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Atherosclerosis is an underlying cause of two of the leading causes of death in the 

world, heart attacks and strokes. It is a chronic inflammatory disease characterized by 

plaque build-up in large and medium arteries. During disease progression, monocytes in 

the blood invade the arterial wall, where they can differentiate into macrophages and 
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dendritic cells. Together, these cells phagocytose lipids, clear apoptotic cell debris, 

present antigen to T cells, and produce pro- and anti-inflammatory cytokines. Both 

monocyte recruitment to the plaque and macrophage function within the plaque require 

cell motion. The purpose of this work is to study monocyte and macrophage movement in 

the context of atherosclerosis.  

First, the mechanism of how the atypical chemokine receptor Duffy Antigen / 

Receptor for Chemokines (DARC) influences the progression of atherosclerosis is 

investigated. DARC alters the localization of chemokines and it was thought that through 

this it could influence cell recruitment to the arteria wall. It was confirmed that the 

absence of DARC does promote plaque formation, but a molecular mechanism of action 

was not discovered. 

Next, to study myeloid cell motion more directly, I developed a system for 

imaging fluorescent leukocytes in atherosclerotic arteries in vivo. The major challenge in 

intravital imaging of large arteries is the motion artifacts due to the expansion of the 

arterial wall with the heartbeat. This new system utilizes cardiac triggering and novel 

image post-processing algorithms to remove these motion artifacts and allow for cell 

motion quantification. Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice were generated to visualize 

labeled monocytes and macrophages. Monocytes were observed patrolling the 

endothelium of atherosclerotic arteries and the motion characteristics were quantified. 

Macrophages were seen actively probing their local environment as well as migrating 

through the plaque. Finally, these macrophages were extensively phenotyped by cell 

surface markers to link observed motion to known subsets and function.
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Chapter 1  

Introduction 

1.1 Atherosclerosis 

Atherosclerosis is a chronic inflammatory disease that causes most heart attacks 

and strokes, two of the leading causes of death in the world.1 It is characterized by the 

build-up of plaque in large and medium arteries in areas subject to oscillatory blood 

flow.2, 3 Plaque alters the structure of the artery, leading to arterial wall hardening and 

reduced or blocked blood flow. 

Healthy arteries contain three layers: the tunica intima, the thin inner-most layer 

containing a single sheet of endothelial cells supported by the internal elastic lamina; the 

tunica media, a thicker layer composed of smooth muscle cells and rings of elastic lamina 

made of elastin; and the tunica adventitia, a collagenous layer with fibroblasts supported 

by the external elastic lamina.4 Some leukocytes can be found in the adventitia in healthy 

mice. During atherosclerosis, leukocytes invade all three layers of the arterial wall.5 The 

tunica intima greatly expands, forming what is called the neointima. This layer also 

contains accumulated lipids and smooth muscle cells. The elastic lamina of the tunica 

media become distorted as cells invade the tissue. The adventitia also enlarges as it 

becomes filled with leukocytes that in advanced organize into tertiary lymphoid 

structures.6, 7 In late stage disease, cells within the plaque die, forming necrotic regions.8  

The most commonly used mouse model of atherosclerosis is the Apolipoprotein E 

knock-out mouse (Apoe-/-) fed a high-fat, high-cholesterol diet called “western diet” 
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(WD).8 ApoE is a protein found in chylomicrons, which transport free cholesterols and 

triglycerides from the tissue to the liver for clearance. After 8-12 weeks of WD, these 

mice develop high LDL cholesterol and plaque that is similar to that found in humans in 

terms of location, biochemical composition, and cell content.8 Mononuclear phagocytes 

cells, including monocytes, macrophages, and dendritic cells (DCs), are the most 

abundant leukocyte type in atherosclerotic plaques in both mice and humans.9 Other 

leukocytes, including T cells, B cells, and neutrophils are also present in the diseased 

artery.5 

 

1.2 Leukocytes in Atherosclerosis 

During fetal development, yolk-sac macrophages seed the aorta, and these cells 

can be found in healthy adult mice.10 Under steady-state conditions, these macrophages 

are thought to be replenished by self-proliferation. However, in adult mice, new 

mononuclear phagocytes are differentiated from hematopoetic progenitor cells in the 

bone marrow and spleen. The most primitive population is the “monocyte-macrophage 

DC progenitor” (MDP).11-13 These cells can differentiate into at least two other subsets, 

the “common DC progenitor” (CDP)14 and the “common monocyte progenitor” 

(cMoP).15 The CDP can further differentiate into various types of DCs, including 

conventional DCs (cDCs) and plasmacytoid DCs, but not monocytes or macrophages.16 

cMoPs differentiate into monocytes, and from there macrophages and certain monocyte-

derived DCs. 15 In early atherosclerosis, the increase in macrophage cell numbers comes 

largely from monocyte recruitment. In late stage disease, macrophage replication 

dominates over monocyte recruitment.17 
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There are two major subsets of mouse blood monocytes: Ly6CHi and Ly6CLow.18 

Ly6CHi monocytes are called “inflammatory” or “classical” monocytes, express low 

levels of the chemokine receptor CX3CR1, and recruit to areas of inflammation. Ly6CLow 

monocytes have high levels of CX3CR1 on their surface and have been shown to patrol 

the inside surface of small blood vessels under steady-state conditions.19 CX3CR1+ 

monocytes were imaged in small vessels in the mouse ear and mesentery and were 

observed crawling along the endothelium with and against the blood flow, which was 

called “patrolling.”19 This behavior is dependent on CX3CR1 and the integrin LFA-1.19 It 

is thought that these patrolling monocytes detect endothelial damage and help coordinate 

the response to it.20 Prior to my work, it was not known whether monocytes can patrol 

large arteries. 

In addition to patrolling, monocytes in the blood can also roll along 

atherosclerotic arteries.21 Unlike patrolling, leukocyte rolling is largely driven by the 

force of the blood flow and therefore cells only move with the flow.22 Some monocytes 

can also become adherent to the wall23 in response to chemokines.24 The endothelium 

covering atherosclerotic plaques shows a pro-inflammatory, activated phenotype 

including expression of adhesion molecules.25 Among these adhesion molecules, P-

selectin, E-selectin, Vascular Cell Adhesion Molecule-1 (VCAM), and Intercellular 

Adhesion Molecule-1 (ICAM) have been shown to support monocyte rolling in 

atherosclerotic mouse arteries.21, 24, 26-28 Monocytes are thought to be able to transmigrate 

from the lumen into the arterial wall; however, this has never been observed directly.29, 30 

Monocyte recruitment to atherosclerotic arteries has been shown to depend on the 

chemokine receptors CCR2, CCR5, and CX3CR1, and their ligands CCL2, CCL5, 



4 
 

 
 

CX3CL1, as well as CXCL1 and CXCL4.24, 31-33 Reducing monocyte recruitment slows or 

even reverses plaque formation.32-34 After extravasation, monocytes can differentiate into 

macrophages and myeloid-derived DCs.35 

Lymphocytes, including B and T cells, are present in the atherosclerotic plaque. 

In healthy mice, T cells are found mainly in the adventitia.36 However, T cells are found 

in all layers of atherosclerotic arteries.5 There are two main subsets of T cells, CD8+ 

(also called cytotoxic) T cells and CD4+ (also called helper) T cells. CD4 T cells are far 

more prevalent in the plaques. CD4 T cells can only recognize antigenic peptides when 

they are presented on a cell surface in combination with MHCII. Before a T cell has seen 

its cognate antigen, it is called “naïve” and expresses CD62L. After it has seen its 

antigen, it becomes “activated,” downregulates surface expression of CD62L and 

upregulates CD44. CD4 T cells produce a variety of pro- and anti-atherogenic cytokines 

that influence the recruitment of new monocytes and the polarization of macrophages in 

the plaques.37  

Macrophages and DCs may have multiple, overlapping roles in the plaque. The 

lack of accepted phenotypic surface markers make differentiating the roles of each cell 

type difficult.38, 39 CD64 and F4/80 have been proposed as macrophage markers, but they 

have been found expressed at low level in blood monocytes.40-42 In general, macrophages 

specialize in phagocytosis and cytokine production. They are also capable of antigen 

presentation to activated CD4 T cells. They can take up lipids, specifically oxidized low-

density lipoprotein (oxLDL), and become foam cells. Most investigations find foam cells 

are pro-inflammatory,43, 44 but one study found that cholesterol accumulation induces an 

anti-inflammatory phenotype in peritoneal macrophages.45 Macrophages can also 



5 
 

 
 

phagocytose apoptotic cell debris, an anti-inflammatory process called efferocytosis that 

prevents the formation of the necrotic core.46, 47 In vitro, macrophages can be polarized to 

an M1 inflammatory phenotype, or an M2 “wound healing” phenotype. M1 macrophages 

use the enzyme inducible nitric oxide synthase to produce nitric oxide from arginine, 

whereas M2 macrophages use the enzyme arginase to turn arginine into ornithinine. 

Markers for both extremes of the polarization spectrum have been found in plaques, as 

well as for other less common types, such as M4 and Mox.48-50 M1 cells produce pro-

inflammatory cytokines, including TNFα, IL-1β and IL-6, and are particularly effective at 

phagocytosis of oxLDL. In contrast, M2 cells produce the anti-inflammatory cytokines 

IL-4 and IL-10, promote smooth muscle cell proliferation that can lead to plaque 

stabilization, and are highly effective at efferocytosis.50  

DCs derived from both CDPs and monocytes can be found in the plaque.51 DCs 

specialize in antigen presentation to naive CD4 T cells. DCs can emigrate to the draining 

lymph node to present antigen to T cells and initiate an immune response.52 It has been 

demonstrated that antigen presentation can occur within the plaque itself leading to local 

T cell activation.53 DCs can also produce a range of cytokines, affecting recruitment of 

monocytes and polarization of macrophages and T cells in the plaque.50 CD103+ DCs 

have been shown to be atheroprotective.51 

Atherosclerosis progression is dependent upon the motility of mononuclear 

phagocytes cells. As described above, cell recruitment to the plaque from the blood is 

dependent upon chemokine signaling. Antigen presenting cells probe their environment 

while interacting with T cells.53-55 Lipid phagocytosis and efferocytosis requires 

macrophage movement as well.56, 57 In this work, I study the motion of leukocytes in the 
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context of atherosclerosis. To accomplish this, I develop a system for intravital imaging 

of arteries to visualize cell motion in atherosclerotic plaques.  

 

1.3 Scope of the thesis 

The objective of chapter 2 of the thesis is to elucidate the mechanism by which 

the Duffy Antigen/ Receptor for Chemokines (DARC), an atypical chemokine receptor, 

influences the progression of atherosclerosis. It was hypothesized that DARC alters the 

localization of pro-inflammatory chemokines, leading to changes in the progression of 

atherosclerosis. The effect of the absence of DARC on the size of aorta plaques was 

measured by en face Sudan Red staining. The cell contents of the aorta, blood, spleen, 

lymph nodes, and bone marrow in Apoe-/- and Apoe-/-Darc-/- mice were analyzed by flow 

cytometry. Immunofluorescence was used to investigate changes in the localization of 

CCL5 in the absence of DARC. It was concluded that while the presence of DARC does 

slow plaque progression, the mechanism for this is not through locally altering 

chemokine concentrations in the arterial wall.  

Chapter 3 describes the development and testing of the Intravital Live cell 

Triggering Imaging System (ILTIS), a novel tool I developed to image myeloid cells in 

atherosclerotic plaques in vivo. This system uses cardiac triggering and image post-

processing to remove motion artifacts due to the heart beat. 2D and 3D multicolor 

imaging was demonstrated. Additionally, the right external carotid artery (RCA) was 

validated as a model tissue for atherosclerosis that is similar in composition to the aorta 

through immunofluorescence and flow cytometry.  
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The objective of Chapter 4 is to characterize the motion of monocytes patrolling 

atherosclerotic arteries. ILTIS, described in Chapter 3, was utilized to visualize GFP+ 

monocytes in the blood of Apoe-/-Cx3cr1GFP/+ mice. The cells were tracked, and their 

motion was characterized. Two groups of monocytes were defined, and the flow bias, 

track length, confinement ratio and stalling time were quantified.  

The objective of Chapter 5 is to study macrophage phenotype and motion in 

atherosclerotic plaques. Macrophage subsets was characterized in Apoe-/- Cx3cr1GFP/+ 

Cd11cYFP mice via flow cytometry. 3 subsets based on GFP and YFP expression are 

described with different surface markers. The structure of the artery was analyzed with 

whole-mount immunofluorescence. ILTIS was then used to image macrophage motion in 

atherosclerotic plaques in vivo. Cell migration and “dancing on the spot” was observed.  
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Chapter 2  

The Duffy Antigen/ Receptor for Chemokines Influences 

Atherosclerosis 

2.1 Background 

The Duffy Antigen/ Receptor for Chemokines (DARC) is an atypical chemokine 

receptor (systemic name ACKR1) that was first discovered in 1950 as a minor blood 

group.58 It was described in 1975 as a receptor on red blood cells (RBCs) for the malaria 

parasite Plasmidium Vivax and Plasmidium Knowlesi.59 It is structurally similar to other 

chemokine receptors, in that it has 7 transmembrane domains;60, 61 however, unlike other 

chemokine receptors it lacks the “DRY” motif necessary for binding to G proteins and 

does not induce calcium signaling when ligated.62 Additionally, it is known for having a 

“promiscuous” binding profile, binding various CC and CXC chemokines (the two major 

structural classes of chemokines.)63 Importantly, it binds predominantly inflammatory, 

not homeostatic, chemokines.64 In humans, the strongest binder to DARC is CCL5,64 

which is known as one of the most pro-atherogenic chemokines.31, 33 In mice, fewer 

chemokines have been tested for binding to DARC, and the strongest reported binder is 

CXCL5.65 

DARC is expressed in mice and humans on RBCs and venular endothelial cells 

(ECs), but not arterial ECs.60 It has been found in the kidneys, lungs, spleen, and lymph 

nodes.66-68 It is upregulated on the endothelium upon inflammation.69, 70 People of West 

African descent (a malaria prone region) commonly have a protective “Duffy-negative” 
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phenotype, in which DARC is not expressed on RBCs, but remains expressed on the 

venular endothelium.59, 61, 71 This phenotype is correlated with Benign Ethnic 

Neutropenia72 and an increased risk of asthma.73 DARC has been implicated in 

atherosclerosis in humans through regulation of relevant chemokines.74-76 No 

experimental studies of DARC and atherosclerosis have been published.  

RBC DARC binds to chemokines, sequestering them to prevent them from 

binding other targets.77 It also acts as a chemokine buffer during acute inflammation, 

reducing the peak concentrations and then allowing for prolonged release back into the 

blood.78, 79 This is thought to help reduce desensitization of leukocytes to these 

chemokines.80 

On ECs, DARC helps to transport chemokines secreted within tissue across the 

endothelium, unidirectionally from the abluminal to luminal side.81, 82 DARC can present 

chemokines on the luminal surface or release them into the plasma. This helps to regulate 

the chemokine gradient between blood and tissue,83 influences chemokine availability to 

leukocytes,84 and facilitates chemokine-induced leukocyte migration.81  

I hypothesize that DARC influences the size and content of atherosclerotic 

plaques by altering the localization of chemokines relevant to atherosclerosis in the 

arterial wall and thereby influencing the recruitment of cells to the plaque and/or the 

mobility of cells within the plaque. 
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2.2 Previous unpublished work in the lab 

Apoe-/- Darc-/- mice were crossed in Klaus Ley’s lab from Apoe-/- and 

Darc-/- mice.77 These mice were fed WD for 12 weeks starting at 8 weeks old and then 

their aortas were dissected from the ascending aorta to the iliac arteries. The amount of 

plaque in the aorta was quantified using en face Sudan IV staining (Fig 2.1). This 

revealed that Apoe-/- Darc-/- mice have 40% more plaque area in their aortas than 

Apoe-/- mice (p<0.001). Blood lipids were analyzed and showed no difference in total or 

LDL cholesterol between groups (Fig 2.2). Apoe-/- Darc-/- mice did have higher HDL and 

triglycerides than Apoe-/- mice. However, HDL is atheroprotective.85 Therefore, elevated 

HDL cannot explain increased plaque size, suggesting that the difference between groups 

is not due to lipid metabolism. Additionally, no differences in blood leukocyte counts 

were found by electrozoning (hemavet) (Table 2.1).  
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Figure 2-1| Apoe-/- Darc-/- mice have larger plaques than Apoe-/- mice. A) Example 
images of en face Sudan IV staining of aortas from Apoe-/- and Apoe-/- Darc-/- mice fed 
WD for 12 weeks. B) Quantification of Sudan-positive area. ***, p<.001; n=14 for 
both groups. Bars show mean ± SD. One outlier was removed from the 
Apoe-/- Darc-/- group using the Grubbs method at α= 0.01. Statistics were calculated 
with an unpaired, two-tailed t-test using Welch’s correction for different SDs.
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Figure 2-2| Lipid and glucose levels are similar between Apoe-/- and 
Apoe-/- Darc-/- mice.    Blood obtained from Apoe-/- and Apoe-/- Darc-/- mice on WD for 
12 weeks was analyzed for total cholesterol, triglycerides, HDL and VLDL+LDL 
cholesterols as well as glucose. *, p<0.05; ****, p<.0001. Bars show mean ± SD. 
Statistics were analyzed with a student’s t-test with Welch’s correction for different 
SDs. n=13-16 for lipids, 4 for glucose. 

 

Table 2-1| Leukocyte subsets in the blood of Apoe-/- and Apoe-/- Darc-/- mice fed 
WD for 12 weeks analyzed by electrozoning (hemavet).  No significant differences 
were found by t-test.  
 

 WBC 
(K/ul) 

Neutrophils 
(K/ul) 

Lymphocytes 
(K/ul) 

Monocytes 
(K/ul) 

Eosinophils 
(K/ul) 

Basophils 
(K/ul) 

Apoe-/-       
Mean 1.10 0.26 0.76 0.06 0.01 0.00 
SD 0.70 0.23 0.45 0.07 0.01 0.01 
n 12 12 12 12 12 12 
Apoe-/-Darc-/-      
Mean 1.37 0.42 0.81 0.09 0.04 0.01 
SD 1.01 0.33 0.57 0.06 0.09 0.03 
n 15 15 15 15 15 15 
p value 0.52 n/s 0.20 n/s 0.89 n/s 0.46 n/s 0.41 n/s 0.34 n/s 
 



13 
 

 
 

To investigate the relative importance of hematopoetic vs. endothelial DARC, 

bone marrow transfers (BMTs) were utilized. Mice were irradiated to kill all 

hematopoetic cells without altering non-hematopoetic cells, and then were injected with 

bone marrow from a donor mouse. The hematopoetic stem cells in the bone marrow then 

replenish the hematopoetic compartment with the donor genotype. Apoe-/-  

Apoe-/- Darc-/- and Apoe-/- Darc-/-  Apoe-/- BMTs were performed (as well as Apoe-/-  

Apoe-/- and Apoe-/- Darc-/-  Apoe-/- Darc-/- controls, Table 2.2). After BMT, mice were 

put on WD for 12 weeks and then plaque area was quantified with en face Sudan IV 

staining as before (Fig 2.3). Knocking out endothelial DARC increased plaque burden by 

~40% (p<0.05), similar to the difference between Apoe-/-Darc-/- and Apoe-/- mice, but 

knocking out RBC DARC had little effect on plaque burden.  

 

 

Table 2-2| BMTs with all 4 possible combinations of Apoe-/- and 
Apoe-/-Darc-/- produce mice with Darc expression on hematopoetic cells (RBCs), 
non-hematopoetic cells (ECs), both, or neither.   

Donor Recipient Result 

Apoe-/- Darc-/- Apoe-/- Darc-/- No DARC 

Apoe-/- Apoe-/- Darc-/- RBC DARC 

Apoe-/- Darc-/- Apoe-/- EC DARC 

Apoe-/- Apoe-/- RBC + EC DARC 
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Figure 2-3| EC- vs. RBC- DARC expression differentially regulates progression 
of atherosclerosis.  Bone marrow chimeric mice were generated by lethal irradiation 
and reconstitution with unfractionated bone marrow. A) Example images of en face 
Sudan IV staining of aortas. B) Quantification of Sudan-positive area. Bars show 
mean ± SD. This was an exploratory experiment, with no statistical significance.  
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2.3 Methods 

2.3.1 Mice 

Apoe-/- mice were obtained from Jackson Laboratories. Darc-/- mice were obtained 

from Stephen Peiper.77 Mice were kept in specific pathogen–free conditions in an 

AAALAC-approved barrier facility, and all experiments were performed in accordance 

with IACUC standards. All mice used for experiments were fed WD for 12 weeks, 

starting at 6-8 weeks. Both males and females were used. The Apoe knock-out gene was 

screen using the following primers: forward 5’ GGG AGA GCC GGA GGT GA 3’; 

reverse 5’ CCT GGG TGG AGA GGC TTT T 3’; reporter 5’ CG CTC GAG CTG ATC 

TG 3’. The Apoe wild type gene was screened with the following primers: forward 5’ 

CCA GGG TTG CCT CCT ATC TG 3’; reverse 5’ CCA GCA TCC AGA AGG CTA 

AAG AAG 3’; reporter 5’ CCC CAG CCC CTT CTT 3’. The Darc knock-out gene was 

screened using the following primers: forward 5’ GCG CGCCAT CGA TCT C 3’; 

reverse 5’ TCT CAA GCA GAT TAG AGG AGT AGC A 3’; reporter: 5’ AGT GAC 

TAC AGC CTG ACA C 3’. The Darc wild type gene was screened using the following 

primers: forward 5’ TCT GGC TCC GTC CAT TCA G 3’; reverse 5’ TGC AGA GAG 

CAT GGT GAA CAG 3’; reporter 5’ CTC CTC CTC AGC TTC C 3’. RT-PCR testing 

was conducted by Transnetyx. Single Nucleotide Polymorphism (SNP) analysis was 

performed by Dartmouse for Apoe-/- and Apoe-/- Darc-/- and the mice were more than 90% 

similar to C57/B6 mice. The results can be found in Appendix 3 (supplemental). 

2.3.2 Aorta Flow Cytometry 

Apoe-/- and Apoe-/- Darc-/- mice fed WD for 12 weeks were euthanized by CO2, 

and blood was cleared from the arteries by perfusion with 10 mL heparinized PBS 



16 
 

 
 

through the heart. Aortas were dissected from the ascending aorta to the iliac branches 

and all fat was carefully removed. The arteries were digested with an enzyme mixture 

(450 U/ml collagenase type I, 250 U/ml collagenase type XI, 120 U/ml hyaluronidase, 

and 120 U/ml DNAseI), similar to what has been reported previously,86 but with a longer 

digestion time to improve yield. The aortas were placed in the enzyme mixture whole, 

and then digested for 45 min. Then, the freed cells were collected and fresh enzyme 

mixture was added to the tissue for another 45-60 min. The digested tissue was strained 

through a 70 μm nylon mesh to remove any clumps of tissue.  

Single-cell suspensions were stained with monoclonal antibodies for leukocyte 

subsets and functional molecules: CD45 (all leukocytes), CD11b (myeloid cell subsets), 

CD11c (myeloid cell subsets), CD3 (T cells), CD19 (B cells), Ly6G (Neutrophils), 

MHCII (antigen presentation capacity) as well as a viability marker (7AAD). See Table 

2.3 for detail. The compensation matrix was calculated automatically using single-color 

controls made from beads that bind antibodies and then adjusted by hand as necessary . 

Killed splenocytes were used for the single-color 7AAD control. 
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2.3.3 Aorta RT-PCR 

Aortas were collected as described above for flow cytometry. Only half of the 

tissue, from the ascending aorta to the thoracic aorta, was collected because this half has 

the most plaque per weight of tissue. Samples were immediately frozen in RNAlater with 

dry ice. The tissue was physically disrupted and homogenized by high-speed shaking 

Table 2-3| Antibody panel used for flow cytometry of aortas from Apoe-/- and 
Apoe-/- Darc-/- mice fed WD for 12 weeks. Cell viability was assayed with 7AAD 
(3:100). See Figure 2.5 A for gating scheme. 

Antigen Fluorochrome Conc. Clone Biological 
Significance 

CD45 APC-Cy7 1:200 30-F11 Leukocytes 

CD11b Brilliant Violet 
510 

1:200 M1/70 Myeloid Subsets 

CD11c PE-Cy7 1:200  N418 Myeloid Subsets 

CD3 Fitc 1:100 145-2C11 T Cells 

CD19 eFluor 450 1:100 1D3 B Cells 

Ly6G APC 1:200 1A8 Neutrophils 

MHCII AlexaFluor 700 1:400 M5/114.15.2 Antigen 
Presentation 
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with a stainless steel ball using a TissueLyser II (Qiagen). mRNA was extracted with a 

QIAzol kit for high-fat tissues and purified using an RNeasy mini kit (both from 

Qiagen),. On-column DNase digestion was performed. Gene expression was measured 

real-time using the standard SYBR Green protocol, on a Lightcycler 480. Commerically 

designed RT2 qPCR primers (Qiagen) were used. All samples were normalized to the 

expression of the ribosomal gene Rpl13a.87  

 

2.3.4 Flow Cytometry of Lymphoid Organs 

Blood was collected via cardiac puncture into EDTA-treated tubes, and then the 

RBCs were lysed with RBC lysis buffer (eBioscience). The spleen and para-aortic lymph 

nodes were collected from each mouse, and then strained through a 70 μm nylon mesh to 

separate the cells.  

The spleen and the blood were analyzed using a lymphoid and a myeloid panel of 

antibodies, assaying for leukocyte subsets (T cells, CD4 vs CD8 T cells, B cells, 

neutrophils, monocytes) and functional markers (MHCII, Ly6C, CD44, and CD62L). 

Only a lymphoid panel was used for the para-aortic lymph nodes. The antibodies and 

fluorochromes used can be found in Tables 2.4, 2.5, and 2.6. The compensation matrix 

was calculated using single-color controls made from beads that bind antibodies. Killed 

splenocytes were used for the single-color Live/Dead Aqua (Invitrogen) or 7AAD 

controls. 
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Table 2-4| Antibody panel used for flow cytometry analysis of lymphocytes in the 
spleen, blood, and lymph nodes of Apoe-/- and Apoe-/- Darc-/- mice fed WD for 12 
weeks. Cell viability was assayed with Live/Dead Aqua (1:100). Multiple 
combinations of antibodies were tested, this is the optimized panel. See Figure 2.9 for 
gating scheme. 

Antigen Fluorochrome Conc. Clone Biological 
Significance 

CD45 PerCP 1:100 30-F11 Leukocytes 

CD44 eFluor 450 1:100 1M7 Activated T cells 

B220 Pacific Orange 1:100  RA3-6B2 B cells 

CD4 APC 1:100 GK1.5 CD4 T cells 

CD8 AlexaFluor 700 1:100 53-6.7 CD8 cells 

TCRβ APC-eFluor780 1:100 H57-597 αβ T cells 

CD62L PE 1:100 MEL-14 Naive T cells 
 

Table 2-5| Antibody panel used for flow cytometry analysis of myeloid cells in the 
spleens of Apoe-/- and Apoe-/- Darc-/- mice fed WD for 12 weeks.  Cell viability was 
assayed with Live/Dead Aqua (1:100) in all samples. See Figure 2.8 for gating 
scheme. No differences were found in any group. 

Antigen Fluorochrome Conc. Clone Biological 
Significance 

CD11c Fitc 1:200 HL3 Myeloid Subsets 

CD45 PerCP 1:200 30-F11 Leukocytes 

Ly6C eFluor 450 1:200  HK1.4 Monocyte 
Subsets 

B220 Pacific Orange 1:200 RA3-6B2 B Cells 

Ly6G APC 1:200 1A8 Neutrophils 

MHCII AlexaFluor700 1:400 M5/114.15.2 Antigen 
Presentation to 
CD4 T cells 

TCRβ APC-eFluor780 1:200 H57-597 αβ T Cells 

CD11b PE-Cy7 1:200 M1/70 Myeloid Subsets 
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2.3.5 Flow Cytometry of Bone Marrow 

In some experiments, bone marrow was analyzed by flow cytometry for 

monocytes and the myeloid precursors cMoPs and MDPs.15 The femurs and tibias of the 

hind legs were removed and cleaned of extraneous tissue. One end of each bone was cut 

off, and the bone marrow was extracted via centrifugation. The bone marrow was stained 

with a panel of antibodies given in Table 2.7.   

 

 

 

Table 2-6| Antibody panel used for flow cytometry analysis of myeloid cells in the 
blood of Apoe-/- and Apoe-/- Darc-/- mice fed WD for 12 weeks.  Cell viability was 
assayed with Live/Dead Aqua (1:100) in all samples. See Figure 2.7 for gating 
scheme.  

 
Antigen Fluorochrome Conc. Clone Biological 

Significance 

CD45 PerCP 1:200 30-F11 Leukocytes 

Ly6C eFluor 450 1:200  HK1.4 Monocyte Subsets 

B220 Pacific Orange 1:200 RA3-6B2 B Cells 

Ly6G APC 1:200 1A8 Neutrophils 

MHCII AlexaFluor700 1:400 M5/114.15.2 Antigen 
Presentation to CD4 
T cells 

TCRβ APC-eFluor780 1:200 H57-597 αβ T Cells 

CD115 PE 1:100 AFS98 Monocytes 

CD11b PE-Cy7 1:200 M1/70 Myeloid Cells 
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2.3.6 Immunofluorescence 

Aortic roots, containing the aortic valve, from Apoe-/- and Apoe-/-Darc-/- mice 

were dissected and frozen in OCT (Optimal Cutting Temperature) compound. Five μm 

thick sections were cut on a cryotome. Sections were fixed in isopropanol and stained for 

combinations of polyclonal rabbit anti-mouse CCL5 (1/500, eBioscience, 14-7993-81) 

and AlexaFluor 488 goat anti-rabbit secondary (1:500 Invitrogen), APC rat antimouse 

CD31 (clone Mec13.3, BD Pharmigen), and AlexaFluor 546 antimouse DARC (using a 

monoclonal antibody generously provided by Aude Thuriott and Ulrich von Adrian). 

Nuclei were counter stained with DAPI. Sections were imaged by confocal microscopy, 

using a Leica SP5 with a 20x oil objective.  

Table 2-7| Antibody panel used for flow cytometry analysis of myeloid precursor 
cells in the bone marrow of Apoe-/- and Apoe-/- Darc-/- mice fed WD for 12 weeks. 
Cell viability was assayed with 7AAD (3:100) in all samples. See Figure 2.12 A for 
gating scheme. 

Antigen Fluorochrome Conc. Clone Biological 
Significance 

Lin (CD3; 
CD19; Ly6G) 

APC 1:200 145-2C11; 
1D3; 1A8 

Lineage Marker (T,  
B, Neutrophils) 

CD11b Brilliant 
Violet 510 

1:200 M1/70 Integrin αM 

CD115 Brilliant 
Violet 421 

1:100  AFS98 CSF1 Receptor 

CD135 PE 1:200 A2F10 Flt-3 

CD117 PE-Cy7 1:200 2B8 C-Kit 

Ly6C APC-Cy7 1:200 HK1.4 Monocyte Subsets 

MHCII AlexaFluor 
700 

1:400 M5/114.15.2 Antigen Presentation 
to CD4 T cells 
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2.3.7 Statistics 

All statistics were analyzed with GraphPad Prism. Group means were compared 

with either the student’s T test if all groups were normally distributed or the Mann-

Whitney non-parametric test. Normal distribution was tested with the D’Agostinio-

Pearson omnibus normality test. For the BMT experiments, two-way ANOVAs were 

used to compare group means. Outliers were found with the ROUT method at 1% 

significance.  
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2.4 Results 

2.4.1 Gross anatomy 

There was no difference in weights between the groups (Fig 2.4). Female, but not 

male, Apoe-/-Darc-/- mice had 80% larger spleens than age-matched Apoe-/- mice (p<0.01, 

Fig 2.4).  

 

 

Figure 2-4| Gross anatomical differences between Apoe-/- and Apoe-/- Darc-/- mice.  
After 12 weeks WD, mice were weighed, and their spleens were removed and 
weighed. **, p<.01. n=13-16 per group, per sex. Bars show mean ± SD. 
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2.4.2 Aorta Flow Cytometry 

To determine if there is a difference in cell content in the plaques between the 

Apoe-/- and Apoe-/- Darc-/- mice, the aortas were analyzed by flow cytometry. The gating 

scheme used for analysis is shown in Figure 2.5 A. Inconsistent with larger lesions, 

Apoe-/- Darc-/- mice had similar numbers of live CD45+ leukocytes in their aortas as 

Apoe-/- mice, though they showed a much larger variance (Fig 2.5 B). Within the CD45+ 

population, both groups had similar percentages of T cells (CD3+), B cells (CD19+), 

neutrophils (Ly6G+) and macrophage/DC subsets by CD11b and CD11c (Fig 2.5 C). The 

phenotype of the leukocytic infiltrate did not allow me to formulate a hypothesis 

regarding a possible mechanism by which DARC may influence atherosclerosis.  

 

2.4.3 Aorta RT-PCR 

To further characterize the plaque environment, gene expression in the aorta was 

tested by RT-PCR. The expression of CCL5 and CXCL1, which are known to both bind 

DARC64, 82 and as relevant to atherosclerosis,1433 did not change in aortas of Apoe-/- and 

Apoe-/-Darc-/- mice, and neither did the chemokine receptor CCR5 (Fig 2.6). Neither IL-

10, a marker of M2 macrophages, nor FoxP3, a marker of Regulatory T cells, changed. 

Apoe-/-Darc-/- mice showed a trend towards the decrease of expression of molecules 

involved in cell recruitment, such as ICAM, VCAM, P-selectin, and E-selectin, though 

only ICAM was statistically significant (p<0.05, Fig 2.6).  
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Figure 2-5| Cell composition of aortas of Apoe-/- and Apoe-/- Darc-/- mice.  A) 
Representative example of the gating strategy used to identify leukocytes and the 
various subsets. Live CD45+ leukocytes are phenotype for CD11b and CD11c 
expression. CD11b-CD11c- cells are analyzed for B and T cells. Neutrophils are 
identified directly from the CD45 population. B) Number of Live CD45+ leukocytes 
found in the aortas of Apoe-/- and Apoe-/- Darc-/- mice via flow cytometry after 
enzymatic digestion. 3 outliers were removed using the ROUT method.  C) Cell 
subsets found in the aorta by flow cytometry, given as a percentage of all live 
leukocytes. Bars show mean ± SD. n=7-15. No differences were found by student’s 
two-tailed t-test. 
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Figure 2-6| Gene expression in the aorta of Apoe-/- and Apoe-/- Darc-/- mice.  mRNA 
was extracted from minced aortas cleaned of extraneous tissue. Gene expression was 
normalized to the house-keeping gene Rpl13a. Selp is the gene name for P-selectin, 
and Sele is the gene name for E-selectin. n=3-5.*, p<0.05. 
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2.4.4 Flow Cytometry of Lymphoid Organs 

To investigate whether the absence of DARC leads to systemic differences in 

leukocyte subsets in atherosclerotic mice, the blood, spleen, and para-aortic lymph nodes 

were analyzed by flow cytometry. The gating schemes used in the blood myeloid panel 

(Figure 2.7, Table 2.6), spleen myeloid panel (Figure 2.8, Table 2.5) and blood, spleen, 

and lymph node lymphoid panel (Figure 2.9, Table 2.4) are provided. The 

Apoe-/-Darc-/- mice had 20% more T cells in blood than Apoe-/- mice (p<0.05, Fig 2.10), 

though there were no differences in activation markers (CD62L or CD44) or CD4 or CD8 

subsets. The mice lacking DARC had 35% fewer monocytes in the blood, with no 

differences in Ly6C expression (Fig 2.10). This was not evident in data obtained by 

electrozoning (Table 2.1). 
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Figure 2-7| Gating scheme for flow cytometry analysis of myeloid cells in the 
blood of Apoe-/- and Apoe-/- Darc-/- mice.  Samples are gated on live leukocytes, and 
then monocytes (Mo., CD115+) and neutrophils (Neu., Ly6G+) are identified. 
Monocytes are characterized by Ly6C. No differences between Apoe-/- and 
Apoe-/- Darc-/- mice were found in any of these groups. 
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In the para-aortic lymph nodes, there was no change in the percentage of T cells, 

but Apoe-/-Darc-/- showed an increase in CD4 vs. CD8 T cell subsets (Fig 2.11 A). This 

pattern continued in the spleen (Fig 2.11 B). No changes were found in either organ in T 

cell activation markers. In the spleen, no differences were found in myeloid cells, 

including neutrophils, macrophages, or DCs.  

 

 

 

 

Figure 2-8| Gating scheme for flow cytometry analysis of myeloid cells in the 
spleen of Apoe-/- and Apoe-/- Darc-/- mice. First, T cells (TCRβ+) and B cells (B220+) 
are excluded, and neutrophils are identified (Ly6G+). No differences between 
Apoe-/- and Apoe-/- Darc-/- mice were found in any of these groups. 
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Figure 2-9| Gating scheme for flow cytometry analysis of lymphoid cells in the 
blood, spleen, and para-aortic lymph nodes of Apoe-/- and Apoe-/- Darc-/- mice. 
Representative example from blood. Lymphocytes are preliminarily identified by 
forward and side scatter, and then B cells (B220+) and T cells (TCRβ+) are identified, 
and then T cells are characterized by subset (CD4+ or CD8+) and then by activation 
status (CD44 and CD62L). The same panel and gating was used in spleen and para-
aortic lymph nodes. Multiple antibody panels were tested; this represents the final 
results. 
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Figure 2-10| Increased T cells and decreased monocytes in the in the blood of 
Apoe-/- Darc-/- mice fed WD for 12 weeks. Blood was collected via cardiac puncture 
into EDTA tubes, the RBCs were lysed, and the cells were analyzed by flow 
cytometry. See Tables 2.4 and 2.6 for fluorochromes and Figures 2.7 and 2.9 for 
gating scheme. Lines show mean ± SD. n=4-11.  
*, p<0.05.  
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Figure 2-11| Apoe-/- Darc-/- mice have a higher frequency of CD4+ T cells in the 
spleen and para-aortic lymph nodes.  A) Para-aortic lymph nodes and B) spleens 
from Apoe-/- and Apoe-/- Darc-/- mice fed WD for 12 weeks were strained through a 70 
μm filter and their cell composition was analyzed with flow cytometry. See Table 2.4 
for fluorochromes used and Figure 2.9 for gating scheme. Lines show mean ± SD. 
n=9-11. *p<0.05; **, p<0.01. Statistics were calculated with the Mann-Whitney non-
parametric test. 
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Since there was an increase in monocytes but no change in the relative frequency 

of the Ly6C subsets, I thought perhaps there was a difference in monocyte development. 

Therefore, bone marrow was analyzed by flow cytometry (Fig 2.12 A). A small increase 

in the number of MDPs was found in the bone marrow of Apoe-/- Darc-/- mice, with no 

change found in the number of cMoPs or monocytes in the bone marrow (Fig 2.12 B). 

This suggests that the difference in the frequency of blood monocytes in 

Apoe-/-Darc-/-may have to do with a difference in the development of monocytes in the 

bone marrow.  

 

2.4.5 Immunofluorescence  

The content of the plaques was studied using immunofluorescence. CD31, a pan 

endothelial marker, was present on the vessel lumen, and in small vessels in the vasa 

vasorum in the adventitia (Fig 2.13 A, C). DARC was only present in adventitial vasa 

vasorum, not on the lumen of the aorta (Fig 2.13 A, B), consistent with preferential 

expression of DARC on venules. Only some small vessels were DARC+. No DARC 

staining was present in Apoe-/-Darc-/- mice (Fig 2.13 D).  

As CCL5 is known to bind DARC strongly, and is highly relevant for 

atherosclerosis, I investigated the localization of CCL5 in plaques in Apoe-/- and 

Apoe-/-Darc-/- mice. CCL5 was found throughout the plaque (Fig 2.14 A, B). The same 

total amount of CCL5 was found in the plaques of Apoe-/- and Apoe-/-Darc-/- mice (Fig 

2.14 D).  
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Figure 2-12| Apoe-/- Darc-/- mice have more MDPs in their bone marrow than 
Apoe-/- mice.  Bone marrow from Apoe-/- and Apoe-/-Darc-/- mice was collected and 
analyzed by flow cytometry. A) Example showing gating strategy to find cMoPs (Lin-
, CD11b-, CD117+, CD115+, CD135-, Ly6C+) , MDPs (Lin-, CD11b-, CD117+, 
CD115+, CD135+, Ly6C-), and monocytes (Lin-, CD11b+, CD115+). The lineage 
markers (Lin) used to exclude differentiated cells were CD3, CD19, and Ly6G. B) 
Quantification of the myeloid cell precursors cMoPs and MDPs and C) Ly6CHi and 
Ly6CLow monocytes in bone marrow leukocytes. **p<0.01. n=8. Statistics calculated 
with student’s t-test. 



35 
 

 
 

 

 

Figure 2-13| DARC is present on some vasa vasorum in aortic roots. A) 
Representative image of aortic root of an Apoe-/- mouse fed WD for 12 weeks stained 
for DARC (red), CD31 (blue), and nuclei (green, DAPI). Arrows point to example 
DARC+ vessels, while the arrowhead points to a DARC- vessel. DARC+ CD31+ 
vessels appear pink. Scale bar = 100 μm. B) and C) Single color images from the 
square in A showing DARC and CD31 staining. Scale bar = 50 μm. D) The specificity 
of the DARC antibody was tested by staining aortic root sections from an 
Apoe-/- Darc-/- mouse fed WD 12 weeks. No DARC+ vessels were found. 
Scale bar = 100 μm. 
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Figure 2-14| CCL5 localization in aortic roots. A) Aortic root sections from 
Apoe-/- and B) Apoe-/- Darc-/- mice fed WD for 12 weeks were stained with CCL5, 
CD31, and DARC. Representative images. Scale bar = 200 μm. C) CCL5 antibody 
specificity was confirmed using rabbit IgG. D) Quantification of the amount of CCL5 
staining in Apoe-/- and Apoe-/- Darc-/- aortic roots, given as mean pixel value (Arbitrary 
Units (AU)) in the intimal plaque area. For the Apoe-/- and Apoe-/- Darc-/- groups, each 
point represents the average of 3-4 fields-of-view per mouse aortic root. For the IgG 
Control group, each point represents the mean intensity from a single field-of-view 
from 2 mice total.  
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2.5 Discussion 

It was known from previous unpublished work that the absence of DARC 

increases plaque burden in the aortas Apoe-/- mice fed WD for 12 weeks. This phenotype 

was shown to depend on DARC expression on endothelial cells, not RBCs. Since 

endothelial DARC is involved in chemokine localization, I hypothesized that DARC 

influenced the recruitment of monocytes to the plaque, and/or the motility of cells within 

the plaque through localization of chemokines near the aorta.  

Flow cytometry of the blood showed a small but statistically significant change in 

the fraction of monocytes and T cells in the blood; but, this difference did not appear in 

the aorta. In fact, there was no difference in the relative frequency of any of the tested 

leukocyte subsets, suggesting that there is an overall increase in inflammation in the aorta 

with approximately equal representation by all types of leukocytes.  

DARC was not found in the intimal plaque or luminal endothelium. I conclude 

that DARC is unable to directly influence cell recruitment to the aorta through chemokine 

presentation on the luminal surface or the chemokine gradient between the blood and the 

tissue. This was confirmed with immunofluorescence staining of CCL5 on aortic root 

sections. DARC may have an effect on leukocyte recruitment through the vasa vasorum. 

However, there are also changes to systemic cell concentrations (in the spleen and lymph 

nodes) that are unlikely to depend on vasa vasorum expression of DARC. Overall, my 

data reject the hypothesis that the major mechanism by which DARC influences 

atherosclerosis is through local changes in chemokine concentration. The data obtained 

did not result in an alternative hypothesis. Thus, it remains unknown how the absence of 

DARC influences atherosclerosis. 
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2.5.1 Conclusion 

The absence of DARC promotes plaque growth in Apoe-/- mice. The mechanistic 

hypothesis that this is through altered localization of the chemokine CCL5 within the 

arterial wall is rejected.
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Chapter 3  

The lntravital Live cell Triggered Imaging System (ILTIS) 

3.1 Intravital Imaging  

Traditional methods for studying atherosclerosis involve plaque size 

quantification by en face or aortic root staining, flow cytometry to quantify the 

prevalence of cell subsets, RT-PCR to measure gene expression, and 

immunofluorescence to determine the location and amount of cells and extracellular 

proteins, as were utlized in Chapter 2. These assays, while very useful for detailing the 

current state of the disease in the mouse, are static and cannot provide information on 

dynamic disease processes. Recently, an assay for measuring monocyte recruitment to 

plaques was developed based on timed injections of latex beads.29, 30 Beads injected into 

the mouse blood were picked up by monocytes. Later, the beads were found in the intima 

plaque, suggesting that monocytes carried the beads through the endothelial layer and 

deposited them within the plaque. Similarly, timed delivery of Bromodeoxyuridine 

(BrdU, a thymidine analog that is incorporated into DNA during cell division) has been 

used to quantify the rate of macrophage cell division within the plaque.17 These new 

methods provide some information about processes such as recruitment or cell division, 

but have limited time resolution and cannot resolve fast processes, such as monocyte 

recruitment or macrophage migration. For that, real-time imaging is needed. 

Recently, ex vivo imaging of transgenically and exogenously labeled cells in 

explanted aortas has been reported.53 This was used to visualize the interactions between 
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antigen-presenting cells and T cells to help demonstrate that antigen presentation was 

occurring in the aorta. This was a significant improvement compared to available 

technology, because it allowed real-time imaging of live cells in the aorta. However, it is 

not known whether the motile characteristics including intra-plaque migration velocity, 

directionality, dendrite extension and cell shape are fully preserved in explanted 

arteries.88 Moreover, blood flow is necessary for cell patrolling.54, 89 Also, the movement 

of interstitial fluid due to tissue movement may influence cell migration.90 In vivo 

imaging is necessary to observe cells in their native microenvironment.  

Cells must be fluorescently labeled in order to image them. In vivo antibody 

labeling possible, but is subject to high background staining and rapid photobleaching. 

Transgenic and knock-in fluorescent reporter mice can overcome this limitation. 

Unfortunately, no definitive, well-accepted markers to specifically and efficiently label 

each relevant cell type exist. Instead, I took advantage of two markers that are known to 

be bright on multiple subsets myeloid cells, Cx3cr1GFP and Cd11cYFP.55, 91  

CX3CR1, also called fractalkine receptor, is a chemokine receptor expressed on 

monocytes as well as NK and T cells in blood,92 and in mononuclear phagocytes in 

tissue.93, 94 Its ligand is CX3CL1, also known as fractalkine, which is involved in 

leukocyte adhesion and migration.95 The Cx3cr1GFP reporter mouse has the gene for 

eGFP knocked-in to one allele of the gene for CX3CR1 and produces GFP in the 

cytoplasm whenever Cx3cr1 is expressed.91 All mice used in these experiments where 

heterozygotic, or Cx3cr1GFP/+. Mice in which both alleles are replaced by the gene for 

GFP, Cx3cr1GFP/GFP, are known to have defects in monocyte and macrophage survival in 

the context of atherosclerosis.96  
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CD11c is an integrin expressed on DCs and macrophages. The Cd11cYFP reporter 

mouse expresses the gene for YFP under the CD11c promoter inserted into an unknown 

location in the genome.55 This mouse was originally called a DC reporter mouse, but 

CD11c is no longer considered a specific DC marker.38, 39 Additionally, YFP expression 

does not perfectly correlate with CD11c expression (Fig 3.1), though the reasons for this 

are unknown. I crossed Cx3cr1GFP/+ and Cd11cYFP expressing mice with Apoe-/- mice, to 

image the motion of mononuclear phagocytes in atherosclerotic plaques in vivo.  

 

 

 

 

 

 

 

Figure 3-1| Correlation between CD11c surface expression and YFP expression 
in Cd11cYFP mice in live CD45+ leukocytes the blood, spleen, and aorta via flow 
cytometry.  
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3.2 Design Criteria 

3.2.1 Excitation light penetration depth 

Intravital optical imaging is an invaluable tool for studying dynamic biological 

and disease processes accurately; however, there are technical challenges with access to 

the vessel luminal side and image stability during the acquisition. In order to image 

monocytes crawling on the vessel wall and mononuclear phagocytes within the intimal 

plaque, certain design criteria for the intravital system must be met. First, the microscope 

chosen must be able to image through a large volume of tissue to be able to see to the 

lumen of the artery. Plaques can be approximately 200 μm thick at 9 weeks WD, and 

grow with age up to the entire width of the RCA (Fig 3.2). Confocal microscopes, both 

laser scanning and spinning disk, are limited to imaging 50-100 μm deep. Two-photon, 

epifluorescent, and light-sheet microscopes can all achieve the necessary excitation 

depth. However, while epifluorescence microscopes can image through the arterial 

wall,21 the axial resolution is low and high background is generated from out-of-focus 

fluorescence. Light sheet microscopes are not suitable for imaging adult mice. I chose a 

Leica SP5 two-photon microscope for its balance of penetration depth and spatial 

resolution. 
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3.2.2 Tissue Motion 

In a living mouse, large arteries expand and contract with every heartbeat, moving 

the wall vertically and laterally, which severely compromises the image quality. To 

minimize motion due to heart beat within each image, the microscope must be able to 

acquire a single frame during effective diastole, when the artery is most still. In a mouse 

anesthetized with ketamine/xylazine/atropine, the heart rate is approximately 300-350 

bpm. Each heart beat takes 170-200 ms, and diastole takes approximately one third to one 

half of that time, therefore each frame must be acquired in at most 100 ms. To achieve 

this speed, I used a Leica resonant scanner, which can acquire up to 8000 lines per second 

(up from 1600 lines per second for the conventional scanner.) In addition, maximizing 

the speed of the conventional scanner required a 6x zoom, whereas the resonant scanner 

 

Figure 3-2| Atherosclerotic plaque in the external carotid artery. Sections of the 
external carotid artery from an Apoe-/- mouse fed WD for A) 9 weeks or B) 4 months 
stained for Oil Red O (counter stained with Hematoxylin). 

 

200 μm 200 μm 

9 week WD 4 months WD A B 
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only enforces a 1.7x zoom. This means 3.5x more area can be acquired in each frame 5x 

faster than the conventional scanner. The number of lines scanned was limited to at most 

256 (512 pixels across). A frame this size can be acquired in 35-70 ms, depending on the 

number of lines averaged (typically 3-6).  

3.2.3 Cardiac Triggering 

There are 3 commonly used methods for minimizing motion artifacts in intravital 

laser scanning microscopy of tissues with innate motion, such as the heart or lungs: 

mechanical stabilization, triggering, and image post-processing.97 Various techniques 

have been successfully used to physically restrain tissue movement, such as tissue glue,98-

100 compression,101, 102 or suction103-105 to attach a stabilizer. However, these methods are 

not suitable for arterial preparations. The cylindrical geometry of the artery makes a 

suction ring approach infeasible. Also, the artery wall, especially the adventitia, is a 

delicate tissue that may be damaged by tissue glue. In contrast, triggered acquisition 

enables high-resolution imaging while allowing the tissue to move freely by only 

acquiring data when the tissue is in a quasi-steady position. Alternatively, triggering can 

also be done in a retrospective manner, where data is acquired continuously while the 

heart beat and breathing are recorded and then only images or image fractions that were 

acquired within predetermined windows in both cycles are kept. Triggering based on 

heart beat and respiration has been used to image healthy arteries; however, to date the 

use of this technique alone has been limited to imaging a single plane in animals with low 

heart rates, such as rats or deeply anesthetized mice.106 Triggering has also been used to 

improve 2D99, 105 and 3D imaging of the heart98, 101 and carotid artery102 that was 

predominantly stabilized mechanically. The third method, post-processing, is applied 
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after data collection to remove motion artifacts by selecting for further analysis only a 

fraction of the acquired images based on apparent motion in the images themselves.107 It 

has been successfully combined with mechanical stabilization to produce high-quality 

movies of various organs.108 However, like retrospective triggering, relying on post-

processing alone can lead to phototoxicity and photobleaching because the tissue is 

exposed to extra excitation light that will never be used for analysis. Additionally, even 

with the resonant scanner, the maximum frame rate is ~14 fps, or 2-3 frames per 

heartbeat. This is not fast enough to ensure that a frame will always be acquired at the 

correct phase. Triggering image acquisition based on the heart rate ensures that the image 

is always acquired during the same point in the cardiac cycle for every frame. 

I designed a novel system for intravital imaging of atherosclerotic plaque in the 

external carotid artery, based on triggering and image post-processing. I used 

Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice to visualize monocytes and macrophages in the wall 

of atherosclerotic arteries. 
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3.3 Intravital Imaging Method (ILTIS) 

3.3.1 Surgery 

Mice were anesthetized with a standard mixture of ketamine/xylazine/atropine 

(100/10/0.4 mg/kg intraperitoneally). Fur on the thigh and anterior neck was removed 

with depilatory cream and then the skin was washed with 70% ethanol to remove the 

cream. Saline was injected intraperitoneally (0.5 mL) to protect the mouse from 

dehydration. A 2 cm craniocaudal opening was cut in the anterior neck. The salivary 

glands were separated, and then moved to each side and weighed down with tissue 

clamps. The muscle surrounding the trachea was cut away, and a tracheal cannula (PE90) 

was placed and tied securely. The left jugular vein was cleaned of fat, and a cannula 

(PE10 with a 28G needle) was inserted and tied. For extra security, the jugular vein 

cannula was secured with tissue glue. Supplemental anesthetic was applied at 20-30 min 

intervals via the jugular vein catheter as needed. The ligament of the right 

sternomastoideus muscle was cut and the proximal end of the muscle was pulled away 

from the right carotid artery and secured with a tissue clamp. Extraneous tissue around 

the external carotid artery was removed without touching the thin fascia covering the 

artery.  

3.3.2 Multiphoton Microscopy 

All imaging experiments were conducted on a Leica SP5 with a water-dipping 

objective (Olympus XLUMPLFL 20X NA 0.95). The system is composed of a DM6000 

microscope, a Ti-Sapphire laser (Chameleon Ultra II, Coherent), tuned to 920 nm for all 

experiments, a resonant scanhead for fast scanning, and a Leica trigger box. The emitted 

light was split into 3 photomultiplier tube detectors by 2 dichroic mirrors (520 nm and 
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495 nm) and three filters [513/17 nm for GFP, 535/22 nm for YFP, and 460/50 for 

collagen visualized by SHG] (Figure 3.3). Acquired images cover 512 pixels in x (the 

vessel axis) and 200 to 256 pixels in y, depending on heart rate. All images used 3-6x line 

scan averaging, for a total of 35-70 ms per frame. The pixel size is 890 nm in x and y, 

and ~5000 nm in z. I chose to acquire a large field of view at the expense of maximum 

spatial resolution. During the imaging, the imaged area was kept wet by with a slow drip 

(5-10 mL/hour) of superfusion fluid (phosphate buffered saline, PBS) from a syringe 

pump (Fig 3.4 A). The mouse was warmed to 37°C with a heating pad on a feedback loop 

while an objective heater (OW-2D, Warner) heats both the objective and the superfusion 

fluid (Fig 3.4 A). Preliminary experiments showed that injectable anesthesia resulted in 

reduction of heart rate to ~350 bpm, but also caused low tissue oxygen saturation and 

arrhythmias as measured by the pulse oximeter. Reducing the heart rate with anesthesia is 

desirable because it lengthens the diastolic phase, allowing for more time to acquire a 

frame. Oxygen saturation improved to 98% and arrhythmias were reduced when the mice 
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were given supplemental oxygen next to the cannulated trachea. Triggered Imaging 

Method 

In order to achieve triggered acquisition, the mouse heartbeat needs to “drive” the 

microscope. Figure 15 describes the set-up and workflow for achieving triggered 

acquisition. The trigger pulse is derived from a pulse oximeter (MouseOx, Starr Life 

Sciences) placed on the thigh of the mouse (Fig 3.4 A), using the output that reflects 

oxygenated hemoglobin (Fig 3.4 B). The analog pulse wave signal is conditioned in a 

simple custom-built heartbeat detection circuit, utilizing an Arduino microcontroller 

(Duemilanove, Smartprojects) (Fig 3.4 A, Fig 3.5) Systole is detected when the pulse 

 

Figure 3-3| Mirror and filter combination used in all intravital imaging 
experiments. 3 dichroic mirrors (colored squares) and 3 filters (ovals) were used to 
split the emitted fluorescence into 3 non-descanned PMT detectors (NDD, black 
rectangles) to visualize collagen by SHG, Cx3cr1GFP, and Cd11cYFP. 
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oximeter output goes from positive to negative (Fig 3.4 B). Since the heartbeat signal is 

acquired at a different location from the imaged area, an adjustable delay circuit is 

implemented to ensure that image acquisition proceeds during effective diastole [Fig 3.5 

B, C). The delay (typically 0-30 ms) is adjusted manually until the apparent motion 

between frames is minimal. After the delay, the microcontroller produces a trigger pulse 

that is fed into the microscope scanhead using a Leica trigger box and initiates acquisition 

of a single frame (Fig 3.4 B, Appendix 1). The process is then repeated at the next 

heartbeat.  

Three (occasionally 4) images in consecutive heart beats were acquired, and then 

a short pause was inserted to reduce photobleaching (Fig 3.4 B, C). In post-processing, 

one out of each triplet of frames was automatically chosen to compile the final movie 

(see below).109 For 2D movies, a 1 second pause was inserted. This time was chosen to be 

fast enough (average final rate of 0.66 Hz) to accurately track cells between frames but 

still allow for 30-45 minute movies with minimal photobleaching. For 3D movies, in 

between each triplet of frames, the Arduino microcontroller sent a signal through Matlab 

to the nosepiece piezo-controller (Piezosystem Jena, NV 40/1 CLE and MIPOS 500 SG) 

on the microscope objective to change the imaging focal plane (Fig 3.4 A, C and 

Addendum 2). The inserted pause in this case was only 300 ms (approximately 1 heart 

beat). Stacks of 25-40 Z slices were acquired, with a final frame rate of approximate one 

stack every 42 seconds. After one out of each triplet of frames was selected, image 

registration was used to reduce residual motion (see below). These post-processing 

algorithms effectively remove artifacts due unknown sources, possibly including 

respiration.  
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Removing these additional artifacts was attempted by suppressing the trigger 

signal during respiration, but this was unsuccessful. A mouse’s breathing can be 

monitored and controlled using a ventilator; however, this leads to more strain on the 

mouse, and is another potential cause of failure in an already complex system. Instead, I 

let the mouse breathe freely, and built a device to measure the mouse’s chest motion. It 

uses a long piezoelectric film that reacts strongly to changes in length, pressed across the 

mouse’s chest. The mouse’s chest motion due to breathing could be accurately recorded 

(Fig 3.6). Simultaneously, cardiac-triggered images were acquired. No pattern could be 

detected where artifacts were always present or larger in a specific phase of the 

respiration cycle. There did not seem to be a way to accurately remove respiration altered 

frames without also losing many “good” frames. This suggests that the artifacts are not 

due largely to respiration. The residual artifacts are likely from the heartbeat being 

slightly irregular (changing the time between systole and diastole), the anterior neck 

muscles twitching, and occasional large breaths that are different from typical 

anesthetized breathing. Image post-processing can account for motion from all of these 

sources without needing to understand them. 
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Figure 3-4| Explanation of the Intravital Live cell Triggered Imaging System. A) 
Schematic diagram of intravital live cell triggered imaging system (ILTIS) set-up. The 
mouse is placed supine on a heating pad on the microscope stage, and is breathing 
freely with additional oxygen provided. A syringe pump pumps RPMI into the space 
between the carotid artery and the objective and both the liquid and the objective are 
kept warm with an objective heater. The mouse’s heart beat is monitored by a pulse 
oximeter on the mouse’s thigh, which is connected through the Arduino 
microcontroller circuit to the scanhead of the two-photon microscope. The position of 
the objective is controlled by a piezo actuator, which is in communication with Matlab 
and the heart beat detection circuit. 

Continued on next page. 

A

B
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Figure 3-4 (From Previous Page)| Explanation of the Intravital Live cell 
Triggered Imaging System.B) Illustration of triggered image acquisition in response 
to the heart beat, showing representative output from the pulse oximeter (black line), 
detection of a heartbeat when pulse oximeter signal become negative (red dot), 
adjustable delay time after heart beat detection (labeled δ, blue line), representation of 
trigger pulse sent to Leica trigger box (red dotted line), and ~50 ms image acquisition 
time during diastole (black bars above pulse oximeter graph). C) Control diagram of 
triggering system. Arrows show direction of information flow. The mouse’s heartbeat 
is monitored by the pulse oximeter (1), which outputs an analog signal (2). The 
waveform is digitized (3) and sent to an Arduino microcontroller, which after an 
adjustable delay (4) outputs a trigger pulse (5) to the microscope to acquire an image 
(6). This repeats 3 times (7), and then the Arduino suppresses all trigger signals for 1 
second (8) to reduce photobleaching. For 3D imaging, the Arduino also signals 
through Matlab to the piezo actuator (9) to change the focal plane (10). Red lines- 
analog signals, Blue lines- digital signals, Green lines- Serial communication. 

 

B

C
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Figure 3-5| Circuit for digitizing the analog output from the pulse oximeter. A 
simple low-pass RC filter reduces noise from the pulse oximeter output, and then this 
is fed into the positive input of an operational amplifier acting as a comparator. This 
outputs +5 V when the pulse oximeter output is positive, and 0 when the output is 
negative. The power supply for the operational amplifier and all grounds are provided 
by the Arduino board. 

 

Figure 3-6| Example output from the tested respiration sensor. A respiration 
sensor composed of a piezoelectric resistor strapped across the mouse’s chest to 
monitor its breathing was tested. Each waveform shows one respiration cycle. The 
anesthetized breathing rate was approximately 3 Hz. 
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3.3.4 Image Processing Algorithm 

In collaboration with Dr. Nilanjan Ray of the University of Alberta, we developed 

two ImageJ plug-ins for (1) finding the frames with minimal motion artifact and (2) 

correcting residual motion.  

3.3.4.1 Frame Selection 

First, one frame out of each triplet of frames is selected. The idea is to choose 1 

frame out of the 3 which best matches the image that will be chosen from the timepoint 

before and after it. The difference between two images is determined by the sum of the 

absolute value of the differences in pixel intensity. 

For 2D movies, the entire image sequence is analyzed simultaneously to find the 

global optimum solution to the cost function: 

 𝐸𝐸 = ∑ ‖𝑣𝑣𝑖𝑖 − 𝑣𝑣𝑖𝑖+1‖𝑁𝑁−1
𝑖𝑖=1 , 

where vi is a variable that represents any one of the 3 image frames acquired at the 

ith time point, and there are N total timepoints.109 Dynamic programming is applied here 

with a polynomial complexity of O(NM2) to find out the global minimum.110 

In 3D movies, the frame must be selected to optimally match the timepoint before 

and after as well as from the Z slice above and below it. In mathematical terms, if there 

are K images taken at the same location in sequential heart beats (usually 3), selecting the 

optimal image, n, at each Z location, i, and time, j, is achieved by minimizing the 

following cost function:  

∑ ∑ ∑ 𝑎𝑎𝑖𝑖,𝑗𝑗,𝑛𝑛𝑎𝑎𝑘𝑘,𝑙𝑙,𝑚𝑚�𝐼𝐼𝑖𝑖,𝑗𝑗,𝑛𝑛 − 𝐼𝐼𝑘𝑘,𝑙𝑙,𝑚𝑚�𝐾𝐾
𝑚𝑚=1

𝐾𝐾
𝑛𝑛=1(𝑖𝑖,𝑗𝑗),(𝑘𝑘,𝑙𝑙):|𝑖𝑖−𝑘𝑘|+|𝑗𝑗−𝑙𝑙|=1 , where 

∑ 𝑎𝑎𝑖𝑖,𝑗𝑗,𝑛𝑛
𝐾𝐾
𝑛𝑛=1 = 1,∀(𝑖𝑖, 𝑗𝑗), and 𝑎𝑎𝑖𝑖,𝑗𝑗,𝑛𝑛 ∈ {0,1},∀(𝑖𝑖, 𝑗𝑗,𝑛𝑛).  
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The norm ||.|| measures the sum of absolute value of pixel difference between two 

images and the variable ai,j,n ensures that only 1 out of n images can be chosen at each 

(i,j). However, this minimization problem is in 2 dimensions (time and space) and is 

computationally intense. Instead, an approximation is made which turns this into a 1D 

minimization problem that can be solved with dynamic programming.111 Each Z stack is 

analyzed in sequence, and the results depend on the previous Z stack. The cost function 

to be minimized for the timepoint j+1 is:  

∑ ∑ ∑ 𝑎𝑎𝑖𝑖,𝑗𝑗+1,𝑛𝑛𝑎𝑎𝑖𝑖+1,𝑗𝑗+1,𝑚𝑚(0.5�𝐼𝐼𝑖𝑖,𝑗𝑗 − 𝐼𝐼𝑖𝑖,𝑗𝑗+1,𝑚𝑚� + �𝐼𝐼𝑖𝑖,𝑗𝑗+1,𝑚𝑚 − 𝐼𝐼𝑖𝑖+1,𝑗𝑗+1,𝑛𝑛� +𝐾𝐾
𝑚𝑚=1

𝐾𝐾
𝑛𝑛=1𝑖𝑖

0.5�𝐼𝐼𝑖𝑖+1,𝑗𝑗 − 𝐼𝐼𝑖𝑖+1,𝑗𝑗+1,𝑛𝑛�)  

 

3.3.4.2 Image Registration 

After frame selection, some translation and rotation artifacts still exist in the 

image sequence. Additionally, slow drift in the field-of-view occurs. In collaboration 

with Dr. Nilanjan Ray, we developed 2D and 3D registration algorithms designed for 

long sequences of data with occasional changes in focal plane or illumination. Similar to 

StackReg,112 this algorithm uses template matching, and transforms one image to match 

another, based on minimizing the absolute value of the differences in pixel intensity. 

Importantly, this algorithm has a novel way of determining anchor images to serve as a 

“template”. Most currently available registration algorithms either pick a single image to 

serve as a template for the entire sequence, or constantly update the anchor image to be 

the previous image in the sequence (or a linear combination of the two). However, these 

methods work poorly for long intravital sequences, which tend to have a low signal-to-

noise, changes in signal intensity to due photobleaching, occasional fast changes in the 
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focal plane, and moving cells that make template matching difficult. In conventional 

registration methods, these periods of non-ideal data lead to registration errors, which are 

then carried through the entire sequence, or are incapable of updating when the template 

is no longer accurate.  

Our novel registration algorithm reorders the images into a tree pattern, where 

images that are more similar are closer to each other in the tree, and individual images 

with large motion artifact are the “leaves” of the tree (Figure 3.7). It then transforms each 

image using the closest node in the tree as the template. This allows for updating the 

template when necessary to account for changes in the actual sample, but limits error 

propagation.  

The algorithm starts by calculating the total difference in pixel intensity between 

each image and its neighbors. The user selects a “graph width” which defines how many 

images each frame is compared to. In the “exact” version of the algorithm, the images 

being compared are first registered with StackReg against each other before pixel 

intensity difference is calculated. This is computationally expensive, and therefore limits 

the starting number of comparisons. In the “approximate” version of the algorithm, the 

pixel intensity difference is calculated from the raw data. This is faster, and so a larger 

tree can be generated, but is less exact in each individual weighting calculation. A 

minimum spanning tree (MST) is then constructed,113 which connects every frame with 

another one in a way that minimizes the total amount of transformation that will be 

needed. A starting “anchor” image is chosen automatically, and registration then 

proceeds along the tree. 
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Figure 3-7| Graphic representation of how the MST registration algorithm finds 
the optimal registration path to reduce error propagation. A) An example 
sequence of 6 images, where images 2 and 3 (dark blue) are particularly difficult to 
register to the rest of the sequence due to motion artifacts or noise. B) The algorithm 
computes a “tree” of possible registration sequences. In this example the “graph 
width” is 3, such that the difference (amount of registration needed) between each 
image and the 3 images on either side of it are calculated. For instance, Image 1 is 
compared to 2, 3, and 4; Image 2 is compared to 1, 3, 4, and 5, etc. C) The MST 
program finds the minimum cost tree, in which there is 1 registration transformation 
for each image and the problematic images are “leaves” of the tree.  This defines a 
registration path for the entire sequence. The starting “anchor” is calculated 
automatically as image 4, because it is the middle. In this example, images 1, 3, and 6 
are transformed against image 4. Then, image 2 is transformed against image 1, and 
image 5 is transformed against image 6. Notably, choosing the middle image as the 
anchor reduces errors due to drift, and no errors from the noisy images 2 and 3 are 
propagated. 

 

A 

B 

C 
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3.4 Testing ILTIS 

3.4.1 Methods 

3.4.1.1 Mice 

Apoe-/- mice were obtained from Jackson Laboratories. Cd11cYFP mice were 

provided by M. Nussenzweig (Rockefeller University, NY, New York).55 Cx3cr1GFP 

mice were provided by S. Jung (Weizmann Institute of Science, Israel).91 Mice were kept 

in specific pathogen–free conditions in an AAALAC-approved barrier facility, and all 

experiments were performed in accordance with IACUC standards. Cd11cYFP mice and 

Cx3cr1GFP mice were both bred onto the Apoe-/- background. The independent strains 

were then bred to each other to create the Cx3cr1GFP/+ Cd11cYFP Apoe-/- strain used in this 

study. For these experiments, only the Cx3cr1GFP/+ genotype was used to exclude any 

potential effects associated with deletion of Cx3cr1 gene in homozygous mice.96 All three 

combinations of genotypes were used in the study: Cx3cr1GFP/+ Cd11cYFP, Cx3cr1GFP/+ 

and Cx3cr1+/+ Cd11cYFP. The Apoe knock-out gene was screen using the following 

primers: forward 5’ GGG AGA GCC GGA GGT GA 3’; reverse 5’ CCT GGG TGG 

AGA GGC TTT T 3’; reporter 5’ CG CTC GAG CTG ATC TG 3’. The Apoe wild type 

gene was screened with the following primers: forward 5’ CCA GGG TTG CCT CCT 

ATC TG 3’; reverse 5’ CCA GCA TCC AGA AGG CTA AAG AAG 3’; reporter 5’ 

CCC CAG CCC CTT CTT 3’. The Cd11cYFP transgene was screened using the following 

primers for Cd11c and YFP, respectively: 5’ TGC TGG TTG TTG TGC TGT CTC ATC 

3’ and 5’ GGG GGT GTT CTG CTG GTA GTG GTC 3’.The Cx3cr1 wild type allele 

was screened for using the following primers: 5’ TTC ACG TTC GGT CTG GTG GG 3’ 

and 5’ CGT CTG GAT GAT TCG GAA GTA GC 3’. The GFP knock-in construct was 
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screened with the following primers: 5’ TAA ACG GCC ACA AGT TCA GCG 3’ and 5’ 

TAC TCC AGC TTG TGC CCC AGG ATG TT 3’. RT-PCR testing was conducted by 

Transnetyx. SNP analysis was performed by Dartmouse for Apoe-/- and 

Apoe-/- Cx3cr1GFP/+ and the mice were more than 90% similar to C57/B6 mice. The 

results can be found in Appendix 3 (supplemental). 

 

3.4.1.2 Movie Quality Quantification 

The cardiac triggered imaging system was first tested using Apoe-/- Cd11cYFP 

mice, which have fluorescent myeloid cells in their arterial walls.53, 114 In addition to the 

YFP signal, collagen was visualized through SHG.115 A movie was acquired without the 

trigger, and then a second movie was acquired with the trigger in the same location. The 

triggered movie was then processed using the image selection and registration algorithms. 

Movie quality was quantified using the SSIM score.116 Two hundred twenty frames from 

each image series (untriggered, triggered, triggered with image selection, triggered with 

image selection and registration) were analyzed. The SSIM score was calculated in 

Matlab (Mathworks) using the m-file written by Wang et al.,116 for each sequential pair of 

images in each movie (between frames 1 and 2, 2 and 3, etc.) to determine how different 

each frame is from the previous one in each stage. 

 

3.4.1.3 Histology and Immunofluorescence of the RCA 

The right external carotid artery from an Apoe-/- mouse fed WD for 9 weeks was 

dissected from the branch point toward the internal carotid artery to the edge of the 

visible plaque of the superior thyroid, ascending pharyngeal, and external carotid arteries 
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and embedded in optimal cutting temperature compound (OCT). Serial 5 μm cross-

sections were cut on a cryostat. Sections every 30 μm throughout the length of the visible 

plaque were stained with Oil Red O, Trichrome and H&E using standard procedures. 

Other sections were stained for CD11b (biotinylated rat anti-mouse, BD Pharmingen, 

M1/70, 1:100) and CD11c (hamster anti-mouse, BD Pharmingen, HL3, 1:20), or α-

smooth muscle actin (αSMA) (polyclonal rabbit anti-mouse, Abcam, 1:1000) overnight. 

The secondary antibodies were: streptavidin-Alexa Fluor 555 (Invitrogen, 1:500), anti-

hamster-Alexa Fluor 633 (Jackson IR, 1:250), anti-rabbit-Alexa Fluor 594 (Invitrogen, 

1:500). Directly conjugated APC-rat anti-mouse CD31 (BD Pharmingen, Mec13.3, 

1:100) was added to the slides stained for αSMA. Nuclei were stained with Yoyo-1 

(Invitrogen).  

Whole mount imaging of the external carotid arteries from Apoe-/-Cx3cr1 GFP/+ 

Cd11cYFP mice fed WD for 20 weeks was performed. After the mouse was euthanized, 

the blood was cleared from the artery by perfusion of a 9.25% sucrose solution through 

the heart. The carotid was carefully cleaned, and all fat and fascia was removed. The 

tissue was fixed in situ with 4% PFA for 15 min to preserve the branching structure of the 

artery. Then, the artery was excised and fixed in 4% PFA overnight. Tissues were stained 

with anti-CD4 antibody and DAPI. Samples were mounted between two coverslips in 

Prolong Diamond, a glycerol based medium optimized for fluorescent proteins. Samples 

were imaged with the Leica SP5 with the two-photon laser, using a 25x IR- and 

coverslip-corrected objective. The excitation wavelength was 970 nm. The objective is 

designed for water, not glycerol, immersion. A large field-of-view was collected with the 

automated stage.  



61 
 

 
 

3.4.1.4 Flow Cytometry 

Apoe-/- mice fed WD for 12 weeks starting at 6-8 weeks old were euthanized by 

CO2, and blood was cleared from the arteries by perfusion with 10 mL heparinized PBS 

through the heart. Aortas and external carotid arteries were dissected from the ascending 

aorta to the iliac branches and all fat was carefully removed. The right and left carotid 

arteries were pooled. The tissue were digested with an enzyme mixture (450 U/ml 

collagenase type I, 250 U/ml collagenase type XI, 120 U/ml hyaluronidase, and 120 U/ml 

DNAseI), similar to what has been reported previously.86 The arteries were placed in the 

enzyme mixture whole, and then digested for 45 min. Then, the freed cells were collected 

and fresh enzyme mixture was added to the tissue for another 45-60 min. The digested 

tissue was strained through a 70 μm nylon mesh to remove any clumps of tissue. The 

panel of antibodies used is given in Table 2.3.  

 

3.4.2 Results 

3.4.2.1 The external carotid artery is a useful model system of the aorta 

Our work is the first report of the mouse RCA being used to study atherosclerosis. 

Previously, descriptions of plaque in the mouse only went as far as the bifurcation 

between the internal and external carotid arteries. I found that visible plaques reliably 

developed in the RCA after 9 weeks WD (Fig 3.8 A). Serial sectioning revealed that 

plaque is present throughout all branches of this artery (including superior thyroid and 

ascending pharyngeal), though with varying composition in different locations. I 

analyzed serial sections obtained at 30 μm intervals from an Apoe-/- mouse fed WD 9 

weeks. Immunofluorescence revealed CD11b+, CD11c+ and double positive cells as 
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expected (Fig 3.8 F).53 α-Smooth muscle actin (αSMA) staining revealed the medial 

layers and CD31 stained the endothelial monolayer enclosing the lumen (Fig 3.8 G). To 

visualize cellular composition by histology, I used H&E staining (Fig 3.8 B, D). Neutral 

lipids were stained with Oil Red O (Fig 3.8 B, C) and collagen and elastin fibers were 

stained with trichrome (Fig 3.8 B, E). The classical histology staining methods confirmed 

presence of atherosclerotic lesions defined as accumulation of lipids, infiltration of 

immune cells and thickening of the artery wall.  
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Figure 3-8| Structure and cell content of plaque in the external carotid artery. A) 
Plaque is visible (opaque white) in the external carotid artery (EC) and superior 
thyroid artery (ST) branch of an Apoe-/- mouse fed WD for 12 weeks. Plaques can also 
develop in the ascending pharyngeal artery (AP) and lower EC branches. CC- 
common carotid artery; IC- internal carotid artery. B) Serial sections every 60 μm 
from an Apoe-/- mouse fed WD 9 weeks were stained for neutral lipids (Oil Red O), 
cell components (H&E), and collagen and elastin fibers (Trichrome). Scale bar = 200 
μm. Every other stained section is shown. Larger examples are shown for visibility 
(C-E). C is also shown in Figure 3.2. Serial sections were also immunostained for F) 
CD11b and CD11c and G) α-Smooth Muscle Actin (αSMA) and CD31. 
Autofluorescence and nuclei (stained with Yoyo-1) appear in blue. Brightness was 
increased by 40% on all fluorescence images for visibility. 
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Additionally, flow cytometry was used to compare the cell content of the external 

carotid artery plaques with those of the aorta. The percentage among all CD45+ 

leukocytes of CD11b+, CD11c+, T cells, B cell, and neutrophils were similar between the 

carotids and aortas (Fig 3.9). Only the percentage of neutrophils and B cells were 

significantly different between groups suggesting that the carotid artery develops plaque 

that is similar in composition to the more commonly studied aorta, especially for the cells 

of interest to this work. 

 

 

Figure 3-9| The cell contents of the aortas and carotid arteries of Apoe-/- mice fed 
WD are similar as determined by flow cytometry. Samples were enzymatically 
digested, and then stained for CD11b, CD11c (myeloid cell subsets), CD19 (B cells), 
TCRβ (T cells), and Ly6G (neutrophils). See Table 2.3 for fluorochromes used and 
Figure 2.5 A for gating scheme. Aorta data also shown as the Apoe-/- group in Figure 
2.5 C. Bars show mean ± SD. n=7-11 (aorta) and 3-8 (carotid). Statistics calculated 
with the Mann-Whitney non-parametric test. *, p<0.05. 
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3.4.2.2 Cardiac Triggering Improves Movie Quality 

ILTIS was first tested using Apoe-/- Cd11cYFP mice. Triggered acquisition greatly 

reduced motion artifacts compared to untriggered movies (Fig 3.10 A and Video 1). 

However, even with cardiac triggering, residual motion of the artery was still visible. 

Each step in the image post-processing helped improve movie quality, with the final 

results of an image series that was steady. Based on the structural similarity (SSIM) 

score,116 the triggered acquisition provided the most benefit, followed by the frame 

selection, with the final correction for translational movement adding further image 

stabilization (Fig 3.10 B). 
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Figure 3-10| Improvement in movie quality with cardiac triggering and image 
post-processing. A) Example images showing the effect of triggered image 
acquisition on data quality. Top: 3 sequential images freely acquired from an 
Apoe-/- CD11cYFP mouse. Bottom: 3 sequential images acquired using the trigger as 
described. Red- YFP+ cells, Blue- Collagen visualized through SHG. See Video 1 for 
corresponding movies. B) Pairwise structural similarity (SSIM) scores for image 
sequences taken from the same location of an Apoe-/- CD11cYFP mouse and processed 
in various ways. The image sets that were analyzed were: free, untriggered 
acquisition, triggered acquisition, triggered images with the image selection algorithm 
described in the text, and triggered, selected images with additional registration. Data 
show mean ± SD. 

 

A 

B 
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3.4.2.3 2D Imaging 

As a proof of concept, ILTIS was used to image cells in a single Z plane on the 

luminal surface of the RCA of an Apoe-/- Cx3cr1GFP/+ mouse fed WD for 4 months 

(Video 2). In this movie, the final frame acquisition rate was 0.66 Hz. GFP+ monocytes 

could be seen crawling along the arterial wall. The triggering and image processing 

produced movies with minimal visible motion artifacts in which cells could be easily 

followed.  

3.4.2.4 3D imaging 

To demonstrate 3D imaging, ILTIS was used to image cells in a volume of plaque 

in Apoe-/-Cx3cr1GFP/+Cd11cYFP mice fed WD 13 weeks. GFP+, YFP+, and double 

positive myeloid cells can be seen moving in the plaque (Video 3). Additionally, the 

registration allows for the reconstruction of the 3D volume of the atherosclerotic plaques. 

An example 3D reconstruction from data collected intravitally can be seen in Figure 3.11. 

A 3D view of that artery can be seen in Video 4.   
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Figure 3-11| Reconstruction of a 3D stack of acquired using ILTIS. An 
Apoe-/- Cx3cr1GFP/+ Cd11cYFP mouse fed WD for 12 weeks was imaged using ILTIS. 
A) After image processing, a 3D view of the artery can be reconstructed in Imaris, 
using normal shading mode, viewed from the top (outside of the artery into the 
lumen). Collagen (blue) is made partially transparent to visualize the cells underneath. 
B) The artery is turned upside down to show details of cell shapes and positions in the 
intimal plaque. This looks from the luminal side, through the wall, to the adventitial 
side. Scale bar = 50 μm. Red- YFP; Green- GFP. 
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3.4.2.5 Intravital imaging accurately images cells 

In some experiments with Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice, after imaging the 

mouse was euthanized and the RCA was fixed with 4% PFA. The RCA was imaged for 

GFP+ and YFP+ cells using whole-mount two-photon microscopy with higher lateral and 

axial resolution than can be achieved in vivo (Fig 3.12). The cells seen in vivo were found 

in the isolated artery, with similar shapes and relative positions. Only minor distortions 

are seen between the two images, likely due to the artery collapsing from lack of 

intraluminal pressure after it was removed from the mouse, cell motion in the time 

between intravital imaging and mouse death, or the difference in viewing angle between 

in vivo and ex vivo imaging.  
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Figure 3-12| Ex vivo imaging corresponds to in vivo imaging. An 
Apoe-/- Cx3cr1GFP/+ Cd11cYFP mouse fed WD for 20 weeks was imaged using ILTIS 
(C). The artery was fixed in situ, removed, and whole-mount imaged with two-photon 
microscopy. The cells that were visualized in vivo can be found in the whole-mount 
tissue (A,B). 



71 
 

 
 

3.5 Discussion 

I developed a novel method for imaging leukocytes in arteries of live mice using 

two-photon microscopy. The system implements cardiac triggering and novel image 

processing algorithms to acquire high-resolution, multicolor 2D and 3D movies of 

fluorescent cells in a large volume of tissue. Concurrently, the external carotid artery and 

its branches (superior thyroid and ascending pharyngeal arteries) were validated as a 

surgically accessible and reliable model of atherosclerosis. The RCA develops plaque 

that is similar to the composition of the plaque in the more commonly studied aorta.  

Imaging cardiovascular tissues that are subject to large motion artifacts is 

currently an active topic that multiple groups are researching. Multiphoton imaging of 

leukocytes in mouse arteries was pioneered by the Weber/Sohnlein group in 2010.107 The 

authors detected LysmGFP labeled neutrophils adherent to the lumen of the common 

carotid artery. Some neutrophils appeared to be crawling into what may be plaque tissue. 

However, the location of the neutrophils is unclear, because only 2D imaging was used, 

and the only structures that were labeled were collagen by SHG and elastin by 

autofluorescence. Statistical analysis was not possible because only a single experiment 

with 10 total frames was reported. Frames were manually selected without proper 

registration, making it difficult to distinguish cell motion apart from motion artifacts due 

to focal plane changes.  

Later that year, the same group published a different way of imaging leukocytes 

in healthy arteries in vivo.106 This report used cardiac and respiratory triggering to remove 

motion artifacts. However, the only published movie with leukocytes was acquired in a 

deeply anesthetized mouse with a non-physiological blood pressure. All cells in the blood 
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and in the arterial wall were labeled with acridin red, making it impossible to tell the 

phenotype of the cells. Additionally, the movie contained obvious motion artifacts that 

would make cell tracking infeasible.  

Recently, a refined method of imaging neutrophils in atherosclerosis was 

published.102 Mechanical stabilization limited the vessel expansions due to the heartbeat 

by restraining the carotid artery between a metal holder and a glass coverslip. Breathing 

motion was removed by respiratory triggered acquisition. The authors reported one 

experiment with LysM-GFP mice in which a Leica SP5 II microscope was used to image 

neutrophils, collagen, and the plasma volume. In a shallow stack (total thickness 18 μm) 

the authors showed what appeared like neutrophil crawling on the endothelial surface, 

similar to what was previously reported in microvessels.117 However, it is unclear what 

effect the mechanical stabilization had on the cell behavior.  

ILTIS has unique advantages over the previously published methods. Most 

importantly, our system does not require any form of mechanical stabilization of the 

imaged tissue, minimizing experimental artifacts caused by physically contacting or 

applying pressure the tissue. Other methods have been published that do not use 

stabilization, but these are unable to acquire Z stacks or have not been shown to be 

reproducible. ILTIS can be used to study various open questions in the field, including 

cell recruitment to plaques from the blood and macrophage activity within plaques. While 

ILTIS was developed with atherosclerotic arteries in mind, it could be applied to other 

tissues subject to cardiovascular motion. Additionally, the image processing algorithms, 

especially the 3D time series registration, are robust can be applied to any fluorescent 

data set with motion artifacts. 
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3.5.1 Conclusion 

Cardiac triggering combined with image post-processing enables stable imaging 

of leukocytes in atherosclerotic arteries without the risk of tissue damage that comes with 

mechanical stabilization.  
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Chapter 4  

Monocyte Patrolling in Atherosclerotic Arteries revealed by 

ILTIS 

4.1 Introduction 

Having a system for intravital imaging of fluorescent cells in the external carotid 

artery allows for a unique and powerful opportunity to understand the behavior of 

monocytes in atherosclerosis. This is the only system available that can image monocytes 

in live mice, in the presence of pulsatory blood flow with physiological shear stress. 

ILTIS has the potential to further our understanding of the mechanisms of monocyte 

recruitment and extravasation in the context of atherosclerosis. I used it to quantify 

“normal” motion of CX3CR1Hi monocytes in the lumen of atherosclerotic arteries, to 

provide a basis for future studies on the factors that influence it.  
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4.2 Methods 

4.2.1 Mice 

Apoe-/- mice were obtained from Jackson Laboratories. Cx3cr1GFP mice were 

provided by S. Jung (Weizmann Institute of Science, Israel).91 Mice were kept in specific 

pathogen–free conditions in an AAALAC-approved barrier facility, and all experiments 

were performed in accordance with IACUC standards. Cx3cr1GFP mice were bred onto 

the Apoe-/- background. For these experiments, only the Cx3cr1GFP/+ genotype was used to 

exclude any potential effects associated with deletion of Cx3cr1 gene in homozygous 

mice.96 The Apoe knock-out gene was screen using the following primers: forward 5’ 

GGG AGA GCC GGA GGT GA 3’; reverse 5’ CCT GGG TGG AGA GGC TTT T 3’; 

reporter 5’ CG CTC GAG CTG ATC TG 3’. The Apoe wild type gene was screened with 

the following primers: forward 5’ CCA GGG TTG CCT CCT ATC TG 3’; reverse 5’ 

CCA GCA TCC AGA AGG CTA AAG AAG 3’; reporter 5’ CCC CAG CCC CTT CTT 

3’. The Cx3cr1 wild type allele was screened for using the following primers: 5’ TTC 

ACG TTC GGT CTG GTG GG 3’ and 5’ CGT CTG GAT GAT TCG GAA GTA GC 3’. 

The GFP knock-in construct was screened with the following primers: 5’ TAA ACG 

GCC ACA AGT TCA GCG 3’ and 5’ TAC TCC AGC TTG TGC CCC AGG ATG TT 

3’. RT-PCR testing was performed by Transnetyx. All mice were fed WD starting at 6-8 

weeks of age. SNP analysis was performed by Dartmouse for Apoe-/- and 

Apoe-/- Cx3cr1GFP/+ and the mice were more than 90% similar to C57/B6 mice. The 

results can be found in Appendix 3 (supplemental). 
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4.2.2 Characterization of Blood GFP+ cells 

Blood from Apoe-/- Cx3cr1GFP/+ mice was collected via the cardiac puncture into 

EDTA tubes. RBCs were lysed with RBC lysis buffer and the cells were stained with: 

CD45- PE-Texas Red (leukocytes), CD115- PE (monocytes), NK1.1- PE Cy7 (natural 

killer cells), CD11c-APC eFluor 780, and Live/Dead Aqua. The leukocytes were 

analyzed by flow cytometry. 

4.2.3 Intravital Imaging of GFP+ cells in the blood. 

ILTIS was used to perform intravital imaging of the RCA of Apoe-/-Cx3cr1GFP/+ 

mice fed WD for 8-12 weeks. Single plane 2D imaging was used. A 1 second pause was 

inserted between triplets to reduce photobleaching. Under these conditions, the arteries 

were imaged for 30-55 min with usable signal. After image selection and registration was 

applied, there was a final frame rate of approximately 0.66 Hz. 8 mice were successfully 

imaged, and of those, 7 had moving cells. In all movies analyzed, blood flow could be 

seen by observing the streaks of GFP+ cells moving quickly in the blood flow. 

4.2.4 Cell Tracking 

After image selection and registration, patrolling cells were tracked in Imaris 

(Bitplane). Cells were detected using an absolute intensity threshold, and then the 

position of each cell’s centroid was tracked using Imaris’s autoregressive motion 

algorithm. Broken or inaccurate tracks were corrected manually. Only cells which 

showed visible net motion during the movie were tracked to ensure the removal of GFP+ 

macrophages from analysis (the slowest average velocity detected was 10 μm/min). It 

was assumed that any cells that moved more than its diameter between frames coasted in 

the same direction during that time. Cells were tracked for the length of the entire movie 
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unless they left the field-of-view or the focal plane. The position of each cell in each 

frame was exported to Matlab for further analysis.  

In Matlab, any time points in the middle of each track lacking position data due to 

out-of-focus frames were filled in with linear interpolation. The average direction of 

blood flow in each movie was estimated by the angle of the collagen in the arterial wall. 

All position data were rotated around the origin to set the direction of blood flow to be 

positive x. To reduce the effect of noise on various calculations, any change in measured 

position smaller than 1 pixel (890 nm) was removed (adjusting x and y positions 

separately.) This led to a reduction of path length, especially for slower cells, with 

negligible change in net displacement of each cell.  

The instantaneous velocities of all cells were calculated. Due to the noise 

reduction step, the slowest instantaneous speed that could be detected was 35 μm/min (1 

pixel movement (890 nm) between frames that are approximately 1.5 seconds apart). 

Cells were separated into groups by their mean speed (using absolute values of velocity) 

over the entire track, with cells having less than 50 μm/min average speed labeled 

“slow”, and the rest “fast”. For both groups, the following statistics were calculated for 

each cell: net displacement (distance between start and end point of each cell track), path 

length (sum of distance traveled between each frame), confinement ratio (displacement 

divided by path length), and dwell fraction (percentage of frames with less 1 pixel motion 

in both directions).88 In one movie, the number of cells visiting each 10 μm x 10 μm area 

in the field-of-view, in 1 μm steps, was counted in Matlab.  
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4.3 Results 

4.3.1 Characterization of Blood GFP+ cells 

The blood of Apoe-/-Cx3cr1GFP/+ mice was analyzed by flow cytometry. This 

revealed that the large majority of GFP+ cells in the blood are monocytes, similar to what 

has been reported previously (Fig. 4.1). Among cells in the top decade of fluorescence 

intensity, which are bright enough to be visualized by two-photon microscopy, nearly all 

of the cells are Ly6C Low monocytes. This demonstrates that nearly all of the cells that 

were analyzed by imaging are monocytes, with negligible contamination by other cell 

types. 

 

Figure 4-1| GFPHi cells are Ly6CLow monocytes. Flow cytometry analysis of blood 
from an Apoe-/- Cx3cr1GFP/+ mouse. Cells were gated on live CD45+ leukocytes. 
Monocytes were identified with CD115-PE and Natural Killer cells were identified 
with NK1.1-PE Cy7. Monocytes were further characterized with Ly6C-eFluor450 and 
CD11c-APC eFluor780.  

 

Blood Leukocytes 

All GFP+ Cells 
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Monocytes 
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4.3.2 Characterization of monocytes patrolling the atherosclerotic endothelium.  

The behavior of patrolling monocytes in atherosclerotic lesions was analyzed in 

detail in the 3 most stable movies (Videos 3, 5, and 6). Cells were tracked in Imaris (Fig. 

4.2 A) and their movement was characterized by velocity, displacement, path length, 

confinement ratio19, 20, 54, 118 and a new parameter- stalling fraction. 97 cells were 

analyzed in detail, with an average instantaneous speed of 37 μm/min (red line in 4.2 B). 

The average speed of all cells over each track was 91 μm/min, with 62 cells having an 

average speed of <50 μm/min, which I called “slow”, while the “fast” cells moved with 

average speeds between 50 and 350 μm/min (with 2 particularly fast cells moving at over 

1000 μm/min, which are likely rolling and not patrolling) (Table 4.1, Fig 4.2 B). Cell 

tracks were translated so that their origins were centered at (0,0). This reveals that 

migration occurred in all directions, both with and against the flow as well as 

perpendicular to it (circumferential, Fig 4.2 C and D).  

As expected, the net displacement was larger for fast cells than for slow cells 

(p<.05, Fig 4.3 A), though the path length over the total track was not significantly 

different between the fast and slow groups (Fig 4.3 B). Interestingly, the confinement 

ratio was also significantly larger for fast than slow cells (p<.001, Fig 4.3C). A 

confinement ratio of 1 means perfectly straight migration paths and a confinement ratio 

near 0 means little net migration. Analysis of the stalling fraction showed that the slow 

cells stayed in place (less than 1 pixel motion in any direction) for half of the frames in 

which they were detected, whereas the fast cells stood still for only 20% of their tracked 

frames (p<.0001, Fig 4.3 D).  
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Figure 4-2| Monocytes Patrol Lumen of Atherosclerotic Artery.  A) Representative 
image of monocytes moving along the lumen of the EC of a live Cx3cr1GFP/+ 

Apoe-/-mouse (heart rate 360 bpm) fed WD for 3 months. Images were acquired and 
processed using ILTIS, as described in Chapter 3. Cell position and shape changes 
were tracked in Imaris over 15 minutes. In this image, surfaces of the tracked cells are 
highlighted in green for clarity. Green- GFP+ cells, Blue- Collagen in the adventitia 
visualized through SHG. See Video 3 for movie of crawling cells. B) Mean absolute 
value of velocity over the entire track for each cell tracked in 3 movies. Red line 
shows mean of all cell. Cells in which the average speed was less than 50 μm/min 
(blue dotted line) were labeled slow, all others were labeled fast. C) Tracks of each 
slow and fast D) cell, plotted after aligning their starting position. Tracks are randomly 
colored to visualize overlays. 
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Figure 4-3| Motion characteristics of monocytes patrolling the atherosclerotic 
artery.   Monocytes were imaged in the RCA of live mice using ILTIS. 97 cells in 3 
movies were characterized. These are the same cells as in Figure 4.2.  A) Net 
displacement, B) path length, C) confinement ratio, and D) percentage of frames spent 
stopped of the slow and fast tracked cells over the entirety of the track. Red lines show 
mean. * p<.05; ** p<.001; *** p<.0001 E) The mean axial and circumferential speeds 
for each slow and fast cell. Linear regression calculated with the two cells moving at 
more than 1000 μm/min removed. The slope of the regression line is 0.96 with an R2 
of .77. F) Calculated instantaneous axial and circumferential velocity at each frame of 
each tracked slow and fast cell. G) Normalized histogram for the instantaneous axial 
velocities of slow and fast cells. The slow cells had a mean velocity of 1.7 μm/min, a 
median of 0 μm/min, and a skewness of 14.6; the fast cells had a mean velocity of 26 
μm/min, a median of 0 μm/min, and a skewness of 6. 
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Separating cell migrations into their directional components reveals that patrolling 

cells move at approximately the same speed in the axial and circumferential directions 

(Fig. 4.3 E). To more systematically analyze a possible flow bias in migration velocity, 

the instantaneous velocities of all fast and slow cells in the axial and circumferential 

directions were compared (Fig. 4.3 F). Both fast and slow cells are biased towards the 

direction of flow, with faster cells exhibiting more bias. The mean instantaneous axial 

velocities of the fast and slow cells were 26 and 1.8 μm/min, respectively. The 

skewnesses of their distributions were 6.0 and 14.6, respectively (Fig 4.3 G). 

Additionally, the net displacement was 35.6 μm in the direction of blood flow for fast 

cells and 14 μm for slow cells. This suggests that the flow forces slightly accelerate 

migration, which is evident in the shape of the tails of the velocity histograms showing a 

wider separation in the direction of flow than against flow (Fig 4.3 6). 

 

4.3.3 Hotspot Patrolling 

In one movie, a “hot spot” of monocyte patrolling was evident even prior to 

formal analysis (Video 7). The dendritic shaped cells in this movie are Cx3cr1GFP cells 

(macrophages) in the artery wall, which were not analyzed here. Tracks of round 

patrolling cells show an area in the upper third of the field of view with a large number of 

overlapping tracks (Fig. 4.4 A). Figure 4.4 B focuses in on the hot spot and shows that 

the monocytes patrolling the hot spot do not sit still, but circle the area. The hotspot area 

(~25 μm x 25 μm) was visited by 14 unique cells, much higher than any other spot on the 

endothelium. This is evident by plotting the number of unique cell visits as a function of 

position (Fig 4.4 C). Each of those 14 cells were among the fast group and had an 
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average speed of 142 μm/min and a mean confinement ratio 0.2. This newly discovered 

“hot spot” pattern has not been reported in microvessels.19, 20  

 

 

 

 

 

Figure 4-4| Cells patrol “hotspots” in atherosclerotic lesions. A) Paths of all cells 
tracked in and single video of an Apoe-/- Cx3cr1GFP/+ mouse fed WD 9 weeks. Dot 
shows starting position of each track; tracks are colored randomly to visualize 
overlays. Dashed box shows location of hot spot. B) Zoom-in on paths taken by cells 
in the hot spot. C) Graph of the number of unique cells that visited each 10 μm x 10 
μm location in the imaged section. Peak corresponds to highlighted area in (A). See 
Video 7 for corresponding movie. 
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4.4 Discussion 

There are interesting differences in the details of patrolling monocyte movement 

in large and small vessels. Qualitatively, Auffray et al. found that most cells showed 

“hairpin” tracks, mainly patrolling up and down each vessel.19 By contrast, I find most 

cells moving in straight lines in any direction as well as loop-like, near circular tracks for 

patrolling hot spots. This difference may in part be explained by the restricted sideways 

(circumferential) movement possible in smaller vessels. However, technical differences 

in the data acquisition, track analysis and length of recordings could have an impact on 

observed outcomes (Table 4.1). Auffray et al, used a kymographic method of measuring 

velocities, a method that can only record the cell velocity in the axial direction of the 

blood vessel (upstream or downstream). In their later study, Carlin et al. used essentially 

the same tracking method as used in the present study.20 

In my study, I find two populations of patrolling cells. The slower population 

moves at an average instantaneous speed of 29 μm/min (Table 4.1), only slightly higher 

than the average instantaneous speed reported in previously for patrolling monocytes (8-

12 μm/min). 19, 20 These cells show lower confinement ratio than previously reported for 

patrolling monocytes in small vessels. (0.2 vs 0.5 to 0.6).19, 20 The confinement ratio is 

sensitive to the time resolution of sampling (one frame every 1.5 seconds in the present 

study, one frame every 3-4 seconds in the previous studies.) I down-sampled our data by 

half to match the lower time resolution and found a confinement ratio of 0.3 for slow 

cells (data not shown), suggestion that the higher sampling rate applied in the present 

study partially explains the different confinement ratio.  
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In addition to what was reported in previous studies in small vessels, I find an 

additional group of fast-patrolling monocytes in atherosclerotic arteries which move at 

typically more than 100 μm/min. It is possible that this population is specific to large 

arteries. As expected, the fast-patrolling cells were observable for a shorter time (mean 

1.4 min) before leaving the field of view than the slow patrolling cells (mean 7.7 min). 

Carlin et al., required a 3 min. minimum track time, which may explain why they did not 

observe the faster cells. Importantly, in our data set, most of the fast cells are clearly 

patrolling, because they moved downstream, upstream (axial) and sideways 

(circumferential).  

This work describes baseline characteristics for monocytes patrolling 

atherosclerotic arteries. This provides a basis for the many future studies needed to 

understand the mechanism of patrolling atherosclerotic arteries and the factors that 

influence it. For instance, injections of antibodies which block integrins can be used to 

determine which are essential for monocytes to adhere and crawl on the endothelium. 

Removing the effects of chemokine and/or chemokine receptors through blocking 

antibodies or genetic deletion can determine which of those are essential to signal to 

monocytes to attach to the wall or direct their motion. Intravital imaging can also be used 

to determine what makes a spot on the endothelium turn into a “hotspot”. ILTIS is 

essential to these studies to visualize the effects of the intervention 
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Table 4-1| Comparison between present (ILTIS) and previous studies of 
monocyte patrolling. Two previous reports (Auffray, et al., 2007 and Carlin, et al., 
2013) used intravital imaging to study monocytes patrolling small vessels, and some 
relevant differences between their imaging and cell tracking methods and ILTIS are 
provided, including the imaged location, frame rate, and software used for tracking. 
The quantified motion characteristics of the slow and fast patrolling monocytes found 
in this work are compared to previous reports. The average velocity was calculated in 
two ways, as the mean of every instantaneous speed calculated (Inst.), and as the 
average of the velocities of each cell, where each cell’s velocity was calculated as the 
mean of the instantaneous speeds of that cell for every frame in which it was in the 
field-of-view (Cell) to ensure that every cell is weighted the same.  The mean time 
each cell was tracked, the average distance cells moved in that time, the net 
displacement of each cell, and the confinement ratio (inversely proportional to how 
straight a cell’s path is) were also calculated for the slow and fast cells. 

 
ILTIS 

Carlin 2013 Auffray 2007 
Slow Cells Fast Cells 

Mean Cell      
Track Time 7.7 min 1.4 min 9 min Not Reported 

Track Length 220 μm 162 μm 80 μm 220 μm 

Net 
Displacement 30 μm 50 μm 25 μm 100 μm 

Confinement 
Ratio 0.2 0.4 0.6 0.5 

Average 
Velocity 
(μm/min) 

29 (Inst.)            
28 (Cell) 

120 (Inst.)      
200 (Cell) 8 (Inst.) 12 (Inst.) 

Vessel     
(Diameter) 

External Carotid  
(~500 μm) 

Kidney Cortex             
(~30 μm) 

Ear Dermis             
(~50 μm) 

Tracking 
Method 

Imaris. Autoregressive 
Motion algorithm with 

manual correction. 

Imaris. 
Autoregressive 

Motion algorithm 
with manual 
correction. 

Metamorph. 
Automatic and 

Manual analysis of 
Kymograph. 

Time 
Between  

Data Points 
~1.5 seconds ~3-4 seconds ~3-4 seconds 
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4.4.1 Conclusion 

Monocytes patrol the endothelium of the atherosclerotic carotid artery, moving 

with and against blood flow with an average speed of 90 μm/min. This discovery became 

possible by building and implementing a new intravital live cell triggered imaging 

system. 
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Chapter 5  

Macrophages and DCs in the atherosclerotic artery wall 

5.1 Introduction 

Mononuclear phagocytes, including macrophages and DCs, are important to the 

progression of atherosclerosis.50 They present antigen to T cells, clear lipid and apoptotic 

cells, and produce pro- and anti-inflammatory cytokines. However, investigations of 

these cells are hampered by the fact that there are no widely accepted markers that 

differentially define macrophages or a DCs, and what definitions exist are often tissue 

dependent.38, 39 DCs express high levels of CD11c, so it was classically defined as a DC 

marker, but CD11c has been found on other cell types, including macrophages. F4/80 and 

CD64 are often called macrophage markers, but they have been found at low level in 

blood monocytes.40-42 Within atherosclerosis literature, macrophages and DCs have been 

defined in conflicting ways by CD11c, CD11b, F4/80, MHCII, and/or Cd11cYFP 

expression.17, 53, 114, 119  

ILTIS provides a unique opportunity for studying these cells based on in vivo 

activity, which cannot be done by any other currently available method. To visualize 

these cells, I used Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice, in which subsets of the cells in the 

plaque are fluorescent. I then classified the cells based on GFP and YFP expression and 

characterized their movement, as well as their surface proteins.  
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5.2 Methods 

5.2.1 Mice 

Apoe-/- mice were obtained from Jackson Laboratories. Cd11cYFP mice were 

provided by M. Nussenzweig (Rockefeller University, NY, New York).55 Cx3cr1GFP 

mice were provided by S. Jung (Weizmann Institute of Science, Israel).91 Mice were kept 

in specific pathogen–free conditions in an AAALAC-approved barrier facility, and all 

experiments were performed in accordance with IACUC standards. Cd11cYFP mice and 

Cx3cr1GFP mice were both bred onto the Apoe-/- background. The independent strains 

were then bred to each other to create the Cx3cr1GFP/+ Cd11cYFP Apoe-/- strain used in this 

study. For these experiments, only the Cx3cr1GFP/+ genotype was used to exclude any 

potential effects associated with deletion of Cx3cr1 gene in homozygous mice.96 All three 

combinations of genotypes were used in the study: Cx3cr1GFP/+ Cd11cYFP, Cx3cr1GFP/+ 

and Cx3cr1+/+ Cd11cYFP. The Apoe knock-out gene was screen using the following 

primers: forward 5’ GGG AGA GCC GGA GGT GA 3’; reverse 5’ CCT GGG TGG 

AGA GGC TTT T 3’; reporter 5’ CG CTC GAG CTG ATC TG 3’. The Apoe wild type 

gene was screened with the following primers: forward 5’ CCA GGG TTG CCT CCT 

ATC TG 3’; reverse 5’ CCA GCA TCC AGA AGG CTA AAG AAG 3’; reporter 5’ 

CCC CAG CCC CTT CTT 3’. The Cd11cYFP transgene was screened using the following 

primers for Cd11c and YFP, respectively: 5’ TGC TGG TTG TTG TGC TGT CTC ATC 

3’ and 5’ GGG GGT GTT CTG CTG GTA GTG GTC 3’.The Cx3cr1 wild type allele 

was screened for using the following primers: 5’ TTC ACG TTC GGT CTG GTG GG 3’ 

and 5’ CGT CTG GAT GAT TCG GAA GTA GC 3’. The GFP knock-in construct was 

screened with the following primers: 5’ TAA ACG GCC ACA AGT TCA GCG 3’ and 5’ 
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TAC TCC AGC TTG TGC CCC AGG ATG TT 3’. RT-PCR testing was conducted by 

Transnetyx. All mice were fed WD starting at 6-8 weeks of age. SNP analysis was 

performed by Dartmouse for Apoe-/- and Apoe-/- Cx3cr1GFP/+ and the mice were more than 

90% similar to C57/B6 mice. The results can be found in Appendix 3 (supplemental). 

 

5.2.2 Aorta Flow Cytometry 

Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice fed WD 3-5 months were euthanized by CO2, 

and blood was cleared from the arteries by perfusion with 10 mL heparinized PBS 

through the heart. Aortas were dissected from the ascending aorta to the iliac branches 

and all fat was carefully removed. The arteries were digested with an enzyme mixture 

(450 U/ml collagenase type I, 250 U/ml collagenase type XI, 120 U/ml hyaluronidase, 

and 120 U/ml DNAseI), similar to what has been reported previously.86 The aortas were 

placed in the enzyme mixture whole, and then digested for 45 min. Then, the freed cells 

were collected and fresh enzyme mixture was added to the tissue for another 45-60 min. 

The digested tissue was strained through a 70 μm nylon mesh to remove any clumps of 

tissue.  

Single-cell suspensions were stained with antibodies for common leukocyte 

subsets and functional molecules: CD45 (leukocytes), CD11b (myeloid subsets), CD11c 

(myeloid subsets), MHCII (antigen presentation), F4/80 (macrophages), CD64 

(macrophages), CD103 (tolerogenic DCs), as well as 7AAD as a viability stain. Table 5.1 

shows the panel used for aorta flow cytometry. Fluorescence-minus-one controls (FMOs) 

were performed to check the gating (Fig 5.1). 8 mice (4 male, 4 female) were tested. 
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Table 5-1| Antibody panel used for flow cytometry of aortas from 
Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice fed WD for 4-6 months. Cell viability was 
assayed with 7AAD (3:100). See Figure 5.4 for gating scheme. 

Panel used for Flow Cytometry of Apoe-/- Cx3cr1GFP/+ CD11cYFP Aortas 

Antigen Fluorochrome Conc. Clone Biological 
Signficance 

CD45 APC-Cy7 1:200 30-F11 Leukocytes 

F4/80 PE 1:100 CI:A3-1 Macrophages 

CD64 APC 1:200  X54-5/7.1 FcγRI 
(Macrophages) 

CD11b Brilliant Violet 510 1:200 M1/70 αM integrin 

CD11c PE-Cy7 1:200 N418 αX integrin 

MHCII AlexaFluor700 1:400 M5/114.15.2 Antigen 
Presentation to 
CD4 T cells 

CD103 Brilliant Violet 421 1:200 2E7 αE integrin 
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Figure 5-1| Validation of the antibodies used to evaluate the cell content of the 
aortas of Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice. A-G) The aortas from 3 Apoe-/- mice 
fed WD for 4-5 months were pooled to test the antibodies. For each antibody, a 
sample with all colors (top) and a sample with one antibody missing (bottom) is 
shown, as well as the line that defined positive gating. Due to bleedthrough and/or 
autofluorescence, the gate for CD103+ cells and F4/80+ cells depend on the intensity 
of CD11b. H) An Apoe-/-  Cx3cr1GFP/+ mouse was used to test the YFP positive gate. 
I) An Apoe-/- Cd11cYFP mouse was used to test the GFP positive gate. For all, the 
samples were first gated on 7AAD negative (live) and for (B)-(I), the samples were 
also pre-gated on CD45+. See Table 5.1 for fluorochromes used. 
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5.2.3 Whole Mount Immunofluorescence 

Whole mount imaging of the external carotid arteries from Apoe-/- Cx3cr1GFP/+ 

Cd11cYFP mice fed WD for more than 4 months was performed. After the mouse was 

euthanized, the blood was cleared from the artery by perfusion of a 9.25% sucrose 

solution through the heart. The carotid was carefully cleaned, and all fat and fascia was 

removed. The tissue was fixed in situ with 4% PFA for 10-20 min to preserve the 

branching structure of the artery. Then, the artery was excised and fixed in 4% PFA 

overnight. Tissues were stained with rat antimouse CD4 antibody (with AlexaFluor 594 

anti-rat secondary) and nuclei were labeled with DAPI. Samples were mounted between 

two coverslips in Prolong Diamond, a glycerol based medium optimized for fluorescent 

proteins. Samples were imaged with the Leica SP5 with the two-photon laser, using a 25x 

IR- and coverslip-corrected objective. The objective is designed for water, not glycerol, 

immersion. A large field-of-view was collected with the automated stage.  

 

5.2.4 3D Intravital Imaging of Cells in the plaques 

ILTIS was used to image the RCA of Apoe-/- Cx3cr1GFP/+Cd11cYFP fed WD for 4-

6 months. 3D imaging was performed, with 3-5 μm between Z steps, with a 300 ms pause 

between steps and a 1 second pause between stacks. After image selection and 

registration, the final frame rate was 1 Z stack per 30-50 sec.  

The combination of dichroic mirrors and filters that split the emission light do not 

fully separate GFP and YFP. Bleed-through is still apparent in both channels. I used the 

ImageJ plug-in PoissonNMF to further separate the colors before analysis. Single color 

controls were used to determine bleed-through between the GFP and YFP channels, and 
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the collagen spectra was allowed to update at every use. With this program, GFP and 

YFP were separated cleanly (Fig 5.2). However, additional noise is present, leading to 

some cells appearing “speckled” instead of smoothly double positive.  

 

 

 

Figure 5-2| The ImageJ Algorithm PoissonNMF was used to correct 
bleedthrough error between the GFP and YFP channels. The PoissonNMF 
algorithm was applied to single color samples of A-B) GFP and C-D) YFP to 
demonstrate its accuracy. E) A maximum intensity projection through the plaque of an 
Apoe-/- Cx3cr1GFP/+ Cd11cYFP mouse fed WD for 11 weeks acquired with ILITS. GFP 
and YFP single color channels shown for clarity. F) The same image after being 
processed with PoissonNMF. There is more clear separation between GFP+ and YFP+ 
cells. Green arrows show an example GFP+YFP- cells that appeared to be double 
positive in the raw data. Red arrowhead shows a GFP+YFP+ cell that appeared to be 
YFPLow in the raw data. Blue- Collagen; Green- GFP; Red- YFP. 

A GFP Raw B GFP Separated C   YFP Raw D YFP Separated

Overlay

GFP

YFP

Raw Data Color SeparatedE F
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5.2.5 Cell Motion Analysis 

After imaging and post-processing, the motion of representative cells was 

analyzed in 3D. A spherical YFP cell was analyzed using the surface tracking algorithm 

in Imaris. The surface was defined using absolute intensity thresholding, with 1 pixel 

(890 nm) feature detection. Cell motion was tracked with an autoregressive motion 

algorithm, and errors in the track were corrected manually.  

The motion of representative dendritic-shaped GFP+ and GFP+YFP+ cells were 

also analyzed in 3D. Cell shape was defined manually by selecting the beginning and end 

of each dendritic process. Imaris’ Autopath function was used to define the cell from the 

selected points, and then the shapes and diameters of the extensions were corrected 

automatically.  
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5.3 Results 

5.3.1 Characterizing the visible cells in the plaque 

The cells present in the aortas of atherosclerotic Apoe-/- Cx3cr1GFP/+ Cd11cYFP 

mice were analyzed by flow cytometry. Among live CD45+ leukocytes (Fig 5.3 A), the 

percentage of GFP+, YFP+, and double positive cells were found (Fig 5.3 B, C). Because 

I am interested in characterizing what is visible by intravital microscopy, and the PMT 

detector on the two-photon microscope is less sensitive than that of the flow cytometer, 

only the brightest decade of cells were analyzed further (red lines in Fig 5.3 B). The 

double positive group was the largest (33% of CD45 cells), followed by the GFP+ (15%) 

and then the YFP bright cells (5%), totaling >50% of the leukocytes in the plaque. This 

demonstrates that these were suitable markers to use to get an overview of what is 

occurring in the plaque. These colored subsets made up were characterized further by 

surface markers.  
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Macrophages were defined as CD64+, F4/80+, or both. Nearly all CD64+ cells 

(>95%) were F4/80+, but nearly half of F4/80+ cells were CD64- (Table 5.2). This shows 

that in the aorta, F4/80 is a more useful macrophage marker. Among non-macrophages 

 

Figure 5-3| Analysis of GFP+, YFP+, and GFP+YFP+ cells in the aorta. A) Flow 
cytometry gating strategy to find live CD45+ leukocytes in aortas of 
Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice fed WD for 4-6 months. B) GFP+, YFP+, and 
double positive populations among all live leukocytes in the aorta. Pink lines mark all 
GFP and YFP cells (see Figure 24 for FMOs), red lines mark cells that are 
approximately bright enough to be seen by live two-photon microscopy. C and D) 
Quantification of GFPHi, DoubleHi, and YFPHi cell populations among all live 
leukocytes. Data shown are mean ± SD. *,p<0.05; **, p<0.01; ****, P<0.0001. n=8 (4 
male, 4 female). 
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(F4/80-CD64-), monocytes were defined as CD11b+ cells. DCs are CD11b-CD11c+. 

CD103 was used as a functional marker of DCs that have been shown to be tolerogenic. 

No CD11b+ CD103+ or CD11b-CD64+ cells were found in any mouse. For a description 

of the gating scheme and an example data set, please see Figures 5.4 and 5.5. Table 5.2 

contains the breakdown of all leukocytes, GFPHi, DoubleHi, and YFPHi by all 64 possible 

combinations of surface markers tested.  

By these definitions, more than 95% of GFPHi cells are macrophages and nearly 

all of these express CD11b (Fig 5.6 A, B and Fig 5.8 A, C). About half of CD11c- cells 

expressed MHCII, but only 30% of CD11c+ macrophages did (Fig 5.6 C, D). Among the 

cells that are not macrophages, ~60% are monocytes, or 3% of all GFP positive cells in 

the plaque (Fig 5.7 and Fig 5.8 D). These monocytes are likely Ly6CLow because they 

express Cx3cr1GFP. Very few DCs were found. Less than 1% of GFPHi cells could not be 

characterized as a macrophage, DC, or monocyte. 

GFP+YFP+ double positive cells appear to be largely similar to the GFPHi 

population, with some differences. Similar to the GFPHi group, more than 95% of these 

cells were macrophages, and nearly all express CD11b+ (Fig 5.6 A, B and Fig 5.8 A,C). 

More CD11b+ cells express MHCII than CD11b+CD11c+ (Fig 5.6 C, D). Among the 

small number of non-macrophages, ~80% were monocytes (Fig 5.7 and Fig 5.8 D). 10% 

of the non-macrophages, or 0.5% of total cells, were DCs, and these were almost entirely 

cDCs. Less than 1% of the cells could not be classified. 

YFP single positive cells had a somewhat different make-up than the other two 

groups. Approximately 90% of the cells were macrophages, but 1/4 of those were 

CD11b- (Fig 5.6 A, B and Fig 5.8 A, C). The CD11b+ group had between 50%-60% of 
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cells expression MHCII, depending on CD11c expression (Fig 5.6 C, D). YFPHi cells 

have more MHCII+ than GFPHi or DoubleHi cells (Fig 5.8 B). However, 80-90% of the 

CD11b- cells expressed MHCII. This suggests this group of CD11b-F4/80+ CD64- cells 

present antigen more readily. Among the non-macrophages, 40% were monocytes (Fig 

5.7 and Fig 5.8 D). 20% of the non-macrophages were DCs, and half of these were 

CD103+ DCs. 2% of the YFP bright cells could not be classified.  
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Figure 5-4| Decision tree for characterizing myeloid subsets in the aorta of 
Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice. Cells were first gated on live (7AAD-) 
leukocytes, and then divided into 3 groups by GFP and YFP expression. In each of 
those three groups, all F4/80+ and/or CD64+ cells are macrophages and these were 
further characterized by CD11b, CD11c, and MHCII. Among the F4/80- CD64- 
population, all CD11b+ cells are monocytes and CD11b- CD11c+ cells are DCs. 
CD103 separates DC subsets. It is unknown what F4/80- CD64- CD11b- CD11c- cell 
are, but there were characterized by MHCII and CD103. See Figure 5.5 for example. 
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Figure 5-5| Example gating strategy for characterizing myeloid cells in the aortas 
of Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice. Cells were first gated on live (7AAD-) 
leukocytes, and then divided into 3 groups by GFP and YFP expression. In each of 
those three groups, all F4/80+ and/or CD64+ cells are macrophages and these were 
further characterized by CD11b, CD11c, and MHCII. Among the F4/80- CD64- 
population, all CD11b+ cells are monocytes and CD11b- CD11c+ cells are DCs. 
CD103 separates DC subsets. It is unknown what F4/80- CD64- CD11b- CD11c- cell 
are, but there were characterized by MHCII and CD103. See Figure 5.4 for schematic 
diagram.  
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Figure 5-6| Phenotype of visible macrophages in the aortas of Apoe-/- Cx3cr1GFP/+ 
Cd11cYFP mice fed WD 4-6 months analyzed by flow cytometry. Cells were divided 
into GFPHi (left column), DoubleHi (middle column), and YFPHi (right column) groups 
and then analyzed further. A) Within each group, macrophages were defined as any 
cell that was F4/80+ and/or CD64+. These macrophages were further characterized by 
B) MHCII expression, C) CD11b and CD11c, or D) combinations of all three 
molecules. Graphs show mean of n=8. See Figure 5.4 for gating scheme and Table 5.2 
for fluorochromes used.  
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Figure 5-7| Characterization of the phenotypes of the visible cells other than 
macrophages in the aortas of Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice fed WD 4-6 
months analyzed by flow cytometry. Cells were divided into GFPHi (Left column), 
DoubleHi (middle column), and YFPHi (right column) groups and then analyzed 
further. A) Within each group, non-macrophages are defined as F4/80- CD64- cells. 
B) Among non-macrophages, CD11b+ cells are monocytes; in the GFPHi and 
DoubleHi groups these are likely Ly6CLow monocytes and in the YFPHi group these are 
likely Ly6CHi monocytes. CD11b- CD11c+ cells are DCs, and CD103 separates DC 
subsets. The phenotype of the F4/80- CD64- CD11b- CD11c- cells are unknown, but 
there were MHCII+ cells among the YFPHi than among the GFPHi or DoubleHi. See 
Figure 5.4 for gating scheme and Table 5.2 for fluorochromes used. 
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Figure 5-8| Differences in the phenotypes of visible cells in Apoe-/- Cx3cr1GFP/+ 
Cd11cYFP aortas fed WD 4-6 months analyzed by flow cytometry. Cells were 
divided into GFPHi, DoubleHi, and YFPHi groups and then analyzed further. A) Within 
each group, macrophages were defined as any cell that was F4/80+ and/or CD64+. 
Bars show mean ± SD of all cells of each color. Macrophages were further 
characterized by B) MHCII expression and C) CD11b and CD11c expression. Bars 
show mean ± SD of all macrophages of each color. D) Non-macrophages were 
classified as monocytes, CD103+ or CD103- DCs, and other cells, that were further 
described as MHCII+ or MHCII-. Bars show mean ± SD of all non-macrophages of 
each color. n=8. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. Statistics 
calculated by two-way ANOVA using the Holm-Sidak correction for multiple 
comparisons. See Figure 5.4 for details on gating scheme and Table 5.2 for 
fluorochromes used. 
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 Table 5-2| Surface markers of GFP+, YFP+ and double positive cells found in the 
aortas of Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice fed WD 4-6 months. Samples were 
gated on live leukocytes (7AAD- CD45+) and then divided into GFPHi, YFPHi, and 
DoubleHI groups. The frequency of each of each of these groups within the total 
leukocyte population is shown at the top. The percentage within each group of the 
population displaying each combination of the 6 tested surface markers (CD11b, 
CD11c, MHCII, F4/80, CD64, and CD103) is given.  Data shows mean of n=8. The 
cell phenotype that each combination of markers represents is given. No 
CD11b+CD103+ or CD11b-CD64+ cells were found. 

 

GFPHi DoubleHi YFPHi All CD45+
14.5 33.7 5.4 100

C
D

11
b

C
D

11
c

M
H

C
II

F4
/8

0
C

D
64

C
D

10
3

Cell 
Phenotype

+ + + + + - 6.8 21.4 24.9 9.4 Mac.
+ + + + - - 1.2 4.0 3.2 3.4 Mac.
+ + + - + - 0.3 1.4 1.4 0.6 Mono.
+ + + - - - 0.2 1.4 0.7 1.0 CD103- DC
+ + - + + - 11.6 20.8 20.9 8.8 Mac.
+ + - + - - 10.5 12.7 6.0 10.4 Mac.
+ + - - + - 0.2 0.3 1.1 0.2 Mono.
+ + - - - - 0.8 0.9 1.3 0.8 CD103- DC
+ - + + + - 30.0 17.7 6.3 11.5 Mac.
+ - + + - - 3.4 2.2 1.9 3.0 Mac.
+ - + - + - 0.8 0.5 0.2 0.3 Mono.
+ - + - - - 0.4 0.4 0.3 0.4 Undefined
+ - - + + - 19.7 6.9 1.6 9.7 Mac.
+ - - + - - 7.4 6.0 3.0 9.3 Mac.
+ - - - + - 0.8 0.3 0.2 0.5 Mono.
+ - - - - - 0.7 0.5 1.0 2.4 Undefined
- + + + - + 0.0 0.1 4.9 0.4 Mac.
- + + + - - 0.1 0.7 1.3 0.6 Mac.
- + + - - + 0.0 0.0 0.3 0.0 Mac.
- + + - - - 0.0 0.2 0.3 0.3 CD103+ DC
- + - + - + 0.1 0.0 0.8 0.2 Mac.
- + - + - - 0.7 0.3 0.6 0.5 Mac.
- + - - - + 0.0 0.0 0.3 0.0 Mac.
- + - - - - 0.1 0.1 0.3 0.2 CD103+ DC
- - + + - + 0.0 0.0 0.2 0.1 Mac.
- - + + - - 0.3 0.2 12.0 2.8 Mac.
- - + - - + 0.0 0.0 0.0 0.0 Mac.
- - + - - - 0.2 0.1 2.2 0.9 Undefined
- - - + - + 0.1 0.0 0.0 1.9 Mac.
- - - + - - 2.2 0.3 1.3 13.0 Mac.
- - - - - + 0.0 0.0 0.0 0.6 Mac.
- - - - - - 0.6 0.1 0.3 6.5 Undefined

Freq. of Live CD45
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5.3.2 Whole Mount Artery Imaging 

Whole mount imaging of the external carotid arteries from Apoe-/-Cx3cr1 GFP/+ 

Cd11cYFP mice fed WD for 20 weeks was performed. An example image, showing the 

branching structure of the RCA is shown in Fig 5.9 A. Areas of plaque with many 

fluorescent macrophages are visible, as well as areas of relatively healthy tissue with few 

fluorescent cells. In branches without much plaque, the elastic lamina are visible by 

autofluorescence forming a circle around the lumen (Fig 5.9 B). This layer is distorted or 

missing in areas with plaque (Fig 5.9 C). In advanced plaques, an interesting structure 

was found in some branches. Bulbous “nests” of highly concentrated cells were found 

(Fig 5.9 D). These nests were found in areas of outward remodeling.120 Within the nests, 

there was a higher proportion of GFPHi macrophages than in the plaques outside of the 

nests. The collagen, visualized by SHG, marks the tunica adventitia. Few cells are found 

outside of the collagen layer, suggesting that the adventitial layer is small and the 

invading leukocytes are found in the tunica media or neointima. This is also confirmed by 

histology and immunofluorescence (Fig 3.8), where only a small adventitia layer is seen. 

This is in contrast to the aorta, where many Cd11cYFP cells are found in the adventitia.53 

GFPHi, YFPHi, and DoubleHi cells can be found in the plaque. Concordant with the 

flow cytometry of aortas, there are relatively few YFPHi cells. By inspection, the YFP+ 

and GFPHi or DoubleHi macrophages had different shapes. YFP+ cells had typical 

polarized amoeboid shapes, whereas GFP+ and double positive cells typically were more 

dendritic-shaped. By CD4 staining, there were few helper T cells within the RCA plaque. 

The ones that were found were in the nest structure near macrophages (Fig 5.10)  
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Figure 5-9| Whole-mount imaging of the RCA from an Apoe-/- Cx3cr1GFP/+ 
Cd11cYFP mouse fed WD for 20 weeks. Tissue was fixed in situ and then embedded 
between 2 coverslips. A) The tissue was imaged using two-photon microscopy. 
Autofluorescence from the elastic lamina appears in both the GFP and YFP channel. 
Scale bar = 200 μm. In this sample, B) plaque with GFP+ and YFP+ cells, C) healthy 
tissue with few cells and straight elastic lamina, and D) discrete “nests” of particularly 
high cell concentration are all visible. This is the same sample as in Figure 3.12. 
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Figure 5-10| CD4 T cells are visible in the RCA of an Apoe-/- Cx3cr1GFP/+ Cd11cYFP 
mouse fed WD for 4 months was fixed in situ and stained for CD4. A) The overlay 
of CD4 and DAPI demonstrate that CD4 appears just outside the nucleus. B) A zoom 
in of the box in A for detail. C) CD4 cells are near Cx3cr1GFP and Cd11cYFP cells. D) 
A zoom in of the same area in C for detail. This image was acquired in a “nest”. A and 
C) Scale bar = 50 μm. B and D) Scale bar = 25 μm. No positive cells were found when 
a sample was stained with an IgG control. 
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5.3.3 3D multicolor imaging of macrophages in atherosclerotic plaques. 

ILTIS was used to image macrophage motion in the arterial wall in live 

Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice. Typically Z stacks between 25-40 slices thick, 

capturing ¼ of the arterial wall, were used (Fig 5.11). An example video of maximum 

intensity projections, on which PoissonNMF was used to correct bleedthrough between 

GFP and YFP, can be seen in Video 8 (still frame in Fig 5.12 A).  

 

Two types of motion are apparent when viewing the movies. Some spheroid cells 

travel through the plaque (Figure 5.12 B). These cells tend to go in circles, but with 

detectable motion of the cell centroid. However, other cells extend or contract their 

dendrites, probing their environment, but with little net motion of the cell centroid 

(Figure 5.12 C). This I call “dancing on the spot” behavior. Most YFPHi cells were found 

 

Figure 5-11| Typical size and location of imaged volume (yellow box), which 
captures ¼ of the circumference of the arterial wall.  
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migrating through the plaques, while GFPHi and DoubleHi cells were typically observed 

dancing on the spot. However, in some mice, round YFPHi cells can be seen exploring the 

area around them (Video 9), similar to “ruffle” motion seen in Cd11cYFP DCs in lymph 

nodes.55  

In some movies, there were areas of particularly high cell density, likely 

corresponding to the nests observed by ex vivo imaging. Similar to what was found in 

whole mount imaging, these areas had a higher concentration of GFPHi cells. Within the 

nests, the apparent cell velocity was slower, with less change in cell shape. In Video 10, 

half of the field-of-view is a nest, and half is typical plaque. The difference in behavior 

between the nest and the “normal” plaque is apparent, demonstrating that the observation 

is not due to simply damaging the tissue during the preparation. It remains to be seen 

what causes cell motion to slow.  
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Figure 5-12| Macrophage motion within atherosclerotic plaques. A) Maximum 
intensity Z projection of a single time point of the 3D movie of the external carotid 
artery of a live Cx3crGFP/+ Cd11cYFP Apoe-/- mouse fed WD for 5 months with 
representative moving cells highlighted (boxes). Scale bar = 100 μm. Green-GFP; 
Orange- YFP; Blue- Collagen visualized by SHG. See Video 3 for corresponding time 
lapse recording. B) Shape and location of a YFP+ cell in orange box in A was tracked 
in Imaris over 42 min, color coded by time. Cell size is decreased to facilitate 
visualization of cell shape at all timepoints. C) Shape changes of two intertwining 
dendritic-shaped GFP+ (green) and GFP+YFP+ (yellow) cells in green box in A was 
tracked in Imaris over time. 
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5.4 Discussion 

Three similar but distinct macrophage populations were found in the aorta, which 

can be separated by CD11cYFP and CX3CR1GFP expression. My work is the first to 

generate these dual-colored Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice. Myeloid cells in the aorta 

of mice fed WD for 4-6 months were phenotyped extensively with 6 commonly used 

markers (CD11b, CD11c, CD64, F4/80, MHCII, CD103) by flow cytometry. No other 

report characterizes myeloid cells in the aorta this completely. The population breakdown 

of all leukocytes was similar to that reported previously by Koltsova, et al, in Apoe-/- mice 

fed WD for 12 weeks.53 Among all leukocytes the fraction of CD11b+ and 

CD11b+CD11c+ cells (37% and 34%, respectively) is similar to what was previously 

reported (~30% and 25%). However, more CD11b-CD11c- cells were found in the 

younger mice (40% vs. 25%). Furthermore, the percentage of MHCII+ CD11b+ and 

MHCII+CD11b+CD11c+ cells was also similar (~15% of CD45 cells for all groups.) In 

addition, the finding that CD103+ DCs in the aorta are CD11b- also confirms previous 

reports.119 These findings contradict previous reports that said most aorta Cd11cYFP cells 

are DCs,114 though that likely represents simply a difference in phenotype definition. 

GFP+, YFP+, and GFP+YFP+ cells were all seen actively moving in the plaques, 

though YFP+ cells displayed unique motion behavior. This suggests that in the context of 

atherosclerosis, YFP+ macrophages have a different function than macrophages that 

express Cx3cr1GFP. No studies of myeloid cell motion within arteries in live mice have 

been performed, so it is difficult to directly link motion to function in disease 

progression. However, in other tissues, “dancing on the spot” behavior has been seen in 

sessile phagocytic macrophages and in DCs probing local T cells.55 In lymph nodes, 
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migration was seen in recently emigrated Cd11cYFP DCs carrying antigen to the T cell 

zone.55 Some Cd11cYFP cells, called DCs at the time, can crawl up to 10 μm/min, and 

their speed varies with function and location.55 Future work is needed to precisely 

quantify motion characteristics and cell shape of macrophages in the plaque to directly 

compare them to cells in other tissues. 

The cell motion characteristics were different in the nests compared to the normal 

plaque. This could be due to lower oxygen concentration, changes in stiffness of the 

extracellular matrix, or differences in the local chemokine concentration. Further work 

would be required to accurately correspond cell motion characteristics with the cell’s 

location within the plaque or distance from the vessel lumen. These observations were all 

performed on old mice with advanced plaque. It is possible that in younger, healthier 

mice these cell subsets would show different characteristics. Future work is needed to 

track the change in cell motion characteristics with age and plaque progression.  

Intravital imaging opens a new “window” on atherosclerosis. Understanding the 

active behavior of cells in the native atherosclerotic environment is essential to 

understanding their role in disease progression. The described motion characteristics and 

flow cytometry data provide a baseline for “normal” macrophages in atherosclerotic 

plaques. This work provides a foundation for future studies on the mechanisms by which 

macrophage influence plaque progression and how pharmacological treatments can treat 

atherosclerosis. For instance, ILTIS can be used with Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice 

with endogenously or exogenously labeled CD4 T cells to image antigen presentation in 

vivo. It can be used to visualize uptake of fluorescently labeled lipids within the plaques 

and to test if pharmacological treatments can alter this process. Antibodies to various 
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integrins, chemokines, and chemokine receptors can be used to probe the mechanisms of 

cell recruitment and cell egress in real time. Observed changes in the centroid or dendritic 

motion of cells within plaques can demonstrate changes in their function.  

 

5.4.1 Conclusion 

GFP and YFP expression define 3 populations of visible macrophages in the 

atherosclerotic plaques of Apoe-/- Cx3cr1GFP/+ Cd11cYFP mice.   These populations have 

different motion characteristics as seen by intravital microscopy, with some GFP+ and 

GFP+YFP+ cells “dancing on the spot” and YFP+ cells migrating through the plaque. 
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Appendix 1  

Arduino Code for detecting a heartbeat, determining the delay time, and then generating a 
trigger pulse to initialize image acquisition. 
 
 
//Intialize Variables 
int Pulse1=HIGH; //Previous Pulseox state 
int Pulse2=HIGH; //Current Pulseox state 
 
int ledPin = 13; //Connected to LED and Leica trigger box 
int PulsePin = 2; //COnnect to Pulseox 
byte in; // for communication with matlab 
 
float D; //Delay voltage 
float del; //for calculating delay time 
int delT; //Delay time  
 
int repeat=3; //Frames per set (use 3 or 4) 
int count=0; //frames acquired at a position 
 
void setup(){ 
  Serial.begin(9600); //serial communication speed 
  pinMode(ledPin, OUTPUT); //ledPin is an output 
  digitalWrite(ledPin, LOW); //Currently set at Low 
  pinMode(PulsePin, INPUT); //PulsePin is an input 
} 
 
void loop(){ 
  Pulse2 = digitalRead(PulsePin); //read PulseOx state 
  if (Pulse2 == HIGH && Pulse1 == LOW){ //if it just changed 
    D = analogRead(4); //read delay voltage 
    del= D/1023.0*250.0; //convert voltage to a time (in ms) 
    delT = (int) del;  //convert del to an integer 
    delay(delT); //delay (ms) 
     
    digitalWrite(ledPin, HIGH); //after delay, send trigger pulse 
    Serial.println("g"); //tell matlab 1 frame was acquired, but to stay in same position 
    delay(10); //trigger pulse is 10 ms (plus Serial.println time) 
    digitalWrite(ledPin, LOW); //end trigger pulse 
    delay(150); //Delay between sets (ms) 
//   } 
  count=count+1; //update frame count 
  } //end if statement 
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  Pulse1=Pulse2; //update previous pulseox state 
  if (count==repeat){ //if the correct amount of frames have been acquired 
    Serial.println("n"); //tell Matlab to move Piezo 
    count=0;  //reset frame count 
    delay(300); //delay 1 heartbeat 
  } 
   
  //for synchronizing with Matlab 
  while (Serial.available()>0){ //if Matlab is communication 
    in=Serial.read(); //read info 
    if (in==0){ //at start of program, delay 2.5 seconds 
      delay(2500); 
    } 
    else if (in==1){ //between Z stacks, delay 800 ms 
      delay(800); 
    } 
  } 
} 
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Appendix 2 

Matlab Code for communicating with move the micromanipulator and the Arduino 
microprocessor to move the stage in response to a heartbeat.   

 
%%open communication with Piezo 
m=serial('COM4'); %Piezo USB -> RS232 port 
set(m,'BaudRate',9600); %Settings determined by Piezo 
set(m,'StopBits',1); 
set(m,'Parity','none'); 
set(m, 'Terminator', 'CR'); 
fopen(m);  
disp('piezo'); %Display that connection is established 
fprintf(m, 'i1'); %Activate remote control 
fprintf(m, 'cl'); %"Close loop" gives measurements in microns instead of voltage 
disp('closed loop'); 
pause(1) 
  
%open communication with arduino 
a=serial('COM8'); %%Arduino USB port 
set(a,'BaudRate',9600); 
%set(a,'DataBits',8); 
fopen(a); 
pause(3);  
  
try  
  
%get current position 
fprintf(m, 'rd'); %Instructs Piezo to give starting measurement 
currentpos=fscanf(m); %Read starting measurement 
Zstart=str2num(currentpos(4:end)) %Set as starting point 
pause(1); 
  
  
%Calculate all positions 
Zstepnum=input('Number of Z steps, min 1: '); %Total number of Z slices (usually 30-
40) 
Zstepsize=input('Z step size: '); %microns (3-5) 
Cycles=input('Number of cycles, min 1: '); %Total number of Z stacks  
  
Zpos=[Zstart:Zstepsize:Zstart+Zstepsize*(Zstepnum-1)]; %Calculate position of each Z 
slie 
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%%At this point, check microscope to ensure correct starting position 
input('Ready? '); %Hit Enter and Click "Start Recording" on microscope at the same time 
disp('Ready') 
  
%Pause Matlab and Arduino codes simultaneously to synchronize them 
fwrite(a,uint8(0),'uint8'); %Tell Arduino to pause for 2.5 seconds 
disp('0')  
pause(2) %This pause ensures that everthing starts together 
while a.BytesAvailable>0 %Clear Arduino serial buffer 
    fread(a,a.BytesAvailable);  
end 
  
  
%Start Z stacks 
for c=1:Cycles 
    Zpos=Zpos+0.4; % Adjust all Z position with each cycle to account for drift. 0.4 is a 
good starting point but may need to be adjusted empirically 
    disp('Cycle:') 
    disp(c) %Display cycle number 
    fprintf(m, cat(2,'wr,',num2str(Zstart))); %Move to starting position 
    fwrite(a, uint8(1), 'uint8'); %Tell arduino to pause for 1 second 
    disp('sent 1') 
    pause(0.5)  
    fprintf(m, 'rd'); %Tell piezo to display current position  
    pause(0.5) 
    x=fscanf(m) %This waits for the piezo to stop moving and output a position 
    for z=Zpos %For each pre-calculated Z position 
        fprintf(m, cat(2,'wr,',num2str(z))); %Move the piezo  
        while 1==1 %stay in this position  
            ard=fscanf(a); %Read the Arduino output (after each trigger pulse) 
            if ard(1)=='g' %g- repeat this position 
            elseif ard(1)=='n' %n- move to a new position 
                    break %break out of while loop 
            else 
                    disp('Error?')  
            end 
        end 
    end 
end 
  
fprintf(m, cat(2,'wr,',num2str(Zpos(1)))); %Go back to the start 
  
%close communication with Arduino and Piezo 
fclose(m);  
fclose(a); 
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catch %This keeps Matlab from crashing if something goes rwong 
    disp(lasterror.message); 
    fclose(m); 
    fclose(a); 
end 
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