
ABSTRACT 

ZADROZNY, LEAH.  Macromolecular Microstructure and Lipid Deposition in Healthy 
and Diseased Thoracic Aortas in a Mouse Model of Atherosclerosis. (Under the direction 
of John M. Cullen). 

 
Atherosclerosis is a disease in which plaques form within the vessel wall resulting 

in hardening of the arteries accounting for more than half of the annual mortality in the 

United States. These plaques consist of fatty substances, cholesterol, cellular waste 

products, calcium and fibrin.  They form within the tunicas intima and media of large and 

medium sized elastic and muscular arteries. Several risk factors have been associated with 

disease initiation and progression, including hypertension, hypercholesterolemia and 

cigarette smoking.  The pathogenesis is a complex process considered to be multifactorial.  

Much research has been completed regarding late stage disease; however, little has been 

done regarding the three-dimensional (3D) macromolecuar structural characteristics of 

early stage disease development.  This is considered to be the time frame prior to 

formation of the fatty streak presently regarded to be the earliest visibly detectable lesion. 

In this dissertation, I have characterized lipid deposition and its association with 

elastin and collagen in both developing and young adult thoracic aortas of SR-BI 

KO/ApoER61h/h mice, a recently described mouse model of diet inducible atherosclerosis. 

First, I addressed the currently utilized mouse vascular preparations and then developed a 

novel, in situ preparation of the thoracic aorta that more closely mimics several key 

physiological properties.  Second, I evaluated the 3D macromolecular structural 

development and lipid deposition of this in situ preparation of the SR-BI KO/ApoER61h/h 

mouse thoracic aorta from birth to 60 days old in preparation for modeling atherosclerosis.  

Finally, I examined early lesion development in SR-BI KO/ApoER61h/h mouse through 

modifying this in situ preparation in order to visualize the thoracic intercostal arterial ostia



 (ICAO) within the descending thoracic aorta.  In situ imaging was completed using 

nonlinear optical microscopy (NLOM) on a multimodal platform including two-photon 

excitation fluorescence (TPEF), second harmonic generation (SHG), Sum frequency 

generation (SFG), and Coherent anti-Stokes Raman scattering (CARS). 

Through evaluation of the current techniques in vascular preparation for 

microscopic analysis, my research has provided a novel, reproducible, in situ dissection of 

the mouse thoracic aorta.  When coupled with NLOM, this preparation has provided 

valuable insight in healthy arterial morphology in the developing mouse aorta indicative 

of the extracellular matrix status that can further be applied to diseased arteries. 

Modification of this in situ preparation provided additional insight regarding 

atherosclerotic lesion initiation and progression within, surrounding, and downstream of 

the thoracic intercostal arterial ostia. 
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auto-fluorescence is red and Nile Red (NR) lipid droplet fluorescence is blue. 
Independent component analysis (ICA) was applied to all z-stacks for post-
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ventral (anterior) thoracic aortic (VTA) full thickness (FT) (total bar height) 
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and 60do when compared to 1do mice) with no significant change in 10do mice 
as compared with 20do mice. Values are mean ± SEM. (B) Ratios of the wall 
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lipid is being engulfed by endothelial cells (A, red asterisks). Within an intercostal 
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(F, yellow arrow). At 60do, an accumulation of intraendothelial, clustered and 
variably sized lipid droplets admixed with calcified/mineralized debris (black 
amorphous material) is indicative of early atherosclerotic lesion formation (J). 
Scale, 500 nm (A–E and G–J) and 2 µm (F). 

 
Supplemental image 1:  Depicted is the same image panel represented in Figure 3 prior to 

post image analysis by ICA used for comparison. Note the background signal 
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remaining similar for biglycan.  Intercostal anterior ostia (black arrows, C and G-
J) exhibit strong immunoreactivity for both decorin and biglycan within the 
subendothelium. All images are oriented with luminal surfaces at the top and 
external adventitial surfaces 

 
Chapter 3 

 
Figure 3.1:  Multimodal nonlinear optical microscopy three-dimensional (3D) in situ 

images from the thoracic aorta with bilateral intercostal ostia from a 2 month 
old C57BL/6T control mouse fed NC. Elastin (green), collagen (blue), 
permeabilized (damaged) Sytox blue positive cells (cyan) and lipid (red) signals 
are merged after post-image processing. The dim red background signal 
exhibited above the luminal surface (white asterisk) and within the intercostal 
ostia (white asterisk) should be discerned from the bright red, punctate to 
clustered lipid droplets as observed in Figures 2-8. (A) En face image. Note 
the presence of damaged cells circumferentially surrounding the ostia (white 
arrows) in the absence of lipid deposition. (B) Representative cross section with 
minimal positive Sytox blue staining transmurally. (Images were obtained with 
a Leica 25x1.0 NA water immersion objective lens. 
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old SR-BI KO/ApoER61h/h control mouse fed NC (day 0). Elastin (green), 
collagen (blue), permeabilized (damaged) Sytox blue positive cells (cyan) 
and lipid (red) signals are merged after post-image processing.   (A) En face 
image.   Note the extensive cluster of damaged spindeloid cells indicative of 
smooth muscle cell morphology downstream to the left intercostal ostium in 
the absence of lipid deposition. Similar to the C57BL/6T control mouse in 
Figure 1,  Sytox  blue positive cells surround the left intercostal ostium 
(plump endothelial cells, white arrow) but with the addition of lipid droplets 
on the ostial ridge. Moderate numbers of individualized lipid droplets are also 
appreciated multifocally on the luminal surface (A, black arrows) (B) 
Representative cross section showing transmurally damaged smooth muscle 
cells and endothelial cells between and within intercostal ostia respectively. 
(Images were obtained with a Leica 25x1.0 NA water immersion objective lens. 
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images from the thoracic aorta with bilateral intercostal ostia from a 2 month 
old SR-BI KO/ApoER61h/h mouse fed HFHC for 1 day. Elastin (green),  
collagen (blue), permeabilized (damaged) Sytox blue positive cells (cyan) 
and lipid (red) signals are merged after post-image processing.   (A) En 
face image.   Bilateral intercostal ostia exhibit extensive, extra- and intracellular 
(foam cells, white arrow) circumferential lipid deposition colocalized with 
Sytox blue positive. Downstream, transmurally Sytox blue positive spindeloid 
cells (smooth muscle cells) are also present. (B and C) Representative cross 
sections of the left and right intercostal ostia respectively showing mural 
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lipid deposition colocalized with Sytox blue positive cells. (Images were 
obtained with a Leica 25x1.0 NA water immersion objective lens. 

 
Figure 3.4: Multimodal nonlinear optical microscopy three-dimensional (3D) in situ 

images from the thoracic aorta with bilateral intercostal ostia from a 2 month 
old SR-BI KO/ApoER61h/h mouse fed HFHC for 3 days. Elastin (green), 
collagen (blue), permeabilized (damaged) Sytox blue positive cells (cyan) 
and lipid (red) signals are merged after post-image processing.  (A) En face 
image appears similar to mice fed HFHC for 3 days (Figure 3) less the 
cluster of positive Sytox blue smooth muscle cells distal to and between this 
pair of intercostal ostia. (B and C) Representative cross sections of the left 
and right intercostal ostia respectively showing mural lipid deposition 
colocalized with Sytox blue positive cells. (Images were obtained with a Leica 
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collagen (blue), permeabilized (damaged) Sytox blue positive cells (cyan) 
and lipid (red) signals are merged after post-image processing. (A) En face 
image, and (B and C) cross sections exhibiting lipid and damaged cells 
surrounding the left intercostal ostium with an extensive cluster of 
transmurally damaged smooth muscle cells (C) downstream of the ostium. 
(Images were obtained with a Leica 25x1.0 NA water immersion objective 
lens. 
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images from the thoracic aorta with the right intercostal ostium from a 2.5 
month old SR-BI KO/ApoER61h/h mouse fed HFHC for 14 days. Elastin 
(green), collagen (blue), permeabilized (damaged) Sytox blue positive cells 
(cyan) and lipid (red) signals are merged after post-image processing.  (A) En 
face image with increased lipid and foam cell deposition within and 
surrounding the intercostal osritum with the similarly located downstream 
cluster of damaged smooth muscle cells and increased damaged endothelial 
cells surrounding the ostium. (B) Representative cross section with an 
extensive cluster of transmurally damaged smooth muscle cells (C) 
downstream of the ostium. (Images were obtained with a Leica 25x1.0 NA 
water immersion objective lens. 
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collagen (blue), permeabilized (damaged) Sytox blue positive cells (cyan) 
and lipid (red) signals are merged after post-image processing.  (A) En face 
image with increased lipid and foam cell deposition on and surrounding the left 
intercostal osritum with the downstream cluster of damaged smooth muscle 
cells now colocalized with foam cell (white arrow) accumulation on the 
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endothelium. (B) Representative cross section with an extensive cluster of 
transmurally damaged smooth muscle cells. (Images were obtained with a 
Leica 25x1.0 NA water immersion objective lens. 
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a 3 month old SR-BI KO/ApoER61h/h mouse fed HFHC for 21 days.  Elastin 
(green), collagen (blue), permeabilized (damaged) Sytox blue positive cells 
(cyan) and lipid (red) signals are merged after post-image processing.  (A) 
Note the lipid beginning to form a plaque that variably occludes the ostial 
opening (white arrow). (Images were obtained with a Leica 25x1.0 NA water 
immersion objective lens. 
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Atherosclerosis and the key players within the vascular extracellular matrix 

Atherosclerosis is a disease of the arterial wall of large elastic arteries (e.g., the 

aorta, carotid and subclavian arteries), and the large and medium sized muscular arteries 

(e.g., coronary arteries and the main distributing branches extending from the aorta).  This 

arteriopathy has been implicated in 75% of cardiovascular disease-related deaths in the 

United States (Roger VL et al., 2011).  Vascular lesions can be initiated as early as in utero 

as regions of intimal thickenings and intracellular lipid accumulation often referred to as 

fatty streaks. The most pronounced thickenings develop in regions near branch vessel 

ostia, at the aortic and carotid bifurcations, and within the descending aorta (Thubrickar 

and Robicsek, 1995).  Advanced disease is characterized by the conversion of fatty streaks 

into atheromas or atherosclerotic plaques resulting in vascular remodeling, acute and 

chronic luminal obstruction, plaque rupture, thrombosis, and diminished oxygen supply to 

major organs (Rosenfeld et al., 1993).  Spontaneous regression of early lesions often 

occurs. However, intermediate and advanced stages experienced later in life are considered 

both progressive and multifactorial dependent upon several associated risk factors 

including genetic predisposition, age, hypertension, dyslipidemia, diabetes, cigarette 

smoking and obesity (Mitchell et al., 2010, McVeigh et al., 1997, Heagerty et al., 1993, 

Lehmann et al., 1992). 

Although mechanical factors such as pressure-induced vascular wall stress and 

blood flow disturbances are important in lesion development, the extracellular matrix 
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(ECM), including collagen, elastin and proteoglycans (PGs) within the arterial wall, largely 

contribute to the pathologic vascular remodeling observed with atherosclerosis (Ross, 

1993). Collagen comprises a substantial component of the total protein found in fibrous 

plaques and advanced lesions.  An intact internal elastic lamina (IEL) composed of 

condensed, amorphous bundles of elastin fibers serves as a barrier to macromolecules 

including LDL.  However, elastin has high amino acid content, thus an increased affinity 

for nonpolar molecules such as lipid. Any disruption in this barrier can therefore contribute 

to the accumulation of lipid within the vessel wall (Camejo 1982). Furthermore, 

subendothelial low-density lipoprotein (LDL) retention by PGs is currently thought to 

serve as an initiating step in atherosclerosis (Nakashima et al., 2007, Tabas et al., 2007, 

Boren et al., 1998, Williams and Tabas, 1995). 

PGs are macromolecules composed of a mucopolysaccharide protein core 

covalently linked to variable numbers of negatively charged, linear repeating disaccharide 

sugar side chains referred to as glycosaminoglycans (GAGs). GAG side chains can be 

classified according to the type of hexosamine, hexose or hexuronic acid unit they contain 

as well as their glycosidic linkage to serine residues within the protein core (Wight, 1998). 

It is the negatively charged sulfates and carboxylates on the GAG side chains that form 

electrostatic bonds to the positively charged basic amino acids, lysine and arginine on LDL 

(Flood et al., 2004). 

The four main families of GAGs bound to PGs consist of chondroitin sulfate 

(CSPGs), dermatan sulfate (DSPGs), heparin sulfate (HSPGs) and keratan sulfate 

(KSPGs). Of these, DS-, CS- and HSPGs are variably distributed throughout the vascular 
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wall and are considered to be atherogenic due to their ability to entrap lipoproteins 

(Williams, 2001). Moreover, decorin, biglycan and versican are considered the major 

CSPGs and DSPGs of the arterial wall (Williams, 2001), all of which have been identified 

as enriched PGs in human atherosclerotic lesions through biochemical and 

immunohistochemical analysis (Merrilees et al., 2001, O’Brien et al., 1998). Of these 

three PGs, both decorin and biglycan are considered to be members of the small leucine-

rich repeat (SLRP) PG family whose role in the pathogenesis of both native and graft 

vessel atherosclerosis has been increasingly recognized (Yamakawa et al., 2000).  In 

addition to lipid retention, PGs promote intimal expansion and induce the growth and 

accumulation of smooth muscle cells (SMC) further contributing to the early stages of 

disease (Merrillees et al., 2001).  Previous in vitro analysis provides evidence that decorin 

links LDL with collagen type I suggesting a potential role for decorin-mediated subintimal 

LDL retention and progression of atherosclerotic disease (Pentikainen et al., 1997).  

Through the utilization of a series of microtiter well binding assays involving LDL, 

decorin and collagen type I, this group was able to show that the ability of LDL to bind to 

collagen-coated wells in the absence of decorin was negligible.  However, collagen-coated 

wells incubated with decorin resulted in LDL binding to decorin-collagen complexes at a 

level that was considered 10-fold higher then binding to collagen alone. 

Localization of early lesion development in atherosclerosis strongly correlates with 

additional factors including low wall sheer stress (WSS), oscillatory sheer stress, and flow 

separation all of which are exhibited at major branch points within the aortic tree (Taylor et 

al., 1998; Neufeld et al., 2010; Albert et al., 2014). High endothelial cell (EC) turnover, 

proliferation and death have been described in these regions as well (Lin et al., 1990; Suo
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et al., 2007; Jongstra-Bilen et al., 2010) resulting in increased production of inflammatory 

cytokines and adhesion molecules further perturbating the endothelium.  Taken together, 

these hemodynamic disturbances and EC changes contribute to a leaky endothelium 

allowing for increased macromolecular transport of modified lipids through the vessel 

wall. 

Herein, I propose to qualitatively and quantitatively describe the complex 

interactions that occur within the ECM of the developing vascular bed commencing at 

birth with regard to elastin, collagen, lipid and PGs in SR-BI KO/ApoER61h/h transgenic 

mice fed normal chow (NC).  This base will provide valuable information in explaining 

the complex vascular remodeling of the ECM in early lesion development that occurs in 

the same model when fed a high-fat, high-cholesterol (HFHC) diet. Furthermore, it will 

contribute to the determination of the appropriate therapeutic intervention to prevent fatty 

streak development and potentially ameliorate advanced disease progression.  multiphoton 

analysis of the vascular bed may allow for a more targeted approach in the prevention of 

early lipid retention in the vessel wall. 

 
Animal models of atherosclerosis 

 
The use of animal models of atherosclerosis has provided relevant information 

regarding factors contributing to disease initiation, progression and regression that has 

been extrapolated to human disease. Well-established animal models of atherosclerosis 

have been described in mice, rabbits, rats, dogs, pigs and nonhuman primates with guinea 

pig, hamster, and cat models being used less frequently (Vilahur et al. review, 2011). 

Lesion development in these models can occur either spontaneously or through dietary, 

mechanical, chemical or immunological interventions (Drew, 2000).  Small versus large
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animal models are typically more extensively utilized due to the low cost, ready 

availability and small size limiting the amount of novel pharmacological agent required 

for therapeutic intervention. 

There are numerous transgenic, gene-targeted and genetically manipulated mouse 

models of atherosclerosis that often differ markedly in response to proposed experimental 

designs (Daugherty, 2002) warranting critical importance in choosing the most appropriate 

model. However, they are all based on perturbations of lipoprotein metabolism. Wild-type 

(WT) mice are fairly resistant to developing disease as they exhibit high levels of 

antiatherogenic high-density lipoprotein (HDL) and low levels of proatherogenic very low- 

density lipoprotein (VLDL) (Zadelaar et al., 2007).  Presently, the more commonly utilized 

models include the apolipoprotein E knockout (ApoE-/-), the low-density lipoprotein 

receptor knockout (LDLR-/-) (deLuna, 2008, Zadelaar et al., 2007), and models that have 

alterations in scavenger receptor (SR) genes (Moore and Freeman, 2006). 

ApoE is synthesized in the liver, brain and several other peripheral tissues and 

cells including macrophages.  This protein has many roles that are considered 

atheroprotective including inhibition of smooth muscle cell (SMC) and EC proliferation, 

mediation of hepatic uptake of plasma remnant lipoproteins (LPs), stimulation of 

cholesterol efflux from lipid-laden macrophages (foam cells) in atherosclerotic lesions 

and regulation of associated immune and inflammatory responses (Greenow et al., 

2005).  ApoE-/- mice fed NC are hypercholesterolemic (Nakashima et al., 1994, Reddick 

et al., 1994) with a plasma total cholesterol (PTC) level of approximately 500 mg/dl 

(normal mouse reference range is 80-100 mg/dl). These mice typically live past 1 year 

of age despite spontaneous atherosclerotic lesion development between 3 and 4 months
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of age (Rosenfeld et al., 2000, Plump et al., 1992, Zhang et al., 1992). Lesion 

development can be greatly accelerated when fed an atherogenic, HFHC diet increasing 

PTC to levels greater than 2000 mg/dl (Nakashima et al., 1994). 

The LDLR is considered the primary pathway for the uptake and intracellular 

degradation of circulating cholesterol (Lagor and Millar, 2010) and it binds to LPs that 

contain apoE and apoB in LDL (Krul et al., 1985).  LDLR gene expression is regulated by 

intracellular sterol content, and is limited mainly to the liver.  Inherited defects in the 

LDLR pathway can result in familial hypercholesterolemia (FH), characterized by 

increased serum LDL and increased risk of coronary heart disease (CHD) (Vance and 

Vance, 2002).  LDLR deficient mice are used as a model of FH. This model typically 

requires an atherogenic diet to promote atherosclerosis (Ishibashi et al., 1994), which 

elevates the baseline PTC in mice fed NC from approximately 300 mg/dl up to 1500 mg/dl 

(Potteaux et al., 2007).  The development of the apoE-/- and LDLR-/- models has provided 

important insight on two of the most significant events exhibited in human atherosclerosis; 

spontaneous plaque rupture and intra-lesional hemorrhage (Bennett, 2002).  Even though 

mouse models have proven to be valuable in understanding the pathophysiology of 

atherosclerosis, they are sometimes limited by temporal constraints and the ability of the 

model to produce lesions similar to those described in humans. 

The mouse model utlilized in my dissertation work is the recently defined double 

transgenic model of atherosclerosis, the scavenger receptor class B, type I (SR-BI) 

deficient, hypomorphic apolipoprotein ER61 mouse (SR-BI KO/ApoER61h/h) (Zhang et 

al., 2005). SR-BI is expressed in many tissues and cells including hepatocytes, 

macrophages and steroidogenic tissue.  It regulates cholesterol homeostasis in both 
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hepatocytes and macrophages.  This receptor is important in reverse cholesterol transport, 

a multi-step process involving HDL mediated transport of cholesterol from peripheral 

tissues to the liver where it is secreted into the bile and excreted through the intestinal tract 

(Rigotti et al., 1997). SR-BI-/- mice exhibit markedly decreased biliary cholesterol 

excretion and are hypercholesterolemic even when fed a low-fat diet, but do not develop 

apparent spontaneous atherosclerosis (Trigatti et al., 1999). 

Hypomorphic apoE mice express decreased levels of apoE mRNA, at 

approximately 2-5% of normal apoE levels in plasma exhibiting a nearly normal 

lipoprotein profile when fed NC, but are highly susceptible to diet-induced 

hypercholesterolemia (Raffai and Weisgraber, 2002). Furthermore, hypomorphic 

apoER61 mice express a mutant form of murine apoE, Thr61→Ar61, that has structural 

and lipoprotein binding characteristics similar to those of the human apoE4 isoform 

(Raffai et al., 2001).  Combined deficiencies of SR-BI, apoE and/or hypomorphic apoE 

result in the previously described lipoprotein perturbations (increased VLDL), large and 

irregularly shaped HDL particles, and dramatically accelerated, sometimes diet-induced, 

atherosclerosis with clinical signs exhibited as early as 4 weeks of age (Trigatti et al., 

1999, Braun et al., 2003). 

The SR-BI KO/ApoER61h/h mouse is a model of diet-induced occlusive coronary 

atherosclerosis and CHD demonstrating many features of human CHD similar to those 

induced in SR-BI/apoE double KO (dKO) mice including occlusive coronary 

atherosclerosis, myocardial infarction, cardiac dysfunction, and premature death (Zhang et 

al., 2005, Trigatti et al., 2004, Braun et al., 2003).  However, the true power of SR-BI 

KO/ApoER61h/h, as previously stated, lies in the idea that despite low levels of plasma 
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atherosclerosis and CHD demonstrating many features of human CHD similar to those 

induced in SR-BI/apoE double KO (dKO) mice including occlusive coronary 

atherosclerosis, myocardial infarction, cardiac dysfunction, and premature death (Zhang et 

al., 2005, Trigatti et al., 2004, Braun et al., 2003).  Whereas the SR- BI/apoE dKO mice 

fed NC alone will exhibit severe disease between 4 to 8 weeks of age (Braun et al., 2003).   

Transitioning SR-BI KO/ApoER61h/h mice to an atherogenic diet, regardless of their age, 

has been shown to result in death within approximately 1 month (Zhang et al., 2005).  

Having the ability to control the onset, duration, and severity of disease classifies this 

powerful model as a useful tool for investigating the initiation, progression and 

(therapeutic) regression of atherosclerosis. 

 
Hypothesis and specific aims 

 
The overall hypothesize is that subendothelial retention and accumulation of 

atherogenic apoB-containing LDL within the arterial wall contributes to the initiation of 

atherosclerosis resulting in disruption of the vessel wall extracellular matrix, elevated 

production of LDL-binding proteoglycans (PG), and potentiation of occlusive vascular 

disease.  In support of this hypothesis, the goals of the current work were three fold.  First, 

to develop a mechanistic approach in preparing the thoracic aorta of SR-BI 

KO/ApoER61h/h mice, a detailed comparison of microdissection and imaging techniques 

was undertaken defining a novel in situ model which best captures aortic architecture as 

described in live animals.  This was an integral step in undertaking the main body of this 

dissertation. Second, to provide a base for evaluating early atherosclerotic lesion initiation 

and progression, longitudinal analysis of the macromolecular microstructure of the 

developing thoracic aorta, with regard to elastin, collagen, lipid and proteoglycan 
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distribution was examined utilizing multiphoton and light microscopy and transmission 

electron microscopy (TEM) in SR-BI KO/ApoER61h/h mice fed a NC diet. And third, to 

qualitatively and quantitatively analyze the complex interactions of the thoracic aortic 

ECM, with emphasis on the thoracic ICAO, in the early stages of atherosclerotic lesion 

development and continued disease progression in SR-BI KO/ApoER61h/h mice fed a 

HFHC diet utilizing multiphoton microscopy. 

 
Development of the in situ mouse thoracic aorta preparation 

 
In an effort to determine the best aortic dissection and to move forward with the 

body of this dissertation, several different techniques in variably aged, C57BL/6T mice and 

SR-BI KO/ApoER61h/h mice were completed for ex vivo and in situ imaging. 

Aortic dissections for multiphoton microscopy:  For ex vivo preparations, mouse aortas 

were isolated, adventitial collagen was sharply dissected, and the vessels were removed 

from the animals by transecting at the level of the aortic root, ileac bifurcation and to 

within 1 mm of all arteries originating from the aorta. Aortas were incised longitudinally or 

left patent, mounted on a glass slide with phosphate buffered saline (PBS), covered with a 

glass cover slip and secured on all edges with surgical tape.  Figure 1.1 shows aortic 

examples from 5 day-old mice that were incised longitudinally depicting bilateral intercostal 

ostia. 

10



 
 
 

 
 
 

Figure 1 . 1: Multiphoton ex vivo images (en face) acquired from the thoracic aorta 
with bilateral intercostal ostia from 2, 5 day-old C57BL/6T mice fed NC. Images 
depict 1um slices captured from variably thick z-series within the tunica media. 
Colocalized SHG (collagen)/TPEF (elastin) signals are acquired by 2 separate 
detection channels of the microscope where SHG and TPEF are represented in green 
and red respectively. (A) White arrows represent collagen enhancement artifact 
produced by incomplete transection of the intercostal arteries. (B-1) Similar artifact 
depicted towards the luminal surface, and adventitial surface (B-2). (Images obtained 
with a Leica, 20x0.7 NA immersion objective lens). 
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The laser is directed at the luminal surface first. The main issue with this approach 

concerns how closely the intercostal arteries are transected from their origin. Depending 

on how the aortas are mounted on the slides, remnant intercostal arteries can be forced to 

the side or even through the ostia resulting in what appears to be falsely accumulating, 

peri- ostial collagen. This could potentially be troublesome especially when quantitating 

collagen during vascular development and atherosclerotic disease in determining if this 

effect is real versus artifact.  Furthermore, as shown in Figures 1B-1 and 1B-2, images 

taken from the same mouse at different depths in the vessel wall, any remaining intercostal 

branches and associated adventitial collagen creates a strong SHG signal. This signal is 

best appreciated towards the adventitial surface (1B-2) but is also evident towards the 

luminal surface (1B-1) again making it appear as though there is a real accumulation of 

peri-ostial collagen.  Precise intercostal transection greatly reduces these artifacts.   
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Figure 1.2: Ex vivo (A) and in situ (B-1, B-2) multiphoton images acquired from the 
thoracic aorta of 5 day-old C57BL/6T (A) and SR-BI-/-/ApoeR61h/h (B) mice fed NC. 
(A) White arrows represent bilateral intercostal ostia. (B-2) Full-thickness cross section 
of the proximal thoracic aorta. Black arrow indicates the direction of laser penetration 
from the ventral to dorsal aortic surface. Note how the dorsally located intercostal 
ostia are not captured microscopically. (Images in A and B obtained with Leica, 20x0.7 
NA and 20x1.0 NA immersion objective lenses respectively). 

Figure 1.2 compares ex vivo and in situ aortas from 5 day-old mice 
13



In 1.2A, the aorta was excised and mounted on a glass slide without longitudinal 

incision (patent) and in 1.2B, the aorta was sharply dissected and remains within the 

mouse attached to the heart, intercostal arteries, bilateral kidneys and ileac arteries (see 

Fig. 2.1, Ch 2, for in situ preparation). Neonatal mouse aortas, as compared to adults, are 

exceedingly thin and grossly transparent making longitudinal incision difficult to complete 

without potentially scraping the luminal surface and tearing the vessel wall, hence the 

patent ex vivo approach.  With both preparations, the laser is directed at the adventitial 

surface first causing minor loss in resolution and signal to noise.  However, with the ex 

vivo aorta (Fig. 1.2A), the intercostal ostia can be visualized by mounting the vessel on 

the glass slide so the laser is directed at the dorsal surface first.  Intercostal ostia cannot be 

consistently or clearly imaged in the in situ aortas regardless of increased tissue 

penetration depth afforded by multiphoton microscopy, as the laser is directed at the 

ventral surface first.  The cross section of the entire proximal thoracic aorta (TA) in Figure 

1.2B-1 shows that even in neonates, the dorsal surface is not accessible.  However, when 

compared to the ex vivo aortas, the overall vascular architecture of the in situ aortas is 

more closely comparable to that in living animals with fewer perturbations in the 

dissection and mounting process. 

In an effort to gain access to the dorsal aortic surface in the in situ preparations, a 

rectangular window was cut into the ventral aortic surface. Although this allowed 

visualization of the intercostal arteries, it also resulted in mild distortion of the actual shape 

of the ostia from round to oval by releasing inherent tension provided in vascular patency. 

Figure 1.3 compares an ex vivo TA (1.3B) with an in situ TA (1.3A), in which a window 

has been cut (1.3B), from 2, 2 month-old mice, using the same imaging parameters. 
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Figure 1 . 3: In situ (A) and ex vivo (B) multiphoton images acquired from a 
proximal intercostal ostia of 2, 2 month-old SR-BI-/-/ApoeR61h/h mice fed NC. Black 
arrows indicate the direction of laser penetration from the luminal to adventitial surface 
(A) Note the oval shaped, ostial distortion created by cutting a window through the 
ventral aortic surface to image the dorsal aortic surface with associated intercostal 
ostia. (B) Note the increased undulating effect the ex vivo aortic preparation has on the 
vessel wall. (Images obtained with a Leica, 20x1.0 NA immersion objective lens). 
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        The ostial shape change is depicted. This figure also compares the effect that both 

preparations have on vascular wall contractility.  Ex vivo aortas are more undulating and 

contracted down (Fig. 1.3B cross section) while in situ aortas have increased associated 

pressure and strain (Fig. 1.3A) that again may be more comparable to living animals. 

          The described perturbations were carefully considered in determining the best aortic 

preparations for each step of this research.  For the longitudinal study, it was determined 

that a patent, in situ thoracic aortic preparation would be used as a ventral window was not 

consistently successful in capturing aortic intercostal ostia.. Alternatively, the ventral 

window approach was utilized in the atherosclerosis study as a cohort of SR-BI 

KO/ApoER61h/h mice aged 2-3 months old allowed for far superior visualization of the 

intercostal ostia. 
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Chapter 3 

Early Three-dimensional Atherosclerotic Lesion Development in Scavenger Receptor Class 

B Type I-Deficient, Hypomorphic Apolipoprotein ER61 Mice and the Association with 

Endothelial and Smooth Muscle Cell Damage 
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Abstract: 
 

Background: All phases of atherosclerosis have been shown to develop throughout the 

arterial tree in ApoE-deficient mice, from fatty streaks, to advanced fibrous plaques.  In the 

present study, we investigated early lesion development within the descending thoracic 

aorta in the recently described, SR-BI KO/ApoER61h/h mouse model of diet-inducible 

atherosclerosis. 

Methods and Results: To evaluate early lesion development in SR-BI KO/ApoER61h/h 

mice, 2-3 month old mice we’re placed on a HFHC diet for 21 days.  Animals were 

euthanized daily form 0-5 days and then at 14 and 21 days.  Prior to euthanasia, Sytox 

Blue, a nucleic acid stain that penetrates cells with compromised plasma membranes, was 

injected into the jugular vein.  In situ imaging of the descending TA and ICAO was 

performed using TPEF, SFG and CARS microscopy. Briefly, Sytox Blue positive SMCs 

were consistently located transmurally within the proximal descending aorta, multifocally 

and circumferentially throughout the intercostal ostial ridges, and interestingly, several 

pairs of intercostal ostia exhibited a cluster of mural to transmural Sytox Blue positive 

SMCs downstream between bilateral pairs of intercostal ostia.  Lipid droplets, foam cells 

and early ICAO plaques often colocalized with Sytox Blue positive cells in all regions but
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often spared the vascular bed between bilateral intercostal ostia. Sytox Blue positive ECs 

were present within the intercostal ostial ridges colacalized with lipid. 

Conclusions: These findings suggest that endothelial and smooth muscle cell damage 

within these marginal zones downstream to the ICAO may contribute to retention of LDL 

as propagation of early lesion development prior to fatty streak formation. 

Introduction: 
 

Coronary artery disease (CAD) resulting from atherosclerosis is a leading cause of 

death worldwide (Weber et al., 2011). The pathogenesis is multifactorial for which a 

persistent increase in systemically circulating LDL levels (Jamkhande et al., 2013) is 

considered to be one of the most important causes for disease initiation and progression. 

Immune and inflammatory mediators (Cullen et al., 2005. Ribbins et al., 2006) along with 

hemodynamic shear stress (Peiffer et al., 2013, Suo et al., 2006) endothelial cell damage 

and focal proliferations of SMCs (Velican et al., 1989) also represent key mechanisms of 

disease. Furthermore, repeated endothelial injury coupled with enhanced lipid infiltration 

are considered critical events regarding the development of atherosclerosis (Lin, 1996). 

It is widely believed that the fatty streak, which can be found in infants and small 

children (Thubrikar et al., 2007), is considered the earliest visibly detectable lesion of 

atherosclerosis (Fuster et a.,l 1996). These fatty streaks typically occur in the regions of 

branches and bifurcations.  Many are considered to be the same as intimal cushions, 

composed almost exclusively of lipid-containing SMCs, most of which don’t progress into 

advanced plaques, thus offering the opinion that fatty streaks are normal and not 

pathologic (Glacov et al., 1996). Progress has been made in understanding the current 

initiating hypotheses through utilization of transgenic mouse models of atherosclerosis; 
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specifically those in which the genes for apolipoproteins and/or their enzymes, transfer 

proteins, as well as receptors that contribute to LP metabolism have been inactivated or 

manipulated in some manner (Zhang et al., 2005). The SR-BI KO/ApoER61h/h diet 

inducible mouse model of atherosclerosis used in the present study exhibits total cholesterol 

levels that significantly exceed the normal reference values of 80-100 mg/dL (Zhang et al., 

2005) when fed a NC diet. This mouse model lacks SR-B1, which is responsible for 

reverse cholesterol transport out of the vessel wall into the liver where it is transported into 

the gall bladder and excreted from the body via the intestinal tract.  Despite significant 

hypercholesterolemia, these mice can survive on a NC diet into adulthood as the low 

expression level of apolipoprotein ER61 is considered to be both atheroprotective and 

cardioprotective (Raffi et al., 2002. Raffi et al., 2001). However, when fed a HFHC diet, 

these mice rapidly develop atherosclerosis and coronary heart disease independent of sex 

and age (Zhang et al., 2005) over the course of 1 month. 

Several different imaging modalities have been used in evaluating atherosclerotic 

processes including magnetic resonance imaging (MRI), light microscopy, transmission 

and scanning electron microscopy.  NLOM has emerged as a powerful tool for label-free 

tissue imaging (Mostaco-Guidolin et al., 2011. Zipfel et al., 2003) allowing for deeper 

tissue penetration and the 3D visualization of key tissue components and biochemical 

composition at a submicron resolution (Lim et al., 2010).  Moreover, when implementing 

a multimodal platform, selective imaging of collagen, elastin and lipids is achieved by 

SHG or SFG, TPEF, and CARS respectively. Furthermore, CARS signals arising from 

CH2-rich membranes also allows for visualization of endothelial cells and smooth muscle 

cells within the vessel wall (Wang et al., 2008).  Vibrational imaging of elastin and 

collagen fibrils is also accomplished with CARS as these macromolecules are rich in CH2 
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bonds. 

We have previously established a novel in situ preparation of the mouse TA to 

demonstrate the developing ventral (anterior) surface of the vascular bed using TPEF, 

SHG, and the exogenous lipophilic fluorescent probe NR.   Although any strain of mouse 

could have been used, we reasoned that using the SR-BI KO/ApoER61h/h diet inducible 

mouse model of atherosclerosis (Zadrozny et al., 2015) maintained under normal dietary 

conditions would be appropriate in preparations for future studies in atherosclerosis. 

Using the same mouse strain maintained on a HFHC diet, the current study offers 

additional insight; specifically into the intercostal arterial ostial involvement in the 

development of early atherosclerosis through modification of the original in situ aortic 

preparation coupled with a multimodal nonlinear optical microscopy platform.  

The same approach used to expose the ventral (anterior) surface of the mouse 

thoracic aorta (VTA) was applied with the addition of longitudinal transection of the VTA 

to expose the dorsal (posterior) surface of the TA and the ICAO The purpose of this study 

was to evaluate how early lesions develop within and surrounding mouse thoracic ICAO 

in relationship to the 3D macromolecular structure of the vascular bed.  Additionally, the 

association of damaged cells, including both ECs and SMCs in regions of high 

endothelial cell turnover was tracked over time.  These regions, including major aortic 

branch points, are characterized by hemodynamic conditions that induce altered WSS 

(Suo et al., 2007)) and oscillatory flow (Foteinos et al., 2008). We sought to evaluate the 

resultant changes in the vascular bed within these initiating sites including endothelial and 

smooth muscle cell integrity, lipid deposition and potential perturbations of the 

macromolecular matrix. Cellular changes were assessed using Sytox Blue nucleic acid 

stain, a high-affinity molecular probe that easily penetrates cells with compromised 
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plasma membranes yet will not cross the membranes of live cells. Elastin and collagen were 

imaged by TPEF and SFG respectively and lipid deposition by CARS. 

Materials and Methods 
 
Animals: 
 

SR-BI KO/ApoER61h/h mice obtained from Dr. Alan Remaley at the NHLBI in 

Bethesda, MD, were bred, as previously described (Zhang et al. 2005).  C57Bl/6 control 

mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA).  C57Bl/6 mice and 

SR-BI KO/ApoER61h/h mice were fed a NC diet (18% protein, 4% fat, 5% fiber, Zeigler 

Feed, NIH-31 open formula) or a HFHC diet (21% milk fat, 21.2% fat, 1.25% cholesterol, 

TD 96121, Harlan-Teklad) as indicated. All experiments on animals were performed 

according to the research protocol (H-0257) approved by the Animal Care and Use 

Committee of the NHLBI at the NIH. 

Mouse Thoracic Aorta Preparation for Multimodal Nonlinear Optical Microscopy: 

    DTAs were dissected within male and female mice aged 2 to 3 months old. 

C57Bl/6 control mice (n=3) and SR-BI KO/ApoER61h/h control mice (n=3) were fed NC. 

SR-BI KO/ApoER61h/h experimental mice were fed a HFHC diet for 21 days and 

euthanized at daily intervals from days 0 to 5 (n=3/group), then at days 14 and 

21(n=3/group).  Mice were placed in an anesthesia box for induction and then ventilated by 

a nose cone with a mixture of 2.5% isoflurane in oxygen. Prior to euthanasia, all mice were 

given an intravascular injection into the jugular vein containing Sytox Blue (250µM in 

100µL of sterile saline, Life Technologies; Invitrogen; Grand Island, NY) to systemically 

label permeabilized cells. Mice were euthanized 10 minutes thereafter via a double 

thoracotomy and VTAs were dissected  in situ as previously described (Zadrozny et al., 

2015) with an additional modification to expose the ICAO.  VTAs were transected
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longitudinally along the midline from the aortic root to the aortic hiatus and splayed open 

to display the luminal surface of the dorsal TA and the associated ICAO. In situ 

preparations were pinned in place with insect specimen mounting pins (Fine Science 

Tools; Foster City, CA) onto 20% agar gel platforms and submerged in saline for imaging. 

Multimodal Nonlinear Optical Microscopy: 
 

In situ, multiphoton images of the dorsal TA were acquired from the luminal 

surface out to the dorsal aortic tunica adventitia.  A dual beam mode-locked ultrafast laser 

(Insight DeepSee, Spectra-Physics, Santa Clara, California) generated a wavelength 

tunable pump beam and a fixed wavelength Stokes beam at 1040 nm. The pump beam 

was tuned to 802 nm such that the corresponding Raman shift of 2853 cm-1 between the 

two beams was located at the CH2 symmetric stretch vibration band (Evans et al., 2005; 

Le et al., 2007; Hellerer et al., 2007). The two beams were combined via a custom 

dichroic mirror with a cutoff wavelength at 1020 nm and directed to a confocal SP8 

upright microscope (Leica Microsystems, Wetzlar, Germany). The delay between the two 

pulses was adjusted with a delay stage to maximize the CARS signal from lipid droplets at 

2853 cm-1. The beams were focused by a 25x water immersion objective with a 1.0 

numerical aperture (NA) (PL IRAPO 25x/1.0 motCorr, Leica Microsystems, Wetzlar, 

Germany ). A critical feature of this objective for CARS imaging was its chromatic 

aberration correction between 700 nm and 1300 nm which allows parfocality between the 

pump and Stokes beams focal spots. The motorized collar for spherical aberration 

correction was adjusted to maximize the lipid CARS signal integrated over the entire 3D 

volume. The emitted light was detected by the same objective, separated from the 

excitation light by a primary dichroic mirror (FF735- Di01, Semrock, Rochester, New 

York), and directed to four non-descanned detectors. A second dichroic mirror
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(FF526-Di01, Semrock, Rochester, New York) then splits the light between a pair of 

hybrid detectors (HyD) and a pair of PMTs (Leica microsystems, Wetzlar, Germany). The 

light directed to the two HyD was filtered by two infra-red (IR) blocking filters (FF01-

7220/SP and FF01-790/SP, Semrock, Rochester, New York), split by a dichroic mirror 

(FF640-FDi01, Semrock, Rochester, New York) that separated the lipid CARS signal at 

653 nm from the autofluorescence elastin signal and are detected after bandpass filtering 

(FF01-650/13 and FF01-578/105, Semrock, Rochester, New York). The light directed to 

the two PMTs is filtered by an IR blocking filter (FF01-680/SP, Semrock, Rochester, 

New York), split by a dichroic mirror (FF484-FDi01, Semrock, Rochester, New York) 

that separated the sum frequency generation (SFG) signal at 453 nm from the Sytox blue 

fluorescence signal, and is finally bandpass filtered (FF01-494/41 and FF01-448/20, 

Semrock, Rochester, New York) before detection. Note that there is cross-talk between the 

SFG, sytox blue and elastin channels. 

The pump and Stokes beams have a pulse width of 110 fs and 280 femtoseconds 

(fs) respectively. The dispersion occurring in the optical path of the pump beam is pre- 

compensated in the Insight DeepSee and is therefore transform limited to 110 fs at the 

focal plane. The dispersion in the Stokes beam is not compensated for and its pulse width 

is therefore expected to be slightly broadened. The spectral resolution of the fs-CARS 

system is approximately 140 cm-1 and is an order of magnitude larger than the CH2 stretch 

Raman line width, 10 cm-1 (Cheng et al., 2004). As a result the resonant to non-resonant 

background ratio obtained with fs-CARS imaging of lipids is lower than that with ps  

pulses (Cheng et al., 2004). We measured this ratio to be 3.6 in a mouse aorta with fs- 

CARS and found it to be sufficient for a straightforward identification of lipid droplets in
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the arterial wall. However, the use of fs pulses greatly benefits the two-photon emission 

fluorescence (TPEF) and second harmonic signals, which increase linearly with shorter 

pulse widths, and allows recording the TPEF, second harmonic and CARS signals 

simultaneously. For CARS the use of fs pulses also leads to an increased signal amplitude 

which partly offsets the drop in resonant to non-resonant background ratio. 

Three-dimensional images from each PMT and HyD channels at 512x512 or 2048x2048 

pixels with a frame rate of 600-700 Hz, an optical zoom range of 0.75-2.25 and a step 

section of 1 µm were collected as a stack of images beginning at the luminal surface and 

ending at the dorsal tunica adventitia.  Collagen SFG was detected at 438-458 nm (PMT 1), 

Sytox Blue fluorescence at 474-514 nm (PMT 2), elastin fluorescence at 525-630 nm (HyD 

1), and CARS lipid signal at 843-656 nm (HyD 2).  Images were analyzed using ImageJ 

(NIH; Bethesda, MD). CARS arterial wall imaging: (Wang et al.,2008; Wang et al., 2009) 

Results: 

The 3D macromolecular structure of the vascular bed in SR-BI KO/ApoER61h/h 

mice fed a HFHC diet for 21 days was evaluated along the entirety of the dorsal surface of 

the descending thoracic aorta with a focus on the ICAO and the space between pairs of 

intercostal arteries. Full thickness z-stacks commencing at the luminal surface and ending 

at the dorsal adventitial surface were obtained from at least 3 ICAO for each mouse for 

post-image processing and 3D rendering.  Either individual or bilateral pairs of ICAO were 

captured dependent upon their proximity within an individual field of view. All 

multiphoton images are depicted with the head and tail ends of the mice at the top and 

bottom of each image respectively. 

  The bright red CARS lipid signal should be discerned from the dim red background 
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generated from epi-detection and the additional CH2 bonds resonating within elastin, 

endothelial, and smooth muscle cells (Wang et al., 2008). This phenomenon is best 

appreciated in cross sections both above the luminal surface and within en face sections 

within the tunicas intima and media (see white asterisks in Figs. 1A and 1B describing this 

issue). 

Collagen was visualized using SFG via epi-detection through a CARS signal that 

was forward generated and backscattered.  Fibrillar adventitial collagen was prominent 

while minimal signal was appreciated murally throughout all experimental and control 

groups (Figs. 3.1-3.8). 

Elastin formed dense, wavy lamellar sheets with variably sized fenestra and folds 

throughout the length of the dorsal TA, a loss of signal circumferentially (Fig. 3.1-3.8) on 

the raised ostial ridges, and increased disorganization at the base of the ridges (Fig 3.3-

3.8). The latter occurred in experimental mice fed a HFHC diet exhibiting moderate to 

marked ostial lipid deposition. Lipid, both extracellular in droplet form and intracellular 

(foam cells) within SMCs, macrophages and ECs based on cellular morphology was 

appreciated multifocally throughout the entirety of the dorsal TA. Foam cells were already 

apparent in mice prior to feeding a HFHC diet (images not shown) and were characterized 

by central to compressed nuclei that did not emit a signal appearing black in color with a 

myriad of bright red, pinpoint, intracytoplasmic lipid droplets best shown in Fig. 3.3A and 

Fig. 3.7A (white arrows).  Lipid droplets and foam cells initially accumulated on the 

endothelium above an intact IEL surrounding ICAO and between pairs of ICAO.  There 

was noticeable increased abundance of lipid depositing circumferentially on the 

endothelium surrounding ICAO in mice fed a HFHC diet from days 1-5 (Figs 3.3-3.5), 
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which advanced to intraostial lipid accumulation in mice fed a HFHC diet for 14 (Fig. 3.6) 

and 21 days (Figs. 3.7-3.8).   Loss of the normal ostial ridge architecture occurred as the 

mice progressed to 14 and 21 days (Fig. 3.8) on a HFHC diet where the actual ridges 

became less discernable from early lesion development. Extravasation of lipid through the 

tunica media was observed in 2 month old, SR-BI KO/ApoER61h/h control mice fed NC 

(Fig. 3.2) and in experimental mice throughout the entire study with increased frequency 

immediately surrounding ICAO. Minimal accumulation or extravasation was appreciated 

within the vessel wall of C57BL/6T control mice fed NC. 

Endothelial cell (plump, round to oval cellular morphology) and SMC (elongate 

spindeloid cellular morphology) death, as indicated by Sytox Blue positively stained cells, 

revealed a fairly consistent pattern across all SR-BI KO/ApoER61h/h mice in this study. 

Variably sized clusters of transmurally permeabilized SMCs were often found downstream 

(Fig 3.3., HFHC diet for 1 day; Fig. 3.5 HFHC diet for 5 days; Fig. 3.6., HFHC diet for 14 

days) and between pairs of ICAO (Fig. 3.2., day 0, NC fed control mouse) that were 

typically not associated with lipid deposition or foam cell accumulation.  Co-localization 

of lipid and permeabilized SMCs was not appreciated until SR-BI KO/ApoER61h/h mice 

had been maintained on a HFHC diet for 21 days (Fig. 3.7).  Less often, variably sized 

patches of permeabilized SMCs were found immediately upstream of the ICAO (Fig. 3.2, 

day 0 NC fed control mouse; Fig. 3.7, day 21 HFHC). Positive ECs along with fragmented 

nuclear debris were often found colocalized with lipid circumferentially on the intercostal 

ostial ridges in all SR-BI KO/ApoER61h/h experimental mice (Figs. 3.2-3.8).  In 

C57BL/6T control mice fed NC (Fig. 3.1), positive ECs multifocally decorated intercostal 

ostial ridges and occasionally were found individually scattered throughout the vascular 
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bed. However, similar to the patches of positive SMCs found transmurally downstream 

and between ostia in SR-BI KO/ApoER61h/h experimental mice fed HFHC up to 14 days, 

colocalization with lipid was not observed. Occasional foam cells were permeabilized by 

Sytox Blue exhibiting positively stained nuclei surrounded by intracytoplasmic lipid 

droplets (image not shown) in experimental mice fed a HFHC diet. 

Discussion: 
 

Multimodal Nonlinear optical microscopy, including CARS, TPEF, SHG and 

SFG has been widely used in analyzing the vascular bed to describe the 

macromolecular events that occur in atherosclerotic lesion development and 

progression (Wang et al., 2008; Lim et al., 2010; Cicchi et al., 2014). However, in situ 

vascular preparations of the TA and major branch points, specifically at the ostial 

openings, have not been well described with this imaging platform. We have 

previously developed a novel, reproducible, in situ vascular preparation to study the 

development of the patent mouse TA in the SR-BI KO/ApoER61h/h diet-inducible 
 

model of atherosclerosis (Zhang et al., 2005; Zadrozny et al., 2015).  This study 

evaluated the macromolecular events that occurred within the ventral (anterior) surface 

of the TA in SR-BI KO/ApoER61h/h mice aged 1-60 days old (do) in preparation for 

future studies to evaluate lipid deposition and early atherosclerosis. We sought to use 

this transgenic mouse model in contrast to other models as it the only model that has 

been thoroughly characterized to recapitulate hallmarks of human cardiovascular 

disease including occlusive coronary artery disease with plaque rupture, myocardial 

infarction, cardiac dysfunction and premature death (Caligiuri et al., 1999; Moriwaki et 

al., 2004; Cozen et al. 2004).  
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Here, we have expanded upon this vascular dissection of the TA to develop a 

window into the dorsal (posterior) surface by transecting the aorta longitudinally to 

reveal the ICAO.  This allowed for en face, in situ evaluation of the descending TA and 

associated ICAO as the depth of penetration in a patent TA is limited to the wall 

thickness of the ventral surface alone (Zadrozny et al., 2015).  Minimal perterbations 

made with this 3D in situ approach allowed for imaging that greatly maximized the 

field of view of the ICAO and surrounding vascular bed.  This is in contrast to preparing 

ex vivo,  fresh and/or formalin-fixed vascular dissections to evaluate ostial morphology 

that are mounted between a glass slide and a coverslip (Ferrara et al., 2005; Kwon et al., 

2008; Lee et al., 2009; Kim et al., 2010; Lime et al., 2010; Lim et al., 2011; Suhalim et 

al., 2012).  It’s also important to note that traditional imaging modalities such as 

histopathology and EM would not have yielded the same results as they are both 2 

dimensional (2D) slices of tissue 2-5 µm thick fixed sections.  Without extreme efforts, 

reconstructions of full-thickness aortic z-stacks with these modalities aren’t feasible. 

        The exogenous, IV injection with Sytox Blue to evaluate cell death and 

potentially cell turnover for both endothelial and smooth muscle cells (based on their 

cell morphology) resulted in an interesting and consistent pattern. Given that we were 

able to image such a large field of view for 3D reconstruction we were able to 

consistently visualize positive ECs that were found within and surrounding intersostal 

ostial ridges as well as positive SMCs located downstream and transmurally between 

bilateral pairs of ICAO.  Less often, variably sized patches of positive SMCs were also 

found immediately upstream of the ICAO, but there was no correlation with diet as this 

was appreciated in both NC and HFHC fed   SR-BI KO/ApoER61h/h mice.  To the best 
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of our knowledge, these findings have not been reported using the imaging and vascular 

dissection approach described herein.  Further investigation of positive stained ECs and 

SMCs elucidated additional insight in that positive cells found on the intercostal ostial 

ridges of C57BL/6T control mice fed NC were present in the absence of lipid deposition 

(Fig. 3.1). Similarly, the patches of positive SMCs identified transmurally downstream 

did not colocalize with lipid until SR-BI KO/ApoER61h/h mice were fed HFHC for 21 

days.  This suggests that these regions may develop prior to foam cell deposition and 

fatty streak formation, the earliest visibly detectable lesions of atherosclerosis 

(Thubrikar, 2007). 

Given the multifactorial pathogenesis of atherosclerosis, there is likely a 

combination of initiating events to help describe these findings.  It is in our opinion these 

events are primarily associated with endothelial cell turnover, proliferation and death, as 

well as altered hemodynamic wall sheer stress (WSS) described as follows. 

Leaky cellular endothelial junctions occurring in dying cells have been 

postulated as a pathway for macromolecular transport across the endothelium 

(Welbaum et al.. 1985; Lin et al., 1990). Rapid EC turnover in atherosclerotic-prone 

areas to replace dead cells also results in disruption of cellular junctional complexes 

within the endothelium (Lin et al., 1988; Lin et al., 1989). Furthermore, risks factors 

associated with atherosclerosis and CHD, including hyperlipidemia as described in 

SR-BI KO/ApoER61h/h mice fed normal chow (Zhang et al., 2005), have been shown 
 

to increase arterial EC turnover and transendothelial macromolecular transport (Lin et al. 

1996). Hemodynamic shear stress has often been implicated in early lesion development 

and progression. Specifically, regions exhibiting low WSS, oscillatory stress, and flow 
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separation (Nguyen and Haque, 1990; Ku, 1997; Taylor et al.. 1998; Wooton and Ku, 

1999; Neufeld et al.. 2010) at arterial branch points are strongly correlated with lesion 

development. Within these regions of low WSS, it has previously been shown that the 

aortic intima exhibits increased levels of leukocyte inflammatory mediators, vascular cell 

adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) (Suo 

et al. 2007).  Inflammatory cytokines and modified lipids that are released from oxidized 

lipoproteins found beneath the endothelium, and within plaques, drastically changes 

endothelial and smooth muscle cell phenotype resulting in cell activation and increased 

mitosis (Robbins and Cotran,   .Jongstra-Bilen et al., 2010).  In short, SMC and EC 

damage in the absence of foam cell and lipid deposition may precede fatty streak 

development largely contributing to early lesion development in atherosclerosis in 

regions of low wall shear stress and oscillatory flow. 

The current findings in this study warrant future investigations into gene 

expression and endothelial integrity. This modified in-situ vascular dissection can be used 

to determine if there is a potential up- or down regulation of inflammatory cytokines and 

adhesion molecules, and to further evaluate endothelial integrity within regions of Sytox 

Blue positive cells in both healthy and diseased mice over time. An additional study 

should include further evaluation of these permeabilized cells in an effort to determine 

novel biomarkers contributing to early atherosclerotic lesion development, perhaps even 

prior to the fatty streak, as a target for therapeutic intervention.  
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Figure 3.1: Multimodal nonlinear optical microscopy three-dimensional (3D) in 
situ images from the thoracic aorta with bilateral intercostal ostia from a 2 
month old C57BL/6T control mouse fed NC. Elastin (green), collagen (blue), 
permeabilized (damaged) Sytox blue positive cells (cyan) and lipid (red) signals 
are merged after post-image processing. The dim red background signal exhibited 
above the luminal surface (white asterisk) and within the intercostal ostia (white 
asterisk) should be discerned from the bright red, punctate to clustered lipid 
droplets as observed in Figures 2-8. (A) En face image. Note the presence of 
damaged cells circumferentially surrounding the ostia (white arrows) in the 
absence of lipid deposition. (B) Representative cross section with minimal positive 
Sytox blue staining transmurally. (Images were obtained with a Leica 25x1.0 NA 
water immersion objective lens. 
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Figure 3.2: Multimodal nonlinear optical microscopy three-dimensional (3D) in 
situ images from the thoracic aorta with bilateral intercostal ostia from a 2 
month old SR-BI KO/ApoER61h/h control mouse fed NC (day 0). Elastin 
(green), collagen (blue), permeabilized (damaged) Sytox blue positive cells 
(cyan) and lipid (red) signals are merged after post-image processing.   (A) En 
face image.   Note the extensive cluster of damaged spindeloid cells indicative 
of smooth muscle cell morphology downstream to the left intercostal ostium in 
the absence of lipid deposition. Similar to the C57BL/6T control mouse in Figure 
1,  Sytox  blue positive cells surround the left intercostal ostium (plump 
endothelial cells, white arrow) but with the addition of lipid droplets on the ostial 
ridge. Moderate numbers of individualized lipid droplets are also appreciated 
multifocally on the luminal surface (A, black arrows) (B) Representative cross 
section showing transmurally damaged smooth muscle cells and endothelial cells 
between and within intercostal ostia respectively. (Images were obtained with a 
Leica 25x1.0 NA water immersion objective lens. 
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Figure 3.3: Multimodal nonlinear optical microscopy three-dimensional (3D) in 
situ images from the thoracic aorta with bilateral intercostal ostia from a 2 
month old SR-BI KO/ApoER61h/h mouse fed HFHC for 1 day. Elastin (green),  
collagen (blue), permeabilized (damaged) Sytox blue positive cells (cyan) and 
lipid (red) signals are merged after post-image processing.   (A) En face 
image.   Bilateral intercostal ostia exhibit extensive, extra- and intracellular (foam 
cells, white arrow) circumferential lipid deposition colocalized with Sytox blue 
positive. Downstream, transmurally Sytox blue positive spindeloid cells (smooth 
muscle cells) are also present. (B and C) Representative cross sections of the 
left and right intercostal ostia respectively showing mural lipid deposition 
colocalized with Sytox blue positive cells. (Images were obtained with a Leica 
25x1.0 NA water immersion objective lens. 
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Figure 3.4: Multimodal nonlinear optical microscopy three-dimensional (3D) in 
situ images from the thoracic aorta with bilateral intercostal ostia from a 2 
month old SR-BI KO/ApoER61h/h mouse fed HFHC for 3 days. Elastin (green), 
collagen (blue), permeabilized (damaged) Sytox blue positive cells (cyan) and 
lipid (red) signals are merged after post-image processing.  (A) En face image 
appears similar to mice fed HFHC for 3 days (Figure 3) less the cluster of 
positive Sytox blue smooth muscle cells distal to and between this pair of 
intercostal ostia. (B and C) Representative cross sections of the left and right 
intercostal ostia respectively showing mural lipid deposition colocalized with 
Sytox blue positive cells. (Images were obtained with a Leica 25x1.0 NA water 
i i  bj i  l  
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Figure 3.5: Multimodal nonlinear optical microscopy three-dimensional (3D) in 
situ images from the thoracic aorta with the left intercostal ostium from a 2 
month old SR-BI KO/ApoER61h/h mouse fed HFHC for 5 days. Elastin 
(green), collagen (blue), permeabilized (damaged) Sytox blue positive cells 
(cyan) and lipid (red) signals are merged after post-image processing. (A) En face 
image, and (B and C) cross sections exhibiting lipid and damaged cells 
surrounding the left intercostal ostium with an extensive cluster of transmurally 
damaged smooth muscle cells (C) downstream of the ostium. (Images were 
obtained with a Leica 25x1.0 NA water immersion objective lens. 
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Figure 3.6: Multimodal nonlinear optical microscopy three-dimensional (3D) in 
situ images from the thoracic aorta with the right intercostal ostium from a 2.5 
month old SR-BI KO/ApoER61h/h mouse fed HFHC for 14 days. Elastin (green), 
collagen (blue), permeabilized (damaged) Sytox blue positive cells (cyan) and 
lipid (red) signals are merged after post-image processing.  (A) En face image 
with increased lipid and foam cell deposition within and surrounding the 
intercostal osritum with the similarly located downstream cluster of damaged 
smooth muscle cells and increased damaged endothelial cells surrounding the 
ostium. (B) Representative cross section with an extensive cluster of 
transmurally damaged smooth muscle cells (C) downstream of the ostium. 
(Images were obtained with a Leica 25x1.0 NA water immersion objective lens. 

A B 

60



 
 
 
 

 
 

 

Figure 3.7: Multimodal nonlinear optical microscopy three-dimensional (3D) in 
situ images from the thoracic aorta with the left intercostal ostium from a 3 
month old SR-BI KO/ApoER61h/h mouse fed HFHC for 21 days. Elastin 
(green), collagen (blue), permeabilized (damaged) Sytox blue positive cells 
(cyan) and lipid (red) signals are merged after post-image processing.  (A) En 
face image with increased lipid and foam cell deposition on and surrounding the 
left intercostal osritum with the downstream cluster of damaged smooth muscle 
cells now colocalized with foam cell (white arrow) accumulation on the 
endothelium. (B) Representative cross section with an extensive cluster of 
transmurally damaged smooth muscle cells. (Images were obtained with a Leica 
25 1 0 NA  i i  bj i  l  
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Figure 3.8: Additional high resolution, three-dimensional (3D) in situ images 
from the thoracic aorta with the left (A and C) and right (B and D) intercostal 
ostia from a 3 month old SR-BI KO/ApoER61h/h mouse fed HFHC for 21 days.  
Elastin (green), collagen (blue), permeabilized (damaged) Sytox blue positive 
cells (cyan) and lipid (red) signals are merged after post-image processing.  (A) 
Note the lipid beginning to form a plaque that variably occludes the ostial opening 
(white arrow). (Images were obtained with a Leica 25x1.0 NA water immersion 

  

A B 

C D 

62



References 

Caligiuri G, Levy B, Pernow K, THoren P.  Hansson GK.  Myocardial infarction mediated by 
endothelin receptor signaling in hypercholesterolemic mice.  Proc. Natl. Acad. Sci. U.S.A.  
1999;96:6920-6924. 

Cheng JX, Volkmer A, Book LD, Xie XS.  An epi-detected coherent anti-stokes Raman 
scattering (E-CARS) microscope with high spectral resolution and high sensitivity.  J. Phys. 
Chem. B.  2001;105(7):1277-1280. 

Cheng JX, Xie XS.  Coherent anti-stokes Raman scattering microscopy:  Instrumentation, 
theory, and applications.  J. Phys. Chem. B.  2004;108(3):827-840. 

Cicchi R, Matthaus C, Meyer T, Latterman A, Dietzek B, Brehm BR, Popp J, Pavone FS.  
Non-linear imaging and characterization of atherosclerotic arterial tissue using combined two 
photon fluorescence, second-harmonic generation and CARS microscopy.  Proc. SPIE.  
2014; volume 8948. 

Cozen AE, Moriwaki H, Kremen M. DeYoung MB, Cichek HL, Slezicki KI, Young SG, 
Veniant M, Cichek DA.  Macrophage-targeted overexpression of urokinase causes 
accelerated atherosclerosis, coronary artery occlusions, and premature death.  Circulation.  
2004;109:2129-2135. 

Evans CL, Potma EO, Puoris’haag M, Cote D, Lin CP, Xie YS.  Chemical imaging of tissue 
in vivo with video-rate coherent anti-Stokes Raman scattering microscopy.  P. Natl. Acad. 
Sci. U.S.A.  2005;102(46):16807-16812. 

Ferrara DE, Weiss D, Carnell PH, Vito RP, Vega D, Gao X, Nie S, Taylor WR.  Quantitative 
3D fluorescence technique for the analysis of en face preparations of arterial walls using 
quantum dot nanocrystals and two-photon excitation laser scanning microscopy.  Am. J. 
Physiol. Regul. Integr. Comp. Physiol.  2006;290:R114-R123. 

Foteinos G, Hu Y, Xiao Q, Metzler B, Xu Q.  Rapid endothelial turnover in atherosclerosis-
prone areas coincides with stem cell repair in apolipoprotein e-deficient mice.  Circulation.  
2008;117:1856-1863. 

Fuster V, Ross R, Topol EJ.  Atherosclerosis and Coronary Artery Disease.  Volume 1.  
Lippencott-Raven Publishers, Philadelphia, 1996:447-449. 

Glacov S, Newman III WP, Schaffer SA: Pathobiology of the Human Atherosclerotic Plaque.  
Springer-Verlag, New York, 1990:7, 265. 

Hellerer T, Axang C, Brackmann C, Hillertz P, Pilon M, Enejder A.  Monitoring of lipid 
storage in Caenorhabditis elegans using coherent anti-Stokes Raman scattering (CARS) 
microscopy.  Proc. Natl. Acad. Sci. U.S.A.  2007;104(37):14658-14663. 

Jamkhande PG, Chandak PG, Dhawale SC, Barde SR, Tidke PS, Sakhare RS.  Therapeutic 
approaches to drug targets in atherosclerosis.  Saudi. Pharmaceut. J.  2014;22:179-190. 

63



Jongstra-Bilen J, Cybulsky MI.  Regional predisposition to atherosclerosis-An interplay 
between local hemodynamics, endothelial cells and resident intimal dendritic cells.  
Endothelial Dysfunction and Inflammation.  Springer.  2010. 

Kim SH, Lee ES, Lee JY, Lee ES, Lee BS, Park JE, Moon DW.  Multiplex coherent anti-
stokes Raman spectroscopy images intact atheromatous lesions and concomitantly identifies 
distince chemical profiles of atherosclerotic lipids.  Circ. Res.  2010;106:1332-1341. 

Ku D.  Blood flow in arteries.  Ann. Rev. Fluid Mech.  1997;29:399-434.  

Kwon GP, Schroeder JL, Amar MJ, Balaban RS.  Contribution of macromolecular structure 
to the retention of low-density lipoprotein at arterial branch points.  Circulation.  
2008;117:2919-2927. 

Le TT, Langhor IM, Locker MJ, Sturek M, Cheng JX.  Label-free molecular imaging of 
atherosclerotic lesions using multimodal nonlinear optical microscopy.  J. Biomed. Opt.  
2007;12(5):054007. 

Lee JY, Kim SH, Moon DW, Lee ES.  Three-color multiplex CARS for fast imaging and 
microspectroscopy in the entire CHn stretching vibrational region.  Opt. Express.   
2009;17(25): 22281-22295.  

Lim RS, Kratzer A, Barry NP, Miyazaki-Anzai S, Miyazaki M, Mantulin WM, Levi M, 
Potma EO, Tromberg BJ.  Multimodal CARS microscopy determination of the impact of diet 
on macrophage infiltration and lipid accumulation on plaque formation in ApoE-deficient 
mice.  J. Lipid Res.  2010;51:1729-1737. 

Lim RS, Suhalim JL, Miyazaki-Anzai S, Miyazaki M, Levi M, Potma EO, Tromberg BJ.  
Identification of cholesterol crystals in plaques of atherosclerotic mice using hyperspectral 
CARS imaging.  J. Lipid Res.  2011;52:2177-2186. 

Lin SJ, Jan KM, Schuessler G, Weinbaum S, Chien S.  Enhanced macromolecular 
permeability of aortic endothelial cells in association with mitosis.  Atherosclerosis.  
1988;73:223-232. 

Lin SJ, Jan KM, Weinbaum S, Chien S.  Transendothelial transport of low density 
lipoprotein in association with cell mitosis in a rat aorta.  Arteriosclerosis.  1989;9:230-236. 

Lin SJ, Jan KM, Chien S.  Role of dying endothelial cells in transendothelial macromolecular 
transport.  Arteriosclerosis.  1990;10:703-709. 

Lin SJ.  Risk factors, endothelial cell turnover and lipid transport in atherogenesis.  
Zhonghua Yi Xiu Za Zhi (Taipei).  1996;58(5):309-316. 

Moriwaki H, Stempien-Otero A, Kremen M, Cozen AE, Dichek DA.  Overexpression of 
urokinase by macrophages or deficiency of plasminogen activator inhibitor type 1 causes 
cardiac fibrosis in mice.  Circ. Res.  2004;95:637-644. 

Mostaco-Guidolin LB, Sowa MG, Ridsdale A, Pegoraro AF, Smith MSD, Hewko MD, 
Kohlenberg EK, Schattka B, Shiomi M, Stolow A, Ko ACT. Differentiating atherosclerotic 

64



plaque burden in arterial tissues using femtosecond CARS-based multimodal nonlinear 
optical imaging.  Biomed. Opt. Express.  2010;1(1):59-73. 

Neufeld EB, Yu ZX, Springer D, Yu Q, Balaban RS.  The renal artery ostium flow diverter: 
structure and potential role in atherosclerosis.  Atherosclerosis.  2010;211:153-158. 

Nguyen N, Haque A.  Effeect of hemodynamic factors on atherosclerosis in the abdominal 
aorta.  Atherosclerosis.  1990;84:33-39. 

Peiffer V, Sherwin SJ, Weinberg PD.  Does low and oscillatory wall shear stress correlate 
spatially with early atherosclerosis  A systematic review.  Cardiovasc. Res.  2013;99:242-
250. 

Raffai RL, Dong LM, Farese RV Jr, Weisgraber KH.  Introduction of human apolipoprotein 
E4 “domain interaction” into mouse apolipoprotein E.  Proc Natl Acad Sci U.S.A.  
2001;98(20):11587-91. 

Raffai RL, Weisgraber KH.  Hypomorphic apolipoprotein E mice.  J. Biol. Chem.  
2002;277(13);11064-11068. 

Robbins CS, Chudnovskiy A, Rauch PJ.  Extramedullary hematopoiesis generates Ly-
6c(high) monocytes that infiltrate atherosclerotic lesions.  Circulation.  2012;125:364-374. 

Suhalim JL, Chung CY, Lilledahl MB, Lim RS, Levi M, Tromberg BJ, Potma EO.  
Characteriazation of cholesterol crystals in atherosclerotic plaques using stimulated Raman 
scattering and second-harmonic generation microscopy.  Bioiphys. J.  2012;102(8):1988-
1995. 

Suo J, Ferrara, DE, Sorescu D, Guldberg RE, Taylor RW, Giddens DP.  Hemodynamic shear 
stresses in mouse aortas: Implications for atherogenesis.  Arterioscler. Thromb. Vasc. Biol.  
2007;27:346-351. 

Taylor CA, Hughes TJ, Zarins CK.  Finite element modeling of three-dimensional pulsatile 
flow in the abdominal aorta: relevance to atherosclerosis.  Ann. Biomed. Eng.  1998;26:975-
987. 

Thubrikar MJ.  Vascular mechanics and pathology.  2007.  Springer.  New York 

Velican D, Velican C.  Study of fibrous plaques occurring in the coronary arteries of 
children.  Atherosclerosis.   1979;33:201-205. 

Wang HW, Le TT, Cheng JX.  Label-free imaging of arterial cells and extracellular matrix 
using a multimodal CARS microscope.  Opt. Commun.  2008;281(7):1813-1822. 

Wang HW, Langhor IM, Sturek M, Cheng JX.  Imaging and quantitative analysis of 
atherosclerotic lesions by CARS-based multimodal nonlinear optical microscopy.  
Arterioscler. Thromb. Vasc. Biol.  2009;29:1342-1348. 

Weber C, Noels H.  Atherosclerosis: current pathogenesis and therapeutic options.  Nat. Med.  
2011;17(11):1410-1422. 

65



Wootton DM, Ku DN.  Fluid mechanics of vascular systems, diseases, and thrombosis.  Ann. 
Rev. Biomed. Eng.  1999;1;299-329. 

Weinbaum S, Tzeghal G, Ganatos P, Pfeiffer R, Chien S.  Effects of cell turnover and leaky 
junctions on arterial macromolecular transport.  Am. J. Physiol.  1985;248:H945-H960. 

Zadrozny LM, Neufeld EB, Lucotte BM, Connelly PS, Yu ZX, Dao L, Hsu LY, Balaban RS.  
Study of the development of the mouse thoracic aorta three-dimensional macromolecular 
structure using two-photon microscopy.  J. Histochem. Cytochem.  2014;63(1):8-21. 

Zipfel WR, Williams RM, Webb WW.  Nonlinear magic: multiphoton microscopy in the 
biosciences.  Nat. Biotechnol.  2003;21:1369-1377. 

Zhang S, Picard M, Vasile E, Zhu Y, Raffai R, Weisgraber K, Krieger M.  Diet-induced 
occlusive coronary atherosclerosis, myocardial infarction, cardiac dysfunction, and 
premature death in scavenger receptor class B Type I-deficient, hypomorphic apolipoprotein 
ER61 mice.  Circulation.  2005;111:3457-3464.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

66



Chapter 4 

Discussions and Conclusions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

67



Atherosclerosis is a complex, multifactorial disease of the cardiovascular system 

considered to be a primary cause of myocardial infarct, the main cause of death in Western 

society (Rodriguez et al., 2006; Yu et al., 2007).  As such, it has been the topic of 

extensive research regarding disease initiation, progression and therapeutic intervention.  

There are extensive numbers of transgenic mouse models, some of which are designed 

towards specific experimental protocols and others that are more commonly used.  The 

latter typically includes some type of genetic transformation in: 1) low-density lipoprotein 

receptor (LDLR) that mediates the endocytosis of cholesterol-rich LDL; 2)  Apolipoprotein 

E (ApoE), a class of apolipoprotein found in the chylomicron and intermediate-density 

lipoproteins (IDLs) that is essential for the normal catabolism of triglyceride-rich 

lipoprotein constituents, and; 3) Scavenger receptors (SRs) including classes A, B, E, F and 

G, that mediate reverse cholesterol transport of modified lipoproteins out of the vessel wall 

(Moore and Freeman, 2006). 

The model selected for this dissertation, SR-BI KO/ApoER61h/h diet inducible 
 

mouse model of atherosclerosis, was carefully chosen as it has been thoroughly 

characterized as a transgenic model that recapitulates important factors of human disease. 

These factors include occlusive coronary artery disease, myocardial infarction, cardiac 

dysfunction, and premature death (Zhang et al.; 2005; Trigatti et al., 2004, Braun et al., 

2003). Moreover, this model remains clinically normal when fed NC, but exhibits 

accelerated clinical signs and advanced gross lesions over the course of 30 days when 
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switched to a HFHC diet (Zhang et al., 2005).  Not only does this allow for better temporal 

control in experimental designs, but it is also a potentially better suited model for 

investigating therapeutic targets.  A possible minor drawback, however, was discovered 

when using CARS microscopy, a highly specific nonlinear optical imaging modality 

versus the exogenous lipophilic probe to track lipid deposition. Although this model 

appears clinically normal on NC, marked hyperlipidemia intrinsically expressed in these 

mice, a known risk factor for atherosclerosis, did  contribute to increased EC turnover, 

SMC and EC death resulting in early, albeit mild, vascular lesions prior to diet change. 

Chapter 1 involved careful review of the literature regarding the current and past 

techniques used to dissect and prepare mouse vessels for NLOM.  The most common ex 

vivo techniques included: 1) dissecting and mounting variably sized vessel segments onto a 

perfusion chamber (Megens et al., 2007a; Megans et al., 2007b); 2) fresh and/or formalin- 

fixed tissue dissected, cut and mounted between a slide and a glass coverslip (Kwon et al., 

2008;Lee et al., 2009; Kim et al., 2010; Lim et al., 2010; Lim et al 2011; Suhalim et al., 

2012), and; 3) agar gel-infused vascular casts segmented into thinly sliced molds and 

mounted onto a glass slide (van Zandvoort et al., 2004; Megens et al., 2007a; Megens et 

al., 2008; Le et al., 2010).  In vivo techniques have included applying mouse carotid 

arteries to extenral handmade apparatuses for stabilization (Yu et al., 2007). Upon 

completion of this review, some of these techniques were reproduced in the lab, with the 

addition to novel techniques to develop a preparation of the mouse TA for in-situ imaging.  

We wanted to minimize both dissection and mounting artifacts thereby decreasing 

potential distortions while closely exhibiting several key physiological properties 

including longitudinal stretch.
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   Once developed, this novel in situ preparation was applied to the selected 

transgenic mouse model to first complete a longitudinal analysis of the development of the 

mouse TA 3D macromolecular structure.   SR-BI KO/ApoER61h/h mice aged 1 -60 do fed 

NC were imaged using NLOM.  To track lipid deposition, NR was administered 

immediately after euthanasia via left ventricular perfusion.  To confirm to sensitivity and 

specificity of this preparation for in situ imaging, EM, histopathology and IHC were 

completed in parallel. In doing this, the intrinsic optical properties of the macromolecules 

in the 3D structure of the VTA were described.  From this study, it was determined that 

the undulating lamellar elastin layers compressed consistent with the increases in mean 

aortic pressure with age. Three-dimensional reconstructions also showed that lipid 

droplets were found individualized are within small clusters and limited mainly to the 

endothelial surface or directly beneath the IEL within the first layer of SMCs in the tunica 

media. 

Chapter 3 expanded upon both the initial findings from this longitudinal study and 

the in situ TA preparation. A cohort of 2-3 month old SR-BI KO/ApoER61h/h mice were 

fed HFHC for up to 21 days with age-matched  C57BL/6T mice and  SR-BI 

KO/ApoER61h/h mice used as day 0 controls having only been fed NC. The patent aortic 

preparation was longitudinally transected to reveal the ICAO for NLOM. Although we 

initially tried a similar preparation for the longitudinal study, through a small pilot study, 

it was determined that transecting the thoracic aorta was not consistently successful in 

capturing the ICAO in neonatal mice.  The addition of CARS into the imaging platform 

allowed for greater sensitivity in imaging lipid thereby eliminating the need to use the 

exogenous lipophyillic probe NR.
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Administration of Sytox Blue nucleic acid stain intravascularly prior to euthanasia 

elucidated novel findings regarding SMC and EC death. Three-dimensional reconstructions 

of z-stacks taken from a rather large field of view showed transmural deposition of 

permeabilized, dying SMCs.  This consistent pattern of compromised SMCs found 

downstream and/or in between pairs of ICAO was associated with several, but not all 

ICAO in all SR-BI KO/ApoER61h/h mice control and experimental mice.  Interestingly, 

lipid droplet and foam cell deposition was absent within these patches until mice were fed 

HFHC for 21 days.  Permeabilized ECs were consistently identified within the intercostal 

ostial ridges colocalized with lipid droplets in all SR-BI KO/ApoER61h/h control and 

experimental mice. 

   In C57BL/6T control mice fed NC, minimal permeabilized ECs or SMCs were 

appreciated on the luminal surface or within the tunicas media and adventitia. However, 

moderate numbers of Sytox Blue positive endothelial cells were identified within the ostial 

ridges that were nearly completely absent of any appreciable lipid. Very few, mainly 

individualized lipid droplets were appreciated on the luminal surface.  The distribution of 

Sytox Blue positively stained cells in all mice used in this study is also consistently found 

within regions of low WSS where it has been previously shown that there are increased 

levels leukocyte inflammatory mediators VCAM-1 and ICAM-1 (Suo et al., 2007). Taken 

together, these data are suggestive that these regions of high EC and SMC turnover and 

death, in the absence of lipid deposition and inflammation may perhaps be precursory to 

the fatty streak.  This experiment provided a modification to a novel, in situ mouse TA 

preparation coupled with multimodal nonlinear optical microscopy that will lend future 

insights into: 1) gene expression within these patches of permeabilized ECs and SMCs; 2) 
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potential discovery of biomarkers preceding the earliest of atherosclerotic lesions, and; 3) 

therapeutic intervention prior to lesion initiation. 

   In conclusion, the experiments presented here have not only identified novel ways 

to evaluate the 3D macromolecular microstructure of the vascular bed in healthy and 

diseased mice, they’ve provided insight into potential regions of atherosclerotic lesion 

initiation that have not been previously defined with the methods described herein. These 

regions should be the focus of future investigations to study the role of the transmurally 

dying SMCs and intercostal ostial ECs in the absence of lipid deposition where low wall 

shear stress and oscillatory flow are exhibited. They may perhaps be the focus in 

determining new biomarkers of early disease for the production of novel therapeutics. 

72



References 

Braun A, Zhang S, Miettinen HE, Ebrahim S, Hom TM, Vasile E, Post MJ, Yoerger DM, 
Picard MH, Krieger JL, Andrews NC, Simons M, Krieger M.  Probucol prevents early 
coronary heart disease and death in the high-density lipoprotein receptor SR-
BI/apolipoprotein E double knockout mouse.  Proc. Natl. Acad. Sci. U.S.A.  
2003;100(12):7283-7288. 

Kim SH, Lee ES, Lee JY, Lee ES, Lee BS, Park JE, Moon DW.  Multiplex coherent anti-
stokes Raman spectroscopy images intact atheromatous lesions and concomitantly identifies 
distince chemical profiles of atherosclerotic lipids.  Circ. Res.  2010;106:1332-1341. 

Kwon GP, Schroeder JL, Amar MJ, Balaban RS.  Contribution of macromolecular structure 
to the retention of low-density lipoprotein at arterial branch points.  Circulation.  
2008;117:2919-2927. 

Le TT, Duren HM, Slipchenko MN, Hu CD, Cheng JX.  Label-free quantitative analysis of 
lipid metabolism in living Caenorhabditis elegans.  J. Lipid Res.  2010;51:672-677. 

Lee JY, Kim SH, Moon DW, Lee ES.  Three-color multiplex CARS for fast imaging and 
microspectroscopy in the entire CHn stretching vibrational region.  Opt. Express.   
2009;17(25): 22281-22295.  

Lim RS, Kratzer A, Barry NP, Miyazaki-Anzai S, Miyazaki M, Mantulin WM, Levi M, 
Potma EO, Tromberg BJ.  Multimodal CARS microscopy determination of the impact of diet 
on macrophage infiltration and lipid accumulation on plaque formation in ApoE-deficient 
mice.  J. Lipid Res.  2010;51:1729-1737. 

Lim RS, Suhalim JL, Miyazaki-Anzai S, Miyazaki M, Levi M, Potma EO, Tromberg BJ.  
Identification of cholesterol crystals in plaques of atherosclerotic mice using hyperspectral 
CARS imaging.  J. Lipid Res.  2011;52:2177-2186. 

Megens RTA, oude Egbrink MGA, Cleutjens JPM, Kuijpers MJE, Schiffers PHM, Merkx M, 
Slaff DW, van Zandvoort MAMJ.  Imaging collagen in intact viable healthy and 
atherosclerotic arteries using fluorescently labeled CNA35 and two-photon laser scanning 
microscopy.  Mol. Imaging.  2007a;6:247-260. 

Megans RTA, Reitsma S, Schiffers PHM, Hilgers RHP, DeMey JGR, Slaaf DW, oude 
Egbrink MGA, van Zandvoort MAMJ.  Two-photon microscopy of vital murine elastic and 
muscular arteries.  J. Vasc. Res.  2007b;44:87-98 

Megens RTA, oude Egbrink MGA, Merkx M, Slaaf DW, van Zandvoort MAMJ.  Two-
photon microscopy on vital carotid arteries: imaging the relationship between collagen and 
inflammatory cells in atherosclerotic plaques.  J. Biomed. Opt.  2008;13:044022-1 – 044022-
10. 

Moore KJ, Freeman MW.  Scavenger receptors in atherosclerosis: beyond lipid uptake.  
Arteriscler. Thromb. Vasc. Biol.  2006;26:1702-1711. 

73



Rodriguez GA, Serruys PW, Garcia HM.  Coronary artery remodeling is related to plaque 
composition.  Heart.  2006;92:388-391. 

Suhalim JL, Chung CY, Lilledahl MB, Lim RS, Levi M, Tromberg BJ, Potma EO.  
Characteriazation of cholesterol crystals in atherosclerotic plaques using stimulated Raman 
scattering and second-harmonic generation microscopy.  Bioiphys. J.  2012;102(8):1988-
1995. 

Suo J, Ferrara, DE, Sorescu D, Guldberg RE, Taylor RW, Giddens DP.  Hemodynamic shear 
stresses in mouse aortas: Implications for atherogenesis.  Arterioscler. Thromb. Vasc. Biol.  
2007;27:346-351. 

Trigatti B, Covey S, Rizvi A.  Scavenger receptor class B type I in high-density lipoprotein 
metabolism, atherosclerosis and heart disease: lessons from gene-targeted mice.  Biochem. 
Soc. T.  2004;32:116-120. 

van Zandvoort M, Engels W, Douma K, Beckers L, oude Egbrink M, Daemon M, Slaff DW.  
Two-photon microscopy for imaging of the (atherosclerotic) vascular wall: A proof of 
concept study.  J. Vasc. Res.  2004;41:54-63. 

Yu W, Braz JC, Dutton AM, Prusakov P, Rekhter M.  In vivo imaging of atherosclerotic 
plaques in apolipoprotein E deficient mice using nonlinear microscopy.  J. Biomed. Opt.  
2007;12(5):054008. 

Zhang S, Picard M, Vasile E, Zhu Y, Raffai R, Weisgraber K, Krieger M.  Diet-induced 
occlusive coronary atherosclerosis, myocardial infarction, cardiac dysfunction, and 
premature death in scavenger receptor class B Type I-deficient, hypomorphic apolipoprotein 
ER61 mice.  Circulation.  2005;111:3457-3464.  

 

  

 

74


	TABLE OF CONTENTS
	CHAPTER 2: Study of the Development of the Mouse Thoracic Aorta Three-
	Dimensional Macromolecular Structure Using Two-photon
	Microscopy   1
	CHAPTER 3:  Early Three-dimensional Atherosclerotic Lesion Development in Scavenger Receptor Class B Type I-Deficient, Hypomorphic Apolipoprotein ER61 Mice and the Association with Endothelial and Smooth Muscle Cell Damage   1
	CHAPTER 4: Discussion and Conclusions   1
	Chapter 2:
	Chapter 3
	LIST OF ABBREVIATIONS AND ACRONYMS
	Animal models of atherosclerosis
	Hypothesis and specific aims
	Development of the in situ mouse thoracic aorta preparation
	Abstract:
	Introduction:
	Materials and Methods
	Results:
	Discussion:
	Blank Page
	sep JHC doc.pdf
	TABLE OF CONTENTS
	CHAPTER 2: Study of the Development of the Mouse Thoracic Aorta Three- Dimensional Macromolecular Structure Using Two-photon Microscopy
	CHAPTER 3:  Early Three-dimensional Atherosclerotic Lesion Development in Scavenger Receptor Class B Type I-Deficient, Hypomorphic Apolipoprotein ER61 Mice and the Association with Endothelial and Smooth Muscle Cell Damage
	CHAPTER 4: Discussion and conclusions
	Chapter 2:
	Chapter 3
	LIST OF ABBREVIATIONS AND ACRONYMS
	Animal models of atherosclerosis
	Hypothesis and specific aims
	Development of the in situ mouse thoracic aorta preparation
	Abstract:
	Introduction:
	Materials and Methods
	Results:
	Discussion:
	Zadrozny_Dissertation draft3.pdf
	Blank Page
	Binder1.pdf
	final combined prelim proposal






