEJ-resident protein Hba would be disrupted in these 

arteries. Indeed, Hba in Elnfl/fl/Cre+ arteries covered more surface area with a 

reduced amount of high intensity puncta, indicating a more diffuse localization in 

the endothelium. Western blot analysis on the mesenteric vasculature also shows 

a reduction in Hba protein. This new localization pattern and reduction in protein 

in turn decreased the amount of Hba-eNOS interactions in the endothelium as 

demonstrated by decreased PLA puncta in en face preparations. 

Next, we tested if this reduced interaction had a functional consequence on 

the vasodilatory profile. We pressurized third order mesenteric arteries to 

60mmHg, which was determined to be the ideal pressure for this transgenic mouse 

(Figure X), and evaluated vasodilation via an acetylcholine (Ach) dose response 

curve. At baseline conditions, Ach-based vasodilation was similar between 

wildtype and knockout arteries, with Elnfl/fl/Cre+ arteries exhibiting a slight reduction 

in dilation (significantly different at only 1 of 8 doses). When 30µM of the NOS 

inhibitor L-NAME was added to the system, wildtype arteries did not demonstrate 

a reduction in Ach, which is an expected result based on the predominate EDH 

pathway in these arteries. However, Elnfl/fl/Cre+ arteries did exhibit a significant 

reduction in Ach-mediated vasodilation when L-NAME was present in the system, 

indicating an increased reliance on NO-based vasodilation. 
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Further, SMC function is reduced in Elnfl/fl/Cre+ mice, with a significant 

reduction in constriction to both PE and KCl. We hypothesized that SMC contractile 

machinery may be expressed at lower levels in these mice. However, mRNA levels 

of Acta2 indicate no significant differences. Integrins may also be behind the 

reduced smooth muscle cell function. Integrins bind to extracellular matrix and are 

important in for communicating inside-out and outside-in signaling. Without the 

matrix layer present it is likely that integrin signaling is disrupted in these animals. 

Despite all of these vascular deficiencies, the Elnfl/fl/Cre+ mice have normal 

blood pressure. We hypothesize that the animal is compensating for the vascular 

deficiencies through increased fluid retention or kidney function, and that 

mechanism has yet to be determined. 
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Introduction 

 

 

 

Some sections adapted from (* indicates co-first authorship):  

Wolpe AG*, Ruddiman CA*, Hall PJ, Isakson BE. Polarized Proteins in 

Endothelium and Their Contribution to Function. J Vasc Res. 2021;58(2):65-91. 

doi: 10.1159/000512618. Epub 2021 Jan 27. PMID: 33503620; PMCID: 

PMC7954879. * indicates co-authorship 

 

 

 

The internal elastic lamina 

In immediate contact with the abluminal EC surface is an ECM layer termed 

the internal elastic lamina (IEL) that separates ECs from SMCs. When viewed in a 

cross-section, is a wavy, dense layer, (38, 39)  and in large conduit arteries, these 

laminae are also present between the multiple SMC layers.(10) When viewed en 

face, the IEL of resistance arteries, but not conduit arteries, have a high proportion 

of circular shaped holes in the IEL (HIEL), where extracellular matrix proteins are 

absent. (10, 38, 76, 219)  (10, 38, 76)  As discussed throughout this thesis, these 

fenestrations facilitate the heterocellular communication that is vital to regulating 

vasodilation and vasoconstriction pathways in resistance arteries, through allowing 

highly specific signaling microdomains to form called MEJs. (9, 10, 12, 13, 23, 24, 
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38, 40, 41, 97)  This layer also serves as an adhesion substrate for integrins that 

are localized to the endothelial abluminal surface, which participate in a number of 

important processes such as angiogenesis.(220-222) Later in this section, I will 

highlight the function of integrins in the vasculature. 

The IEL layer consists of collagen IV, elastin, lamin-8/10, nidogen, and 

heparan sulfate proteoglycans; (73, 223-226) however, the composition is not 

uniform across vascular bed or vessel size. (73, 225, 227, 228) (Please see 

Chapter 5 for the mass spectrometry results that identify potentially unique ECM 

proteins in mesenteric arteries.) For example, conduit arteries, often referred to as 

elastic arteries due to their high elastin content, function to absorb the force 

generated by the heart.(225, 228, 229)  Elastin in resistance arteries, although not 

as prevalent, (228) still demonstrates important functionality in bearing longitudinal 

stress, rather than circumferential stress (as in conduits). (73, 224)  The cell type 

that produces the elastin that gets deposited in the IEL is SMC in conduit arteries 

versus EC in resistance arteries .(209) 

 In vitro work demonstrates secretion of other extracellular matrix proteins 

and suggests a collaborative effort between the endothelial and smooth muscle 

cells in forming the IEL. (209, 223)  For example, endothelial derived extracellular 

matrix proteins include fibronectin (230) and elastin, (231-233) while collagen I and 

III are secreted from the smooth muscle cell layer and are regulated by NO. (234)  

In injury or inflammation, additional matrix proteins such as fibrinogen or fibronectin 

are secreted. (235, 236)  However, it is unclear whether these proteins identified 

in vitro are deposited in the IEL of intact vessels, become part of the adventitia, or 
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are released into the circulation.  For example, collagen I is more prevalent in the 

adventitia rather than the IEL of cremaster arterioles. (73)  

 

Elastin 

Elastin is a durable, insoluble ECM protein with an incredible half-life of 70 

years. (237, 238) The traditional “elastin” that we talk about is actually the product 

of crosslinked tropoelastin, a soluble protein between 60-70kDa rich in lysine and 

proline residues. (239, 240) In humans, there is one gene that encodes 

tropoelastin, Eln, and the numerous splice variants leads to the generation of 13 

mature tropoelastin isoforms. (241) The protein sequence of tropoelastin is 

relatively low in complexity and alternates between hydrophobic and cross-linking 

domains.  The hydrophobic domains can vary in length but generally consist of 

valine, proline, glycine and alanine. (238, 242) Interactions between glycine and 

proline within these domains contributes to the flexible and recoiling nature of 

tropoelastin. (243) Cross-linking domains contain a high percentage of lysines. 

After tropoelastin is outside of the cell, the enzyme lysyl oxidase will crosslink 

tropoelastin. Lysyl oxidase deaminates the lysine and the resultant aldehyde group 

can react with other highly reactive aldehydes or unaltered lysines to form 

crosslinks. There are different types of lysyl oxidases that can crosslink either 

collagen or elastin, or both, and have relatively different functions across different 

tissues. (244, 245) Crosslinked tropoelastin (elastin) now uses microfibrils as a 

scaffold to assemble into mature elastic fibers which happens exclusively in 



 

 

211 

gestation and postnatal development. There are no new fibers that are formed in 

the adult. (246)  

Microfibrils consist of fibrillins, microfibril associated glycoproteins 

(MAGPs), fibulins, and elastin microfibril interface located protein (EMILIN)-1, 

(247) and provide a structural scaffold for tropoelastin crosslinking and elastin 

molecular alignment. The major component of the microfibril is comprised of 

fibrillins, a large, cysteine-rich protein (~350kDa) with 3 identified isoforms (fibrillin-

1, fibrillin-2, and fibrillin-3). (248) Fibrillins can interact with integrins and heparin 

sulfate proteoglycans through their Arg-Gly-Asp binding motif and heparin binding 

domains, respectively, and thus are not only important for elastic fiber assembly 

but also participate in cellular signaling.  (245) Homozygous global knockout mice 

of fibrillin-1 gene die shortly after birth from vascular and pulmonary complications, 

highlighting the role of this microfibril protein in vascular development. (249) 

MAGPs are small proteins (~20kDa) that bind to tropoelastin and fibrillins; 

however, they may not be necessary for normal elastic fiber assembly. (245, 250-

252) Fibulins are variable in size and range from 50-200kDa (253), with five 

members in the family (fibulin-1 through -5), where fibulin-4 and fibulin-5 have been 

described to either bind to tropoelastin or localize to microfibrils. (254) Lastly, 

EMILIN-1 is ~100kDa protein that, as the name implies, localizes between the 

microfibrils and crosslinked tropoelastin (elastin), and it has been shown to bind 

with elastin and fibulin-5 in in vitro assays. (245, 255)  Elastic fiber structure in mice 

lacking EMILIN-1 show a separated elastin-microfibril interface as expected, and 

exhibited a hypertension phenotype similar to heterozygous elastin global 
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knockout mice.  The vascular phenotypes were reversed through genetic 

heterozygous deletion of TGF-β. (256, 257) 

 

Degradation of elastin  

Membrane metalloproteinases (MMPs) are calcium- and zinc-dependent 

endoproteases that degrade ECM proteins such as collagens, proteoglycans, 

fibronectin. These are important for facilitating vascular remodeling as in 

development and pregnancy. The different isoforms are heterogeneously 

distributed throughout the body and have different substrate specificities. (258)  

MMP-2, -7, -9, -12, and -14 are able to degrade both tropoelastin and elastin. (259) 

This family of enzymes contains a propeptide domain, catalytic domain, a linker 

peptide, and a hemopexin domain. The propetide domain chelates the Zn2+ binding 

site thus keeping the enzyme in a latent form. This domain must be cleaved to 

activate the catalytic domain, which contains a Zn2+ binding motif to accommodate 

two ions, and also bind Ca2+ ions for stability. The hemopexin domain is thought to 

contribute to substrate specificity across the MMP family. (260) MMPs can be 

secreted by EC, SMC, or macrophages in the vasculature, and can be pathogenic. 

(261) For example, MMP secretion can contribute to the development of 

atherosclerosis through facilitating SMC migration and neointimal formation. (261, 

262) 
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Vascular phenotypes of elastin deficiency in mice 

Elastin is a crucial component of the circulatory system and it is the main 

contributor to the distensibility of blood vessels in large arteries. The ECM 

arrangement in blood vessels is organized into laminae that are between layers of 

cells. This organization facilitates the distensibility of arteries, especially conduit 

arteries that are situated in close proximity to the heart where the force of flow is 

highest. In studies using global elastin homozygous knockout mice, the pups only 

survive for a few days after birth, where ultimately their death is due luminal 

obstruction by SMCs. (263) This suggests that elastin is also an important 

regulator of luminal integrity through restricting migration of SMCs. This concept is 

also demonstrated in atherosclerosis where MMPs are heavily secreted and ECM 

organization is disrupted. (261, 262) Global heterozygous elastin knockout mice 

have a normal lifespan; however, they are hypertensive, with elevated systolic and 

diastolic pressures that contribute to a MAP that is 25-30 mmHg higher compared 

to controls. (256) There are contributions from both increased arterial stiffness and 

increased cardiac output in these mice that contribute to hypertension. (256, 264) 

This highlights the role of elastin in regulating the homeostasis of the 

cardiovascular system. 

The laminae within the arteries are structurally and functionally important 

for a successful cardiovascular system, and the cells that produce the laminae are 

different depending on location in the vascular tree, specifically related to arterial 

diameter. (209) Large conduit arteries are located in close proximity to the heart 

and contain several SMC layers, with elastic laminae situated between them in 
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addition to the IEL, which is the lamina that separates SMC from EC. In a 

constitutive SMC-specific elastin knockout mouse model, laminae organization, 

formation, and composition are disrupted. In heterozygous knockouts, there is an 

increase in laminae, but an overall decrease in compliance of the artery. This 

suggests that the artery attempts to compensate for the decrease in elastin 

production through making more laminae layer. These mice have a normal lifespan 

and are normotensive. In the homozygous knockout, most mice die within three 

weeks of life and have severe vascular deformities. In the ascending aorta, lamina 

formation is severely disrupted and SMC layers toward the lumen of the vessel 

represents a random orientation. In contrast, as artery size decreases and distance 

from the heart increases, there are fewer SMC and only two laminae in the wall, 

the IEL and the external elastic lamina (EEL). In a constitutive EC-specific elastin 

knockout mouse model, the IEL was severely disrupted in small resistance arteries 

and preserved in larger arteries. (209) Altogether, these results indicate that elastin 

deposition is primarily mediated by SMC in larger arteries and EC in smaller 

arteries.(209) 
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Materials and Methods 
 
 

For additional methodology, please see Chapter 3 Materials and Methods. 

 

Proximity Ligation Assay Experiment and Analysis 

 DuoLink reagents were used for proximity ligation assays (PLA) (Sigma, 

DUO92002, DUO92004, DUO92008). Third order mesenteric arteries were 

prepared en face and Sylgard squares were placed in individual wells of a 24-well 

dish.  Arteries were permeabilized for 40 minutes using 0.2% NP40/PBS at RT 

with medium shaking. Sylgard squares were transferred to microscope slides and 

placed in a humidity chamber. Block by pipetting a drop DuoLink Blocking Solution 

onto the Sylgard square and place in a 37°C incubator for 100 minutes. At the end 

of the blocking period, blocking solution was gently removed by tapping the 

microscope slide on the lab bench, and quickly add the primary antibody solution 

to the artery (1:20 dilution in the DuoLink Antibody Diluent) for an overnight 

incubation at 4°C. The next day, complete 2x 5-minute washes with Wash Buffer 

A with no agitation. For DuoLink PLA probe incubation step, apply the plus and 

minus probes at a 1:5 dilution each to each artery. For example, 8µl of minus 

probe, 8µl of plus probe, and 24µl of antibody diluent. Pipette this 40µl up and 

down and then apply 20µl to each artery. Incubate the arteries with this solution 

for 1 hour at 37°C in a humidity chamber. Wash 2x Wash Buffer A at RT with no 

agitation. For the ligation step, dilute Ligase 1:40 in ligation buffer and apply to the 

artery for 45 minutes at 37°C. Next, wash the slides 2x 5 minutes with Wash Buffer 
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A at RT with no agitation. For the amplification step, apply the diluted polymerase 

1:80 in Amplification Buffer and incubate slides in humidity chamber for 100 

minutes at 37°C. Last, complete 2x 10-minute 1x Wash Buffer B and end with a 

0.01x Wash Buffer B. Mount en face samples as normal and image on a confocal 

microscope. Visit Sigma’s product website to see a full protocol.  

 

Acetylcholine Dose Response Curves  

Please see “General Pressure Myography” in Chapter 3 for more details. 

Arteries were cannulated on a DMT pressure myography rig and equilibrated to 

60mmHg and 37°C over a 20-minute period. Arteries were pre-constricted to 1µM 

PE. Ach dose response curve was begun after a diameter plateau period of 5 

minutes (DPE). At the end of the experiment, EC health was evaluated via 1µM 

NS309 and 30mM KCl. Ca2+-free Krebs-HEPES was circulated for 10 minutes at 

the end of the experiment to get the maximum diameter (DMAX). Percent dilation 

was calculated as the percent increase in diameter from PE pre-constriction: (DAch 

– DPE) / (DMAX-DPE) *100. For Ach experiments with 30µM L-NAME (100mM stocks 

in diH2O stored at -20C, Sigma, 5751), the inhibitor was circulated in the bath for 

15 minutes prior to PE constriction. Ach is stored as 50µl aliquots at 1M, and is 

serially diluted prior to experiment for delivering doses. See Tables 1 and 2 below. 
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Table 1. Serial dilutions for Ach or PE. 

Tube       Drug   dH2O  [ ]f in tube 
-1  50µL of 1M  450µL     0.1 M 
-2  50µL of -1  450µL     0.01 M  
-3  50µL of -2  450µL         0.001 M 
-4  50µL of -3  450µL     0.0001 M 
-5  50µL of -4  450µL     0.00001 M 
-6  50µL of -5  450µL     0.000001 M 
-7  50µL of -6  450µL     0.0000001 M 
-8  50µL of -7  450µL     0.00000001 M 
 

Table 2. Volume of serial dilutions to pipette into a 10ml system to deliver 

specific doses of Ach or PE. 

Final [Drug] in beaker add to beaker 
1x10-10   100µL of -8 (serial dilution tubes) 
1x10-9   90µL of -7 
1x10-8   90µL of -6 
3x10-8   20µL of -5 
1x10-7   70µL of -5 
3x10-7   20µL of -4 
1x10-6   70µL of -4 
3x10-6   20µL of -3 
1x10-5   70µL of -3 
1x10-4   90µL of -2 
1x10-3   90µL of -1 

 

Measurements on histological sections 

Histological sections were cut and stained with Masson’s Trichrome or Picosirus 

red at the UVA Histology Core. Images were taken on a brightfield microscope 

using a 40X objective. Image analysis was done in ImageJ. The colors of the 

original image were then separated by “Masson Trichrome stain” color 

deconvolution (Image à Color à Color Deconvolution à Masson Trichrome). The 

green (externa) and red (media) images were saved for further analysis while the 
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dark blue was discarded. The saved images were converted to a black and white 

mask, and the threshold of green and red were automatically determined by the 

imagej software (Process à Binary à Convert to Mask).  

ROIs were constructed around the red externa and green media in the 

processed images to exclude noise signal not from the vessel when collecting 

measurements. Measurements were taken after setting the measurement scale to 

92 pixels/20 microns for a 20X image (or 184 pixels/20 microns for a 40X image). 

Only the stained area of the ROI is collected and recorded for both Masson 

Trichrome stain colors. To verify that ONLY the Masson Trichrome stained area is 

collected in the ROI measurement, a new control ROI was built including an empty 

portion of the image (no stain). The area resulted in a measurement of 0µm2. 

Circumference measurements were performed manually in ImageJ.  

 

qPCR 

Mesenteric vasculature was trimmed of connective tissue, snap frozen in 

liquid nitrogen, and stored in -80°C. RNA isolation from tissue was achieved using 

a Aurum Total RNA Fatty and Fibrous Tissue Kit (BioRad, 7326870). RNA yields 

were between 40-200 ng/µl. cDNA synthesis was next performed using 

SuperScript IV Reverse Transcriptase (Thermofisher, 18090050). Total well 

volume is 20µl with equal amounts of cDNA for each sample loaded in 8µl, and 

master mix as 12µl and containing: (1) Taqman gene expression master mix 

(Thermofisher, 4369016), (2) probe of interest, and an (3) in-well control (Taqman 

probe Mm00437762_m1 B2M VIC PL, Thermofisher, 4448485). Each sample was 
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loaded in triplicate. Protocol was run using a Biorad Thermal Cycler using a 

standard protocol for 40 cycles. ∆∆CT quantification method. 

List of probes used for qPCR: Eln (Taqman probe Mm00514670_m1 Eln 

FAM-MGB, Thermofisher, 4453320), Acta2 (Taqman Probe: Mm00725412_s1 

Acta2 FAM-MGB,Thermofisher, 4331182), Fto (Taqman Probe: 

Mm00488755_m1 Fto FAB-MGB, Thermofisher, 4331182), Itgav (Taqman Probe: 

Mm00434486_m1 Itgav FAM-MGB, Thermofisher, 4331182), Itgb3 (Taqman 

Probe: Mm00443980_m1 Itgb3 FAM-MGB, Thermofisher, 4331182), Nos3 

(Taqman Probe: Mm00435217_m1 Nos3 FAM-MGB, Thermofisher, 4331182).  

 

Blood pressure measurements 

Blood pressure measurements were collected from live, mice via implanted 

radiotelemetery for a period of five continuous days. Systolic, diastolic, mean 

arterial pressure (MAP), and heart rate (HR) were analyzed for inactive and active 

periods as well as 24-hour period. 

 

Collection of blood from mice 

Mice were dosed with metofane until loss of toe pinch reflex. The 

peritoneum was opened up and the diaphragm and ribs were cut and clamped 

back to expose the beating heart. A 27G needle was connected to a 1ml syringe 

and flushed with 1M EDTA. The needle was used to puncture the left ventricle 

where slow pressure was applied to the syringe plunger in order to draw blood into 

the syringe. Depending on blood test, 250-500µl are collected. Blood samples 
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were sent to UVA blood lab along with appropriate paperwork to be processed. 

Results were faxed to lab the next day.  
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Results 
 
Part I: Vasodilation pathway shift in arteries lacking conical sites for 
MEJ formation 
 

In Chapter 3, I demonstrate that Elnfl/fl/Cre+ mesenteric arteries have a 

significantly reduced IEL area in both cross-section and en face views (Chapter 3: 

Figure 48C-F, Figure 49A-C) that is specific to small resistance arteries (Chapter 

3: Figure 49D-G). This disruption in the IEL is also present in the thoracodorsal 

artery (TDA) (Figure 1). Since the spatial distribution of PS was disrupted in these 

arteries (Chapter 3: Figure 48G-M), I hypothesized that other MEJ-localized 

components would also be disrupted, like alpha globin. The protein expression of 

alpha globin is significantly reduced in mesenteric lysate, and it is no longer 

polarized to high intensity punctate in the en face view (Figure 2). The function of 

alpha globin in the resistance artery endothelium is to bind to and regulate the 

function of eNOS; thus, I evaluated the extent of alpha globin interactions with 

eNOS via proximity ligation assay (PLA) in intact third order mesenteric arteries 

prepared en face.  Each punctate in a PLA image represents a protein-protein 

interaction where the two proteins being evaluated are within 40nm of each other. 

PLA puncta are reduced in arteries from Elnfl/fl/Cre+ mice (Figure 3). In order to 

test if this reduced interaction had a functional effect on the vasodilation in intact 

arteries, I assessed the dilatory capacity to acetylcholine (Ach) in the presence or 

absence of the NOS inhibitor L-NAME (Figure 4). The Elnfl/fl/Cre+ arteries had a 

61.59% contribution of NO to the dilation elicited by Ach, whereas the Elnfl/fl/Cre- 

arteries had a -34% contribution of NO. The vasodilation experiments were 
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performed at 60mmHg based on the myogenic tone of the Elnfl/fl/Cre+ arteries 

(Chapter 3: Figure 51). Despite this increased reliance on NO-based signaling, 

the mRNA expression of EDH-associated potassium channels were unchanged in 

Elnfl/fl/Cre+ mesenteric lysate (Figure 5). 
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Figure 1. Verhoeff van Gieson histological stain on cross-sections of the 

thoracodorsal artery. Cross-sections of the thoracodorsal artery from (A) 

Elnfl/fl/Cre- and (B) Elnfl/fl/Cre+ mice stained with Verhoeff (black) for elastin and van 

Gieson (pink) counterstain. N=1 per group. Scale bar is 30µm. 
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Figure 2. Alpha globin loses its polarized localization to the MEJ without an 

intact IEL. (A) Western blot using mesenteric lysates from Elnfl/fl/Cre- and 

Elnfl/fl/Cre+ mice and stained with an alpha globin antibody (Abcam, ab92492). 

Total protein was used as a loading control and for quantification. (B) 

Quantification of alpha globin levels in Elnfl/fl/Cre- and Elnfl/fl/Cre+ mesenteric lysate. 
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N=5 mice per group. Student’s t-test and * indicates p = 0.0145. (C) En face view 

of third order mesenteric arteries in Elnfl/fl/Cre- and (D) Elnfl/fl/Cre+ mice. Arteries are 

stained for alpha globin (magenta), and IEL (hydrazide, grey). Image J was used 

to produce a heatmap (right column), which displays the signal intensity of alpha 

globin ranging from low (blue) to high (white). (E) The area that alpha globin 

positive staining covers per image is higher in Elnfl/fl/Cre+ mice, along with (F) the 

overall number of puncta. (G) Analysis of heatmap pixel intensity demonstrates 

that Elnfl/fl/Cre+ mice have fewer high intensity puncta. N=2-3 mice per group. Scale 

bar is 10µm. 
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Figure 3. (A) En face preparations of third order mesenteric arteries that show a 

proximity ligation assay (PLA) between alpha globin and eNOS in both Elnfl/fl/Cre- 



 

 

227 

and Elnfl/fl/Cre+, and representative images of negative controls where only one 

primary antibody was applied. Both (B) Quantification of PLA puncta per 

endothelial nuclei in Elnfl/fl/Cre- and Elnfl/fl/Cre+ arteries. PLA puncta were identified 

via automatic thresholding. N=1 mouse per group, n=3 arteries. Scale bars are 

10µm.    

  



 

 

228 

 
 

Figure 4. (A) Acetylcholine (Ach) dose response curves were performed on third 

order mesenteric arteries from Elnfl/fl/Cre- and Elnfl/fl/Cre+ mice at 60mmHg. Arteries 

were pre-constricted to 1-2µM PE prior to starting the Ach Curve. Elnfl/fl/Cre+ mice 

show a reduced capacity to vasodilate to Ach at baseline. Ach curves were also 

performed in the presence of 30µM L-NAME. Control arteries do not show a 

reduction in vasodilation in the presence of L-NAME, while Elnfl/fl/Cre+ arteries 
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show a decrease. (B) Quantification of the NO component of dilation in control and 

knockout mice. Each data point represents the calculated difference between the 

average values for vehicle control and L-NAME groups at each dose. N=3-5 mice 

per group. Students t-test performed for each dose. # indicates significant 

difference to Elnfl/fl/Cre- control curve, * indicates significant difference to Elnfl/fl/Cre+ 

control curve. 
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Figure 5. mRNA expression of EDH-associated potassium channels. qPCR 

results on mesenteric lysate to evaluate the relative mRNA expression of (A) 

Kcnn4 (IKCa), (B) Kcnn1 (SKCa), or (C) Kcnj2 (Kir2.1). N=8-10 mice per group. 

Student’s t-test. 

 

  



 

 

231 

Part II: SMC constriction is reduced in knockout arteries 
 

In addition to the shift in vasodilation pathway, the Elnfl/fl/Cre+ arteries 

exhibited a reduced capacity to constrict to both PE and KCl (Figure 6). 

Histological sections from aorta, carotid, and third order mesenteric arteries were 

stained with Masson’s Trichrome (Figure 7) or Picosirius Red (Figure 8) to 

visualize thickness of arterial walls. Masson’s Trichrome images were used for 

quantification such that tunica media (red) could be measured separately from 

tunica externa (blue) (Figure 9). While there were some unexpected differences 

in thickness in the larger arteries, there were no significant differences in wall 

thickness or specifically tunica media thickness in the third order mesenteric 

arteries. This indicates that the reduced ability to constrict is likely not due to 

reduced SMC thickness in the vascular wall. Initial qPCR results indicate that this 

reduced contraction is also not due to a reduction of SMC actin or integrin signaling 

(Figure 10). However, these genes were positively correlated with the amount of 

Eln mRNA in the mesenteric RNA samples (Figures 11-14). 

Despite the vascular deficiencies within these mice, the blood pressure is 

normal (Figure 15). Blood measurements to evaluate kidney function indicate that 

kidney function is normal as well, suggesting if any change in BP is caused by 

elastin deficiency in resistance arteries, that the kidney is not compensating for the 

deviation from homeostatic BP (Figure 16). Lastly, complete blood count (CBC) 

results do not indicate any major abnormalities in these mice in terms of RBC and 

WBC characteristics (Figures 17-18). 
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Figure 6. Elnfl/fl/Cre+ arteries demonstrate decreased constriction. Third order 

mesenteric arteries constricted with (A) 1-2µM PE or (B) 30mM KCl. These data 

were collected in the same experiment as Ach dilation. N=3-5 mice per group. 

Students t-test. *** indicates p=0.0001 and **** indicates p<0.0001.  
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Figure 7. Masson’s Trichrome stain. Cross-sections from (A) abdominal aorta, 

(B) left carotid artery or (C) third order mesenteric artery taken from Elnfl/fl/Cre- and 

Elnfl/fl/Cre+ mice and stained with Masson’s trichrome stain, where blue is collagen, 

pink is cytoplasm, and dark brown is nuclei. Taken with a 40X objective. 

Mesenteric artery images are cropped and enlarged for visualization. Scale bars 

are 30µm.    
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Figure 8. Picosirius Red stain. Cross-sections from (A) abdominal aorta, (B) left 

carotid artery or (C) third order mesenteric artery taken from Elnfl/fl/Cre- and 

Elnfl/fl/Cre+ mice and stained with Picosirus Red, where nuclei, cytoplasm, and 

muscular fibers are in yellow and collagen is in red. Taken with a 40X objective. 

Mesenteric artery images are cropped and enlarged for visualization. Scale bars 

are 30µm.     
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Figure 9.  Wall thickness measurements from histological sections. 

Histological sections stained from Elnfl/fl/Cre- and Elnfl/fl/Cre+ mice stained with 

Masson’s Trichrome were used to measure the (A) circumference, (B) wall 

thickness, (C) tunica externa thickness, and (D) tunica media thickness through 

automatic thresholding in ImageJ. Images where tunica media and externa could 

not be differentiated in automatic thresholding were excluded. N=3-6 mice per 

group. Student’s t-test. * indicates p<0.05.  
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Figure 10. mRNA expression of EDH-associated potassium channels. qPCR 

results on mesenteric lysate to evaluate the relative mRNA expression of (A) 

Kcnn4 (IKCa), (B) Kcnn1 (SKCa), or (C) Kcnj2 (Kir2.1). N=8-10 mice per group. 

Student’s t-test. 
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Figure 11. Correlation of Acta2 and Eln mRNA expression. qPCR results on 

mesenteric lysate to evaluate the relative mRNA expression of Acta2 versus Eln 

in (A) Elnfl/fl/Cre- and (B) Elnfl/fl/Cre+ mice. N=8-10 mice per group.  
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Figure 12. Correlation of Fto and Eln mRNA expression. qPCR results on 

mesenteric lysate to evaluate the relative mRNA expression of Fto versus Eln in 

(A) Elnfl/fl/Cre- and (B) Elnfl/fl/Cre+ mice. N=8-10 mice per group. 
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Figure 13. Correlation of Itgav and Eln mRNA expression. qPCR results on 

mesenteric lysate to evaluate the relative mRNA expression of Itgav versus Eln in 

(A) Elnfl/fl/Cre- and (B) Elnfl/fl/Cre+ mice. N=8-10 mice per group. 
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Figure 14. Correlation of Itgb3 and Eln mRNA expression. qPCR results on 

mesenteric lysate to evaluate the relative mRNA expression of Itgb3 versus Eln 

in (A) Elnfl/fl/Cre- and (B) Elnfl/fl/Cre+ mice. N=8-10 mice per group.  
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Figure 15. Radiotelemetery blood pressure measurements in Elnfl/fl/Cre- and 

Elnfl/fl/Cre+ mice. Systolic, diastolic, mean arterial pressures are shown in (mmHg) 

and heart rate in beats per minute (bpm), with analysis of values during (A) day, 

(B) night, or (C) averaged over the entire recording period. Values are an average 

of a 5-day baseline. N=5-6 mice per group.  
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Figure 16. Blood measurements to evaluate kidney function. Measurements 

of (A) sodium, (B) blood urea nitrogen (BUN), or (C) creatinine kinase from 

Elnfl/fl/Cre- and Elnfl/fl/Cre+ blood. N=5-7 mice per group.   
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Figure 17. Readouts of complete blood count from Elnfl/fl/Cre- and Elnfl/fl/Cre+ 

mice. Values for (A) Red blood cells, (B) platelets, (C) hemoglobin, (D) hematocrit, 
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(E) mean platelet volume, (F) white blood cells, (G) mean corpuscular volume, (H) 

mean corpuscular hemoglobin, (I) mean corpuscular hemoglobin concentration 

and (J) red cell distribution width. N=5-6 mice per group.  

  



 

 

246 

 
 

Figure 18. White blood cell distribution in Elnfl/fl/Cre- and Elnfl/fl/Cre+ mice. 

Absolute values and percentage of all WBC for (A) monocytes, (B) neutrophils, (C) 

eosinophils, (D) lymphocytes, and (E) basophils. N=5-6 mice per group.  
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Discussion 

Vasodilation in Elnfl/fl/Cre+ is predominately NO-based 

In Chapter 3 I introduced a mouse model where elastin is constitutively 

deleted from ECs and results in a disrupted IEL with loss of canonical sites of MEJ 

formation in third order mesenteric arteries (Chapter 3: Figures 48 and 49), and 

in this chapter I show evidence of IEL disruption in the TDA, a resistance artery in 

skeletal muscle. (82) The expression and distribution of an MEJ-localized protein, 

alpha globin was disrupted in these arteries that do not contain canonical MEJs, 

which led reduced interactions of alpha globin with eNOS, a major function of alpha 

globin in resistance arteries (Figures 2 and 3). Pressure myography data 

evaluating the dilation to Ach revealed that the contribution of NO-based signaling 

was significantly increased in arteries lacking EC elastin, confirming the expected 

functional consequence for the reduced alpha globin-eNOS interaction. (38, 39) 

mRNA levels of EDH-associated potassium channels are not changed in 

Elnfl/fl/Cre+ mice (Figure 5), and the dilation to EDH-associated agonist NS309 is 

not significantly changed in Elnfl/fl/Cre+ arteries (Chapter 3: Figure 50B). The 

increased reliance on NO vasodilation suggests vasodilation through the EDH 

pathway would be reduced, yet these data do not indicate a reduced component 

from the EDH pathway. Future studies should include Ach curves with the EDH 

inhibitors apamin, TRAM-34, and indomethacin on resistance arteries in order to 

further test this hypothesis, and should evaluate the protein levels of key EDH 

mediators, such as IKCa, TRPV4, and Cx40.  
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These data are complementary to the data in Chapter 2 where inducing the 

formation of MEJs in a conduit artery shifts the vasodilatory mechanisms in the 

artery. When MEJs are induced in the carotid artery, the vasodilation mechanism 

swtiches from NO-based to primarily EDH-based, and when canonical MEJ sites 

are disrupted, there is an increase in NO-based vasodilation to Ach. I have 

demonstrated disruption of protein and lipid polarization to the MEJ in this mouse 

model in the Elnfl/fl/Cre+ resistance arteries (present chapter and Chapter 3); thus, 

these mice could serve as a tool for investigating additional protein-protein and 

protein-lipid interactions facilitated by the MEJ. For example, it is likely that the 

AKAP150-TRPV4 interaction (13) at MEJs is disrupted in this mouse model, which 

would further implicate the anatomical structure of the MEJ as a prerequisite for 

protein-protein interactions. 

 

Elnfl/fl/Cre+ blood pressure is normal 

Arteries from Elnfl/fl/Cre+ mice also demonstrate impaired constriction to 

both PE and KCl (Figure 6), which is not due to decreases in media thickness 

measured from histological cross-sections of arteries (Figure 7-9). Due to the 

variability that can be associated with differences in sectioning tissue, these 

observations should be confirmed on a TEM ultrastructural level where individual 

SMC can be identified. TEM analysis of SMC function may also reveal other 

structural differences, such as decreased SMC-SMC interactions or decreased 

SMC-ECM interactions, which may could be informative in understanding the 

impaired contraction phenotype. An initial qPCR screen of contractile machinery 
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and integrins demonstrate that mRNA regulation is unchanged in these categories 

(Figure 10). However, there are strong positive linear correlations between the 

relative expression of these genes and relative expression of Eln (Figures 11 and 

14). Future studies should screen additional genes associated with SMC 

contraction such as Mhy11.  Integrins associated with SMC contraction should also 

be investigated. For instance, the decreased expression of these integrins could 

reduce SMC attachment to ECM and inhibit flux through signaling pathways that 

promote SMC contraction.  

Despite these significant alterations in EC and SMC function, blood 

pressure measurements taken from alive, freely moving mice indicate there are no 

changes in baseline BP in Elnfl/fl/Cre+ mice (Figure 15). We hypothesized that 

there would be a decreased baseline BP due to the impaired SMC contraction and 

increased NO production. Since BP were normal, we hypothesized that the 

kidneys were compensating by increasing BP, and we screened kidney function 

through a blood panel (Figure 16) and there are no significant changes between 

the two groups. However, there is a trending increase in blood sodium levels which 

could indicate compensatory salt retention by the animal to maintain higher blood 

volume and counteract the predicted hypotension (Figure 16A). Future studies 

should involve weighing age- and sex-matched Elnfl/fl/Cre- and Elnfl/fl/Cre+ mice 

while controlling for water and food consumption to evaluate if Elnfl/fl/Cre+ weigh 

more. 
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CBC results indicate Eln as a potential regulator of bone marrow cell 

differentiation 

Basic readouts from CBC tests comparing Elnfl/fl/Cre- and Elnfl/fl/Cre+ do not 

show any significant differences (Figure 17); however, there are some trends 

related to RBC and hemoglobin that are worth discussing, especially since the 

protein expression of alpha globin in the mesenteric vasculature is significantly 

decreased (Figure 2A-B).   The total RBC count is trending lower (Figure 17A) 

and MCV, the average size of RBC, is trending increased (Figure 17G). These 

two results are the inputs of hematocrit (Figure 17D), which does not trend in either 

direction. Together these suggest that overall there are fewer RBC larger in size. 

The relative range of RBC size between the two groups does not have a trend in 

either direction (Figure 17J). The hemoglobin in the blood and normalized to a 

group of RBC are both decreased (Figure 17C and Figure 17I), while the 

hemoglobin per RBC does not trend in either direction (Figure 17H). Overall this 

could indicate an anemic phenotype in mice that do not produce EC elastin that is 

exacerbated under stressors such as exercise. Indeed, genetic modification of ECs 

in the microenvironment of bone marrow in mice has been demonstrated to result 

in anemia. (265) 

RBC and platelet counts are trending down while overall WBC counts have 

an upward trend in Elnfl/fl/Cre+ mice. This could be indicative of differential 

regulation of bone marrow production of erythrocytes and leukocytes.  The only 

statistically significant result from the CBC data is an increased lymphocyte 

percentage relative to total WBC in the count. The absolute value of lymphocytes, 
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although not significant, shows a strong upward trend in Elnfl/fl/Cre+ mice. 

Generally, an upregulation of WBC is indicative of an infection or acute myeloid 

leukemia. However, these disorders likely have statistically significant increases in 

WBC much more drastic than the trends here. Further, it is unlikely the mice have 

contracted an infection due to their clean room housing. The mice also do not 

appear to be sick or have an altered lifespan.  
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Chapter 5. IEL composition and stability of HIEL 

 
Abstract 
  

TEM evidence indicates HIEL remain open structures in the absence of EC 

projections. This raises questions regarding the stability of the HIEL within the 

ECM layer and suggests there is an intrinsic property of the IEL that prevents 

recoiling and collapsing of HIEL. In this chapter, I use a mass spectrometry 

approach to evaluate differential protein composition across third order mesenteric 

arteries and third order mesenteric veins, in an attempt to identify ECM protein in 

the resistance artery IEL that contributes to the stability of HIEL. A large majority 

of proteins detected were cytoskeletal components and SMC proteins, whereas 

canonical MEJ-localized proteins were not detected, indicating that lowly 

expressed proteins are not likely to appear on the screen. Nonetheless, 

differentially expressed ECM proteins were identified, including collagen 14a1 and 

collagen 12a1. Initial en face IHC was not successful in localizing Coll14a1 or 

Coll12a1 within the arterial wall.   
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Introduction 
 

 

 

 

Some sections adapted from (* indicates co-first authorship):  

Wolpe AG*, Ruddiman CA*, Hall PJ, Isakson BE. Polarized Proteins in 

Endothelium and Their Contribution to Function. J Vasc Res. 2021;58(2):65-91. 

doi: 10.1159/000512618. Epub 2021 Jan 27. PMID: 33503620; PMCID: 

PMC7954879.  

 

 

 

In Chapter 3, I outline experiments that demonstrate the role of PAI-1 in 

MEJ formation. The effect of PAI-1 on HIEL formation is transient, with a maximum 

HIEL density achieved at day 7 and a wash out effect by day 21. This suggests 

that PAI-1 is involved in contributing to the stability of HIEL, but how it is doing that 

is still elusive. PAI-1 as it has been suggested to bind to ECM proteins to prevent 

proteolytic degradation, (266) and perhaps PAI-1 is binding to a particular ECM 

protein immediately surrounding the HIEL to contribute to its stability. It is known 

that in general the IEL layer consists of collagen IV, elastin, lamin-8/10, nidogen, 

and heparan sulfate proteoglycans; (73, 223-226) and the composition is not 

uniform across vascular bed or vessel size. (73, 225, 227, 228) To our knowledge, 

an experiment has not been done that identifies the relative percentage of these 
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ECM proteins in the IEL of resistance arteries, but a closer look at more lowly 

expressed ECM proteins could be informative on identifying a candidate that PAI-

1 may be binding to in order to promote HIEL stability and thus MEJ formation. It 

could also reveal unique ECM proteins within mesenteric arteries that themselves 

promote stability of HIEL openings, by being enriched in the immediate 

surrounding area of HIEL (independent of PAI-1 binding). To take a closer look at 

this, we performed mass spectrometry on third order mesenteric arteries and 

veins.  
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Materials and Methods 
 

 

See Chapter 3 for en face IHC methodology.  

 

Monitoring HIEL dynamics in intact arteries 

 Third order mesenteric arteries were cannulated on a pressure myograph 

designed for a confocal microscope (referred to as Marie’s rig in the Isakson Lab). 

The pressurized artery was visualized using an Olympus FV3000 with a 40X water 

immersion objective. Z-stacks were obtained using the resonant scanner once 

every 10 minutes and were processed using deconvolution to obtain high 

resolution.  HIEL were manually identified in tracked across images using Image 

J.  

 

Mass spectrometry 

Third order mesenteric arteries and veins were dissected out at an equal 

length and homogenized in Krebs buffer. Samples were kept at -80°C for a few 

days before bringing to the UVA mass spectrometer core. Raw data is available 

as a Scaffold viewer file (.sf3) on Claire Ruddiman’s hard drive.  
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Results 

It is unknown if MEJ and their prerequisite HIEL are temporally dynamic and 

are capable of forming and retracting over time. In an effort to study HIEL temporal 

dynamics, pressurized, third order arteries were imaged on a confocal microscope 

with a water immersion lens (Olympus FV3000, Figure 1). The artery was imaged 

using autofluorescence at baseline, and once every 10 minutes over the course of 

the hour to track HIEL over time. From this pilot experiment, it was determined that 

30.6% of HIEL identified at baseline were not identified at some point throughout 

the imaging process and 12% had ambiguity during the imaging process. 

Altogether, 53.6% of HIEL initially detected disappeared during some time points 

(and later reappeared) or had some ambiguity in their presence. This difficulty in 

detection was likely due to artery movement in the pressurized system and some 

photobleaching when imaging the autofluorescence. Thus, this method was not 

successful in reliably tracking individual HIEL in a large artery, so no conclusions 

could be made about temporal dynamics of HIEL using this method (Figure 2).  

In Chapter 4, I demonstrated that every HIEL contains an MEJ via a TEM 

based approach (Chapter 3, Figure 20).  In an effort to determine the relationship 

between the presence of an EC projection in HIEL and the stability of HIEL were, 

I repeated this TEM analysis on denuded arteries (no ECs), and found the same 

number of cellular projections in denuded arteries as compared to their intact 

counterparts, indicating that the stability of an HIEL is not dependent on the 

presence of a cellular projection (Figure 3).  
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Thus, it is unclear what may contribute to the stability of an HIEL. One 

possibility is an enrichment of ECM proteins surrounding HIEL to make the 

openings more rigid and less likely to recoil in the event of an EC denudation. In 

fact, in en face views of the IEL (Figure 4), it is apparent that some HIEL have a 

brighter hydrazide signal surrounding them; thus, I hypothesized that a unique 

ECM protein was being deposited around HIEL for stability. To identify potential 

candidates, I sent third order mesenteric arteries and veins, which do not have the 

same IEL morphology as arteries (Figure 5), to be analyzed via mass 

spectrometry for differential protein enrichment analysis. 

There were 930 unique proteins detected (90% confidence level) each with 

at least 1 spectra that mapped back to the protein identified. In total, 14099 total 

spectra (0.21% decoy FDR) were identified across both samples. First, I checked 

for the detection of known EC proteins in my sample (Table 1), and although low 

total spectra counts (TSC), PECAM-1, eNOS, and ACE, among others were 

detected. The low TSC on EC proteins may be due to the overabundance of SMC 

and cytoskeletal components, categories which had the highest TSC across all 

detected proteins (Tables 2 and 3). The majority of MEJ-localized proteins, 

representing a small population of all EC proteins, were not detected in the arterial 

sample (Table 4).  

A total of 20 unique ECM proteins were detected via mass spectrometry, 

and 10 of them were unique collagen isoforms (Table 5). The TSC for surprisingly 

low for Col4a1 and Col4a2, the former of which was only detected in venous 

sample. Col6a1 and Col6a3 had relatively high TSC and there was approximately 
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equivalent detection in both the artery and vein. Col1a1 and Col1a2 were identified 

as being enriched in the venous samples. The collagen isoforms Col12a1 and 

Col14a1 were identified as potential ECM proteins that were unique to the arterial 

sample as potential protein that surrounds HIEL to contribute to the stability. Two 

different antibodies per isoform were tested on en face preparations to determine 

if there was localization near HIEL (Figures 6 and 7); however, antibody signal 

appeared nonspecific in most cases despite testing antibodies from different 

companies, experimenting with different fixation methods (4% PFA vs 1:1 

methanol:acetone), and testing on different micro-vessels: intact arteries, denuded 

arteries, and intact mesenteric veins. The image of Col14a1 fixed with 4% PFA 

and detected via the Thermofisher antibody (Figure 7A) indicates there could be 

some expression of this isoform within ECs, but it is unclear if deposition into the 

IEL occurs. Lastly, in addition to collagen isoforms, fibrinogen, nidogen, and 

heparan sulfate proteoglycans (hpsg) were also detected as expected in these 

samples.  
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Figure 1. Autofluorescence of live pressurized arteries over one hour. One 

area of an intact third order mesenteric artery was imaged on an Olympus Fluoview 

3000 with a water immersion lens every 10 minutes. HIEL were tracked from each 

timepoint to the next.  
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Figure 2. Detection of HIEL in pressurized, intact arteries over one hour. 

Visual summary of HIEL tracking from images in Figure 1, where 48 HIEL were 
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identified in the baseline image. Each column represents the image taken at the 

next timepoint in the experiment. Green indicates successful detection of that 

HIEL, yellow indicates ambiguity in detection, and red indicates not detected. 
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Figure 3. HIEL detection in denuded third order mesenteric arteries. (A) 

Transmission electron microscopy image of a denuded third order mesenteric 

arterial cross-section at 4K magnification.  IEL is pseudo-colored in blue. Scale bar 

2.5µm. (B) Quantification of HIEL per 1000µm measured in TEM cross-sections or 

back calculated from en face views. For denuded TEM, N=6 mice, n=6 arteries, 

n=3-7 TEM sections, and 533-607µm IEL length quantified per mouse. For intact 

TEM, N=6 mice, n=6 arteries, n=3-5 TEM sections, and 570-964µm IEL length 

quantified per mouse. For en face, N=4 mice, n=4 arteries, n=12 ROIs, 

Area=1.67x105µm2. Statistical test. 
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Figure 4. En face view of IEL from a third order mesenteric artery. The IEL 

was detected using Alexa Fluor linked hydrazide. Red box is a zoomed in view of 

two HIEL that have brighter hydrazide signal surrounding them compared to the 

rest of the image. 
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Figure 5. En face view of IEL from a mesenteric vein. The IEL was detected 

using Alexa Fluor linked hydrazide. 
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Protein Fold Change Artery TSC Vein TSC 

ACE 0.0 1 0 

Akap12 1.2 2 2 

Calnexin 2.4 2 4 

Calreticulin 0.9 19 14 

Cav1 13 1 11 

eNOS 0.0 1 0 

PECAM-1 0.7 5 3 

Phosphotyrosine 

phosphatase 

0.0 2 0 

Cluster of vWF 17 3 42 

vWF A domain 2.4 1 2 

 

Table 1. EC proteins detected. Higher fold change values indicate enrichment 

in venous sample. TSC is total spectra count. 
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Protein Fold Change Artery TSC Vein TSC 

Acta1 0.8 460 299 

Caldesmon 0.9 50 37 

Calponin-1 1.0 51 41 

Desmokoyin 1.7 76 105 

Filamin 0.9 252 188 

Myosin 6 1.5 87 111 

Myosin 11 1 392 325 

Myosin light chain kinase 0.5 64 27 

Transgelin 0.6 199 94 

Tropomyosin	α1-chain 1.1 85 81 

Tropomyosin β-chain 0.9 99 73 

 

Table 2. SMC proteins detected. Higher fold change values indicate enrichment 

in venous sample. TSC is total spectra count. 
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Protein Fold Change Artery PD Vein PD 

Alpha actinin 1 0.5 137 56 

Tubulin β5 0.8 141 99 

Vimentin  1.3 260 279 

 

Table 3. Cytoskeletal proteins detected. Higher fold change values indicate 

enrichment in venous sample. TSC is total spectra count.  
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Protein Fold Change Artery TSC Vein TSC 

Cx37 N/A ND ND 

Cx40 N/A ND ND 

Cx43 N/A ND ND 

IKCa N/A ND ND 

IP3R N/A ND ND 

PAI-1 N/A ND ND 

SKCa N/A ND ND 

TRPV4 N/A ND ND 

 

Table 4. Proteins not detected. Known proteins that are functionally crucial for 

mesenteric arterial function that were not detected in the mass spectrometry 

sample readouts. TSC is total spectra count. 
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Protein Fold Change Artery TSC Vein TSC 

Col1a1 4.2 2 7 

Col4a1 INF 0 2 

Col6a1 1.3 18 20 

Col12a1 0.0 1 0 

Col14a1 0.0 21 0 

Col18a1 0.7 5 3 

Col1a2 6.0 5 25 

Col4a2 3.6 1 3 

Col6a2 1.8 6 9 

Col6a3 1.9 45 70 

Cspg4 0 6 0 

Elastin 0.9 4 3 

Fibrinogen α-chain 4.5 4 15 

Fibrinogen β-chain 11 2 19 

Fibrinogen γ-chain 11 2 19 

Fibrillin-1 2.1 17 20 

Fibronectin INF 0 3 

Hpsg2 1.5 19 24 

Nidogen 1.5 13 16 

Cluster of Nidogen INF 0 7 

Table 5. Matrix proteins detected. Higher fold change values indicate 

enrichment in venous sample. TSC is total spectra count.  
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Figure 6. En face detection of Col12a1. An antibody from Thermofisher (Cat #, 

PA5-38890) was used to detect Col12a1 in intact or denuded third order 

mesenteric arteries and mesenteric vein that were fixed with either (A) 4% PFA or 

(B) a 1:1 mixture of icecold methanol to acetone.  An antibody from Sigma (Cat #, 

HPA009143) was used to detect Col12a1 in intact or denuded third order 

mesenteric arteries and mesenteric vein that were fixed with either (C) 4% PFA or 

(D) a 1:1 mixture of ice-cold methanol to acetone.   
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Figure 7. En face detection of Col14a1. An antibody from Thermofisher (Cat #, 

PA5-49916) was used to detect Col14a1 in intact or denuded third order 

mesenteric arteries and mesenteric vein that were fixed with either (A) 4% PFA or 

(B) a 1:1 mixture of icecold methanol to acetone.  An antibody from Sigma (Cat #, 

SAB4503061) was used to detect Col14a1 in intact or denuded third order 

mesenteric arteries and mesenteric vein that were fixed with either (C) 4% PFA or 

(D) a 1:1 mixture of ice-cold methanol to acetone.   
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Discussion 

The same length of third order mesenteric artery and vein were sent to mass 

spec for analysis, where the amount of protein detected was 11µg and 6µg, 

respectively. This alone is an interesting finding in that there is approximately 

double the amount of protein in an equal length of artery compared to vein. This is 

likely due to the increased amount of SMC in the arterial sample compared to the 

vein sample (Tables 2, 3). Because of this, EC proteins may appear more enriched 

in the venous samples compared to SMC-rich arterial samples. Thus, any 

enrichment of non-SMC proteins in venous sample should be followed up by 

additional experimentation such as IHC experiments, western blot, or additional 

mass spectrometry analysis. This also applies to any ECM proteins identified as 

enriched in the venous sample.  

Despite the overabundance of SMC diluting detection of other proteins in 

the sample, there were still two collagens of interest that were detected in the 

arterial and not the venous sample, Col14a1 and Col12a1.  My initial experiments 

were not able to show localization of these collagen isoforms to the IEL (Figures 

6 and 7).  A reason for this could be lack of antigen accessibility by the antibody. 

Future experiments should reinvestigate these collagen isoforms and include an 

antigen retrieval step, similar to what would be performed in paraffin sections, in 

the IHC protocol. Another possibility is that there is an accumulation of an 

abundant collagen isoform or elastin that is surrounding the HIEL, and that it is not 

a lowly expressed isoform.  



 

 

273 

Chapter 6. Attempt at making a pan-connexin 

antibody 

 
Abstract 
 

Vascular connexins localize to the MEJ and facilitate EDH-based 

vasodilation. Given the heterogeneity of proteins that localize to the MEJ, it is 

unclear if every MEJ contains gap junctions that can communicate 

hyperpolarization through direct access to the adjacent SMC cytoplasm. The major 

isoforms of connexins in the vasculature are CX37, Cx40, and Cx43. Since 

commercial antibodies are only validated to identify individual isoforms, an 

immunohistochemical approach to understanding what proportion of MEJs contain 

gap junctions is technically challenging due to the limitation of how many different 

fluorescent channels can be detected in a single image. In order to approach this 

question, in this chapter, I present an approach at creating an antibody that can 

label all vascular connexin isoforms, or a “pan-connexin” antibody. The antigen is 

a 54 amino acid peptide that contains the N-terminal sequences of Cx37, Cx40, 

and Cx43. I first determine the specificity of commercial connexin antibodies using 

HeLa cells transfected with respective plasmids, and demonstrate there is some 

cross-reactivity among the commercial antibodies. I then test the custom pan-

connexin antibodies on HeLa cells and show that it recognizes a non-specific, ER-

localized epitope. Lastly, the staining pattern of pan-connexin antibodies does not 

resemble expected connexin labeling in third order mesenteric arteries prepared 

en face. Therefore, the custom pan-connexin antibody was not successful. 
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Introduction 
 

 

 

Some sections adapted from (* indicates co-first authorship):  

Wolpe AG*, Ruddiman CA*, Hall PJ, Isakson BE. Polarized Proteins in 

Endothelium and Their Contribution to Function. J Vasc Res. 2021;58(2):65-91. 

doi: 10.1159/000512618. Epub 2021 Jan 27. PMID: 33503620; PMCID: 

PMC7954879.  

 

 

 

Connexins are enriched at the MEJ and also regulate vasodilation and 

vasoconstriction pathways.  In small arterioles, connexin 37, 40, and 43 are most 

prevalent (Cx37, Cx40, Cx43, respectively), (15, 29) with connexin 40 exhibiting 

arterial specificity in mice.(53)  When assembled as hexamers, connexins form 

gap junctions that physically link the cytoplasm of two cells.  Heterocellular 

communication occurs through gap junctions to facilitate EDH (32) and 

myoendothelial feedback. (41, 58, 59)  Myoendothelial feedback is critical in 

regulating the degree of constriction elicited through α-adrenergic activation on 

SMCs.  This feedback occurs when the inositol 1,4,5-trisphosphate (IP3) generated 

in VSMC diffuses through myoendothelial gap junctions, where it then activates 

vasodilatory signaling in ECs as negative feedback regulation. (41, 60-63)  When 
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Cx40 gap junctions are blocked by loading inhibitory antibodies, this negative 

regulation is lost, illustrating the functional importance of gap junctions within this 

microdomain. (32)  The localization of gap junctions to the abluminal surface of the 

endothelium, and within the MEJ signaling microdomains, is essential in 

modulating vasodilatory signaling.(10)  
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Materials and Methods 
 
 

Please refer to Chapter 3 for additional methods such as en face IHC. 

 

Antibodies and plasmids 

The following connexin plasmids were a kind gift of Janis Burt: pcDNA3.1 

hygro mouse Cx37, pcDNA3.1 puro mouse Cx40, and pcDNA3 neo mouse Cx43. 

pcDNA3.1 Panx1 was cloned in house. Antibodies used were rabbit anti 

phosphatidylserine (Biomatik, CA30389), mouse anti KCNJ2 (Sigma, 

SAB5200027), rb anti connexin 37 (Thermofisher 40-4300, preferred), mouse anti 

connexin 40 (Thermofisher, 37-890, preferred), rb anti connexin 40 (Thermofisher, 

36-400), mouse connexin 43 (Sigma, C8093), rb anti connexin 43 (Sigma, C6219, 

preferred), rb anti pannexin 1 (Sigma, HPA016930), and Alexa-Fluor linked 

hydrazide 488 (Thermofisher, A10436) or 647 (Thermofisher, A20502). 

 
 

Transfections for immunohistochemistry  

HeLa cells were transfected using nucleofection (Lonza, VCA-1001) where 

1x106 cells were transfected with 0.50µg plasmid and split across two wells of a 

12-well dish. Cells were fixed with 4% PFA for 10 minutes at 4°C, washed with 

PBS 3x5 minutes, then blocked for one hour with 1% fish skin gelatin, 0.20% 

Triton-X 100, 0.50% BSA, and 5% animal serum in PBS. Primary antibody was 

diluted in blocking solution at a 1:100 concentration overnight at 4°C. The next day, 

following 3x 5-minute PBS washes, secondary antibody incubations were 
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performed at a concentration of 1:500 for 1 hour.  After secondary incubations, 

samples were washed once with PBS for 10 minutes, then incubated with DAPI at 

a concentration of 1:5000 for 10 minutes in PBS, and washed again for 10 minutes 

with DAPI prior to mounting the coverslips onto microscope slides. Images were 

obtained using an Olympus FV1000 confocal microscope.  
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Results 
 

In an attempt to determine what percentage of total MEJs contain a gap 

junction, we designed an antigen that contains the N-terminal sequences of the 

vascular connexins (Figure 1), with the goal of the subsequent antibody detecting 

all vascular connexins in an artery. For this reason, we refer to this custom antibody 

as the “pan”-connexin antibody. The antigen also had sequence similarity with non-

vascular connexins (Table 1). Antibody production was performed by 

Thermofisher, where each of the two goats received 8 injections of antigen over 

the course of two and a half months (Figure 2).  

 To determine the specificity of pan-connexin antibody, we wanted to 

compare staining patterns to commercial antibodies. First, HeLa cells were 

transfected with plasmids for mouse isoforms of Cx37, Cx40, and Cx43, and also 

with a non-connexin four-transmembrane protein Panx1 (Figure 3). Each plasmid 

transfection was stained with commercial antibodies for Cx37, Cx40, Cx43, and 

Panx1. The connexin 40 antibody was specific to its isoform with no detectable 

fluorescent signal in cells transfected with Cx37, Cx43 or Panx1. The Cx43 and 

Panx1 antibodies were able to detect transfected cells with respective plasmids, 

but also had large amounts of low intensity signal throughout the field of view that 

is not seen in IgG controls. The Cx43 commercial antibody also may detect Cx37 

(Figure 3A).  

Commercial connexin antibodies were then tested on intact third order 

mesenteric arteries prepared en face to evaluate spatial patterns in the arterial wall 

(Figures 4-6). When Cx40 and Cx37 antibodies are used in the same experiment, 
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Cx40 detects signal along the interendothelial junction, and Cx37 shows up in the 

perinuclear region with a small amount along the interendothelial junction (Figure 

4). However, when Cx37 is co-stained with Cx43, there is an increased Cx37 signal 

along the interendothelial junction compared to a co-stain with Cx40 (Figure 5). 

Cx43 largely appears in the perinuclear region and also in some punctate, although 

rarely localizing to the MEJ (Figure 5). Lastly, in a Cx40 and Cx43 co-stain, Cx40 

localizes to the interendothelial junction and Cx43 to the perinuclear region (Figure 

6).  

After determining commercial antibody specificity and en face spatial 

patterns of the vascular connexins, we next proceeded to do the same experiments 

with the two custom antibodies from goats 1 and 2 (Pan1 or Pan2). The specificity 

for both Pan1 and Pan2 were evaluated in experiments where HeLa cells were 

transfected with plasmids for mouse isoforms of Cx37, Cx40, and Cx43, and also 

with a non-connexin four-transmembrane protein Panx1 (Figure 7). The results 

indicate that the Pan1 antibody, at two different concentrations, detects something 

in the perinuclear region of Cx37, Cx40, and Cx43 transfected cells compared to 

IgG and secondary only controls. However, the Pan1 antibody also detects similar 

signal in cells transfected with Panx1, indicating that the signal detected is not 

specific to connexins. The second custom antibody, Pan2, did not detect similar 

signal in transfected cells, except for some low intensity signal in the Panx1 

transfected cells (Figure 7D).  

Next, the spatial pattern of these custom antibodies were evaluated in en 

face views, along with PS (an MEJ marker that I describe extensively in Chapter 
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3) (Figures 8 and 9). The custom antibody from Goat 1 localizes to the perinuclear 

region, similar to transfected cell experiments, and also has some punctate in 

MEJs. However, there is no signal present at the interendothelial junctions, a major 

site of localization for connexins in the vascular wall (Figure 8). The antibody from 

Goat 2 did have some signal in the perinuclear region, unlike the HeLa transfected 

experiments. However, again, there is no signal either in the MEJ or at the 

interendothelial junction, indicating that these custom antibodies do not accurately 

detect connexins in the intact artery. The lack of specificity for connexin antibodies 

was also confirmed via western blot experiments on transfected HeLa lysates 

(Figure 10). 
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Antigen(54aa): N-term Cx40, N-term Cx43, N-term Cx37 
 

GDWSFLGEFLEEVHKHSTGDWSALGKLLDKVQAYSTGDWGFLEKLLDQVQEHST 
 
Figure 1. Antigen sequence for custom pan-connexin antibody. 
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Figure 2. Production schedule for custom antibodies. 
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Mouse 
Protein 

% 
Identity  Sequence (N-terminus) Sequence Match 

Cx 26 53%  
38-DWGFLEKLLDQVQEHST-54 

38-DWG_L+_+L__V_+HST-54 

Cx 30.3 47%  
38-DWGFLEKLLDQVQEHST-54 

38-+WGFL+_+L__V_++ST-54 

Cx 37 100% MGDWGFLEKLLDQVQEHSTV 
37-GDWGFLEKLLDQVQEHST-54 

37-GDWGFLEKLLDQVQEHST-54 

Cx 40 100% MGDWSFLGEFLEEVHKHST 
1-GDWSFLGEFLEEVHKHST-18 

1-GDWSFLGEFLEEVHKHST-18 

Cx 43 100% MGDWSALGKLLDK 
19-GDWSALGKLLDKVQAYST-36 

19-GDWSALGKLLDKVQAYST-36 

Cx 45 69%  
3-WSFLGEFLEEVHKH-16 

3-WSFL____LEE+H_HST-16 

Cx 47 69%  
3-WSFLGEFLEEVHKH-16 

3-WSFL____LEE+H_HST-16 

Cx 50   
1-GDWSFLGEFLEEVHKHST-18 

1-GDWSFLG__LEEV++HST-18 

 

Table 1. Predicted percent identity with custom antigen.  
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Figure 3. Validation of commercial connexin antibodies. HeLa cells 

transfected with (A) mCx37, (B) mCx40 (mouse anti Cx40 ab), (C) mCx43 (mouse 

anti Cx43 antibody), (D) Panx1, or (E) No plasmid, and stained with Cx37, Cx40, 

Cx43, or Panx1 commercial antibodies, or an IgG control for the host species of 

the primary antibody that matches the transfected plasmid in that row. 
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Figure 4. En face immunohistochemistry of Cx37 and Cx40 with commercial 

antibodies. (A) Cx40 (yellow), Cx37 (magenta), or merged. (B) Cx40, Cx37, or 

both merged with IEL (grey) detected via Alexa Fluor hydrazide. (C) Cx40, Cx37, 

or both merged with nuclei (blue) detected via DAPI. Scale bar is 30µm. 
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Figure 5. En face immunohistochemistry of Cx37 and Cx43 with commercial 

antibodies. (A) Cx37 (magenta), Cx43 (cyan), or merged. (B) Cx37, Cx43, or both 

merged with IEL (grey) detected via Alexa Fluor hydrazide. (C) Cx37, Cx43, or 

both merged with nuclei (blue) detected via DAPI. Scale bar is 30µm. 
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Figure 6. En face immunohistochemistry of Cx40 and Cx43 with commercial 

antibodies. (A) Cx40 (mouse anti Cx40, yellow), Cx43 (rabbit anti connexin 43 

cyan), or merged. (B) Cx40, Cx43, or both merged with IEL (grey) detected via 

Alexa Fluor hydrazide. (C) Cx40, Cx43, or both merged with nuclei (blue) detected 

via DAPI. Scale bar is 30µm. 
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Figure 7. Validation of pan connexin custom antibodies in transfected HeLa 

cells. HeLa cells transfected with (A) mCx37 (mouse anti Cx40), (B) mCx40 

(mouse anti connexin 40), (C) mCx43 (rabbit anti Cx43), (D) Panx1, and stained 

with custom antibodies from Goat 1 and 2 (Pan1 or Pan2) at two different 

concentrations (1:100 or 1:50), goat IgG, or secondary antibody only.  
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Figure 8. En face immunohistochemistry of custom antibody from Goat 1 and 

PS. (A) Custom antibody from Goat 1 (yellow), PS (magenta), or merged. (B) 

Custom antibody from Goat 1, PS, or both merged with IEL (grey) detected via 

Alexa Fluor hydrazide. (C) Custom antibody from Goat 1, PS, or both merged with 

nuclei (blue) detected via DAPI. Scale bar is 30µm. 
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Figure 9. En face immunohistochemistry of custom antibody from Goat 2 and 

PS. (A) Custom antibody from Goat 2 (yellow), PS (magenta), or merged. (B) 

Custom antibody from Goat 2, PS, or both merged with IEL (grey) detected via 

Alexa Fluor hydrazide. (C) Custom antibody from Goat 2, PS, or both merged with 

nuclei (blue) detected via DAPI. Scale bar is 30µm. 
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Figure 10. Western blots on transfected HeLa lysates to assess antibody 

specificity.  Lysates from HeLa cells transfected with mCx37, mCx40, mCx43, or 

Panx1, and probed with (A) commercial Cx40 or Cx43 antibodies at 1:100, (B) 

custom antibody from Goat 1 at 1:50 concentration or (C) custom antibody from 

Goat 2 at 1:39 concentration (to match protein concentration of Goat 1 antibody). 

Total protein shown as loading controls. (A-C) were done on the same blot. 

Arrowheads indicate molecular weight marker of 37kDa. (D) HeLa lysate 

transfected with Panx1 and probed with commercial antibody. (E) HeLa lysate 

transfected with Cx37 and probed with commercial antibody.  
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Discussion 

 The custom antibody from Goat 1 likely identifies an endoplasmic reticulum 

specific sequence rather than a subset of connexins. In the transfected HeLa cell 

experiments, there is localization to the perinuclear region in very distinct circular 

puncta that could either be ER or Golgi based. The positive signal detected in cells 

transfected with Panx1 indicates that this signal is not specific to connexins, and 

that it would likely show up in any transfected cell where there is an abundance of 

protein being trafficked through the ER and Golgi. Similarly, in en face images with 

Goat 1, there is perinuclear staining that colocalizes with perinuclear PS staining, 

indicating that there is some ER localization to this fluorescent signal. This would 

also make sense with the punctate that are in MEJs, since there is an ER presence 

at the MEJ (Chapter 3 Figure 24).(44) However, this ER based signal is likely still 

nonspecific, as there is not a unique banding pattern identifiable on the western 

blot for this antibody. 

The custom antibody from Goat 2 did not have similar results to Goat 1, as 

there was not a detectable signal in transfected HeLa experiments. There was faint 

perinuclear staining en face, but at a lower intensity compared to Goat1, and no 

localization to the MJ. Thus, the signal in en face images could have been 

nonspecific ad the custom antibody from Goat 2 likely does not detect anything. 

The western blot results also show nonspecific bands from the Goat 2 antibody, 

although, again, at a lower signal intensity compared to Goat 1.  

The failure of this custom antibody to detect vascular connexins is likely due 

to the length the antigen. The goal was to have each goat produce antibodies for 
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each connexin N-terminal region such that the final product was a polyclonal mix 

that would be able to simultaneously detect the vascular connexins. However, the 

produced antibodies were nonspecific to connexins, likely due to the length of the 

designed antigen, of which a recommended length is 20 amino acids. Ideally, all 

three vascular isoforms should be detected through a “pan” vascular connexin 

antibody. However, in my preparations, the localization frequency of Cx43 to the 

MEJ is far lower compared to the other two isoforms. A future antigen may only 

include sequence identification for Cx37 and Cx40. The N-terminal region of Cx40 

and Cx37 share 56% identity, but perhaps there is another region in the proteins 

that is more highly conserved that would be successful in detecting these two 

isoforms.  

Lastly, the localization pattern of Cx37 changes based on what is co-stained 

with (Figures 4 and 5) indicating there is likely some steric hindrance at play for 

antigen sites when used in combination with the Cx40 commercial connexin 

antibodies. This is similar to results seen in en face preparations of the rat aorta, 

where the localization pattern of connexins changes based on what other primary 

antibody is included in the experiment.(267)  

This presents a challenge to determine connexin occupancy of MEJs if the 

commercial antibodies cannot be used for an accurate co-staining experiment.  In 

order to try to answer this question, I would recommend that future experiments 

do calculate the percent occupancy of Cx37 and Cx40 MEJs in independent 

staining experiments to estimate the percentage of MEJs containing an MEJ. Due 

to the likelihood of heteromeric connexons forming in the endothelium and at 
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MEJs, this method of quantification would result in an overestimation of the number 

of MEJ containing functional gap junctions. 
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Appendix 
 
Custom antibodies were created with Thermofisher. Custom antibody ID 
1VD2880. Final products were shipped to us on 09/03/2020. Person of contact 
was Lauren Carlson-Dexter. 
 
 
All connexin plasmids were a gift of Janis Burt. Sanger sequencing results for 
these plasmids are in the Chapter 3 Appendix. 
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Chapter 7. Future Directions  
 

Myoendothelial junction heterogeneity and PS regulation of 

Kir2.1 

 

Are HIEL random with respect to SMC signaling domains? 

 In Chapter 4 I have demonstrated extensively that HIEL are randomly 

distributed with respect to EC signaling domains. However, it could be that there 

is a spatial pattern with respect to SMC signaling domains, which would require 

additional image analysis. A pattern with respect to SMC could represent another 

level of control for the heterocellular contact that controls the arterial diameter in 

resistance arteries in that the SMC may be directing the formation of the MEJs. 

The only known regulator of MEJ formation is PAI-1, but the molecular 

mechanisms still remain to be elucidated. (10, 36) SMCs may be involved in 

directing MEJ formation, perhaps through localized expression of MMPs that 

degrade ECM proteins in the IEL. There could also be some factors released by 

the SMC to promote EC extensions through HIEL. These contributions have yet to 

be determined and a spatial pattern in relation to SMC signaling domains could 

help reveal a potential role for SMC in MEJ formation.  

 

What is driving the deposition of PS into MEJs? 

Lipids are synthesized in the ER and transported to the Golgi for further 

processing prior to being shuttled to the PM. In order to go between these 
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organelles and eventually make it to the lipid bilayer boundary of the cell, lipids are 

transported between membranes through simple diffusion, vesicular transport, or 

via lipid transfer proteins (LTP) located at membrane contact sites (MCS). These 

LTPs have a hydrophobic binding pocket that allow transport of lipids through the 

cytosolic environment.(268) 

The oxysterol-binding protein-related proteins (ORPs) is a family of LTPs 

with 12 different isoforms in mammals. (269-272) ORPs contain two major 

domains, the pleckstrin homology (PH) domain which binds to PI4P on the 

Golgi,(273) and the highly conserved OSBP-related ligand-binding domain (ORD) 

that creates the hydrophobic pocket for lipid binding.(274) The OR domain 

contains a FFAT sequence that can interact with VAP proteins on the ER, which 

is one of the mechanisms that facilitates communication between different 

organelle membranes.(275) 

ORPs transport two species of lipids in opposite directions. The forward 

movement of one lipid is supported by the energy that is generated from the 

phosphoinositide species that is counter-transported, where a phosphate group is 

cleaved for energy.(276)  Often this phosphoinositide species is 

phosphatidylinositol 4-phosphate (PI4P), a phosphoinositide with a single 

phosphate group.  PI4P is synthesized by PI4P kinases, which localize to plasma 

membrane, trans Golgi network, endosomes and late endosomes, making this lipid 

widely available at various organelles throughout the cell.(212) In contrast, PIP2 is 

highly concentrated at the plasma membrane.(277) PI4P phosphatases, such as 

the Sac phosphatase domain family, localize to the ER and degrade PI4P leading 
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to a low concentration of this phosphoinositide at the ER. This concentration 

gradient of PI4P promotes the lipid counter-transport carried out by ORPs because 

PI4P is follows its chemical gradient.(278)  

The specific localization of PS to a subpopulation of MEJs suggests that its 

trafficking to those signaling microdomains is an intentional process rather than 

the result of simple diffusion. Our lab has demonstrated that the endoplasmic 

reticulum is present within MEJs,(37)  and our microscopy suggests PS is heavily 

synthesized in the ER of these ECs, which we demonstrate via a calnexin-PS co-

stain (Figure 24). This potential ER-PM membrane contact site at the MEJ may 

contain an LTP to facilitate transport of lipids from the ER to the PM. Future studies 

should investigate ORP localization in endothelium, given that a number of ORP 

isoforms have been implicated in regulating the transport of PS,(175, 176) and 

being functionally relevant in endothelium.(279) If a particular ORP isoform does 

localize to MEJs or is heavily expressed in cells with a high PS-MEJ percentage, 

then an EC-specific, inducible knockout mouse model could be created to deplete 

that isoform from endothelial cells. I would expect that the disruption of PS 

transport to the MEJ would result have functional consequences in terms of arterial 

tone. In a pressure myography experiment to measure dilation to exogenous PIP2 

application, I would expect that the results would be similar to arteries from EC-Eln 

KO mice (Figure 50). This uncontrolled dilation could also lead to an imbalance of 

SMC constriction and thus difficulty in achieving myogenic tone.  

Lastly, it is known that Kir2.1 is also trafficked through the ER. (213, 214) 

Future studies should also investigate if PS contributes to the specific localization 



 

 

299 

of Kir2.1 to the MEJ. This could be another level of regulation that PS exerts over 

the function of Kir2.1. Since the MEJ is not a structure seen in normal cell culture, 

this idea would have to be tested in cells first. Both PS and Kir2.1 could be 

transfected into the cell with a fluorescent tag, and their localization could be 

trafficked over time to investigate if PS and Kir2.1 traffic to the same membrane 

sites. The potential regulation of PS on Kir2.1 transport to the plasma membrane 

is likely independent of a direct interaction with the ER exit sequence of Kir2.1, 

which exerts a net negative charge. (213, 214) 

 

Further investigation of PIP2 dilation in arteries  

The evidence I present here suggests that the PIP2 dilation is due to Kir2.1, 

since this dilation is inhibited in the presence of Ba2+ or ML-133 (Figure 46). There 

are additional experiments that would add confidence to this observation. The first 

would be do add the known Kir2.1 inhibitors, Ba2+ or ML-133, along with PS to 

evaluate if there is an additive inhibition on NS309 or PIP2-mediated vasodilation. 

I do not expect an additive effect that is significantly different, but I do think it makes 

sense that the results from two inhibitors would result in lower dilation than just 

one since these inhibitors likely act through different mechanisms. 

The second experiment would be to evaluate the PIP2 dilation on mice deficient 

in Kir2.1. Ideally, this would be on inducible, EC specific Cre mouse such that 

effects of channel loss during development or in other tissues would not affect 

dilation. I would expect there to be a significant reduction in the ability of PIP2 to 

induce a dilation in intact arteries. However, if dilation did occur, it would be 
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interesting to investigate if another channel is activated by PIP2 in these tissues, 

such as the IKCa channel. 

The IKCa channel is also crucial in EDH-based vasodilation, and like Kir2.1 

(Figure 39), also localizes to MEJs. Exogenous PS inhibits NS309 mediated 

vasodilation (Figure 43), which is also a potent activator of IKCa. To my knowledge, 

lipid regulation of this channel is unexplored. It would be interesting to investigate 

if PIP2 also activates this channel. I would use a similar experimental setup to test 

the dilation of PIP2 in the presence of the specific IKCa inhibitor, TRAM-34. In 

Figure 45, IKCa and PS do not localize to the same MEJs. However, this is one 

experiment and there are not many MEJs populated with IKCa in the field of view 

as previous reports have indiciated.(15) Therefore, this experiment should be 

repeated in more arteries to fully establish the spatial relationship between PS and 

IKCa. The localization of SKCa and PS could also be investigated to help explain 

the reduction in NS309 dilation at higher doses. Although this localization is not 

expected to be at the MEJ, since SKCa primarily localizes to the interendothelial 

junctions. (15) 

 

Effects of MEJ lipid environment on Kir2.1 function  

In order to evaluate how the local lipid concentration of the MEJ impacts Kir2.1 

channel activity, whole cell patch clamp experiments on native endothelial cells 

from resistance arteries should be performed. Native ECs from Elnfl/fl/Cre+ should 

also be evaluated for basal Kir2.1 currents and compared to that taken from 

wildtype mice. I predict that basal currents of Kir2.1 in Elnfl/fl/Cre+ arteries would be 
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higher compared to littermate controls, since PS is not localized to MEJs to 

negatively regulate Kir2.1 activity (Figures 48 and 50).  

Further, it is still a question why PS alone does not induce vasodilation in intact 

arteries compared to results in electrophysiology where PS can increase Kir2.1 

currents (Figure 46). The differential results here across experiments could be due 

to the distinct lipid environments of the HEK cells versus intact arteries. As 

discussed in the introduction of this section, the ECs of intact arteries have defined 

signaling microdomains and a high density of caveolae present, which are heavily 

enriched with caveolae. It is likely that caveolae, microdomains enriched with 

cholesterol, are also present at the PS-Kir2.1 MEJs due to the high density of these 

microdomains in endothelium, and I have some preliminary evidence indicating 

some overlap in en face immunohistochemistry images (Figure 38). Indeed, there 

are several studies indicating that cholesterol and PS influence each other’s 

trafficking and localization within the endothelium, and they are both implicated in 

regulating Kir2.1 activity. (177) (99, 102, 185) 

The presence of cholesterol enrichment at MEJs could prevent the exogenous 

PS adequate access to its binding sites thus preventing any conformational 

changes that would result in a vasodilation response. In contrast, this rigidity may 

not present the same access issues for PIP2 since it is a much smaller lipid. In the 

electrophysiology experiments, the HEK cells are not as enriched with caveolae 

and they are transfected with Kir2.1 channel, where they express Kir2.1 at a level 

orders of magnitude higher than native endothelium. This alone indicates that each 

Kir2.1 channel is incorporated into the plasma membrane slightly differently and 
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gives PS the opportunity to interact with Kir2.1 channels that are not a part of lipid 

rafts. This interpretation also opens the question of how PS is able to inhibit PIP2-

mediated vasodilation if cholesterol is preventing it from accessing the lipid binding 

sites (Figure 46). It could be that the head group of PS is till able to interact with 

or around the lipid binding site in such a way that steric hindrance alone is 

preventing PIP2 from being able to access, without the PS-Kir2.1 interaction being 

sufficient to induce a conformational change that leads to channel opening in the 

local lipid environment.  

This rigidity of cholesterol preventing PS activation in intact arteries can be 

tested experimentally. Methyl-β-cyclodextrin (MβCD) can deplete cholesterol in 

cells. I predict treating arteries with MβCD prior to exogenous PS application can 

result in vasodilation. In Figure 46, the PS application to the intact arteries does 

not have an effect. However, there is one artery that did exhibit dilation to PS. It 

could be the case that the cholesterol content in that artery was reduced allowing 

PS to have access to the channel. This may represent another mechanism by 

which cholesterol inhibits Kir2.1-mediated vasodilation.(98, 99) 

The interpretation of PS inhibiting PIP2-meditated activation of Kir2.1 is that it 

is oversaturating the channel and specifically binding to PIP2 binding site such that 

PIP2 cannot access the its binding site to facilitate channel opening. These binding 

sites for PIP2 are positively charged lysines at the primary binding site (K219 and 

K220) and a crucial lysine at the secondary lipid binding site for PS binding (K62). 

(102, 104) There are also additional positive residues at the primary lipid binding 

site. In the intact artery setup, cholesterol is likely restricting access to the smaller 
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secondary binding site, but PS may still be able to access one of the many positive 

residues in the primary lipid binding site, where PIP2 prefers to bind, thus 

preventing PIP2 binding by directly occupying its binding site or via steric 

hindrance. 

To determine the mechanism by which PS is preventing PIP2 from binding to 

Kir2.1, ideally Kir2.1 channels containing specific mutations for positively charged 

residues should be created and transfected into HEK cells. However, this becomes 

a complicated experiment because mutating any residue within the PIP2 binding 

pocket will not only effect PS inhibitory binding but also PIP2 binding, making any 

results difficult to interpret. For studying channel function in vivo, mutagenesis of 

certain sites would be the most viable option. Thus, the tools needed to test these 

hypotheses in an intact animal are not yet available. However, the specific residues 

at play can still be investigated in cells through tethering positive residues in the 

PIP2 binding site to the membrane to simulate PS binding, and then repeat 

electrophysiology studies in the presence of PIP2 and PS.(143, 280) In this 

scenario, I hypothesize that tethering a particular residue to the membrane would 

block PIP2 binding from its site.  
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The morphology and composition of the IEL dictates arterial 
function 
 

In both Chapters 2 and 4 I demonstrate that the morphology of the IEL 

dictates arterial function: inducing HIEL formation in conduit arteries promotes a 

shift to EDH-based vasodilation while eliminating HIEL through decreased elastin 

deposition in resistance arteries promotes a shift to NO-based signaling. Another 

way to antagonize this pathway to understand the role of MEJs in vasodilatory 

signalign is to induce ECM deposition in the Elnfl/fl/Cre+ mice, and study the change 

in vasodilation, morphological changes to the IEL, and protein localization in an en 

face view of the endothelium. Long term oral administration of minoxidil restored 

vascular compliance in mice with chronic vascular stiffness, (281) and is currently 

in clinical trials for the treatment of Williams Syndrome, a disease associated with 

elastin deficiency. (282) I hypothesize that minoxidil treatment on Elnfl/fl/Cre+ would 

partially restore the canonical IEL morphology of resistance arteries and partially 

correct protein and lipid localization in the endothelium. This could help evaluate if 

the MEJ is a necessary prerequisite in determining protein polarization within the 

endothelium. If hemoglobin alpha protein levels are normalized to control levels 

after minoxidil treatment, this would indicate that the IEL influences the translation 

of EC proteins.  

Long term administration of minoxidil in wildtype mice may promote 

retraction of MEJs and reduce the number of HIEL in a resistance artery, and could 

help further define the relationship between MEJs and endothelial protein 

localization. As I have demonstrated in Chapter 2 and Chapter 4, this protein 
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localization has functional consequences. Thus, I hypothesize that arteries from 

these mice would shift to NO-based signaling, consistent with the theme that IEL 

morphology is correlated with vasodilation pathways. In this mouse model, I predict 

a thicker IEL with reduced incidence of HIEL and MEJs; thus, I predict disrupted 

protein localization.  

While I have demonstrated the IEL in resistance arteries does not have 

canonical sites of MEJ formation, or HIEL, it is still an outstanding question how 

heterocellular contact is different at the ultrastructural level. Future studies should 

include evaluating the extent of heterocellular contact via TEM. I predict that there 

are fewer individual sites of contact with increase surface contact area. This 

altered, larger area of heterocellular contact may no longer be recognized as a 

signaling microdomain and could in part explain why protein and lipid localization 

is so disrupted within the endothelium.  

As mentioned in the discussion of Chapter 4, the specific contribution of 

EDH-based vasodilation should be investigated using specific pharmacological 

inhibitors to interrogate that pathway in an Ach dose response curve experiment. 

Based on the evidence in Chapter 4 Figures 2-4, I predict that there will be less 

vasodilation attributed to the EDH pathway and Ach dose response curves with 

inhibitors will be at comparable levels compared to control curves. However, if the 

contribution of EDH is unchanged in Elnfl/fl/Cre+ resistance arteries, and there is a 

reduction in Ach-based vasodilation in the presence of these specific 

pharmacological inhibitors, then there may be another explanation for the increase 

in NO. The increased NO signaling could also be related to increased oxidative 
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stress or production of free radicals. Future studies should evaluate the production 

of reactive oxygen species in these arteries, through measurements on histological 

sections or in blood. Another method to test the contribution of NO signaling in 

resistance arteries is to monitor the blood flow using a doppler in live, anesthetized 

mice, with a total of four groups, both genotypes and treated with or without L-

NAME in the drinking water.  The hypothesis is that Elnfl/fl/Cre+ treated with L-

NAME will have reduced blood flow compared to littermate controls also treated 

with L-NAME. The results from this study could also help to clarify the role of 

increased NO production in these mice.  

It is unclear why the SMC in these arteries exhibit less vasoconstriction to 

phenylephrine or KCl. As mentioned in the discussion, investigation into 

expression of other proteins involved in SMC contraction should be pursued along 

with other integrin candidates, such as α8β1, (283) that may be downregulated. 

Another explanation for reduced contraction is decreased SMC innervation. This 

could be tested with a tyrosine hydroxylase (TH) IHC on intact third order 

mesenteric arteries. If there were a reduction in TH staining, this may indicate that 

the SMC are not well adapted to respond to alpha adrenergic stimulation, thus 

explaining reduced constriction to PE (Chapter 4, Figure 6). However, this would 

result in further questions about the role of EC-derived elastin in directing the 

innervation of various tissues.  

In Chapter 4, I show that the vasodilation pathway of ECs is altered in the 

absence of EC-derived elastin, and that SMC contraction is impaired. Remarkably, 

BP is unchanged in these mice (Chapter 4, Figure 15). Initial blood results indicate 
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that kidney function may be compensating for the hypothesized hypotension 

(Chapter 4, Figure 16). Another axis that should be considered is an upregulation 

of renin in the circulation, by testing the concentration of renin in blood plasma 

from both genotypes.  

 

A final thought on tropoelastin 

Homozygous global deletion of tropoelastin leads to death within a few days 

of birth due to SMC luminal occlusion of the aorta. (263) This phenotype is so 

severe that it may be masking another important developmental role for 

tropoelastin. In addition to the well-known fate of tropoelastin in forming mature 

elastic fibers, tropoelastin may also act as a transcriptional activator since levels 

in Elnfl/fl/Cre+ mice trend downwards in nearly every gene evaluated (Figures 5 

and Figures 10-14). This would indicate trophoblastic as a master regulator of 

proper embryonic development. A single cell RNAseq experiment on ECs isolated 

from pups at birth could reveal how EC-derived elastin affects the transcription of 

genes at the beginning of postnatal development, and could reveal another 

physiological role for tropoelastin before being incorporated into mature elastic 

fibers. 
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Chapter 8. Protocols 
 
 
Acetylcholine dose response curve  
 
Volume of system = 7.5ml drug beaker + 2.5 ml bath/tubing = 10ml 

1. Pressure up to 20 mmHg for 5 min  

2. Pressure up to 40 mmHg for 5 min  

3. Pressure up to 60 mmHg for 5 min  

4. Pressure up to 80 mmHg for 20 min  

5. 1µM PE pre- constriction for ~10 min 

a. 1µl of the -2 tube into 7.5ml of the drug beaker (final concentration 

of 1µM in 10ml) 

b. If no constriction, add 1µl incrementally. For mesenteric arteries, 

max 3µM. For larger arteries, like the carotid, use 10µM dose. 

c. Record measurement after inner diameter plateaus for 5 mins 

d. There is also the option to constrict to myogenic tone here. I 

recommend a diameter plateau of 10 minutes before beginning the 

dose response curve.  

6. 1x10-9 Ach (~ 5% dilation) 

a. 90µl of -7 tube 

7. 1x10-8 Ach 

a. 90µl of -6 tube 

8. 3x10-8 Ach 

a. 20µl of -5 tube 

9. 1x10-7 Ach 

a. 70µl of -5 tube 

10. 3x10-7 Ach 

a. 20µl of -4 tube 

11. 1x10-6 Ach  (biggest jump in dilation) 

a. 70µl of -4 tube 
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12.  3x10-6 CCh 

a. 20µl of -3 tube 

13. 1x10-5 Ach 

a. 70µl of -3 tube 

14. 1x10-4 Ach 

a. 90µl of -2 tube 

15. 1x10-3 Ach (60% dilation) 

a. 90µl of -1 tube 

16.  1µM NS309: 100% dilation 

a. 1µl of 10mM stock into 7.5ml of the drug beaker (final concentration 

of 1µM in 10ml) 

b. If no constriction, add 1µl incrementally. For mesenteric arteries, 

max 3µM. 

c. Record measurement after inner diameter plateaus for 5 mins 

17.  30mM KCl: ~50% constriction 

a. 300µl of 1mM KCl into the drug beaker 

b. Record measurement after inner diameter plateaus for 5 mins 

18. Ca2+ free: 100% dilation (should be as high as 1µM NS309 or diameter at 

80mmHg) 

a. Wash in an open system for 5 min, then wash in a closed system 

for 15 min. 

 

Notes: 

- Record inner diameter 5 minutes after each dose. 

- For accurate measurements, it is important to make sure pressure does 

not change 
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NS309 dose response curve  
 

1. Pressure up to 20 mmHg for 5 min  

2. Pressure up to 40 mmHg for 5 min  

3. Pressure up to 60 mmHg for 5 min  

4. Pressure up to 80 mmHg for 20 min  

5. 1µM PE pre- constriction for ~10 min 

a. 5µl of the -2 tube into 47.5ml of the drug beaker (final concentration 

of 1µM in 50ml) 

b. If no constriction, add 5µl incrementally. For mesenteric arteries, 

max 3µM. For larger arteries, like the carotid, use 10µM dose. 

c. Record measurement after inner diameter plateaus for 5 mins. 

d. There is also the option to constrict to myogenic tone here. I 

recommend a diameter plateau of 10 minutes before beginning the 

dose response curve.  

6. Begin NS309 curve and record the average diameter over 7 minutes for 

each dose. 

7. 0.10µM NS309 

a. 0.50µl 10mM stock in 50ml 

8. 0.30µM NS309 

a. 1µl 10mM stock in 50ml 

9. 0.50µM NS309 

a. 1µl 10mM stock in 50ml 

10. 0.60µM NS309 

a. 0.50µl 10mM stock in 50ml 

11. 1 µM NS309 

a. 2µl 10mM stock in 50ml 

12. 2 µM NS309 

a. 5µl 10mM stock in 50ml 

13. 30mM KCl: ~50% constriction 

a. 300µl of 1mM KCl into the drug beaker 
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b. Record measurement after inner diameter plateaus for 5 mins 

14. Ca2+ free: 100% dilation (should be as high as 1µM NS309 or diameter at 

80mmHg) 

a. Wash in an open system for 5 min, then wash in a closed system 

for 15 min. 
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Myogenic tone pressure myography 
 

1) Equilibrate artery to pressure from 20-80mmHg in 20mmHg increments with a 5 

minute incubation at each pressure 

2) Allow the artery to develop myogenic tone 

3) Once tone has stabilized, test EC function with 1-3	µM of NS309. Begin with 

1	µM, and add 1µM incrementally if needed. 

4) Wash out NS309 and watch for the return of myogenic tone 

5) Begin the active curve 

a. Slowly drop the pressure down to 20mmHg and equilibrate for 5 minutes 

b. Increase the pressure by 20mmHg from 20mmHg-120mmHg. 

c. Record the plateaued diameter, 5-10 minutes for each pressure 

6) Slowly drop pressure down to 80mmHg to equilibrate for 5-10 minutes at normal 

pressure 

7) Assess SMC function by dosing with 10µM PE. Record diameter after plateau. 

8) Assess EC function by dosing with 10µM Ach. Record diameter after plateau. 

9) Assess SMC function by dosing with 30mM KCl. Record diameter after plateau. 

10)  Circulate Ca2+ free buffer in an open system for 5 minutes, and circulate for 

another 15 minutes. 

11) Begin the passive curve 

a. Slowly drop the pressure down to 20mmHg and equilibrate for 5 minutes 

b. Increase the pressure by 20mmHg from 20mmHg-120mmHg. 

c. Record the plateaued diameter, 5-10 minutes for each pressure 

12) Myogenic tone was calculated as ((DACT-DPASS)/DPASS)*100.  

13) For active and passive curves, the percent change in diameter relative to the 

diameter at 20mmHg was calculated as ((DX-D20)/D20)*100, where DX is diameter 

at any pressure and D20 is the diameter at 20mmHg. 
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General en face protocol 
1. Sac mouse and clear away fat from several vessels 

2. Take vessels out, move to Sylgard square, and secure a tungsten pin in 

each end 

3. Fix vessels in 4% PFA for 15 min at 4°C (or 1:1 MeOH:Acetone on ice for 

5-10 minutes) 

4. Wash 3x 20 min with PBS 

5. Cut vessel en face. (Note: Vessel sits in Krebs w/ 2mM Ca2+ at 4°C until 

all vessels are completed) 

6. Permeabilize for 30 min with 0.2% NP40/PBS with medium shake 

7. Block for 1 hour in 400µl of 0.2% NP40/PBS with 5% serum (of animal 

secondary antibody is raised in or 10% BSA) 

8. Add primary antibodies, shake 1 min at RT to mix  

a. Typically 1:100, sometimes 1:50 

9. Place 24 well dish in humidity chamber at 4°C overnight 

 

Next day  

10. Wash 3x 5 min with PBS on med shake  

11. Add secondary antibody solution, incubate at RT for 1 hr 

a. 320 µl blocking solution/well 

b. 80µl 1:500-1:1000 hydrazide stock (do 1:500 for a 1mM hydrazide 

stock) 

c. 1µl secondary/well (for 1:400) 

12. Wash 3x 5 min PBS 

13. In 500 µl PBS, add 1µl of DAPI (from a 5µg/µl stock) and incubate at RT 

for 10 min 

14. Wash 2x 10min PBS 

15. Mount with DAPI media, a square coverslip, and secure to microscope 

slide using lab tape. 
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General western blot protocol 
 
Harvest cells (~1 hour) 

1) Remove media 
2) Wash 2x with 1x PBS in flask 
3) Trypsinize cells and add back media 
4) Transfer cells to a 15ml conical tube 
5) Spin and suction off media 
6) Spin 2x in 1x PBS and suction off media 
7) Add 200ul lysis buffer  

a. 100ul P2, P3, and PI to 10mL of RIPA (good for ~1 week) 
8) Spin 12,000rpm for 10 min in cold room 
9) Remove the supernatant to a new labeled tube 
10) Remove 100ul of the supernatant for protein analysis (i.e. BCA assay), and 

freeze  
 
BCA Assay (~1 hour) 
Refer to the following link for how to make standards: 
https://www.thermofisher.com/order/catalog/product/23225   
 

1) Making working reagent (50A:1B) 
a. Total ul needed = (9 standards + 1 sample) * (1 replicate) * 200 ul + extra 
b. Volume Reagent B = Total ul needed/50 
c. Volume Reagent A = Total ul needed – Volume Reagent B 

2) Add 10ul each standard to a well 
3) Add 10ul sample in duplicate 
4) Add 200ul of working reagent to each well 
5) Incubate at 37C for 30 min 
6) Plate reader 

a. Omega program à Select “User” à Run 
b. Test setup à Test protocol à Absorbance à “BCA Assay” 
c. Edit à Layout à delete selected wells & select new wells 
d. START 
e. “Results” à “Open last test run”  
f. Excel Report à export report to Excel 
g. Save As à Isakson à “CAR” 

7) Ensure all samples are within reported values of the standards. If not, dilute 
selected samples and rerun the assay.  

8) Calculate protein concentrations of samples in ug/ul using an Excel calculator 
 
Sample Preparation (~1 hour) 
Sample to loading buffer 2x (2x LB) is 4:1 (example: 21 ul sample to 7 ul 2x LB) 

1) Calculate how many ul to run on the gel to get 20-40ug protein 
a. Total well volume ~45ul for the 10 well 4-12% gel 

2) Add sample to 1.7ml tube, followed by 2x LB 
3) Heat 95C for 5 mins, then place on ice until use 
4) Begin loading the gel OR store samples in -20C until the next day 

 
Loading gel (~1.5 hours) 

1) Make sure you have enough “running buffer” if not make some up. 



 

 

315 

a. Running buffer: 50ml 20X MOPS running buffer in 950ml of diH2O 
2) Set up your gel rig and figure the orientation for your samples and marker 
3) Load samples and 5ul kaleidoscope protein marker to wells 
4) Run at 170v for 70 min or until the dye runs off, on ice or 20v overnight in the 

cold room 
 
Transfer (~1.5 hours) 

1) Make sure you have transfer buffer made up 
a. Transfer buffer: 150ml 100% methanol in 1350ml 1x Stock buffer 
b. Stock buffer: 144g glycine, 30.5g Tris base, diH2O up to 10L 

2) Trim nitrocellulose membrane to fit gel  
a. If using PVDF make sure you soak the membrane in methanol until 

translucent then wash with DI water 2x 
3) Set up your transfer “book” Black on the bottom, then 1 sponge, then 2 filter 

papers, gel, membrane, 2 filter papers (roll out membrane w/ medium 
pressure),1-2 sponges, and red on top. Slide to lock in place. 

4) Place in transfer rig black to black and clear to red 
5) Place lid on black to black and red to red 
6) Run transfer at 100v for 1 hour 
7) Carefully check to make sure marker transferred before completely taking apart 

“book”. If needed, close book and transfer for longer. 
 
Revert Total Protein Stain, Imaging, & Quantification (~0.5 hours) 
Refer to LICOR protocol for two channel detection (saved in Dropbox) 
The three solutions: REVERT Total Protein Stain, Wash Solution, and Reversal Solution 
 

1) Place transferred membrane into a bin for Revert Total Protein Analysis 
2) Rinse membrane in water 
3) Incubate in 5ml REVERT Total Protein Stain for 5 min with gentle shaking 
4) Pour out REVERT Total Protein Stain into the “recycle” container 
5) Rinse membrane twice with Wash solution 

a. Wash solution: 6.7% (v/v) Glacial Acetic Acid, 30% (v/v) Methanol, in 
water 

6) Image the membrane in the 700nm channel 
a. Label it REVERT total protein 

7) Rinse with 5ml of Reversal Solution for 5 min with gentle shaking 
a. Reversal solution: 0.1% (w/v) NaOH pellets, 30% (v/v) Methanol in 

water 
8) Rinse with water  

 
Block (~1.5 hours) 

1) Block for 1 hour at RT and medium shake in 3% BSA in TBS (about ~15-20ml 
per small or large box) 

a. 0.6g BSA in 20ml TBS 
2) Wash 3x in TBS/T for 5 min at a medium shake 

 
 
Primary AB (overnight) 
Note: can only do two primary antibodies with westerns because there are only two IR 
dyes 
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1) Make 5% BSA in TBST (~0.02% Tween 20) 
a. 2.5g in 50ml TBST 
b. 1.5g in 30ml TBST 
c. 0.75g in 15ml TBST 

2) Add antibody in 8ml (small box) or 14ml (large box) of 5% BSA in TBS/T to the 
slide box 

a. 1:1000 à ex) 8ul or 14ul 
b. 1:2000 à ex) 4ul or 7ul 
c. 1:5000 à ex)1.6 ul or 2.8ul 
d. 1:10,000 à ex) 0.8ul or 1.4ul 

i. If have two small boxes, then try to make the antibody solutions 
together to pipet a volume greater than or equal to 1ul. If only one 
small box, then use 10ml to pipet 1ul for a 1:10,000 dilution 

3) Place box on a rocker at medium shake in the cold room 
 
Secondary AB (~2 hours) 

1) Wash 2x in TBST 2x for 10 min on a medium shake 
2) Add secondary IR dyes in 5% BSA in TBS/T 

a. 8ml for small box, 14ml for large box 
b. 1:10,000 à ex) 0.8ul or 1.4ul 

3) Incubate on medium shake at RT for at least 1 hour 
4) Wash 3x in TBST for 10 min on a medium shake 
5) Bring blot to Licor for imaging 

 
Stripping & Storing (~10 min) 
NewBlot Nitrocellulose 5x Stripping Buffer (saved in Dropbox) 
 

1) Dilute to 1X in diH2O 
2) Incubate blot in 5X stripping buffer for 10 min at high shake 
3) Rinse blot 3x in 1X TBS 
4) Store blot in 1X TBS until further processing 
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Master code for determining HIEL spatial distribution 
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% 
% This code analyzes spatial distribution of holes in the internal 
elastic 
% lamina (HIEL) and myoendothelial junction (MEJ) localized lipids/ 
proteins 
% in the following sections: 
% 
% 
% % % SECTION ONE 
% 
% % % Thresholds and identifies holes in the internal elastic lamina 
% % % (HIEL). These are objects void of fluorescent signal. 
% 
% 
% % % SECTION TWO 
% 
% % % Thresholds and identifies a fluorescent signal that 
% % % represents an protein of interest that will be used to evaluate 
the 
% % % spatial pattern of the HIEL. In this example, claudin 5 
(cldn5), is 
% % % the fluorescent signal and will be referred to throughout. 
% 
% 
% % % SECTION THREE 
% 
% % % This is a quality control section that removes objects 
identified as 
% % % HIEL that do not meet the circularity requirement. In this 
section, 
% % % there is also the option to manually add back in HIEL removed 
by 
% % % circularity, and to remove additional nonspecific HIEL that may 
have 
% % % been detected. 
% 
% 
% % % SECTION FOUR 
% 
% % % This section runs simulations to evaluate the spatial pattern 
of 
% % % HIEL with respect to the fluorescent signal that was 
thresholded in 
% % % section two. This will refer to 3 separate Matlab function 
files. 

% 
% 
% % % SECTION FIVE 
% 
% % % Thresholds and identifies high intensity fluorescent puncta 
that 
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  % % % overlaps in HIEL. This is useful to determine the extent of 
protein 
% % % localization in the HIEL. In this example phosphatidylserine, 
or PS, 
% % % may be referred to throughout. 
% 
% 
% % % SECTION SIX 
% 
% % % This section runs simulations to evaluate the spatial pattern 
of 
% % % fluorescent puncta in HIEL with respect to the fluorescent 
signal 
% % % that was thresholded in section two. This will refer to 3 
separate 
% % % Matlab function files. 
% 
% 
% % % SECTION SEVEN 
% 
% % % Saves all matrices and variables that will be used for 
analysis. 

% 
% 
% 
% 
% % 
% % % % % 
% % % % % % % % % SECTION ONE 
% % % % % 
% % 
% 
% 
% Number of iterations that the Monte Carlo, Positive, and Negative 
control 
% simulations will be run. 
sim1=1; % For HIEL (section1) to fluorescent signal (section2) 
sim2 =1; % For puncta-HIEL (section 5) to fluorescent signal 
(section2) 
% Keep simulations at 1 iteration while troubleshooting code. 
% Recommended to increase to 1000 simulations for final data. 
% Will need to run on a virtual supercomputing cluster. 

 
 

% Define range of pixels wish to be included for analysis. 
lowlim1_X = 0; %adjust all based on image/ROI 
uplim1_X = 1024; 
lowlim1_Y = 0; 
uplim1_Y = 1024; 
Pixel_min = 0; 
Pixel_max = 1024; 
% In this example, all pixels of a 1024x1024 image are considered. 
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  % Define RGB file. Must be an RGB image (can do that in 
ImageJ). RGB = imread('M9V7Z1_hydr.png'); 

 
% Convert to grayscale. 
I=rgb2gray(RGB); 

 
% Blur the image. 
P = fspecial('motion',5,40); %adjust to optimize 
% Step 2 of blurring. 
I2 = imfilter(I,P,'replicate'); 

 

% Idenitfy puncta of interest by converting the blurred image to 
binary. 
bw 
=imbinarize(I2,'adaptive','ForegroundPolarity',... 

'dark','Sensitivity',0.1); %adjust to optimize 
% In this example, the 'puncta' of interest are actually areas void of 
fluorescent signal. 
% For this reason, 'dark' option is selected. For identification of 
% fluorescent puncta, you do not need the specifications of 
% 'ForegroundPolarity' and 'dark'. 

 
 

% Refine the identification of HIEL. 
SE = strel('disk',5); % ajust to optimize 
I3 = imerode(bw,SE); 

 
 

% % FIGURE 1 
% % Show boundaries of ROI on top of the originial image. 
% % Visual confirmation that HIEL are being correctly identified. 

 
Figure1 =figure; 
[B_M9V7Z1A1,L] = bwboundaries(I3); %detected outline of ROIs. 
imshow(I3); hold on; %show detected outline 
imshow(I); hold on; %show original image 
colors=('c'); 
m = size(B_M9V7Z1A1,1); 
n = size (B_M9V7Z1A1,2); 
area = zeros(m,n); 
stats = zeros(m,n); 
stats = regionprops(L,'Area'); 

 
% Plot boundaries of ROIs. 
for k = 1:length(B_M9V7Z1A1) 
boundary = B_M9V7Z1A1{k}; 
cidx = mod(k,length(colors))+1; 
plot(boundary(:,2), boundary(:,1),... 

colors(cidx),'LineWidth',2); 
 

area(k) = stats(k).Area; 
% % % actual number of pixels in the area 
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  % % add text to show object numbers 
rndRow = ceil(length(boundary)/(mod(rand*k,7)+1)); 
col = boundary(rndRow,2); row = boundary(rndRow,1); 
h = text(col+1, row-1, num2str(L(row,col))); 
set(h,'Color',colors(cidx),'FontSize',12,'FontWeight','bold'); 

% % randomize text position for better visibility 

end 

area = transpose(area); 
 
 

% % Convert cell array of border pixels and plot centers of each 
object 
Q = cellfun(@mean,B_M9V7Z1A1, 'UniformOutput', false); 
% get the average of the pixels along the border to calculate center 
of ROI 
% NOTE that both Q and b are cell arrays 

 
 

H = cell2mat(Q); 
% % % H is a matrix, which is needed to plot the various coordinates 

 
X = H(:,2:2:end); 
Y = H(:,1:2:end); 

 
% % % plots the X,Y coordinates of H (centers of the IEL holes) 
plot(X,Y,'.','MarkerSize',12, 'Color', 'm'); 

 
% Draw vertical and horizontal lines on the image to see the image 
area you 
% are analyzing. This is only relevant if you want to analyze a small 
area 
% of the original image. 
xline(lowlim1_X);hold on; 
xline(uplim1_X);hold on; 
yline(lowlim1_Y);hold on; 
yline(uplim1_Y);hold on; 
saveas(Figure1, '/Users/claireruddiman/Dropbox/_MEJ Paper/_Figures/ 
Github/M9V7Z1A1_Analysis/Figure1.png'); 
hold off; 

 
% Round the final coordinates of HIEL center detection and store in 
matrix. 
coord_M9V7Z1A1 = horzcat(round(X),round(Y)); 
% 
% 
% 
% % 
% % % % % 
% % % % % % % % % SECTION TWO 
% % % % % 
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% % 
% 
  % 
% 
% Threshold fluorescent signal claudin 5 (cldn5) EC borders 
% (interendothelial junctions). 

 
 

% Define RGB file. Must be an RGB image (can do that in ImageJ). 
% This is fluorescent signal that will be used to define HIEL spatial 
% pattern. 
RGB_ = imread('M9V7Z1_cldn5_1.png'); 

 
% Convert to grayscale. 
I_=rgb2gray(RGB_); 

 
% Blur the image. 
P_ = fspecial('motion',5,30); 
% Step 2 of blurring. 
I2_ = imfilter(I_,P_,'replicate'); 

 
% Identify puncta of interest by converting the blurred image to 
binary. 
bw_ =imbinarize(I2_,'adaptive','Sensitivity',0.1); 
%adjust to optimize 

 
% Refine the identification of fluorescent signal. 
SE_ = strel('rectangle',[4,1]); % % % pixel size of disk that helps to 
define the IEL holes 
I4_ = imerode(bw_,SE_); 
se_ = strel('rectangle',[10,1]); 
I5_ = imclose(I4_,se_); 
I3_ = bwareaopen(I5_,100); 

 
% Plot the result of thresholding the fluorescent signal. 
figure 
imshow(I3_) 
[rows,cols] = find(I3_); % Extract XY coordinates from I3_, which is 
the claudin5 final binary image 
claudin5_full_M9V7Z1A1 = horzcat(cols,rows); 

 
% Removes any fluoresecent signal from analysis that is outside of the 
% desired range. 
claudin5_full_M9V7Z1A1(claudin5_full_M9V7Z1A1(:, 1) < lowlim1_X & 
(claudin5_full_M9V7Z1A1(:, 1) >= Pixel_min), :) = []; 
claudin5_full_M9V7Z1A1(claudin5_full_M9V7Z1A1(:, 1) <= Pixel_max & 
(claudin5_full_M9V7Z1A1(:, 1) > uplim1_X), :) = []; 
claudin5_full_M9V7Z1A1(claudin5_full_M9V7Z1A1(:, 2) < lowlim1_Y & 
(claudin5_full_M9V7Z1A1(:, 2) >= Pixel_min), :) = []; 
claudin5_full_M9V7Z1A1(claudin5_full_M9V7Z1A1(:, 2) <= Pixel_max & 
(claudin5_full_M9V7Z1A1(:, 2) > uplim1_Y), :) = []; 
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% Define sizes of HIEL and fluorescent signal matrices. 
[mmm nnn] = size(coord_M9V7Z1A1); 
nnn = mmm; 
[mmmm nnnn] = size(claudin5_full_M9V7Z1A1); 
nnnn = mmmm; 

  distance_ = zeros(nnn,mmmm); 
% 
% 
% 
% % 
% % % % % 
% % % % % % % % % SECTION THREE 
% % % % % 
% % 
% 
% 
% Remove objects which do not correspond to IEL holes through a 
% circularity prediction. 

 
 

% % FIGURE 2 
colors2=('m'); 
Figure2 = figure; 

 
imshow(I3); hold on; 
imshow(I); hold on; 

 
% Display vertical lines to indicate analyzed area. 
xline(lowlim1_X);hold on; 
xline(uplim1_X);hold on; 
yline(lowlim1_Y);hold on; 
yline(uplim1_Y);hold on; 

 
 

% Begin loop to check circularity of detected HIEL 
for k = 1:length(B_M9V7Z1A1) 

boundary = B_M9V7Z1A1{k}; 
cidx = mod(k,length(colors))+1; 
plot(boundary(:,2), boundary(:,1),... 

colors(cidx),'LineWidth',2); 
 

% circumference of an HIEL, identified by the number of pixels. 
not as accurate as c_f2. see below. 

c(k)=size(B_M9V7Z1A1{k},1); 
 

% HIEL area 
area(k) = stats(k).Area; 

 
% calculate circularity 
metric(k) = (4*pi*area(k))/c(k)^2 ; 

 
% HIEL area 
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AA(k) = stats(k).Area; 

 
% HIEL radius 
r(k) = sqrt(AA(k)/pi); 

 
% HIEL diameter 
d(k) = 2*r(k); 

   

% HIEL circumference, as calculated from area 
c_f2(k) = 2*pi*r(k); 
label(k) = k; 

for j = 1 : mmmm % size of fluorescent signal (cldn5) 
matrix 

scale_M9V7Z1A1 = 8.6719; % this is the number of 
pixels per micron 

distance_(k, j) = (sqrt((coord_M9V7Z1A1(k, 1) - 
claudin5_full_M9V7Z1A1(j, 1)) ^ 2 + ... 

(coord_M9V7Z1A1(k, 2) - claudin5_full_M9V7Z1A1(j, 2)) ^ 
2))/scale_M9V7Z1A1; 

end 
 

% if circularity is greater than 0.5 then keep the predicted object 
if metric(k) > 0.50 

G{k} = B_M9V7Z1A1{k}; 
 

% HIEL area 
AA(k) = stats(k).Area; 

 
% HIEL radius 
r(k) = sqrt(AA(k)/pi); 

 
% HIEL diameter 
d(k) = 2*r(k); 

 
% HIEL circumference as calculated from area. this is the most 
% accurate. Use this value for downstream analysis 
c_f2(k) = 2*pi*r(k); 

 

   

matrix 

label(k) = k; 
X(k) = H(k,2:2:end); 
Y(k) = H(k,1:2:end); 

for j = 1 : mmmm % size of fluorescent signal (cldn5) 
 

scale_M9V7Z1A1 = 8.6719; % this is the number of 
  pixels per micron 

distance_(k, j) = (sqrt((coord_M9V7Z1A1(k, 1) - 
claudin5_full_M9V7Z1A1(j, 1)) ^ 2 + ... 

(coord_M9V7Z1A1(k, 2) - claudin5_full_M9V7Z1A1(j, 2)) ^ 
2))/scale_M9V7Z1A1; 
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end 

 
metric_string = sprintf('%2.2f',metric(k)); % % % store 

circularity values in a string 
 

text(boundary(1,2)-35,boundary(1,1)+13,metric_string,'Color','b',... 
'FontSize',12,'FontWeight','bold') % % % % print circularity 

values on plot 
 

% if circularity is less than 0.5 remove the object 
else 

  G{k} = []; 
AA (k) = []; 
r(k)=[]; % 
d(k) = [];% 
c_f2(k) = [];% 

 

   
matrix 

for j = 1 : mmmm % size of fluorescent signal (cldn5) 
 

scale_M9V7Z1A1 = 8.6719; 
distance_(k, j) = 0; 

  end 
 

label(k) = []; 
X(k) = 0; 
Y(k) = 0; 
boundary = B_M9V7Z1A1{k}; 
cidx = mod(k,length(colors2))+1; 
plot(boundary(:,2), boundary(:,1),... 
colors2(cidx),'LineWidth',2); 

end 
 

end 
 

saveas(Figure2, '/Users/claireruddiman/Dropbox/_MEJ Paper/_Figures/ 
Github/M9V7Z1A1_Analysis/Figure2.png'); 
hold off; 
% 
% 
% 
% % 
% % % % % 
% % % % % % % % % MANUALLY ADD BACK OBJECTS REMOVED BY CIRCULARITY 
% (OPTIONAL) 
% % % % % 
% % 
% 
% 
% 
% 
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% UNCOMMENT THIS SECTION if you wish to manually add back in any of 
the 
% objects removed by circularity. 

 
% % %%Keep some of the values ruled out by circularity 
% for k=[add number of objects in here]; 
% G{k} = B_M9V7Z1A1{k}; 
% AA(k) = stats(k).Area; 
% r(k) = sqrt(AA(k)/pi)/scale_M9V7Z1A1; % 
% d(k) = 2*r(k); % 
% c_f2(k) = 2*pi*r(k);% 
% label(k) = k; 
% X(k) = H(k,2:2:end); 
% Y(k) = H(k,1:2:end); 
% 
  %  for j = 1 : mmmm % size of fluorescent signal 
(cldn5) matrix 
%  scale_M9V7Z1A1 = 8.6719; % this is the number of 
pixels per micron 
%  distance_(k, j) = (sqrt((coord_M9V7Z1A1(k, 1) - 
claudin5_full_M9V7Z1A1(j, 1)) ^ 2 + ... 
%  (coord_M9V7Z1A1(k, 2) - claudin5_full_M9V7Z1A1(j, 2)) ^ 
2))/scale_M9V7Z1A1; 
% end 
% 
%  metric_string = sprintf('%2.2f',metric(k)); % % % store 
circularity values in a string 

% 
text(boundary(1,2)-35,boundary(1,1)+13,metric_string,'Color','b',... 
%  'FontSize',12,'FontWeight','bold') % % % % print circularity 
values on plot 

% 
% end 
% 
% % 

 
% 
% % 
% % % % % 
% % % % % % % % % MANUALLY REMOVE ADDITIONAL NONSPECIFIC OBJECTS 
(OPTIONAL) 

% % % % % 
% % 
% 
% 
% 
% 
G{1}=[]; % OBJECT 1 IS NONSPECIFIC. 
% G{2}=[]; % ADD A LINE FOR EACH OBJECT THAT YOU WISH TO REMOVE. 

 
 

F2 = (G(~cellfun('isempty',G))); % F2 is the cell array that excludes 
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circularity values not within range 

F = transpose(F2); 
 

distance_(1,:) = 0; % OBJECT 1 IS NONSPECIFIC. 
% distance_(2,:) = 0; % ADD A LINE FOR EACH OBJECT THAT YOU WISH TO 
REMOVE. 

 
distance_(~any(distance_,2),:) = []; %delete rows where all 

values are zero 
distance_sort_old = transpose(sort(distance_,2)); %sorting 
distance_avgMIN_hist_M9V7Z1A1 = 

transpose((distance_sort_old(1,:))); %%include this to be able 
to plot a histogram of the minimum distances for each IEL hole to 
claudin 5 

distance_avgMIN_M9V7Z1A1= mean(distance_sort_old(:,1)); 
% 

Total = 100; %flexible, could also do multiple of these? 

  distance_sort_M9V7Z1A1 = distance_sort_old(1:Total, 
1:size(distance_sort_old,2)); % take top 1000 values from this array 

 
 

X(1) = 0; % OBJECT 1 IS NONSPECIFIC. 
% X(2) = 0; % ADD A LINE FOR EACH OBJECT THAT YOU WISH TO REMOVE. 

 
 

X=transpose(X); 
X(:,~any(X,1)) = []; %rows 
X=transpose(X); 

 
 
 

Y(1) = 0; % OBJECT 1 IS NONSPECIFIC. 
% Y(2) = 0; % ADD A LINE FOR EACH OBJECT THAT YOU WISH TO REMOVE. 

 
 

Y=transpose(Y); 
Y(:,~any(Y,1)) = []; %rows 
Y=transpose(Y); 

 
 

AA(1) = 0; % OBJECT 1 IS NONSPECIFIC. 
% AA(2) = 0; % ADD A LINE FOR EACH OBJECT THAT YOU WISH TO REMOVE. 

 
 

AA( :,~any(AA,1) ) = []; %rows 
AREA_final =transpose(AA); 

 
 

c_f2(1) = 0; % OBJECT 1 IS NONSPECIFIC. 
% c_f2 (2) = 0; % ADD A LINE FOR EACH OBJECT THAT YOU WISH TO REMOVE. 

 
c_f2( :,~any(c_f2,1) ) = []; %rows 
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C_final =transpose(c_f2); 

 
 
 

r(1) = 0; % OBJECT 1 IS NONSPECIFIC. 
% r (2) = 0; % ADD A LINE FOR EACH OBJECT THAT YOU WISH TO REMOVE. 

 
r( :,~any(r,1) ) = []; %rows 
r_final =transpose(r); 

 
 

d(1) = 0; % OBJECT 1 IS NONSPECIFIC. 
% d (2) = 0; % ADD A LINE FOR EACH OBJECT THAT YOU WISH TO REMOVE. 

d( :,~any(d,1) ) = []; %rows 
d_final =transpose(d); 

 
 

label(1) = 0; % OBJECT 1 IS NONSPECIFIC. 
% label (2) = 0; % ADD A LINE FOR EACH OBJECT THAT YOU WISH TO REMOVE. 

   

label( :,~any(label,1) ) = []; %rows 
label_final =transpose(label); 

 
 

coord_M9V7Z1A1 = horzcat(round(X),round(Y)); 
 
 

%%Export a list of the final hole numbers 
Param_M9V7Z1A1 = 
horzcat(label_final,AREA_final,r_final,C_final,X,Y,... 
distance_avgMIN_hist_M9V7Z1A1) 

 

AvgRadius_M9V7Z1A1 = mean(Param_M9V7Z1A1(:,3)); 
StdDevRadius = AvgRadius_M9V7Z1A1/4.2; 

 
% Keep values only within desired analysis range. 
Param_M9V7Z1A1(Param_M9V7Z1A1(:, 5) < lowlim1_X & (Param_M9V7Z1A1(:, 
5) >= Pixel_min), :) = []; 
Param_M9V7Z1A1(Param_M9V7Z1A1(:, 5) <= Pixel_max & (Param_M9V7Z1A1(:, 
5) > uplim1_X), :) = []; 
Param_M9V7Z1A1(Param_M9V7Z1A1(:, 6) < lowlim1_Y & (Param_M9V7Z1A1(:, 
6) >= Pixel_min), :) = []; 
Param_M9V7Z1A1(Param_M9V7Z1A1(:, 6) <= Pixel_max & (Param_M9V7Z1A1(:, 
6) > uplim1_Y), :) = []; 

 
% Calculate image area in microns, used for downstream analysis. 
ImageArea_M9V7Z1A1 = ((uplim1_X-lowlim1_X)/scale_M9V7Z1A1) * 
((uplim1_Y-lowlim1_Y)/scale_M9V7Z1A1) ; 

 
PartialImage_Height_M9V7Z1A1 = (uplim1_Y-lowlim1_Y); 
PartialImage_Width_M9V7Z1A1 = (uplim1_X-lowlim1_X); 
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% Define number of HIEL detected 
IELHoles_M9V7Z1A1 = length(coord_M9V7Z1A1); 

 
% Calculate number of HIEL per image area. 
HolesPerArea_M9V7Z1A1 = IELHoles_M9V7Z1A1/ImageArea_M9V7Z1A1; 

 
coord_M9V7Z1A1 = horzcat(Param_M9V7Z1A1(:,5),Param_M9V7Z1A1(:,6)); 

 
% Distance 
distance_avgMIN_hist_M9V7Z1A1 = Param_M9V7Z1A1(:,7); 
distance_avgMIN_M9V7Z1A1 = mean(Param_M9V7Z1A1(:,7)); 
distance_sort_M9V7Z1A1 = transpose(distance_sort_M9V7Z1A1); 
distance_sort_XY_M9V7Z1A1 = horzcat(X,Y,distance_sort_M9V7Z1A1); 

 
 

distance_sort_XY_M9V7Z1A1(distance_sort_XY_M9V7Z1A1(:, 1) < lowlim1_X 
& (distance_sort_XY_M9V7Z1A1(:, 1) >= Pixel_min), :) = []; 
distance_sort_XY_M9V7Z1A1(distance_sort_XY_M9V7Z1A1(:, 1) <= Pixel_max 
& (distance_sort_XY_M9V7Z1A1(:, 1) > uplim1_X), :) = []; 
distance_sort_XY_M9V7Z1A1(distance_sort_XY_M9V7Z1A1(:, 2) < lowlim1_Y 
& (distance_sort_XY_M9V7Z1A1(:, 2) >= Pixel_min), :) = []; 

  distance_sort_XY_M9V7Z1A1(distance_sort_XY_M9V7Z1A1(:, 2) <= 
Pixel_max & (distance_sort_XY_M9V7Z1A1(:, 2) > uplim1_Y), :) = []; 

 
 

distance_sort_XY_M9V7Z1A1(:,1) = []; %remove first column (X) 
distance_sort_XY_M9V7Z1A1(:,1) = []; %comment out if using full range 
for Y 

 
distance_sort_XY_M9V7Z1A1 = transpose(distance_sort_XY_M9V7Z1A1); 

distance_sort_M9V7Z1A1 = distance_sort_XY_M9V7Z1A1; 

% Transpose for exporting 
distance_avgMIN_hist_M9V7Z1A1 = 
transpose(distance_avgMIN_hist_M9V7Z1A1); 

 
 

% % FIGURE 3 
% Plot the boundary of HIEL and center of HIEL over top of the image. 

 
Figure3 = figure; 
imshow(I); hold on; 

 
for k = 1:length(F) 
boundary = F{k}; 
cidx = mod(k,length(colors))+1; 
plot(boundary(:,2), boundary(:,1),... 

colors(cidx),'LineWidth',2); 
 

% % add text to show object numbers 
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rndRow = ceil(length(boundary)/(mod(rand*k,7)+1)); 
col = boundary(rndRow,2); row = boundary(rndRow,1); 
h = text(col+1, row-1, num2str(L(row,col))); 
set(h,'Color',colors(cidx),'FontSize',12,'FontWeight','bold'); 

% randomize text position for better visibility 

end 

% % Convert cell array of border pixels and plot centers of each 
object 
Q = cellfun(@mean,F, 'UniformOutput', false); 
% get the average of the pixels along the border to calculate center 
of ROI 
% NOTE that both Q and b are cell arrays 

 
H = cell2mat(Q); 
% % % H is a matrix, which is needed to plot the various coordinates 

 
X = H(:,2:2:end); 
Y = H(:,1:2:end); 

 
plot(X,Y,'.','MarkerSize',12, 'Color', 'm'); hold on; 
xline(lowlim1_X);hold on; 
xline(uplim1_X);hold on; 
  yline(lowlim1_Y);hold on; 
yline(uplim1_Y);hold on; 
saveas(Figure3, '/Users/claireruddiman/Dropbox/_MEJ Paper/_Figures/ 
Github/M9V7Z1A1_Analysis/Figure3.png'); 
hold off; 

 
 
 

% % FIGURE 4 
% Plot HIEL centers on XY plot 
Y1=Y; 
Figure4 =figure; 
plot(X,Y1,'.','MarkerSize',10, 'Color', 'm'); hold on; 
xlim([0 1024]) 
ylim([0 1024]) 
saveas(Figure4, '/Users/claireruddiman/Dropbox/_MEJ Paper/_Figures/ 
Github/M9V7Z1A1_Analysis/Figure4.png'); 
hold off; 

 
% % FIGURE 5 
% Plot HIEL centers with respect to other fluorescent signal of 
interest 
Figure5 =figure; 
plot(claudin5_full_M9V7Z1A1(:,1), 
claudin5_full_M9V7Z1A1(:,2),'.','MarkerSize',2, 'Color', 'c'); 
hold on 
plot(coord_M9V7Z1A1(:,1), 
coord_M9V7Z1A1(:,2),'.','MarkerSize',12, 'Color', 'm'); hold on; 
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xlim([0 1024]); 
ylim([0 1024]); 
saveas(Figure5, '/Users/claireruddiman/Dropbox/_MEJ Paper/_Figures/ 
Github/M9V7Z1A1_Analysis/Figure5.png'); 
hold off; 

 
 
 

% % FIGURE 6 
% Visual check to verify accuracy of thresholding 
% Plot centers and secondary fluorescent signal of interest ontop of 
the 
% original fluorescent image 
RGB_merge = imread('M9V7Z1_DAPI_cldn5_PS_hydr.png'); 
Figure6_copy =figure; 
imshow(RGB_merge); 
hold on; 
plot(claudin5_full_M9V7Z1A1(:,1), 
claudin5_full_M9V7Z1A1(:,2),'.','MarkerSize',2, 'Color', 'w') 
hold on 
plot(coord_M9V7Z1A1(:,1), 
coord_M9V7Z1A1(:,2),'.','MarkerSize',12, 'Color', 'm') 
hold on; 

  colors3=('k'); 
for k = 1:length(F) 
boundary_J = F{k}; 
cidx = mod(k,length(colors))+1; 
plot(boundary_J(:,2), boundary_J(:,1),... 

colors3(cidx),'LineWidth',2); 
 

% % add text to show object numbers 
rndRow = ceil(length(boundary_J)/(mod(rand*k,7)+1)); 
col = boundary_J(rndRow,2); row = boundary_J(rndRow,1); 
h = text(col+1, row-1, num2str(L(row,col))); 
set(h,'Color',colors2(cidx),'FontSize',8,'FontWeight','bold'); 

% randomize text position for better visibility 
 

end 
saveas(Figure6_copy, '/Users/claireruddiman/Dropbox/_MEJ Paper/ 
_Figures/Github/M9V7Z1A1_Analysis/Figure16_copy.png'); 
hold off; 
% 
% 
% 
% 
% % 
% % % % % 
% % % % % % % % % SECTION FOUR 
% % % % % 
% % 
% 
% 
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% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% 
% % Begin Monte Carlo simulation 
ite = 1; 
D = cell(100, 1); 
Min_d = cell(100,1); 
Min_d_hist = cell(100,1); 
distance_mc = zeros(mmmm,nnn); 

 
% This loop commnicates with the ExampleMonteCarlo file.m 
for jj=1:sim2 % sim2 is defined at the beginning of this code and 
indicates how many times the simulation will be run 

 

[distance_mc_sort_M9V7Z1A1,distance_mc_avgMIN_M9V7Z1A1,... 

distance_mc_avgMIN_hist_M9 
= ExampleMonteCarlo(claudin5_full_M9V7Z1A1); 

D{jj} = distance_mc_sort_M9V7Z1A1; 
Min_d{jj} = distance_mc_avgMIN_M9V7Z1A1; 
Min_d_hist{jj} = distance_mc_avgMIN_hist_M9V7Z1A1; 

end 
 

% Analyze Monte Carlo simulation 
Min_d; 

  D; 
%top 10000 is defined in the monte carlo simulation 
Dtr = cellfun(@(x)transpose(x), D(:,1),'uniformOutput',false); % 
transpose 

 
Dd_new_M9V7Z1A1 = cellfun(@(x)sort(x), D,'uniformOutput',false); %sort 
each cell from low to high 

%average each cell element by element to get 1 final matrix. then 
use this 

%for ddlow etc. 
Dd_new_avg_M9V7Z1A1 = mean(cat(3,Dd_new_M9V7Z1A1{:}),3); %average 
output for MC simulations, sort high to low for each HIEL 

 
% %sort by column (each random circle) low to high (distance to 
claudin 5) 
Ddlow_M9V7Z1A1 = sort(Dd_new_avg_M9V7Z1A1); 

 
 

% lowest 100 distances to claudin 5 for each of the simulated IEL 
holes 
Total = 100; 
Dd_new_avg_top1000 = Dd_new_avg_M9V7Z1A1(1:Total); 
% 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% 
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%Begin simulated positive control 
% 
ite = 1; 
D_pc = cell(100, 1); 
Min_p_pc = cell(100,1); 
Min_d_hist_pc = cell(100,1); 
distance_pc = zeros(mmmm,nnn); 

 
% This loop commnicates with the ExamplePositiveControl file.m 
for jj=1:sim2 % sim2 is defined at the beginning of this code and 
indicates how many times the simulation will be run. 

 

[distance_pc_sort_M9V7Z1A1,distance_pc_avgMIN_M9V7Z1A1,... 

distance_pc_avgMIN_hist_M9 
= ExamplePositiveControl(claudin5_full_M9V7Z1A1,coord_M9V7Z1A1); 

D_pc{jj} = distance_pc_sort_M9V7Z1A1; 
Min_p_pc{jj} = distance_pc_avgMIN_M9V7Z1A1; 
Min_d_hist_pc{jj} = distance_pc_avgMIN_hist_M9V7Z1A1; 

end 
 

% Analyze positive control2 simulation 
Min_p_pc; 

 
D_pc; 
%top 100 is defined in the positive control simulation 
Dtr_pc = cellfun(@(x)transpose(x), D_pc(:,1),'uniformOutput',false); % 
transpose 

  Dd_new_pc_M9V7Z1A1 = cellfun(@(x)sort(x), 
D_pc,'uniformOutput',false); %sort each cell from low to high 

%average each cell element by element to get 1 final matrix. then 
use this 

%for ddlow etc. 
Dd_new_avg_pc_M9V7Z1A1 = 
mean(cat(3,Dd_new_pc_M9V7Z1A1{:}),3); %average output for MC 
simulations, sort high to low for each IEL hole 

 
% %sort by column (each circle) low to high (distance to claudin 5) 
Ddlow_pc_M9V7Z1A1 = sort(Dd_new_avg_pc_M9V7Z1A1,2); 

 
% lowest 100 distances to claudin 5 for each of the simulated IEL 
holes 
Total = 100; 
Dd_new_avg_top_pce_M9V7Z1A1 = Ddlow_pc_M9V7Z1A1(1:Total); 
% 
% 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% 
% 
%Begin simulated negative control 
% 
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ite = 1; 
D_nc = cell(100, 1); 
Min_d_nc = cell(100,1); 
Min_d_hist_nc = cell(100,1); 
distance_nc = zeros(mmmm,nnn); 

 
% This loop commnicates with the ExampleNegativeControl file.m 
for jj=1:sim2 % sim2 is defined at the beginning of this code and 
indicates how many times the simulation will be run. 

 

[distance_nc_sort_M9V7Z1A1,distance_nc_avgMIN_M9V7Z1A1,... 

distance_nc_avgMIN_hist_M9 
= ExampleNegativeControl(claudin5_full_M9V7Z1A1,coord_M9V7Z1A1); 

D_nc{jj} = distance_nc_sort_M9V7Z1A1; 
Min_d_nc{jj} = distance_nc_avgMIN_M9V7Z1A1; 
Min_d_hist_nc{jj} = distance_nc_avgMIN_hist_M9V7Z1A1; 

end 
 

% Analyze neg control simulation 
Min_d_nc; 

 
D_nc; 
%top 100 is defined within the neg control file. 
Dtr_nc_M9V7Z1A1 = cellfun(@(x)transpose(x), 
D_nc(:,1),'uniformOutput',false); % transpose 

 
Dd_new_nc_M9V7Z1A1 = cellfun(@(x)sort(x), 
D_nc,'uniformOutput',false); %sort each cell from low to high 

%average each cell element by element to get 1 final matrix. then 
use this 

  %for ddlow etc. 
Dd_new_avg_nc_M9V7Z1A1 = 
mean(cat(3,Dd_new_nc_M9V7Z1A1{:}),3); %average output for MC 
simulations, sort high to low for each IEL hole 

 
%sort by column (each circle) low to high (distance to claudin 5) 
Ddlow_nc_M9V7Z1A1 = sort(Dd_new_avg_nc_M9V7Z1A1,2); 

 
% lowest 100 distances to claudin 5 for each of the simulated IEL 
holes 
Total = 100; 
Dd_new_avg_top_pce_M9V7Z1A1 = Ddlow_nc_M9V7Z1A1(1:Total); 
% 
% 
% 
% 
% % 
% % % % % 
% % % % % % % % % SECTION FIVE 
% % % % % 
% % 
% 
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% 
% 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%PUNCTA DETECTION%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%PUNCTA DETECTION%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%PUNCTA DETECTION%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%PUNCTA DETECTION%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% 

 
% Define RGB file. Must be an RGB image (can do that in ImageJ). 
% This file is the puncta that are localized to HIEL. 
RGB = imread('M9V7Z1_PS.png'); 

 
% convert to grayscale 
I_p=rgb2gray(RGB); 
figure; imshow(I_p); % display grayscale 

 
% Blur the image. 
P = fspecial('motion',1); 
% Blur step 2. 
I2_p = imfilter(I_p,P,'replicate'); 

 
figure; imshow(I2_p); %display after blurring 

 
% Idenitfy puncta of interest by converting the blurred image to 
binary. 
bw_p =imbinarize(I2_p,'adaptive','Sensitivity',0.1); %adjust to 
optimize 

  % Refine the identification of puncta. 
SE = strel('disk',3); %adjust to optimize 
I3_p = imerode(bw_p,SE);%adjust to optimize 
I4_p = bwpropfilt(I3_p,'Area',[2 100]); 

 
Figure2p = figure; hold on; imshow(I4_p); hold off; 

 
% Read in more RGB images to use in figures throughout section 
RGB_4 = imread('M9V7Z1_PS_hydr.png'); 
RGB_merge = imread('M9V7Z1_DAPI_cldn5_PS_hydr.png'); 

 
 

% Threshold puncta fluoresence images into 20 different levels 
thresh = multithresh(I_p,20); % adjust levels bassed on how strong or 
weak your puncta signal are 

 
imshow(I_p); 
seg_I = imquantize(I_p, thresh); 
RGB_2 = label2rgb(seg_I); 
figure; 
imshow(RGB_2) 
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% Consider only the 20th level of threshold (highest) as the 
definition of 
% puncta. 
I4_p = seg_I~=0 & seg_I~=1 & seg_I~=2 & seg_I~=3 & seg_I~=4 &... 
seg_I~=5 & seg_I~=6 & seg_I~=7 & seg_I~=8 & seg_I~=9 & seg_I~=10 & 
seg_I~=11 &... 
seg_I~=12 & seg_I~=13 & seg_I~=14 & seg_I~=15 & seg_I~=16 & seg_I~=17 
& seg_I~=18 & seg_I~=19;% & seg_I~=8 

 
[B_p,L_p] = bwboundaries(I4_p); 

 
 

% % FIGURE 3P 
% Plot HIEL centers with respect to other fluorescent signal of 
interest 

 
Figure3p_test = figure; 
RGB_3 = label2rgb(I4_p); 

imshow(RGB_4); hold on; 

colors=('k'); 
for k = 1:length(B_p) 

boundary = B_p{k}; 
cidx = mod(k,length(colors))+1; 
plot(boundary(:,2), boundary(:,1),... 

colors(cidx),'LineWidth',2); 
 

% % add text to show object numbers 
rndRow = ceil(length(boundary)/(mod(rand*k,7)+1)); 
col = boundary(rndRow,2); row = boundary(rndRow,1); 
h = text(col+1, row-1, num2str(L_p(row,col))); 

  set(h,'Color',colors(cidx),'FontSize',8); 
% % randomize text position for better visibility 

 
end 
hold on; 

 
saveas(Figure3p_test, '/Users/claireruddiman/Dropbox/_MEJ Paper/ 
_Figures/Github/M9V7Z1A1_Analysis/Figure3p_test.png'); 
hold off; 

 
 

G_p_check = cell2mat(B_p); 
X_p_check = G_p_check(:,2:2:end); 
Y_p_check = G_p_check(:,1:2:end); 
Figure_verifypuncta =figure; imshow(RGB_4); hold on; plot(X_p_check, 
Y_p_check, '.', 'Color', 'y', 'MarkerSize',5); 
saveas(Figure_verifypuncta, '/Users/claireruddiman/Dropbox/_MEJ Paper/ 
_Figures/Github/M9V7Z1A1_Analysis/Figure_verifypuncta.png'); 
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hold off; 

% Calculate centerpoints of puncta 

Figure_p_centers =figure; 
hold on; 
Q_p = cellfun(@mean,B_p, 'UniformOutput', false); 
% get the average of the pixels along the border to calculate center 

 
Q_p(cellfun(@(Q_p) any(isnan(Q_p)),Q_p)) = []; 
H_p = cell2mat(Q_p); 
% NOTE both Q and b are cell arrays 

 
% plots the X_p,Y_p coordinates of H (centers of puncta) 
X_p = H_p(:,2:2:end); 
Y_p = H_p(:,1:2:end); 
plot(X_p,Y_p,'.','MarkerSize',5, 'Color', 'm'); 

 
saveas(Figure_p_centers, '/Users/claireruddiman/Dropbox/_MEJ Paper/ 
_Figures/Github/M9V7Z1A1_Analysis/Figure_p_centers.png'); 
hold off; 
coord_p_centers_M9V7Z1A1 = horzcat(round(X_p),round(Y_p)); 

 
 

% % UNCOMMENT if want to analyze within certain bounds. 
% % Only consider puncta within the specified bounds of analysis 
% coord_p_centers_M9V7Z1A1(coord_p_centers_M9V7Z1A1(:, 1) < lowlim1_X 
& (coord_p_centers_M9V7Z1A1(:, 1) >= Pixel_min), :) = []; 
% coord_p_centers_M9V7Z1A1(coord_p_centers_M9V7Z1A1(:, 1) <= Pixel_max 
& (coord_p_centers_M9V7Z1A1(:, 1) > uplim1_X), :) = []; 
% coord_p_centers_M9V7Z1A1(coord_p_centers_M9V7Z1A1(:, 2) < lowlim1_Y 
& (coord_p_centers_M9V7Z1A1(:, 2) >= Pixel_min), :) = []; 
% coord_p_centers_M9V7Z1A1(coord_p_centers_M9V7Z1A1(:, 2) <= Pixel_max 
& (coord_p_centers_M9V7Z1A1(:, 2) > uplim1_Y), :) = []; 

   
 

% Uncomment this this code if want to consider only a specific area of 
image 

 
% % EXAMPLE: if only want to consider ones that are between 
200<X_p<700 
% % where 200 and 700 are pixel bounds 
% lowlim1 = 200; 
% uplim1 = 700; 
% puncta_final(puncta_final(:,1) < lowlim1, :) = []; 
% puncta_final(puncta_final(:,1) > uplim1, :) = []; 

puncta_final_M9V7Z1A1 = coord_p_centers_M9V7Z1A1; 
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% % FIGURE PUNCTA CHECK 
% Plot detected puncta centers on top of IEL image. 

 
FigurePunctaCheck = figure; 
RGb_merge2 = imread('M9V7Z1_hydr.png'); 
imshow(RGb_merge2); hold on; 

 
 

for i =1:length(coord_p_centers_M9V7Z1A1) 
 

plot(coord_p_centers_M9V7Z1A1(i,1),coord_p_centers_M9V7Z1A1(i,2),... 

 '.','MarkerSize 'b') 
labels2(i) = cellstr(num2str(([0+i]))); 
text(coord_p_centers_M9V7Z1A1(i,1), coord_p_centers_M9V7Z1A1(i,2), 

labels2(i), 'VerticalAlignment', 'bottom',... 
 'HorizontalAlignment', 'right', 'Color  
end 

 

xline(lowlim1_X, 'Color','w');hold on; 
xline(uplim1_X,'Color','w');hold on; 
yline(lowlim1_Y,'Color','w');hold on; 
yline(uplim1_Y,'Color','w');hold on; 
FigurePunctaOverlapCheck_2.InvertHardcopy = 'off'; 

 
 

saveas(FigurePunctaCheck, '/Users/claireruddiman/Dropbox/_MEJ Paper/ 
_Figures/Github/M9V7Z1A1_Analysis/FigurePunctaCheck.png'); 
hold off; 

 
 
 

% % FIGURE PUNCTA CHECK 2 
% Plot detected puncta centers on top of IEL+puncta image 

 
FigurePunctaCheck2 = figure; 
imshow(RGB_4); hold on; 

  for i =1:length(coord_p_centers_M9V7Z1A1) 
 

plot(coord_p_centers_M9V7Z1A1(i,1),... 

coord_p_centers_M9V7Z1A1(i,2), '.','MarkerSize 'b') 
labels2(i) = cellstr(num2str(([0+i]))); 
text(coord_p_centers_M9V7Z1A1(i,1), coord_p_centers_M9V7Z1A1(i,2), 

labels2(i), 'VerticalAlignment', 'bottom',... 
 'HorizontalAlignment', 'right', 'Color  
end 

 
 

xline(lowlim1_X, 'Color','w');hold on; 
xline(uplim1_X,'Color','w');hold on; 
yline(lowlim1_Y,'Color','w');hold on; 
yline(uplim1_Y,'Color','w');hold on; 
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FigurePunctaOverlapCheck_2.InvertHardcopy = 'off'; 

 
 

saveas(FigurePunctaCheck2, '/Users/claireruddiman/Dropbox/_MEJ Paper/ 
_Figures/Github/M9V7Z1A1_Analysis/FigurePunctaCheck2.png'); 
hold off; 

 
 

% % UNCOMMENT if want to analyze within certain bounds. 
 

% puncta_final_M9V7Z1A1(puncta_final_M9V7Z1A1(:, 1) < lowlim1_X & 
(puncta_final_M9V7Z1A1(:, 1) > Pixel_min), :) = []; 
% puncta_final_M9V7Z1A1(puncta_final_M9V7Z1A1(:, 1) < Pixel_max & 
(puncta_final_M9V7Z1A1(:, 1) > uplim1_X), :) = []; 
% puncta_final_M9V7Z1A1(puncta_final_M9V7Z1A1(:, 2) < lowlim1_Y & 
(puncta_final_M9V7Z1A1(:, 2) > Pixel_min), :) = []; 
% puncta_final_M9V7Z1A1(puncta_final_M9V7Z1A1(:, 2) < Pixel_max & 
(puncta_final_M9V7Z1A1(:, 2) > uplim1_Y), :) = []; 

 
%puncta_final(puncta_final(:, 1) < 400 & (puncta_final(:, 1) > 780) & 
(puncta_final(:, 2) < 200) & (puncta_final(:,2)>210), :) = []; 
%Remove when X_p 358-382 and Y_p 709 - 724 
% puncta_final(puncta_final(:, 1) < 395 & (puncta_final(:, 1) > 350) & 
(puncta_final(:, 2) < 745) & (puncta_final(:,2)>700), :) = []; 

 
 
 
 

% % % 
% % % 
% % % 
% % % The next several figures are visual checks to confirm that the 
code 
% % % is thresholding and detecting the correct objects. 
% % % 
% % % 
% % % 

 
 

Figure9p = figure; 

  imshow(RGB); hold on; 
plot(puncta_final_M9V7Z1A1(:,1), 
puncta_final_M9V7Z1A1(:,2), '.','MarkerSize',2, 'Color', 'c'); 
hold on; 
saveas(Figure9p, '/Users/claireruddiman/Dropbox/_MEJ Paper/_Figures/ 
Github/M9V7Z1A1_Analysis/Figure9p.png'); 
xline(lowlim1_X, 'Color','w');hold on; 
xline(uplim1_X,'Color','w');hold on; 
yline(lowlim1_Y,'Color','w');hold on; 
yline(uplim1_Y,'Color','w');hold on; 
hold off; 
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RGB_merge = imread('M9V7Z1_PS.png'); 
Figure9p = figure; 
imshow(RGB_merge); hold on; 
plot(puncta_final_M9V7Z1A1(:,1), 
puncta_final_M9V7Z1A1(:,2), '.','MarkerSize',2, 'Color', 'c'); 
hold on; 
saveas(Figure9p, '/Users/claireruddiman/Dropbox/_MEJ Paper/_Figures/ 
Github/M9V7Z1A1_Analysis/Figure9p.png'); 
xline(lowlim1_X, 'Color','w');hold on; 
xline(uplim1_X,'Color','w');hold on; 
yline(lowlim1_Y,'Color','w');hold on; 
yline(uplim1_Y,'Color','w');hold on; 
hold off; 

 
RGB_merge = imread('M9V7Z1_PS.png'); 
Figure_puncta_centers = figure; 
imshow(RGB_merge); hold on; 
plot(coord_p_centers_M9V7Z1A1(:,1), 
coord_p_centers_M9V7Z1A1(:,2), '.','MarkerSize',2, 'Color', 'w'); 
hold on; 
saveas(Figure_puncta_centers, '/Users/claireruddiman/Dropbox/_MEJ 
Paper/_Figures/Github/M9V7Z1A1_Analysis/Figure_puncta_centers.png'); 
xline(lowlim1_X, 'Color','w');hold on; 
xline(uplim1_X,'Color','w');hold on; 
yline(lowlim1_Y,'Color','w');hold on; 
yline(uplim1_Y,'Color','w');hold on; 
hold off; 

 
 

% 
% % 
% % % % % 
% % % % % % % % % PUNCTA CALCULATIONS 
% % % % % 
% % 
% 

% Calculate distance of puncta centers to HIEL centers. 

for k = 1:length(coord_p_centers_M9V7Z1A1) 
label_p(k) = k; 

end 
   

label_p = transpose(label_p); 
 

% Define distance of PS puncta to HIEL center that defines it as 
% being in an HIEL. 
Threshold_p = 0.75; % in microns 

 
% Calculate the distances of ALL puncta to ALL HIEL 
distance_p_M9V7Z1A1 = pdist2(coord_M9V7Z1A1,coord_p_centers_M9V7Z1A1); 
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% Sort distances 
distance_p_M9V7Z1A1 = sort(distance_p_M9V7Z1A1); 
distance_p_ALLPUNCTA_M9V7Z1A1=(transpose(distance_p_M9V7Z1A1(1,:))); % 
distance of all puncta to nearest IEL hole 

 
% Convert distances to microns 
distance_p_M9V7Z1A1 = distance_p_M9V7Z1A1/scale_M9V7Z1A1; 
distance_p_thresh = distance_p_M9V7Z1A1; 

 
% Remove distances that are above the threshold. 
distance_p_thresh(distance_p_thresh > Threshold_p) = NaN; 
distance_p_min_M9V7Z1A1 = transpose(distance_p_thresh(1,:)); 

 
distance_p_min_final_M9V7Z1A1 = 
distance_p_min_M9V7Z1A1(~isnan(distance_p_min_M9V7Z1A1)); 

 
% Add in puncta labels to the remaining distances in order to 
% identify the puncta that overlap with HIEL. 
distance_p_min_M9V7Z1A1 = horzcat(label_p, distance_p_min_M9V7Z1A1); 
distance_p_min_index_M9V7Z1A1 = 
distance_p_min_M9V7Z1A1(~isnan(distance_p_min_M9V7Z1A1(:,2))); 

 
% Report puncta label and its distance to HIEL in a matrix. 
distance_p_min_final_M9V7Z1A1 = horzcat(distance_p_min_index_M9V7Z1A1, 
distance_p_min_final_M9V7Z1A1); 

 
 

% This matrix contains the puncta that were identified as 
% overlapping with HIEL, with their distances to HIEL centers 
% reported (within the thresholded limit of Threshold_p =0.75 
% microns). 
distance_p_min_final_M9V7Z1A1_copy_orig = 
distance_p_min_final_M9V7Z1A1; 

% 
% 
% 
% % % % 
% % % % 
% % % % MANUALLY REMOVE PUNCTA (if they were incorrectly identified as 
overlapping with HIEL) 
% % % % using row numbers of distance_p_min_final_M9V7Z1A1 matrix 
% % % % and the "TF" system below. 
% % % % 
% % % % 
  % 
% 
% 
TF1 =distance_p_min_final_M9V7Z1A1(:,1) ==30; 
TF2 =distance_p_min_final_M9V7Z1A1(:,1) ==31; 
TF3 =distance_p_min_final_M9V7Z1A1(:,1) ==60; 
TF4 =distance_p_min_final_M9V7Z1A1(:,1) ==59; 
TF5 =distance_p_min_final_M9V7Z1A1(:,1) ==66; 
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% TF6 =distance_p_min_final_M9V7Z1A1(:,1) ==NEWNUMBER; 
% 
TFall = TF1 | TF2 | TF3 | TF4 | TF5 ; % | TF6 ; 
distance_p_min_final_M9V7Z1A1(TFall, :)=[]; 
% 
% 

 
 

% % 
% % FIGURE 
% % Visual confirmation that threshold of 0.75um correctly identifies 
a 
% % puncta overlapping with HIEL. 
% % 

 
 

RGb_merge2 = imread('M9V7Z1_hydr.png'); %%this is the figure that has 
the puncta and the IEL holes only 
FigurePunctaOverlapCheck = figure; 
PunctaIndex_M9V7Z1A1 = horzcat(label_p, coord_p_centers_M9V7Z1A1); 
imshow(RGb_merge2); hold on; 

 

% These are the labels that correspond to the puncta identifier. Must 
MANUALLY copy 
% and paste these from distance_p_min_final_M9V7Z1A1. 
labels = 
cellstr(num2str(([[[[[[3;12;13;22;23;24;32;37;38;39;41;... 
43;55;56;61;63;64;65;67;68 

 
 

for i = distance_p_min_final_M9V7Z1A1(:,1) 
plot(PunctaIndex_M9V7Z1A1(i,2), 

PunctaIndex_M9V7Z1A1(i,3), '.','MarkerSize',12, 'Color', 'b') 
text(PunctaIndex_M9V7Z1A1(i,2), PunctaIndex_M9V7Z1A1(i,3), 

labels, 'VerticalAlignment', 'bottom',…  
 'HorizontalAlignment', 'right','Color','m'  
end 

 

xline(lowlim1_X, 'Color','w');hold on; 
xline(uplim1_X,'Color','w');hold on; 
yline(lowlim1_Y,'Color','w');hold on; 
yline(uplim1_Y,'Color','w');hold on; 
FigurePunctaOverlapCheck_2.InvertHardcopy = 'off'; 

 
saveas(FigurePunctaOverlapCheck, '/Users/claireruddiman/ 
Dropbox/_MEJ Paper/_Figures/Github/M9V7Z1A1_Analysis/ 
FigurePunctaOverlapCheck.png'); 
hold off; 

   

% % 
% % FIGURE 
% % Visual confirmation that threshold of 0.75um correctly identifies 
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a 
% % puncta overlapping with HIEL. 
% % 

 
FigurePunctaOverlapCheck_2 = figure; 
PunctaIndex_M9V7Z1A1 = horzcat(label_p, coord_p_centers_M9V7Z1A1); 
imshow(RGB_merge); hold on; 

 
 
 

for i = distance_p_min_final_M9V7Z1A1(:,1) 
plot(PunctaIndex_M9V7Z1A1(i,2), 

PunctaIndex_M9V7Z1A1(i,3), '.','MarkerSize',12, 'Color', 'b') 
text(PunctaIndex_M9V7Z1A1(i,2), PunctaIndex_M9V7Z1A1(i,3), 

labels, 'VerticalAlignment', 'bottom',... 
 'HorizontalAlignment', 'right', 'Color', '  
end 

 

xline(lowlim1_X, 'Color','w');hold on; 
xline(uplim1_X,'Color','w');hold on; 
yline(lowlim1_Y,'Color','w');hold on; 
yline(uplim1_Y,'Color','w');hold on; 
FigurePunctaOverlapCheck_2.InvertHardcopy = 'off'; 

 
saveas(FigurePunctaOverlapCheck_2, '/Users/claireruddiman/ 
Dropbox/_MEJ Paper/_Figures/Github/M9V7Z1A1_Analysis/ 
FigurePunctaOverlapCheck_2.png'); 
hold off; 

 
 

% Calculate the distance of puncta to claudin5 
distance_p_cldn5_M9V7Z1A1 = 
pdist2(claudin5_full_M9V7Z1A1,coord_p_centers_M9V7Z1A1); 
distance_p_cldn5_M9V7Z1A1 = sort(distance_p_cldn5_M9V7Z1A1); 
distance_p_cldn5_M9V7Z1A1 = distance_p_cldn5_M9V7Z1A1/scale_M9V7Z1A1; 
distance_p_cldn5_M9V7Z1A1 = transpose(distance_p_cldn5_M9V7Z1A1(1,:)); 

 
distance_p_cldn5_M9V7Z1A1_Label = horzcat(label_p, 
distance_p_cldn5_M9V7Z1A1); 

 
 

% These are the labels that correspond to the puncta identifier. Must 
MANUALLY copy 
% and paste these from distance_p_min_final_M9V7Z1A1. 
distance_p_cldn5_overlap_M9V7Z1A1 = distance_p_cldn5_M9V7Z1A1([[[[[[[3 
12 13 22 23 24 32 37 38 39 41 43 55 56 61 63 64 65 67 68]]]]]]]); 
distance_p_min_final_overlap_M9V7Z1A1 = 
horzcat(distance_p_min_final_M9V7Z1A1,... 
distance_p_cldn5_overlap_M9V7Z1A1);  
#puncta, dist to nearest HIEL, dist to nearest cldn5 

  % Final matirx that includes puncta number, distance to closest 
HIEL, and minimum distance to claudin5. 
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distance_ALLPUNCTA_final_M9V7Z1A1= horzcat(label_p, 
distance_p_ALLPUNCTA_M9V7Z1A1, distance_p_cldn5_M9V7Z1A1); % #puncta, 
dist to nearest HIEL, dist to nearest cldn5 

 
 

% Calculate proportion of HIEL that have a puncta 
% number of IEL holes 
Total_HIEL_M9V7Z1A1 = length(coord_M9V7Z1A1); 
PS_pos_M9V7Z1A1 = length(distance_p_min_index_M9V7Z1A1); %length of 
PercentPosHIEL_M9V7Z1A1 = PS_pos_M9V7Z1A1/Total_HIEL_M9V7Z1A1; 

 
 

% Calculate proportion of puncta overlying HIEL. 
Total_Puncta_M9V7Z1A1 = length(coord_p_centers_M9V7Z1A1); 
PercentPunctaWithHIELOverlap_M9V7Z1A1 = PS_pos_M9V7Z1A1/ 
Total_Puncta_M9V7Z1A1; 
% 
% 
% 
% 
% % 
% % % % % 
% % % % % % % % % SECTION SIX 
% % % % % 
% % 
% 
% 
% 
% 
% % begin Monte Carlo simulation for puncta to claudin5 
ite = 1; 
D = cell(100, 1); 
Min_d_nc = cell(100,1); 
Min_d_hist_nc = cell(100,1); 
distance_mc_p = zeros(mmmm,nnn); 
N_mc_p = length(coord_M9V7Z1A1); 

 
 

% This loop communicates with ExampleMonteCarloPuncta.m 
for jj=1:sim1 % sim1 is defined at the beginning of this code and 
indicates how many times the simulation will be run. 

 

[distance_mc_p_sort_M9V7Z1A1,distance_mc_p_avgMIN_M9V7Z1A1,... 

distance_mc_p_avgMIN_M 
= ExampleMonteCarloPuncta(claudin5_full_M9V7Z1A1,N_mc_p); 

D{jj} = distance_mc_p_sort_M9V7Z1A1; 
Min_d_nc{jj} = distance_mc_p_avgMIN_M9V7Z1A1; 
Min_d_hist_nc{jj} = distance_mc_p_avgMIN_M9V7Z1A1_hist; 

end 
 
 

% Analyze Monte Carlo simulation 
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Min_d_nc; 

   

D; 
%top 100 is defined in the monte carlo simulation 
Dtr = cellfun(@(x)transpose(x), D(:,1),'uniformOutput',false); % 
transpose 

 
 

Dd_new = cellfun(@(x)sort(x), D,'uniformOutput',false); %sort each 
cell from low to high 

%average each cell element by element to get 1 final matrix. then 
use this 

%for Ddlow_p_M9V7Z1A1 etc. 
Dd_new_p_avg_M9V7Z1A1 = mean(cat(3,Dd_new{:}),3); %average output for 
mc_p simulations, sort high to low for each IEL hole 

 
Ddlow_p_M9V7Z1A1 = sort(Dd_new_p_avg_M9V7Z1A1); %sort by column (each 
random circle) low to high (distance to claudin 5) 
Ddlow_p_M9V7Z1A12 = sort(Dd_new_p_avg_M9V7Z1A1); 
Ddlow_p_M9V7Z1A13 = sort(Dd_new_p_avg_M9V7Z1A1); 
Ddlow_p_M9V7Z1A14 = sort(Dd_new_p_avg_M9V7Z1A1); 
Ddlow_p_M9V7Z1A15 = sort(Dd_new_p_avg_M9V7Z1A1); 

 
% % lowest 100 distances to claudin 5 for each of the simulated IEL 
holes 
Total = 100; 
Dd_new_p_avg_M9V7Z1A1_top1000 = Dd_new_p_avg_M9V7Z1A1(1:Total); 
% 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% 
%begin simulated positive control 

 
ite = 100; 
D_pc = cell(100, 1); 
Min_p_pc = cell(100,1); 
Min_d_hist_pc = cell(100,1); 
distance_pc = zeros(mmmm,nnn); 

 
% This code communicates with ExamplePositiveControlPuncta.m 
for jj=1:sim1 % sim1 is defined at the beginning of this code and 
indicates how many times the simulation will be run. 

 

[distance_pc_p_sort_M9V7Z1A1,distance_pc_p_avgMIN_M9V7Z1A1,... 
distance_pc_p_avgMIN_M 
= 
ExamplePositiveControlPuncta(claudin5_full_M9V7Z1A1,... 
coord_p_centers_M9V7Z1A1,Punc D_pc{jj} = distance_pc_p_sort_M9V7Z1A1; 

Min_p_pc{jj} = distance_pc_p_avgMIN_M9V7Z1A1; 
Min_d_hist_pc{jj} = distance_pc_p_avgMIN_M9V7Z1A1_hist; 

end 
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% Analyze positive control simulation 
Min_p_pc; 

  D_pc; 
%top 100 is defined in the positive control simulation 
Dtr_pc = cellfun(@(x)transpose(x), D_pc(:,1),'uniformOutput',false); % 
transpose 

 
Dd_new_p_pc = cellfun(@(x)sort(x), D_pc,'uniformOutput',false); %sort 
each cell from low to high 

 
Dd_new_p_avg_M9V7Z1A1_pc = mean(cat(3,Dd_new_p_pc{:}),3); %average 
output for mc_p simulations, sort high to low for each IEL hole 

 
Ddlow_p_M9V7Z1A1_pc = sort(Dd_new_p_avg_M9V7Z1A1_pc,2); %sort by 
column (each random circle) low to high (distance to claudin 5) 
Ddlow_p_M9V7Z1A12_pc = sort(Dd_new_p_avg_M9V7Z1A1_pc,2); 
Ddlow_p_M9V7Z1A13_pc = sort(Dd_new_p_avg_M9V7Z1A1_pc,2); 
Ddlow_p_M9V7Z1A14_pc = sort(Dd_new_p_avg_M9V7Z1A1_pc,2); 
Ddlow_p_M9V7Z1A15_pc = sort(Dd_new_p_avg_M9V7Z1A1_pc,2); 

 
% % lowest 100 distances to claudin 5 for each of the simulated IEL 
holes 
Total = 100; 
Dd_new_p_avg_M9V7Z1A1_top_pce = Ddlow_p_M9V7Z1A1_pc(1:Total); 
% 
% 
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 
% 
% 
%begin simulated negative control 

 
ite = 1; 
D_nc = cell(100, 1); 
Min_d_nc = cell(100,1); 
Min_d_hist_nc = cell(100,1); 
distance_nc = zeros(mmmm,nnn); 

 
% This code communicates with ExampleNegativeControlPuncta.m 
for jj=1:sim1 %sim1 is defined at the beginning of this code and 
indicates how many times the simulation will be run. 

 

[distance_nc_p_sort_M9V7Z1A1,distance_nc_p_avgMIN_M9V7Z1A1,... 

distance_nc_p_avgMIN_M 
= 
ExampleNegativeControlPuncta(claudin5_full_M9V7Z1A1,... 
coord_p_centers_M9V7Z1A1, PunctaIndex_M9V7Z1A1); 

D_nc{jj} = distance_nc_p_sort_M9V7Z1A1; 
Min_d_nc{jj} = distance_nc_p_avgMIN_M9V7Z1A1; 
Min_d_hist_nc{jj} = distance_nc_p_avgMIN_M9V7Z1A1_hist; 
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end 

 
% Analyze neg control simulation 
Min_d_nc; 

 
D_nc; 

  %top 100 is defined within the neg control file. 
Dtr_nc = cellfun(@(x)transpose(x), D_nc(:,1),'uniformOutput',false); % 
transpose 

 
Dd_new_p_nc = cellfun(@(x)sort(x), D_nc,'uniformOutput',false); %sort 
each cell from low to high 
Dd_new_p_avg_M9V7Z1A1_nc = mean(cat(3,Dd_new_p_nc{:}),3); %average 
output for mc_p simulations, sort high to low for each IEL hole 
Ddlow_p_M9V7Z1A1_nc = sort(Dd_new_p_avg_M9V7Z1A1_nc,2); %sort by 
column (each random circle) low to high (distance to claudin 5) 
Ddlow_p_M9V7Z1A12_nc = sort(Dd_new_p_avg_M9V7Z1A1_nc,2); 
Ddlow_p_M9V7Z1A13_nc = sort(Dd_new_p_avg_M9V7Z1A1_nc,2); 
Ddlow_p_M9V7Z1A14_nc = sort(Dd_new_p_avg_M9V7Z1A1_nc,2); 
Ddlow_p_M9V7Z1A15_nc = sort(Dd_new_p_avg_M9V7Z1A1_nc,2); 

 
 

% % lowest 100 distances to claudin 5 for each of the simulated IEL 
holes 
Total = 100; 
Dd_new_p_avg_M9V7Z1A1_top_pce = Ddlow_p_M9V7Z1A1_nc(1:Total); 
% 
% 
% 
% 
% % 
% % % % % 
% % % % % % % % % SECTION SEVEN 
% % % % % 
% % 
% 
% 
% 
% 
	  



 

ExampleCode.m  

348 
% Save all the worthwhile variables into a file.  

   
save('Puncta_Cldn5_Partial_M9V7Z1A1.mat', 'claudin5_full_M9V7Z1A1',... 
 'coord_M9V7Z1A1', 'B_M9V7Z1A1','distance_sort_M9V7Z1A1','distance_avgMIN_M9V7Z1A1', 
'distance_avgMIN_hist_M9V7Z1A1',... 
    'distance_nc_sort_M9V7Z1A1','distance_nc_avgMIN_M9V7Z1A1', 
'distance_nc_avgMIN_hist_M9V7Z1A1','Dd_new_avg_M9V7Z1A1',... 
'Dd_new_avg_pc_M9V7Z1A1','Dd_new_avg_nc_M9V7Z1A1', 'Ddlow_M9V7Z1A1','Ddlow_nc_M9V7Z1A1',... 
    'Ddlow_pc_M9V7Z1A1','distance_mc_avgMIN_M9V7Z1A1',... 
'distance_mc_avgMIN_hist_M9V7Z1A1','distance_pc_sort_M9V7Z1A1',... 
    'distance_pc_avgMIN_M9V7Z1A1', 'distance_pc_avgMIN_hist_M9V7Z1A1',... 
'Param_M9V7Z1A1', 'scale_M9V7Z1A1', 'PartialImage_Height_M9V7Z1A1',... 
'PartialImage_Width_M9V7Z1A1','ImageArea_M9V7Z1A1',... 
    'IELHoles_M9V7Z1A1', 'HolesPerArea_M9V7Z1A1', 'coord_p_centers_M9V7Z1A1',... 
 'puncta_final_M9V7Z1A1', 'distance_p_M9V7Z1A1', 'distance_p_thresh',... 
  'distance_p_min_final_M9V7Z1A1', 'distance_p_min_M9V7Z1A1', ... 
 'distance_p_min_index_M9V7Z1A1','Total_HIEL_M9V7Z1A1','PS_pos_M9V7Z1A1',... 
 'PercentPosHIEL_M9V7Z1A1', 'Total_Puncta_M9V7Z1A1',... 
 'PercentPunctaWithHIELOverlap_M9V7Z1A1',  'distance_nc_p_sort_M9V7Z1A1',... 
'distance_nc_p_avgMIN_M9V7Z1A1', ... 
     'distance_nc_p_avgMIN_M9V7Z1A1_hist','Dd_new_p_avg_M9V7Z1A1',... 
'Dd_new_p_avg_M9V7Z1A1_pc','Dd_new_p_avg_M9V7Z1A1_nc', 'Ddlow_p_M9V7Z1A1',... 
'Ddlow_p_M9V7Z1A1_nc',... 
'Ddlow_p_M9V7Z1A1_pc','distance_mc_p_avgMIN_M9V7Z1A1',... 
 'distance_mc_p_avgMIN_M9V7Z1A1_hist',... 
'distance_pc_p_sort_M9V7Z1A1','distance_pc_p_avgMIN_M9V7Z1A1',...  
'distance_pc_p_avgMIN_M9V7Z1A1_hist',  'distance_ALLPUNCTA_final_M9V7Z1A1',... 
'distance_p_min_final_overlap_M9V7Z1A1','distance_p_cldn5_overlap_M9V7Z1A1'); 
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MonteCarlo simulation for HIEL  
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function [distance_mc_sort_M9V7Z1A1, distance_mc_avgMIN_M9V7Z1A1, 
distance_mc_avgMIN_hist_M9V7Z1A1] = 
ExampleMonteCarlo(claudin5_full_M9V7Z1A1) 

 
% Manually adjust. This is the number of simulated HIEL centers 
(should match # detected in ExampleCode). 
N_mc = 64; 

 
m_mc = size(N_mc,1); 
n_mc = size (N_mc,2); 
r_mc = zeros(m_mc,n_mc); 
xy_mc = zeros(m_mc,n_mc); 

 
% pixel bounds of analyzed area 
xlow = 0; 
xhigh = 1024; 
ylow = 0; 
yhigh =1024; 

 
xhigh = xhigh - xlow; 
yhigh = yhigh - ylow; 

 
for i=1:N_mc 

 
% choose a random radius for the simulated HIEL 
r_mc(i) = round(normrnd(9.66,1.99)); 
% First variable is mean of HIEL size detected in 

ExampleCode 
% Second is standard deviation of HIEL size detected in 

ExampleCode 
 

% generate a new HIEL simulated center that is within the 
% bounds of the analyzed area 
newpt_mc = @()r_mc(i)+ round([((xhigh-2*r_mc(i))* 

rand((1))+xlow) ((yhigh-2*r_mc(i))* rand((1))+ylow)]); 
 

xy_mc = newpt_mc(); % matrix to store XY coordinates 
fails = 0; % to avoid looping forever not 

test 

% generate new HIEl center while 
size(xy_mc,1) < N_mc pt = newpt_mc(); 

% test distance to all other points. the goal is to 
 

% have two overlapping HIEL. 
if all(pdist2(xy_mc, pt) > 2*r_mc(i)) 

xy_mc = [xy_mc; pt]; % add it if it passes the 
 

fails = 0; % reset failure counter 
else 
% increase failure counter, 

ails = fails + 1; 
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% give up if exceeded some threshold 
if fails > 5000 

error('this is taking too long...'); 
 

end hold off 

 
end 

 
end 

end 
%%Plot the result of one simulation! 
%COMMENT OFF all of this plot when you are ready to run >1 simulation, 
or 
%you will get a plot for every simulation and that takes up a lot of 
%memory. 

 
% % % % 
Figure_mc_example = figure; hold on; 
plot(claudin5_full_M9V7Z1A1(:,1), 
claudin5_full_M9V7Z1A1(:,2),'.','MarkerSize',8, 'Color', 'c'); 
hold on; 

 
%%preallocate space 
centers_mc = zeros (m_mc,n_mc); 

for j=1:size(xy_mc,1) 
centers_mc = [xy_mc(j,1), xy_mc(j,2)]; 
viscircles(centers_mc, r_mc(j), 'color', 'k'); 

% end 
end 
hold on; 
xlim([0 1024]); 
ylim([0 1024]); 
saveas(Figure_mc_example, '/Users/claireruddiman/Dropbox/_MEJ 

Paper/_Figures/Github/M9V7Z1A1_Analysis/Figure_mc_example.png'); 
hold off; 

% %end 
 
 

% % % % Calculate distances between center points 
 

% Define sizes of matrices. 
[mmm_mc nnn_mc] = size(xy_mc); 
nnn_mc = mmm_mc; 
[mmmm nnnn] = size(claudin5_full_M9V7Z1A1); 

 
% distance_mc - nearest cldn5 coordinate to any give HIEL 
distance_mc_M9V7Z1A1 = zeros(nnn_mc,mmm_mc); 

 
 

for i = 1 : nnn_mc % shorter, "coord_M9V7Z1A1" 
for j = 1 : mmmm %longer, "claudin5" 
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scale = 8.6719; % this is the number of pixels per micron 
distance_mc_M9V7Z1A1(i, j) = (sqrt((xy_mc(i, 1) - 

claudin5_full_M9V7Z1A1(j, 1)) ^ 2 + ... 
(xy_mc(i, 2) - claudin5_full_M9V7Z1A1(j, 2)) ^ 2))/scale; 

% slope(i,j) = (coord_M9V7Z1A1(i, 2) - coord_M9V7Z1A1(j, 
2))/(coord_M9V7Z1A1(i, 1) - coord_M9V7Z1A1(j, 1)); 

end 
end 

 
% Calculate the average min distance of HIEL to claudin 5 staining. 

distance_mc_M9V7Z1A1 = transpose(distance_mc_M9V7Z1A1); 
distance_mc_sort_old = sort(distance_mc_M9V7Z1A1, 1); % sort 

distances within each column 
distance_mc_sort_old = sortrows(distance_mc_sort_old.',1).'; %sort 

by first row 
[~,inx]=sort(distance_mc_sort_old(1,:)); %sort by first row 
distance_mc_sort_old = distance_mc_sort_old(:,inx); %sort by 

first row 
 

% This is the matrix to be used for downstream analysis!!! 
% This is the minimum distance of simulated HIEL to claudin 5 
distance_mc_avgMIN_hist_M9V7Z1A1 = (distance_mc_sort_old(1,:)); 

 
% This is the average value of the matrix above. 
distance_mc_avgMIN_M9V7Z1A1= mean(distance_mc_sort_old(1,:)); 

 
% take top 100 distances measured from this array. the first row 
indicates 
% the minimum distance measured for each HIEL to claudin5. 
% Save 100 just in case it can be used in downstream analysis. 
Total = 100; 
distance_mc_sort_M9V7Z1A1 = distance_mc_sort_old(1:Total, 1:N_mc); 
clear distance_mc_sort_old; % delete original array 
clear distance_mc_M9V7Z1A1; 

end 
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 Positive control simulation for HIEL  
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function [distance_pc_sort_M9V7Z1A1, distance_pc_avgMIN_M9V7Z1A1, 
distance_pc_avgMIN_hist_M9V7Z1A1] = 
ExamplePositiveControl(claudin5_full_M9V7Z1A1, coord_M9V7Z1A1) 
N_pc = 64; % #HIEL identified in ExampleCode 
scale =8.6719; %scale for how many pixels equal 1 micron AvgRadius = 
9.66; %average HIEL radius in pixels identfied in 

ExampleCode 
totalPoints = size(claudin5_full_M9V7Z1A1,1); 
 
lowlimX = 0; 
upperlimX = 1024; 
newX_pc_2 = (lowlimX-upperlimX).*rand(10000,1) + upperlimX; 
 
lowlimY = 0; 
upperlimY = 1024; 
newY_pc_2 = (lowlimY-upperlimY).*rand(10000,1) + upperlimY; 

PC_xycoord_2 = [round(newX_pc_2) round(newY_pc_2)]; 

 
x_pc = PC_xycoord_2(:,1); y_pc = 
PC_xycoord_2(:,2); 
 
 
minAllowableDistance = 1; 

numberOfPoints = N_pc+1; % make this equal to 1 more than the number 
of IEL holes 

nMax = 10000; 
 
% Initialize first point. 
keeperX = x_pc(1); keeperY = 
y_pc(1); 
 
% Try dropping down more points. counter 
= 2; 
k =1 ; % 
 

while counter < numberOfPoints & k < totalPoints 
k=k+1; %% 

% Get a trial point. 
thisX = x_pc(k); 
thisY = y_pc(k); 
thisXY = horzcat(thisX,thisY); 

 
% See how far is is away from existing keeper points. 
distances = sqrt((thisX-keeperX).^2 + (thisY - keeperY).^2); 
distances2 = pdist2(thisXY, claudin5_full_M9V7Z1A1); 
minDistance2 = min(distances2); 
minDistance = min(distances); 

 
%  Create the new point if it is within 1.5*scale of fluorescent 
signal 
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% (claudin5 in this example), and if it is within the 
% specified analyzed area. 

if length(thisX)< numberOfPoints && minDistance2 >=0 && 
minDistance2 <scale*1.5 && minDistance > AvgRadius &&... 

thisX <upperlimX && thisX > lowlimX && thisY <upperlimY && 
thisY >lowlimY 

% must alter the above line if only analyzing a partial image 
keeperX(counter) = thisX; 
keeperY(counter) = thisY; 
counter = counter + 1; 

 
else length(keeperX) < numberOfPoints 

k= k+1; 
 

end 
end 
 

keeperX = transpose(keeperX); keeperY = 
transpose(keeperY); 
xycoord_PC = horzcat(keeperX,keeperY); Missing_values = 

numberOfPoints - length(xycoord_PC); 

 
[mmm_pc nnn_pc] = size(xycoord_PC); 
nnn_pc = mmm_pc; 
 
[mmmm nnnn] = size(claudin5_full_M9V7Z1A1); distance_pc_M9V7Z1A1 = 
zeros(nnn_pc,mmm_pc); 
 

for i = 1 : nnn_pc % shorter, "coord_M9V7Z1A1" 
for j = 1 : mmmm %longer, "claudin5" 

scale = 8.6719; 
distance_pc_M9V7Z1A1(i, j) = (sqrt((xycoord_PC(i, 1) - 

claudin5_full_M9V7Z1A1(j,1)) ^ 2 + ... 
(xycoord_PC(i, 2) - claudin5_full_M9V7Z1A1(j,2)) ^ 2))/ 

scale; 
end 

end 
 

% Calculate the average min distance of simulated HIEL to claudin 5 
staining. 

distance_pc_M9V7Z1A1 = transpose(distance_pc_M9V7Z1A1); distance_pc_sort_old 
= sort(distance_pc_M9V7Z1A1, 1); % sort distances 

within each column 
distance_pc_sort_old = sortrows(distance_pc_sort_old.',1).'; %sort by 
first row 

[~,inx]=sort(distance_pc_sort_old(1,:)); %sort by first row 
distance_pc_sort_old = distance_pc_sort_old(:,inx); %sort by first 

row 
 
% This is the matrix to be used for downstream analysis!!! 
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% This is the minimum distance of simulated HIEL to claudin 5 

distance_pc_avgMIN_hist_M9V7Z1A1 = (distance_pc_sort_old(1,:)); 
 
% This is the average value of the matrix above. 
distance_pc_avgMIN_M9V7Z1A1= mean(distance_pc_sort_old(1,:)); 
 
 

% Keep top 100 closest distances of HIEL to claudin5 in case needed 
for 

% future analyses. Total = 
100; 

distance_pc_sort_M9V7Z1A1 = distance_pc_sort_old(1:Total, 1:N_pc); % 
take top 100 values from this array 

 
howmanyzeros = nnz(~distance_pc_sort_M9V7Z1A1); 
 
% % COMMENT OUT THIS SECTION WHEN INCREASING NUMBER OF SIMULATIONS >1 
% % % %FIGURE 5 

% % confirm that the positive control is working with this visual 
check 

Figure_pos_ctrl_partial_cldn5 =figure; 
plot(claudin5_full_M9V7Z1A1(:,1), 

claudin5_full_M9V7Z1A1(:,2),'.','MarkerSize',2, 'Color', 'c'); 
hold on 
plot(coord_M9V7Z1A1(:,1), 
coord_M9V7Z1A1(:,2),'.','MarkerSize',12, 'Color', 'm'); hold on; 

plot(xycoord_PC(:,1), 
xycoord_PC(:,2),'.','MarkerSize',12, 'Color', 'b'); hold on; 
xlim([0 1024]); 
ylim([0 1024]); 

legend('Claudin5','1st order artery', 'Positive 
Control','FontSize',12); 

saveas(Figure_pos_ctrl_partial_cldn5, '/Users/claireruddiman/ Dropbox/_MEJ 
Paper/_Figures/Github/M9V7Z1A1_Analysis/ Figure_pos_ctrl_partial_cldn5.png'); 
hold off; 

% 
 
end 
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Negative control simulation for HIEL   
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function [distance_nc_sort_M9V7Z1A1, distance_nc_avgMIN_M9V7Z1A1, 
distance_nc_avgMIN_hist_M9V7Z1A1] = 
ExampleNegativeControl(claudin5_full_M9V7Z1A1,coord_M9V7Z1A1) 

N_nc = 64; % #HIEL identified in ExampleCode 
scale =8.6719; %scale for how many pixels equal 1 micron 
AvgRadius = 9.66; %average HIEL radius in pixels identfied in 

ExampleCode 
totalPoints = size(claudin5_full_M9V7Z1A1,1); 

 
 

lowlimX = 0; 
upperlimX = 1024; 
newX_nc_2 = (lowlimX-upperlimX).*rand(10000,1) + upperlimX; 

 
lowlimY = 0; 
upperlimY = 1024; 
newY_nc_2 = (lowlimY-upperlimY).*rand(10000,1) + upperlimY; 

 
NC_xycoord_2 = [round(newX_nc_2) round(newY_nc_2)]; 
x_nc = NC_xycoord_2(:,1); 
y_nc = NC_xycoord_2(:,2); 

 
 

minAllowableDistance = 1; 
numberOfPoints = N_nc+1; %make this equal to 1 more than the 

number of IEL holes 
nMax = 10000; 

 
% Initialize first point. 

keeperX = x_nc(1); 
keeperY = y_nc(1); 

 
% Try dropping down more points. 

counter = 2; 
k =1 ; % 

 
while counter < numberOfPoints & k < totalPoints 

k=k+1; %% 
% Get a trial point. 
thisX = x_nc(k); 
thisY = y_nc(k); 
thisXY = horzcat(thisX,thisY); 

 
% See how far is is away from existing keeper points. 

 
distances = sqrt((thisX-keeperX).^2 + (thisY - keeperY).^2); 
distances2 = pdist2(thisXY, claudin5_full_M9V7Z1A1); 
minDistance2 = min(distances2); 
minDistance = min(distances); 

 
%  Create the new point if it is between 1.5*scale and 4.5*scale 
distance 
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%  of fluorescent signal (claudin 5 in this case) and if it is within 
the 
% specified analyzed area 

if length(thisX)< numberOfPoints && minDistance2 >scale*1.5 && 
minDistance2 <scale*4.5 && minDistance > AvgRadius &&... 

thisX <upperlimX && thisX > lowlimX && thisY <upperlimY && 
thisY >lowlimY 

% must alter the above line if only analyzing a partial image 
keeperX(counter) = thisX; 
keeperY(counter) = thisY; 
counter = counter + 1; 

 
else length(keeperX) < numberOfPoints 

k= k+1; 
% counter = counter + 0; 
% 

end 
end 

 

keeperX = transpose(keeperX); 
keeperY = transpose(keeperY); 
xycoord_NC = horzcat(keeperX,keeperY); 

 
 

Missing_values = numberOfPoints - length(xycoord_NC); 
 
 
 

[mmm_nc nnn_nc] = size(xycoord_NC); 
nnn_nc = mmm_nc; 

 
[mmmm nnnn] = size(claudin5_full_M9V7Z1A1); 
distance_mc = zeros(nnn_nc,mmm_nc); 

 
for i = 1 : nnn_nc % shorter, "coord_M9V7Z1A1" 

for j = 1 : mmmm %longer, "claudin5" 
scale = 8.6719; 
distance_nc_M9V7Z1A1(i, j) = (sqrt((xycoord_NC(i, 1) - 

claudin5_full_M9V7Z1A1(j,1)) ^ 2 + ... 
(xycoord_NC(i, 2) - claudin5_full_M9V7Z1A1(j,2)) ^ 2))/ 

scale; 
end 

end 
 

distance_nc_M9V7Z1A1 = transpose(distance_nc_M9V7Z1A1); 
distance_nc_sort_old = sort(distance_nc_M9V7Z1A1, 1); % sort 

distances within each column 
distance_nc_sort_old = sortrows(distance_nc_sort_old.',1).'; %sort 

by first row 
[~,inx]=sort(distance_nc_sort_old(1,:)); %sort by first row 
distance_nc_sort_old = distance_nc_sort_old(:,inx); %sort by 

first row 
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% This is the matrix to be used for downstream analysis!!! 
% This is the minimum distance of simulated HIEL to claudin 5 
distance_nc_avgMIN_hist_M9V7Z1A1 = (distance_nc_sort_old(1,:)); 

 
% This is the average value of the matrix above. 
distance_nc_avgMIN_M9V7Z1A1= mean(distance_nc_sort_old(1,:)); 

 
% Keep top 100 closest distances of HIEL to claudin5 in case 

needed for 
% future analyses. 
Total = 100; 
distance_nc_sort_M9V7Z1A1 = distance_nc_sort_old(1:Total, 

1:N_nc); % take top 1000 values from this array 
 

howmanyzeros_M9V7Z1A1 = nnz(~distance_nc_sort_M9V7Z1A1); 
 

% % COMMENT OUT THIS SECTION WHEN INCREASING NUMBER OF SIMULATIONS >1 
% % % %FIGURE 5 
% % confirm that the positive control is working with this visual 
check 
Figure_neg_ctrl_partial_cldn5 =figure; 
plot(claudin5_full_M9V7Z1A1(:,1), 
claudin5_full_M9V7Z1A1(:,2),'.','MarkerSize',2, 'Color', 'c'); 
hold on 
plot(coord_M9V7Z1A1(:,1), 
coord_M9V7Z1A1(:,2),'.','MarkerSize',12, 'Color', 'm'); hold on; 
plot(xycoord_NC(:,1), 
xycoord_NC(:,2),'.','MarkerSize',12, 'Color', 'k'); hold on; 
xlim([0 1024]); 
ylim([0 1024]); 
legend('Claudin5','1st order artery', 'Negative 
Control','FontSize',12); 
saveas(Figure_neg_ctrl_partial_cldn5, '/Users/claireruddiman/ 
Dropbox/_MEJ Paper/_Figures/Github/M9V7Z1A1_Analysis/ 
Figure_neg_ctrl_partial_cldn5.png'); 
hold off; 

end 
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MonteCarlo simulation for puncta  
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function [distance_mc_p_sort_M9V7Z1A1, 
distance_mc_p_avgMIN_M9V7Z1A1, distance_mc_p_avgMIN_hist_M9V7Z1A1] = 
ExampleMonteCarloPuncta(claudin5_full_M9V7Z1A1, N_mc_p) 

 
% pixel bounds of analyzed area 
m_mc_p = size(N_mc_p,1); 
n_mc_p = size (N_mc_p,2); 
r_mc_p = zeros(m_mc_p,n_mc_p); 
xy_mc_p = zeros(m_mc_p,n_mc_p); 

 
xlow_p = 0; 
xhigh_p = 1024; 
ylow_p = 0; 
yhigh_p =1024; 

 
xhigh_p = xhigh_p - xlow_p; 
yhigh_p = yhigh_p - ylow_p; 
% % preallocate storage for r for speed 
% for k = 1:length(hi_mc) 

for i=1:N_mc_p 
 

% choose a random radius for the simulated HIEL 
r_mc_p(i) = round(normrnd(9.32,1.99)); 
% First variable is mean of HIEL size detected in 

ExampleCode 
% Second is standard deviation of HIEL size detected in 

ExampleCod 
 

% generate a new HIEL simulated center that is within the 
% bounds of the analyzed area 
newpt_mc_p = @()r_mc_p(i)+ round([((xhigh_p-2*r_mc_p(i))* 

rand((1))+xlow_p) ((yhigh_p-2*r_mc_p(i))* rand((1))+ylow_p)]); 
 

xy_mc_p = newpt_mc_p(); % matrix to store XY coordinates 
fails = 0; % to avoid looping forever 

 
while size(xy_mc_p,1) < N_mc_p 

 
% generate new point and test distance 
pt = newpt_mc_p(); 
% test distance to all other points. the goal is to not 

% have two overlapping puncta 
if all(pdist2(xy_mc_p, pt) > 2*r_mc_p(i)) % 

xy_mc_p = [xy_mc_p; pt]; % add it 
fails = 0; % reset failure counter 

else 
% increase failure counter, 

fails = fails + 1; 
% give up if exceeded some threshold 

if fails > 5000 
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error('this is taking too long...'); 
end 
end 

end 
 

end 

hold off 

%%Plot the result of one simulation! 
%COMMENT OFF all of this plot when you are ready to run >1 simulation, 
or 
%you will get a plot for every simulation and that takes up a lot of 
%memory. 

 
N_mc_p_puncta = 20; %MANUALLY ADJUST THIS. Number of HIEL that are 
filled with punctate in the image 
Simulated_Puncta = datasample(xy_mc_p, N_mc_p_puncta); 

 
% % 
Figure_mc_p_example = figure; hold on; 
plot(claudin5_full_M9V7Z1A1(:,1), 
claudin5_full_M9V7Z1A1(:,2),'.','MarkerSize',8, 'Color', 'c'); 
hold on; 
centers_mc_p = zeros (m_mc_p,n_mc_p); 

for j=1:size(Simulated_Puncta,1) 
 

centers_mc_p = [xy_mc_p(j,1), xy_mc_p(j,2)]; 
viscircles(centers_mc_p, r_mc_p(j), 'color', 'k'); 

end 
hold on; 
xlim([0 1024]); 
ylim([0 1024]); 
saveas(Figure_mc_p_example, '/Users/claireruddiman/Dropbox/_MEJ 

Paper/_Figures/Github/M9V7Z1A1_Analysis/Figure_mc_example.png'); 
hold off; 

 
 

% % % % Calculate distances between center points 
 

% Define sizes of matrices. 
[mmm_mc_p nnn_mc_p] = size(Simulated_Puncta); 

 
% distance_mc - nearest cldn5 coordinate to any give puncta 
distance_mc_p_M9V7Z1A1 = zeros(nnn_mc_p,mmm_mc_p); 

 
 

for i = 1 : N_mc_p_puncta % shorter, "coord_M9V7Z1A1" 
for j = 1 : length(claudin5_full_M9V7Z1A1) %longer, "claudin5" 

scale = 8.6719; 
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distance_mc_p_M9V7Z1A1(i, j) = (sqrt((Simulated_Puncta(i, 1) - 

claudin5_full_M9V7Z1A1(j, 1)) ^ 2 + ... 
(Simulated_Puncta(i, 2) - claudin5_full_M9V7Z1A1(j, 2)) ^ 

2))/scale; 

% slope(i,j) = (coord_M9V7Z1A1(i, 2) - coord_M9V7Z1A1(j, 
2))/(coord_M9V7Z1A1(i, 1) - coord_M9V7Z1A1(j, 1)); 

end 
end 

 
% Calculate the average min distance of HIEL to claudin 5 staining. 
distance_mc_p_M9V7Z1A1 = transpose(distance_mc_p_M9V7Z1A1); 
distance_mc_p_sort_old = sort(distance_mc_p_M9V7Z1A1, 1); % sort 
distances within each column 
distance_mc_p_sort_old = sortrows(distance_mc_p_sort_old.',1).'; %sort 
by first row 
[~,inx]=sort(distance_mc_p_sort_old(1,:)); %sort by first row 
distance_mc_p_sort_old = distance_mc_p_sort_old(:,inx); %sort by 
first row 

 
% This is the matrix to be used for downstream analysis!!! 
% This is the minimum distance of simulated HIEL to claudin 5 
distance_mc_p_avgMIN_hist_M9V7Z1A1 = (distance_mc_p_sort_old(1,:)); 

 
% This is the average value of the matrix above. 
distance_mc_p_avgMIN_M9V7Z1A1= mean(distance_mc_p_sort_old(1,:)); 

 
 

% take top 100 distances measured from this array. the first row 
indicates 
% the minimum distance measured for each HIEL to claudin5. 
% Save 100 just in case it can be used in downstream analysis. 
Total = 100; 
distance_mc_p_sort_M9V7Z1A1 = distance_mc_p_sort_old(1:Total, 
1:N_mc_p_puncta); 

 
clear distance_mc_p_sort_old; % delete original array 
clear distance_mc_p_M9V7Z1A1; 

 
 

end 
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Positive control simulation for puncta
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function [distance_pc_sort_M9V7Z1A1, distance_pc_avgMIN_M9V7Z1A1, 
distance_pc_avgMIN_hist_M9V7Z1A1] = 

ExamplePositiveControlPuncta(claudin5_full_M9V7Z1A1, 
coord_p_centers_M9V7Z1A1, PunctaIndex_M9V7Z1A1) 

N_pc = 64; % #HIEL identified in ExampleCode 
scale =8.6719; %scale for how many pixels equal 1 micron AvgRadius 
= 9.66; %average HIEL radius in pixels identfied in 

ExampleCode 
totalPoints = size(claudin5_full_M9V7Z1A1,1); 
 
lowlimX = 0; 
upperlimX = 1024; 
newX_pc_2 = (lowlimX-upperlimX).*rand(10000,1) + upperlimX; 
 
lowlimY = 0; 
upperlimY = 1024; 
newY_pc_2 = (lowlimY-upperlimY).*rand(10000,1) + upperlimY; 

PC_xycoord_2 = [round(newX_pc_2) round(newY_pc_2)]; 

x_pc = PC_xycoord_2(:,1); y_pc = 
PC_xycoord_2(:,2); 
 
minAllowableDistance = 1; 

numberOfPoints = N_pc+1; %make this equal to 1 more than the number of 
IEL holes 

nMax = 10000; 
 
% Initialize first point. 
keeperX = x_pc(1); keeperY = 
y_pc(1); 
 
% Try dropping down more points. counter 
= 2; 
k =1 ; % 
 

while counter < numberOfPoints & k < totalPoints 
k=k+1; %% 

% Get a trial point. 
thisX = x_pc(k); 
thisY = y_pc(k); 
thisXY = horzcat(thisX,thisY); 

 
% See how far is is away from existing keeper points. 
distances = sqrt((thisX-keeperX).^2 + (thisY - keeperY).^2); 
distances2 = pdist2(thisXY, claudin5_full_M9V7Z1A1); 
minDistance2 = min(distances2); 
minDistance = min(distances); 

 
%  Create the new point if it is within 1.5*scale of fluorescent 
signal 
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% (claudin5 in this example), and if it is within the 
% specified analyzed area. 

if length(thisX)< numberOfPoints && minDistance2 >=0 && 
minDistance2 <scale*1.5 && minDistance > AvgRadius &&... 

thisX <upperlimX && thisX > lowlimX && thisY <upperlimY && 
thisY >lowlimY 

% must alter the above line if only analyzing a partial image 
keeperX(counter) = thisX; 
keeperY(counter) = thisY; 
counter = counter + 1; 

 
else length(keeperX) < numberOfPoints 

k= k+1; 
 

end 
end 
 

keeperX = transpose(keeperX); keeperY = 
transpose(keeperY); 
xycoord_PC_M9V7Z1A1 = horzcat(keeperX,keeperY); 
 
 

N_puncta=20; %MANUALLY ADJUST THIS. Number of HIEL that are filled 
with punctate in the image 

xycoord_PC_M9V7Z1A1 = datasample(xycoord_PC_M9V7Z1A1, N_puncta); 

Missing_values = numberOfPoints - length(xycoord_PC_M9V7Z1A1); 

[mmm_pc nnn_pc] = size(xycoord_PC_M9V7Z1A1); nnn_pc = 
mmm_pc; 
 
[mmmm nnnn] = size(claudin5_full_M9V7Z1A1); distance_pc_M9V7Z1A1 = 
zeros(nnn_pc,mmm_pc); 
 

for i = 1 : nnn_pc % shorter, "coord_p_centers_M9V7Z1A1" 
for j = 1 : mmmm %longer, "claudin5" 

scale = 8.6719; 
distance_pc_M9V7Z1A1(i, j) = (sqrt(( xycoord_PC_M9V7Z1A1(i, 1) 

- claudin5_full_M9V7Z1A1(j,1)) ^ 2 + ... 
(xycoord_PC_M9V7Z1A1(i, 2) - claudin5_full_M9V7Z1A1(j,2)) 

^ 2))/scale; 
end 

end 
 

% Calculate the average min distance of simulated puncta to claudin 5 
staining. 

distance_pc_M9V7Z1A1 = transpose(distance_pc_M9V7Z1A1); distance_pc_sort_old 
= sort(distance_pc_M9V7Z1A1, 1); % sort distances 

within each column 
distance_pc_sort_old = sortrows(distance_pc_sort_old.',1).'; %sort by 
first row 
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[~,inx]=sort(distance_pc_sort_old(1,:)); %sort by first row 

distance_pc_sort_old = distance_pc_sort_old(:,inx); %sort by first 
row 

 
% This is the matrix to be used for downstream analysis!!! 
% This is the minimum distance of simulated puncta to claudin 5 
distance_pc_avgMIN_hist_M9V7Z1A1 = (distance_pc_sort_old(1,:)); 
 
% This is the average value of the matrix above. 
distance_pc_avgMIN_M9V7Z1A1= mean(distance_pc_sort_old(1,:)); 
 

% Keep top 100 closest distances of HIEL to claudin5 in case needed 
for 

% future analyses. Total = 
100; 

distance_pc_sort_M9V7Z1A1 = distance_pc_sort_old(1:Total, 
1:N_puncta); % take top 1000 values from this array 

 
howmanyzeros = nnz(~distance_pc_sort_M9V7Z1A1); 
 
%%Plot the result of one simulation! 

%COMMENT OFF all of this plot when you are ready to run >1 simulation, 
or 

%you will get a plot for every simulation and that takes up a lot of 
%memory. 
 
% %FIGURE 5 
Figure_pos_ctrl_partial_cldn5 =figure; 
plot(claudin5_full_M9V7Z1A1(:,1), 

claudin5_full_M9V7Z1A1(:,2),'.','MarkerSize',2, 'Color', 'c'); 
hold on 

hold on; 
for i = N_puncta 
plot(PunctaIndex_M9V7Z1A1(i,2), 

PunctaIndex_M9V7Z1A1(i,3), '.','MarkerSize',12, 'Color', 'b') 
end 

hold on; plot(xycoord_PC_M9V7Z1A1(:,1), 
xycoord_PC_M9V7Z1A1(:,2),'.','MarkerSize',12, 'Color', 'b'); hold on; 
xlim([0 1024]); 
ylim([0 1024]); 

legend('Claudin5','1st order artery', 'Positive 
Control','FontSize',12); 

saveas(Figure_pos_ctrl_partial_cldn5, '/Users/claireruddiman/ Dropbox/_MEJ 
Paper/_Figures/Github/M9V7Z1A1_Analysis/ Figure_pos_ctrl_partial_cldn5.png'); 

hold off; 

end 
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Negative control simulation for puncta 
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function [distance_nc_sort_M9V7Z1A1, distance_nc_avgMIN_M9V7Z1A1, 
distance_nc_avgMIN_hist_M9V7Z1A1] = 
ExampleNegativeControlPuncta(claudin5_full_M9V7Z1A1... 

coord_M9V7Z1A1,PunctaIndex_M9 
N_nc = 64; % #HIEL identified in ExampleCode 
scale =8.6719; %scale for how many pixels equal 1 micron AvgRadius = 
9.66;%average HIEL radius in pixels identfied in 

ExampleCode 
totalPoints = size(claudin5_full_M9V7Z1A1,1); 
 

lowlimX = 0; 
upperlimX = 1024; 
newX_nc_2 = (lowlimX-upperlimX).*rand(10000,1) + upperlimX; 
 
lowlimY = 0; 
upperlimY = 1024; 
newY_nc_2 = (lowlimY-upperlimY).*rand(10000,1) + upperlimY; 
 
NC_xycoord_2 = [round(newX_nc_2) round(newY_nc_2)]; x_nc = 
NC_xycoord_2(:,1); 
y_nc = NC_xycoord_2(:,2); 
 
minAllowableDistance = 1; 

numberOfPoints = N_nc+1; %make this equal to 1 more than the number of 
IEL holes 

nMax = 10000; 
 
% Initialize first point. 
keeperX = x_nc(1); keeperY = 
y_nc(1); 
 
% Try dropping down more points. counter = 
2; 
k =1 ; % 
 

while counter < numberOfPoints & k < totalPoints 
k=k+1; %% 

% Get a trial point. 
thisX = x_nc(k); 
thisY = y_nc(k); 
thisXY = horzcat(thisX,thisY); 

 
% See how far is is away from existing keeper points. 
distances = sqrt((thisX-keeperX).^2 + (thisY - keeperY).^2); 
distances2 = pdist2(thisXY, claudin5_full_M9V7Z1A1); 
minDistance2 = min(distances2); 
minDistance = min(distances); 

 
if length(thisX)< numberOfPoints && minDistance2 >scale*1.5 && 

minDistance2 <scale*4.5 && minDistance > AvgRadius &&... 
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thisX <upperlimX && thisX > lowlimX && thisY <upperlimY && 

thisY >lowlimY %% CHANGE FOR PARTIAL 

 
keeperX(counter) = thisX; 
keeperY(counter) = thisY; 
counter = counter + 1; 

 
else length(keeperX) < numberOfPoints 

k= k+1; 
end 

end 
 
 

keeperX = transpose(keeperX); 
keeperY = transpose(keeperY); 
xycoord_NC = horzcat(keeperX,keeperY); 

 
 

N_puncta=20; %MANUALLY ADJUST THIS. Number of HIEL that are filled 
with punctate in the image 

xycoord_NC = datasample(xycoord_NC, N_puncta); 
 
 

Missing_values = numberOfPoints - length(xycoord_NC); 
 
 
[mmm_nc nnn_nc] = size(xycoord_NC); nnn_nc = 
mmm_nc; 
 
[mmmm nnnn] = size(claudin5_full_M9V7Z1A1); distance_mc = 
zeros(nnn_nc,mmm_nc); 
 

for i = 1 : nnn_nc % shorter, "coord_M9V7Z1A1" 
for j = 1 : mmmm %longer, "claudin5" 

scale = 8.6719; 
distance_nc_M9V7Z1A1(i, j) = (sqrt((xycoord_NC(i, 1) - 

claudin5_full_M9V7Z1A1(j,1)) ^ 2 + ... 
(xycoord_NC(i, 2) - claudin5_full_M9V7Z1A1(j,2)) ^ 2))/ 

scale; 
% slope(i,j) = (coord_M9V7Z1A1(i, 2) - coord_M9V7Z1A1(j, 

2))/(coord_M9V7Z1A1(i, 1) - coord_M9V7Z1A1(j, 1)); 
end 

end 
 

% Calculate the average min distance of simulated puncta to claudin 5 
staining. 

distance_nc_M9V7Z1A1 = transpose(distance_nc_M9V7Z1A1); distance_nc_sort_old 
= sort(distance_nc_M9V7Z1A1, 1); % sort distances 

within each column 
distance_nc_sort_old = sortrows(distance_nc_sort_old.',1).'; %sort by 
first row 
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[~,inx]=sort(distance_nc_sort_old(1,:)); %sort by first row 
distance_nc_sort_old = distance_nc_sort_old(:,inx); %sort by first 

row 
 
% This is the matrix to be used for downstream analysis!!! 
% This is the minimum distance of simulated puncta to claudin 5 

distance_nc_avgMIN_hist_M9V7Z1A1 = (distance_nc_sort_old(1,:)); 
 
% This is the average value of the matrix above. 
distance_nc_avgMIN_M9V7Z1A1= mean(distance_nc_sort_old(1,:)); 

% Keep top 100 closest distances of HIEL to claudin5 in case needed 
for 

% future analyses. 
Total = 100; 

distance_nc_sort_M9V7Z1A1 = distance_nc_sort_old(1:Total, 
1:N_puncta); % take top 1000 values from this array 

 
howmanyzeros_M9V7Z1A1 = nnz(~distance_nc_sort_M9V7Z1A1); 

 
%%Plot the result of one simulation! 

%COMMENT OFF all of this plot when you are ready to run >1 simulation, 
or 

%you will get a plot for every simulation and that takes up a lot of 
%memory. 
 
%FIGURE 5  
Figure_neg_ctrl_partial_cldn5 =figure; 
plot(claudin5_full_M9V7Z1A1(:,1), 

claudin5_full_M9V7Z1A1(:,2),'.','MarkerSize',2, 'Color', 'c'); 
hold on 

hold on; 
for i = N_puncta 
plot(PunctaIndex_M9V7Z1A1(i,2), 

PunctaIndex_M9V7Z1A1(i,3), '.','MarkerSize',12, 'Color', 'b') 
end 
hold on; 

 
plot(xycoord_NC(:,1), 
xycoord_NC(:,2),'.','MarkerSize',12, 'Color', 'k'); hold on; xlim([0 
1024]); 
ylim([0 1024]); 

legend('Claudin5','1st order artery', 'Negative 
Control','FontSize',12); 

saveas(Figure_neg_ctrl_partial_cldn5, '/Users/claireruddiman/ 
Dropbox/_MEJ Paper/_Figures/Github/M9V7Z1A1_Analysis/ 
Figure_neg_ctrl_partial_cldn5.png'); 

hold off; 

end 

Published with MATLAB® R2019b 
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Matlab file to combine data across multiple images
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%%The purpose of this script is to combine final data sets 
analyzed 

%%obtained across several images that were analyzed 
with the "ExampleCode" 
%%analysis template. 

 
 

%Names of images included: 
%M2V1Z1A1 
%M2V2Z1A1 
%M2V2Z1A1 
%M2V2Z2A1 
%M2V2Z2A1 
%M2V2Z3A1 
%M2V2Z3A2 
%M3V3Z2 
%M3V3Z3A1 
%M3V3Z3A2 
%M3V3Z3A3 
%M3V3Z1A1 
%M3V3Z1A2 
%M3V3Z1A3 
%M3V1Z2A1 
%M4V1Z1A1 
%M4V1Z1A2 
%M4V2Z1A1 

 
 

%SECTION 1 - BASIC INFORMATION 
%How many images 

scale1 = 6.7448; %number of 
pixels per micron scale2 = 
8.679; %number of pixels per 
micron ImageNumber_3 = 22; 

 
%Number of HIEL (use length of Param) 
IELHoles_3 = length(Param_M2V1Z1A1) + length(Param_M2V1Z1A2) 
+length(Param_M2V2Z1A1)+length(Param_M2V2Z1A2)+... 

length(Param_M2V2Z2A1)+ length(Param_M2V2Z3A1)+ 
length(Param_M2V2Z3A2)+ length(Param_M3V3Z2)+ 
length(Param_M3V3Z3A1)+... 

 

length(Param_M3V3Z3A2)+length(Param_M3V3Z3A3)+length(Param_M3V3Z1A
1)+length(Param length(Param_M3V1Z2A1)+ 

length(Param_M4V1Z1A1)+length(Param_M4V1Z1A2)+length(Param_M4V2Z1A
1)+length(Param 
length(Param_M12V2Z1A1)+length(Param_M16V1Z3A1); 

IELHolesAvg_3 = IELHoles_3/ImageNumber_3; 
 

%Average Radius per image 
AvgRadius_3 = mean((mean(Param_M2V1Z1A1(:,3))/scale1) + 
(mean(Param_M2V1Z1A2(:,3))/scale1)+ (mean(Param_M2V2Z1A1(:,3))/ 
scale1)+... 
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(mean(Param_M2V2Z1A2(:,3))/scale1) 
+(mean(Param_M2V2Z2A1(:,3))/scale1)+(mean(Param_M2V2Z
3A1(:,3))/ scale1)+... 

(mean(Param_M2V2Z3A2(:,3))/scale1)+ 
(mean(Param_M3V3Z2(:,3))/scale2)+ (mean(Param_M3V3Z3A1(:,3))/ 
scale2)+... 

(mean(Param_M3V3Z3A2(:,3))/ 
scale2)+(mean(Param_M3V3Z3A3(:,3))/scale2)+(mean(Param
_M3V3Z1A1(:,3))/ scale2)+... 

(mean(Param_M3V3Z1A2(:,3))/ 
scale2)+(mean(Param_M3V3Z1A3(:,3))/scale2)+(mean(Param
_M3V1Z2A1(:,3))/ scale2)+... 

(mean(Param_M4V1Z1A1(:,3))/ 
scale2)+(mean(Param_M4V1Z1A2(:,3))/scale2)+(mean(Param
_M4V2Z1A1(:,3))/ scale2)+... 

(mean(Param_M9V6Z1A1(:,3))/ 
scale2)+(mean(Param_M9V3Z1A1(:,3))/ 
scale2)+(mean(Param_M12V2Z1A1(:,3))/ 
scale2)+(mean(Param_M16V1Z3A1(:,3))/scale2)); 

 
%All radii for every HIEL detected 
RadiiDist_3 = transpose (horzcat(transpose((Param_M2V1Z1A1(:,3)/ 
scale1)),transpose((Param_M2V1Z1A2(:,3)/ 
scale1)),transpose((Param_M2V2Z1A1(:,3)/scale1)),... 

transpose((Param_M
2V2Z1A2(:,3)/ scale1)) , 
transpose((Param_M2V2Z2A1(:,3)/ 
scale1)),transpose((Param_M2V2Z3A1(:,3
)/scale1)),... 

transpose((Param_M
2V2Z3A2(:,3)/ scale1)), 
transpose((Param_M3V3Z2(:,3)/scale2))
, 
transpose((Param_M3V3Z3A1(:,3)/scale2)),... 

transpose((Param_M3V3Z3A2(:,3)/ 
scale2)),transpose((Param_M3V3Z3A3(:,3)/ 
scale2)),transpose((Param_M3V3Z1A1(:,3)/scale2)),... 

transpose((Param_M3V3Z1A2(:,3)/ 
scale2)),transpose((Param_M3V3Z1A3(:,3)/ 
scale2)),transpose((Param_M3V1Z2A1(:,3)/scale2)),... 

transpose((Param_M4V1Z1A1(:,3)/ 
scale2)),transpose((Param_M4V1Z1A2(:,3)/ 
scale2)),transpose((Param_M4V2Z1A1(:,3)/scale2)),... 

transpose((Param_M9V3Z1A1(:,3)/ 
scale2)),transpose((Param_M9V6Z1A1(:,3)/ 
scale2)),transpose((Param_M12V2Z1A1(:,3)/scale2)),... 

transpose((Param_M16V1Z3A1(:,3)/scale2)))); 
 
 

%Total Area Analyzed in microns 
TotalArea_3 = ImageArea_M2V1Z1A1 + ImageArea_M2V1Z1A2 
+ ImageArea_M2V2Z1A1 + ImageArea_M2V2Z1A2+... 
ImageArea_M2V2Z2A1+ImageArea_M2V2Z3A1+ImageArea_M2V2Z3A2+FullImage_
Area_M3V3Z2+Ima 
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ImageArea_M3V3Z3A3+ImageArea_M3V3Z1A1+ImageArea_M3V3Z1A2+ImageArea_
M3V3Z1A3+ImageA 
+ImageArea_M9V6Z1A1+ImageArea_M9V3Z1A1+ImageArea_M12V2Z1A1+ImageAre
a_M16V1Z3A1; 

 

%Total Area by mouse 
TotalArea_3_M2 = ImageArea_M2V1Z1A1 + ImageArea_M2V1Z1A2 +... 

ImageArea_M2V2Z1A1 + ImageArea_M2V2Z1A2 
+ImageArea_M2V2Z2A1+ImageArea_M2V2Z3A1+ImageArea_M2V2
Z3A2; TotalVessels_M2 = 2; 

 
TotalArea_3_M3 = 
FullImage_Area_M3V3Z2+ImageArea_M3V3Z3A1+ImageArea_M3
V3Z3A2+... 

 
ImageArea_M3V3Z3A3+ImageArea_M3V3Z1A1+ImageArea_M3V3Z1A2+ImageArea
_M3V3Z1A3 
+ImageArea_M3V1Z2A1
; TotalVessels_M3 = 
2; 

 
TotalArea_3_M4 = ImageArea_M4V1Z1A1+ ImageArea_M4V1Z1A2 
+ImageArea_M4V2Z1A1
; TotalVessels_M4 = 
2; 

 
 

TotalArea_3_M9 = ImageArea_M9V3Z1A1+ 
ImageArea_M9V6Z1A1; TotalVessels_M9 = 2; 

 
TotalArea_3_M12 = ImageArea_M12V2Z1A1; 
TotalVessels_M12 = 1; 

 
 

TotalArea_3_M16 = ImageArea_M16V1Z3A1; 
TotalVessels_M16 = 1; 

 
 

%Density of HIEL 
 
 

Correct_HolesPerArea_M2V1Z1A1 = 
length(coord_M2V1Z1A1)/ ImageArea_M2V1Z1A1; 
Correct_HolesPerArea_M2V1Z1A2 = 
length(coord_M2V1Z1A2)/ ImageArea_M2V1Z1A2; 
Correct_HolesPerArea_M2V2Z1A1 = 
length(coord_M2V2Z1A1)/ ImageArea_M2V2Z1A1; 
Correct_HolesPerArea_M2V2Z1A2 = 
length(coord_M2V2Z1A2)/ ImageArea_M2V2Z1A2; 
Correct_HolesPerArea_M2V2Z2A1 = 
length(coord_M2V2Z2A1)/ ImageArea_M2V2Z2A1; 
Correct_HolesPerArea_M2V2Z3A1 = 
length(coord_M2V2Z3A1)/ ImageArea_M2V2Z3A1; 
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Correct_HolesPerArea_M2V2Z3A2 = 
length(coord_M2V2Z3A2)/ ImageArea_M2V2Z3A2; 
Correct_HolesPerArea_M3V3Z2 = length(coord_M3V3Z2)/ 
FullImage_Area_M3V3Z2; 
Correct_HolesPerArea_M3V3Z3A1 = 
length(coord_M3V3Z3A1)/ ImageArea_M3V3Z3A1; 
Correct_HolesPerArea_M3V3Z3A2 = 
length(coord_M3V3Z3A2)/ ImageArea_M3V3Z3A2; 
Correct_HolesPerArea_M3V3Z3A3 = 
length(coord_M3V3Z3A3)/ ImageArea_M3V3Z3A3; 
Correct_HolesPerArea_M3V3Z1A1 = 
length(coord_M3V3Z1A1)/ ImageArea_M3V3Z1A1; 

Correct_HolesPerArea_M3V3Z1A2 = 
length(coord_M3V3Z1A2)/ ImageArea_M3V3Z1A2; 
Correct_HolesPerArea_M3V3Z1A3 = 
length(coord_M3V3Z1A3)/ ImageArea_M3V3Z1A3; 
Correct_HolesPerArea_M3V1Z2A1 = 
length(coord_M3V1Z2A1)/ ImageArea_M3V1Z2A1; 
Correct_HolesPerArea_M4V1Z1A1 = 
length(coord_M4V1Z1A1)/ ImageArea_M4V1Z1A1; 
Correct_HolesPerArea_M4V1Z1A2 = 
length(coord_M4V1Z1A2)/ ImageArea_M4V1Z1A2; 
Correct_HolesPerArea_M4V2Z1A1 = 
length(coord_M4V2Z1A1)/ ImageArea_M4V2Z1A1; 
Correct_HolesPerArea_M9V3Z1A1 = 
length(coord_M9V3Z1A1)/ ImageArea_M9V3Z1A1; 
Correct_HolesPerArea_M9V6Z1A1 = 
length(coord_M9V6Z1A1)/ ImageArea_M9V6Z1A1; 
Correct_HolesPerArea_M12V2Z1A1 = 
length(coord_M12V2Z1A1)/ ImageArea_M12V2Z1A1; 
Correct_HolesPerArea_M16V1Z3A1 = 
length(coord_M16V1Z3A1)/ ImageArea_M16V1Z3A1; 

 
 
 

Correct_HolesPerArea_3_dist = 
transpose(horzcat(Correct_HolesPerArea_M2V1Z1A1,Correct_HolesPerAr
ea_M2V1Z1A2,Cor 
Correct_HolesPerArea_M2V2Z1A2,Correct_HolesPerArea_M2V2Z2A1,Correct
_HolesPerArea_M 
Correct_HolesPerArea_M3V3Z2,Correct_HolesPerArea_M3V3Z3A1,Correct_H
olesPerArea_M3V 
Correct_HolesPerArea_M3V3Z1A1,Correct_HolesPerArea_M3V3Z1A2,Correct
_HolesPerArea_M 
Correct_HolesPerArea_M4V1Z1A2,Correct_HolesPerArea_M4V2Z1A1,Correct
_HolesPerArea_M 

 
 
 

HIEL_radi = 
(horzcat(transpose(Param_M2V1Z1A1(:,3)/scale1),... 
transpose(Param_M2V1Z1A2(:,3)/scale1),... 
transpose(Param_M2V2Z1A1(:,3)/scale1),... 
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transpose(Param_M2V2Z1A2(:,3)/scale1),... 
transpose(Param_M2V2Z2A1(:,3)/scale1),... 
transpose(Param_M2V2Z3A1(:,3)/scale1),... 
transpose(Param_M2V2Z3A2(:,3)/scale1),... 
transpose(Param_M3V3Z2(:,3)/scale2),... 
transpose(Param_M3V3Z3A1(:,3)/scale2),... 
transpose(Param_M3V3Z3A2(:,3)/scale2),... 
transpose(Param_M3V3Z3A3(:,3)/scale2),... 
transpose(Param_M3V3Z1A1(:,3)/scale2),... 
transpose(Param_M3V3Z1A2(:,3)/scale2),... 
transpose(Param_M3V3Z1A3(:,3)/scale2),... 
transpose(Param_M3V1Z2A1(:,3)/scale2),... 
transpose(Param_M4V1Z1A1(:,3)/scale2),... 
transpose(Param_M4V1Z1A2(:,3)/scale2),... 
transpose(Param_M4V2Z1A1(:,3)/scale2),... 
transpose(Param_M9V3Z1A1(:,3)/scale2),... 
transpose(Param_M9V6Z1A1(:,3)/scale2),... 
transpose(Param_M12V2Z1A1(:,3)/scale2),... 
transpose(Param_M16V1Z3A1(:,3)/scale2))); 

 
 
 

HIEL_radi = 
transpose(HIEL_radi
); HIEL_radi_mean = 
mean(HIEL_radi); 

 
 
 

%SECTION 2 - AVERAGE MINIMUM DISTANCE 
 

%Average Minimum Distance of HIEL to 
Claudin5 AvgMinIEL_3 = 
mean((distance_avgMIN_M2V1Z1A1 + 
distance_avgMIN_M2V1Z1A2 + 

distance_avgMIN_M2V2Z1A1+... 
distance_avgMIN_M2V2Z1A2+ 
distance_avgMIN_M2V2Z2A1+ 

distance_avgMIN_M2V2Z3A1+ distance_avgMIN_M2V2Z3A2 + 
distance_avgMIN_M3V3Z2+... 

distance_avgMIN_M3V3Z3A1 + 
distance_avgMIN_M3V3Z3A2+ distance_avgMIN_M3V3Z3A3+ 
distance_avgMIN_M3V3Z1A1+ 
distance_avgMIN_M3V3Z1A2+... 

distance_avgMIN_M3V3Z1A3+ 
distance_avgMIN_M3V1Z2A1+distance_avgMIN_M4V1Z1A1+distance_avgMIN_
M4V1Z1A2+distan 

 

+distance_avgMIN_M9V3Z1A1+distance_avgMIN_M9V6Z1A1+distance_avgMIN
_M12V2Z1A1+dist 

 

%Average Minimum Distance Monte Carlo 
Simulations AvgMinMC_3 = 



 

 

379 

mean((distance_mc_avgMIN_M2V1Z1A1 + 
distance_mc_avgMIN_M2V1Z1A2 + distance_mc_avgMIN_M2V2Z1A1 +... 

distance_mc_avgMIN_M2V2Z1A2 
+distance_mc_avgMIN_M2V2Z2A1+distance_mc_avgMIN_M2V2Z3A1+distance_
mc_avgMIN_M2V2Z 

 

distance_mc_avgMIN_M3V3Z3A1+distance_mc_avgMIN_M3V3Z3A2+distance_m
c_avgMIN_M3V3Z3 

 

distance_mc_avgMIN_M3V3Z1A3+distance_mc_avgMIN_M3V1Z2A1+distance_m
c_avgMIN_M4V1Z1 

 

distance_mc_avgMIN_M9V6Z1A1+distance_mc_avgMIN_M9V3Z1A1+distance_m
c_avgMIN_M12V2Z 

 
 

%Average Minimum Distance Positive Control 
Simulations AvgMinPC_3 = 
mean((distance_pc_1um_avgMIN_M2V1Z1A1 + 
distance_pc_1um_avgMIN_M2V1Z1A2+ 
distance_pc_1um_avgMIN_M2V2Z1A1+... 

 

distance_pc_1um_avgMIN_M2V2Z1A2+distance_pc_1um_avgMIN_M2V2Z2A1+di
stance_pc_1um_a 

 

distance_pc_1um_avgMIN_M3V3Z3A1+distance_pc_1um_avgMIN_M3V3Z3A2+di
stance_pc_1um_a 

 

distance_pc_1um_avgMIN_M3V3Z1A3+distance_pc_1um_avgMIN_M3V1Z2A1+di
stance_pc_1um_a 

 

distance_pc_1um_avgMIN_M9V6Z1A1+distance_pc_1um_avgMIN_M9V3Z1A1+di
stance_pc_1um_a 

 
 

%Average Minimum Distance Negative Control 
Simulations AvgMinNC_3 = 
mean((distance_nc_avgMIN_M2V1Z1A1 + 
distance_nc_avgMIN_M2V1Z1A2 + distance_nc_avgMIN_M2V2Z1A1+... 

 

distance_nc_avgMIN_M2V2Z1A2+distance_nc_avgMIN_M2V2Z2A1+distance_n
c_avgMIN_M2V2Z3 

 

distance_nc_avgMIN_M3V3Z3A1+distance_nc_avgMIN_M3V3Z3A2+distance_n
c_avgMIN_M3V3Z3 

 

distance_nc_avgMIN_M3V3Z1A3+distance_nc_avgMIN_M3V1Z2A1+distance_n
c_avgMIN_M4V1Z1 

 

distance_nc_avgMIN_M9V3Z1A1+distance_nc_avgMIN_M9V6Z1A1+distance_n
c_avgMIN_M12V2Z 
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%SECTION 3 - SHORTEST DIST TO CLDN5 FOR EACH IEL HOLE (DISTRIBUTION) 
 

%Minimum Distance HIEL to Cldn5 
DISTRIBUTION MinIELhist_3 = 
horzcat(distance_avgMIN_hist_M2V1Z1A1,distance_avgMIN_hist_M2V1Z1A
2,distance_avgM 

 

distance_avgMIN_hist_M2V2Z1A2,distance_avgMIN_hist_M2V2Z2A1,distan
ce_avgMIN_hist_ 

 

distance_avgMIN_M3V3Z2_hist,distance_avgMIN_hist_M3V3Z3A1,distance
_avgMIN_hist_M3 

 

distance_avgMIN_hist_M3V3Z1A1,distance_avgMIN_hist_M3V3Z1A2,distan
ce_avgMIN_hist_ 

 

distance_avgMIN_hist_M4V1Z1A2,distance_avgMIN_hist_M4V2Z1A1,distan
ce_avgMIN_hist_ distance_avgMIN_hist_M16V1Z3A1); 

MinIELhist_3_length = length(MinIELhist_3); 
 

%Minimum Distance HIEL to Cldn5 Monte Carlo 
DISTRIBUTION MinMChist_3 = 
horzcat(distance_mc_avgMIN_hist_M2V1Z1A1,distance_mc_avgMIN_hist_M
2V1Z1A2,distanc 

 

distance_mc_avgMIN_hist_M2V2Z1A2,distance_mc_avgMIN_hist_M2V2Z2A1,
distance_mc_avg 

 

distance_mc_avgMIN_M3V3Z2_hist,distance_mc_avgMIN_hist_M3V3Z3A1,di
stance_mc_avgMI 

 

distance_mc_avgMIN_hist_M3V3Z1A1,distance_mc_avgMIN_hist_M3V3Z1A2,
distance_mc_avg 

 

distance_mc_avgMIN_hist_M4V1Z1A2,distance_mc_avgMIN_hist_M4V2Z1A1,
distance_mc_avg 

 

distance_mc_avgMIN_hist_M12V2Z1A1,distance_mc_avgMIN_hist_M16V1Z3
A1) ; MinMChist_3_length = length(MinMChist_3); 

 
 

%Minimum Distance HIEL to Cldn5 Positive Control 
DISTRIBUTION MinPChist_3 = 
horzcat(distance_pc_1um_avgMIN_hist_M2V1Z1A1,distance_pc_1um_avgMI
N_hist_M2V1Z1A2 

 

distance_pc_1um_avgMIN_hist_M2V2Z1A2,distance_pc_1um_avgMIN_hist_M
2V2Z2A1,distanc 

 

distance_pc_1um_avgMIN_M3V3Z2_hist,distance_pc_1um_avgMIN_hist_M3V
3Z3A1,distance_ 

 

distance_pc_1um_avgMIN_hist_M3V3Z1A1,distance_pc_1um_avgMIN_hist_M
3V3Z1A2,distanc 
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distance_pc_1um_avgMIN_hist_M4V1Z1A2,distance_pc_1um_avgMIN_hist_M
4V2Z1A1,distanc 

 

distance_pc_1um_avgMIN_hist_M12V2Z1A1,distance_pc_1um_avgMIN_hist
_M16V1Z3A1) ; MinPChist_3_length = length(MinPChist_3); 

 
 
 

%Minimum HIEL to Cldn5 Distance Negative Control 
DISTRIBUTION MinNChist_3 = 
horzcat(distance_nc_avgMIN_hist_M2V1Z1A1, 
distance_nc_avgMIN_hist_M2V1Z1A2,distance_nc_avgMIN_hist_M2V1Z1A2,
... 

 

distance_nc_avgMIN_hist_M2V2Z1A2,distance_nc_avgMIN_hist_M2V2Z2A1,
distance_nc_avg 

 

distance_nc_avgMIN_M3V3Z2_hist,distance_nc_avgMIN_hist_M3V3Z3A1,di
stance_nc_avgMI 

 

distance_nc_avgMIN_hist_M3V3Z1A1,distance_nc_avgMIN_hist_M3V3Z1A2,
distance_nc_avg 

 

distance_nc_avgMIN_hist_M4V1Z1A2,distance_nc_avgMIN_hist_M4V2Z1A1,
distance_nc_avg 

 

distance_nc_avgMIN_hist_M12V2Z1A1,distance_nc_avgMIN_hist_M16V1Z3
A1) ; MinNChist_3_length = length(MinNChist_3); 

 
 

%double check that all of the datasets are the same length. 
%  if MinIELhist_3_length ~= 
MinMChist_3_length ~= MinPChist_3_length 
~=MinPCEhist_3_length ~=MinNChist_3_length 

% 
% error('does not match') 
% else 
% print('good to go') 
% 
% end 
% 
% 
%MinDist_3 = 
horzcat(transpose(MinPChist_3),transpose(MinMChist_3),transpose(Mi
nNChist_3),tran transpose(MinPCEhist_3)); 

 

MinDist_3 = 
horzcat(transpose(MinMChist_3),transpose(MinNChist_3),transpose(Mi
nIELhist_3), transpose(MinPCEhist_3)); 

 
 

%%FIGURE Average 
minimum distance. 
AvgMinDistance = 
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figure; 
edges = linspace(0,5,21);%beginning of range, end of range, # of 
bins 
+1 
histogram(MinPChist_3, 'BinEdges', 
edges, 'FaceColor','b', 'Normalization', 
'probability'); hold on; 
histogram(MinNChist_3, 'BinEdges', 
edges, 'FaceColor','w','EdgeColor', 'k', 'Normalization', 
'probability'); hold on; 

histogram(MinMChist_3, 'BinEdges', 
edges, 'FaceColor','k', 'Normalization', 
'probability'); hold on; 
histogram(MinIELhist_3, 'BinEdges', 
edges, 'FaceColor','m', 'Normalization', 
'probability'); hold on; 
xlabel('Distance to Claudin 5 stain (um)', 
'FontSize', 10); ylabel('% Centers', 
'FontSize', 10); 
legend('Positive Control','Negative Control','Monte 
Carlo Simulations','3rd order 
artery','FontSize',12); 
title('Minimum distance to interendothelial junction'); 
AvgMinDistance.InvertHardcopy = 'off'; %removes the 
default option of a white background so that the 
white claudin5_ coordinates show up correctly on the 
saved image 
saveas(AvgMinDistance, '/Users/claireruddiman/AnalysisFiles/ 
CombinedAnalysis3rd/AvgMinDistance.png'); 
hold off; 

 
 

%SECTION 4 - DISTRIBUTION OF SHORTEST 100 DISTANCES (IEL TO CLDN5) 
 

% Avg Top 100, averaged across all 
analyses IEL Top100IEL_3 = 
horzcat(distance_sort_M2V1Z1A1, 
distance_sort_M2V1Z1A2,distance_sort_
M2V2Z1A1, distance_sort_M2V2Z1A2, 
distance_sort_M2V2Z2A1,... 

 

distance_sort_M2V2Z3A1,distance_sort_M2V2Z3A2,distance_sort_M3V3Z2
,distance_sort_ 

 

distance_sort_M3V3Z1A1,distance_sort_M3V3Z1A2,distance_sort_M3V3Z1
A3,distance_sor 

 

distance_sort_M9V6Z1A1,distance_sort_M9V3Z1A1,distance_sort_M12V2Z
1A1,distance_so 

 

% Avg Top 100, averaged across all analyses 
Monte Carlo Top100MC_3 = 
horzcat(Dd_new_avg_M2V1Z1A1, 
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Dd_new_avg_M2V1Z1A2, 
Dd_new_avg_M2V2Z1A1, Dd_new_avg_M2V2Z1A2, Dd_new_avg_M2V2Z2A1,... 

 

Dd_new_avg_M2V2Z3A1,Dd_new_avg_M2V2Z3A2,Dd_new_avg_M3V3Z2,Dd_new_a
vg_M3V3Z3A1,Dd_ 

 

Dd_new_avg_M3V3Z1A1,Dd_new_avg_M3V3Z1A2,Dd_new_avg_M3V3Z1A3,Dd_new
_avg_M3V1Z2A1,D 

 

Dd_new_avg_M9V6Z1A1,Dd_new_avg_M9V3Z1A1,Dd_new_avg_M12V2Z1A1,Dd_ne
w_avg_M16V1Z3A1 

 

% Avg Top 100, averaged across all analyses Positive 
Control Top100PC_3 = 
horzcat(Dd_new_avg_pc_M2V1Z1A1,Dd_new_avg_pc_M2V1Z1A2,Dd_new_avg_p
c_M2V2Z1A1, Dd_new_avg_pc_M2V2Z1A2,Dd_new_avg_pc_M2V2Z2A1,... 

 

Dd_new_avg_pc_M2V2Z3A1,Dd_new_avg_pc_M2V2Z3A2,Dd_new_avg_M3V3Z2_pc
,Dd_new_avg_pc_ 

 

Dd_new_avg_pc_M3V3Z1A1,Dd_new_avg_pc_M3V3Z1A2,Dd_new_avg_pc_M3V3Z1
A3,Dd_new_avg_p 

 

Dd_new_avg_pc_M9V6Z1A1,Dd_new_avg_pc_M9V3Z1A1,Dd_new_avg_pc_M12V2Z
1A1,Dd_new_avg_ 

 

% Avg Top 100, averaged across all analyses negative 
control Top100NC_3 = 
horzcat(Dd_new_avg_nc_M2V1Z1A1,Dd_new_avg_nc_M2V1Z1A2,Dd_new_avg_n
c_M2V2Z1A1, Dd_new_avg_nc_M2V2Z1A2,Dd_new_avg_nc_M2V2Z2A1,... 

 

Dd_new_avg_nc_M2V2Z3A1,Dd_new_avg_nc_M2V2Z3A2,Dd_new_avg_M3V3Z2_nc
,Dd_new_avg_nc_ 

 

Dd_new_avg_nc_M3V3Z1A1,Dd_new_avg_nc_M3V3Z1A2,Dd_new_avg_nc_M3V3Z1
A3,Dd_new_avg_n 

 

Dd_new_avg_nc_M9V6Z1A1,Dd_new_avg_nc_M9V3Z1A1,Dd_new_avg_nc_M12V2Z
1A1,Dd_new_avg_ 

 
 

Top100Distances = figure; 
edges = linspace(0,6,31);%beginning of range, end of range, # of 
bins 
+1 
histogram(Top100PC_3, 'BinEdges', 
edges, 'FaceColor','b', 'Normalization', 
'probability'); hold on; 
histogram(Top100NC_3, 'BinEdges', 
edges, 'FaceColor','w','EdgeColor', 'k', 'Normalization', 
'probability'); hold on; 
histogram(Top100MC_3, 'BinEdges', 
edges, 'FaceColor','k', 'Normalization', 
'probability'); hold on; 
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histogram(Top100IEL_3, 'BinEdges', 
edges, 'FaceColor','m', 'Normalization', 
'probability'); hold on; 
xlabel('Distance to Claudin 5 stain (um)', 
'FontSize', 10); ylabel('% Centers', 
'FontSize', 10); 
legend('Positive Control','Negative Control','Monte 
Carlo Simulations','3rd order 
artery','FontSize',12); 
title('Shortest 100 distances per IEL hole to claudin 5'); 
Top100Distances.InvertHardcopy = 'off'; %removes the 
default option of a white background so that the 
white claudin5_ coordinates show up correctly on the 
saved image 
saveas(Top100Distances, '/Users/claireruddiman/AnalysisFiles/ 
CombinedAnalysis3rd/Top100Distances.png'); 
hold off; 

 

save('3rdorderRivanna.mat', 'IELHoles_3', 
'IELHolesAvg_3','AvgRadius_3', 'AvgMinIE 
'AvgMinNC_3','MinIELhist_3','MinMChist_3','MinPChist_3','MinPCEhist
_3','MinNChist_’); 
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