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The anatomy and physiology of carotid arteries 

The two common carotid arteries, right and left carotid artery, are major blood 

vessels that supply blood to head and neck. They differ in origin, length, and 

anatomical relationship. The right carotid originates from the brachiocephalic trunk 

and is a little longer than the contralateral artery, while the left carotid springs directly 

from the aortic arch. At the neck region, both left and right carotid artery divide into 

two branches: 

 The internal carotid artery, which supplies blood to the brain;                      

 The external carotid artery, which supplies blood to face and neck; 

Between the two common carotid arteries there is free communication, allowing 

collateral circulation development in case of slow-progressive obstruction of one 

common carotid artery.  

The carotid arteries are made of three layers of tissue (see Figure 1A): 

 Tunica intima: the innermost layer in direct contact with blood flow, 

made up of: 

 One layer of endothelial cells (EC), covered on the luminal side with 

a continuous layer of proteoglycans, the endothelial glycocalyx1; 

 A thin subendothelial layer of connective tissue containing collagen 

type I and II and proteoglycans; 

 Internal elastic lamina: consists of a membrane containing a net-

work of elastic fibers, arranged longitudinally. 

 Tunica media: between the tunica intima, on the inside, and the tunica 

externa, on the outside, consisting of: 

 Elastic fibers; 

 Smooth muscle cells (SMC). 

Depending on the size of the artery, the SMC are arranged in one layer 

(in small arteries) or multiple layers (up to 7, in large arteries). Also, the 

amount of elastic fibers is increasing with the size of the artery. 
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 Tunica externa (adventitia): the outermost layer of a blood vessel, 

providing a limiting barrier that protects the vessel from stretching beyond 

itsphysiological limit during systole. It consists of: 

 Fibroblasts; 

 External elastic lamina; 

 Collagen fibers. 

Also, characteristic of this layer is the presence of small blood vessels 

called the vasa vasorum that supply the walls of larger arteries, and nerve 

fibers. 

As the arteries are further away from the heart, the arterial constitution changes, 

getting adapted to their local functions. The walls of arteries close to the heart (as 

the carotid artery) are thick and very elastic in order to withstand pulsatile flow 

and blood pressure.  As arteries become smaller their wall thickness gradually 

decreases and their composition changes. Indeed, they become less elastic and 

contain more SMC.  

Endothelial dysfunction, inflammation and 

atherosclerosis 

Atherosclerosis, which is a chronic inflammatory disease developing in the arterial 

vessels, is the most common cardiovascular disease. It is a multifactorial and 

multistep disease that involves chronic inflammation at every stage2. 

The endothelium is the inner layer of blood vessel wall in contact with the blood flow, 

through on organized glycocalyx layer. The glycocalyx is an important determinant 

of vascular permeability, being able to limit the access of certain molecules to the 

endothelial cell membrane1. Although only one cell layer thick, the endothelium 

serves important homeostatic functions. It can detect and react to changes in 

hemodynamic forces or, to chemical and mechanical stimuli by synthesis or release 

of a wide range of factors regulating vascular tone, cellular recruitment, thrombo-

resistance, SMC proliferation, and local inflammation.  
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Endothelial activation/dysfunction represents a switch from a dormant towards 

proinflammatory and procoagulant phenotype3. On activation, the endothelium 

expresses chemokines, cytokines, integrins, and adhesion molecules, harbored in 

the disorganized endothelial glycocalyx1 (Figure 1C). These molecules are designed 

to interact with leukocytes and platelets. Thus, activated/dysfunctional endothelium 

plays a dual role in hemostasis and inflammation.   

Endothelial dysfunction accompanied by the upregulation of selectins (P-, E- and L- 

Selectin), adhesion molecules (intercellular (ICAM-1) and vascular cell (VCAM-1) 

adhesion molecules), and integrins4 is triggered by multiple factors, such as 

hypercholesterolemia, hyperglycemia, insulin resistance, hypertension, and ageing. 

Particularly, endothelial dysfunction with glycocalyx disorganization and 

hypercholesterolemia are the cause of atherosclerotic plaque development.  

Atherosclerosis usually develops in areas of low (<6 din/cm2), oscillating, or 

retrograde shear stress. Indeed, at these sites, NO release is diminished and 

adhesion molecules, chemokines, and growth factors are increased, together 

creating a pro-inflammatory environment. Herein, selectins and their ligands are 

involved in trapping and rolling of circulating inflammatory cells which accumulate in 

the early atherosclerotic plaque, the monocytes and T lymphocytes5,6, and promote 

the onset of  atherosclerosis7. The interaction of leukocytes with the EC is mediated 

by the glycocalyx, which seems to have a dual role. On the one hand, the glycocalyx 

hosts the EC adhesion molecules and on the other hand, it attenuates adhesion of 

leukocytes to these molecules1. Adhesion molecules, such as ICAM-1 and VCAM-

1, and integrins induce firm adhesion of inflammatory cells at the vascular surface, 

while platelet endothelial cellular adhesion molecules (PECAM-1) and junctional 

adhesion molecule (JAM) -A are involved in transmigration of inflammatory cells 

from the blood compartment into the vessel wall8, across the EC. Once resident in 

the arterial intima, monocytes mature into unpolarized macrophages (M0) under the 

presence of macrophage-colony stimulating factor (M-CSF)9. Further, the M0 under 

the stimulation of IFN-γ, LPS, immune complexes, M-CSF, interleukins, TGF-β, 

glucocorticoids, or platelet factor 4 polarize into M1, M2, M4 or Mox9,10.  

Prior to a  mature  atherosclerotic  plaque, a  so-called  “nonatherosclerotic intimal         
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lesion” develops, consisting of intimal thickening due to SMC migration to the 

subendothelial layer11 and their proteoglycans12 production.  

 

 

Figure 1: Atherosclerotic plaque formation. (A) A healthy artery. (B). The Endothelial glycocalyx 

is reduced and disorganized. Hyperlipidemia determines the subendothelial retention of LDL with 

intimal layer expansion. (C) Accumulated LDL within the intima undergoes oxidative modification and 

further supports local inflammation. Various adhesion molecules (selectins, adhesion molecules) are 

expressed on the luminal side of the activated EC. Therefore, circulating leukocytes are recruited and 

transmigrate to the subendothelial space. Here, monocytes transform into macrophages to remove 

the accumulated LDL. Lipoprotein uptake by macrophages results in foam cell formation. Reprinted 

from13. 
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Concomitantly, low density lipoproteins (LDL) are passing through the dysfunctional  

endothelial layer and accumulate in the subendothelial space (Figure 1B).  Here, the 

proteoglycans facilitate LDL particles oxidative modification14 and thus promote an 

inflammatory response at sites of lesion formation11,14,15. In the plaque, the 

mononuclear phagocytes type M2 express scavenger receptors necessary for the 

uptake of modified lipoproteins and, hence, form foam cells16 (Figure 1).  

In advanced plaques, lipid loaded macrophages accumulate and finally undergo 

apoptosis, contributing centrally to the formation of plaque necrosis. The further 

expansion of the necrotic core along with the thinning of the fibrous cap underlies 

the instability that promotes plaque rupture.   

Therefore, at later stages, high shear stresses (>70 din/cm2) can cause endothelial 

erosion, plaque rupture, and platelet aggregation17-19 with vessel obstruction. Thus, 

shear stress explains the importance of the haemodynamic factor in both plaque 

formation and rupture. 

Atherosclerosis treatment 

The therapy of atherosclerosis can be classified into chemical and interventional.  

1) The chemical therapy consists in lipid lowering and anti-inflammatory compounds 

administrated as long term treatment of moderate atherosclerosis, with the 

therapeutical target of plaque regression.  

2) The interventional therapy is applied in case of symptomatic or complicated 

atherosclerotic plaques and consists of balloon angioplasty with/without stent 

implantation, endarterectomy or bypass surgery.  Except for the bypass surgery, the 

other interventional therapies involve endothelial damage naturally followed by 

neointima formation. To avoid acute thrombosis due to endothelial damage, dual 

antiplatelet therapy is prescribed for at least one year after the intervention. 

Meanwhile, EC proliferate until the monolayer is fully rebuilt and regain its role as a 

barrier.  
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Ultrasound imaging 

Principles 

Medical ultrasound (US) is a diagnostic imaging technique that uses high 

frequency sound waves and their echoes to see internal body structures. US is 

currently one of the most frequently used and versatile imaging modality in 

medicine20. It has certain advantages by being cheap, broadly available, easy to 

handle, non-invasive, bed-side available and radiation free real-time imaging 

modality. 

Ultrasonic images or sonograms are made by sending high-frequency (1 to 40 

MHz21) sound pulses into tissue using a probe (or transducer). A signal generated 

by an ultrasonic transducer typically consists of a pulse of a few μs with a certain 

center frequency. As the US waves penetrate body tissues, some get scattered, 

some get absorbed (or attenuated) by the tissue, and some are reflected to the 

transducer which works as both emitter and receptor. By means of different acoustic 

impedances along the path of transmission, some US waves are reflected to the 

transducer (echo signals) when they hit boundaries between tissues, and some 

continue to penetrate deeper until they reach another boundary and get reflected. 

The reflected sound waves are captured by the probe and further analyzed by the 

computer incorporated into the US device. The computer calculates the distance 

from the probe to the tissue or organ (boundaries) using the speed of sound in tissue 

and displays the distances and intensities of the echoes on the screen. As US 

transverses tissue, its energy decreases. This is called attenuation and is more 

pronounced in tissue with less density, such as the lungs. 

Modern US transducers contain multiple piezoelectric crystals which are 

interconnected and vibrate in response to an applied electric current, converting 

electrical energy into US waves, and vice-versa, applied mechanical vibrations 

induce electrical signals22,23. 

Sound waves can be described in terms of their frequency, wavelength, and 

amplitude: 
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 Frequency is defined by the number of cycles that occur per unit time. 

The units of frequency are cycles/sec or Hertz (Hz) (Figure 2). 

 Wavelength is defined as the length of a single cycle. Typical 

values of wavelength are 0.1 – 0.8 mm. It influences the longitudinal 

image resolution.  

 Amplitude is defined as the difference between the peak value and the 

average value of the waveform. It is expressed in decibels (dB). It is a 

parameter than can be changed by the sonographer. Amplitude 

decreases by 1 dB /1 MHz /1 centimeter traveled, as the US penetrates 

through tissue. 

An important aspect is that higher frequencies of US, which have shorter 

wavelengths, are absorbed/attenuated more easily. Consequently, higher 

frequencies are not as penetrating and therefore used for the superficial body 

structures, and low frequencies are used for those that are deeper. 

 

 

Figure 2. Schematic representation of US pulse frequencies. High frequencies are used for 

superficial body structures imaging, and low frequencies are suitable for deep tissue imaging. 
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Functional and morphological ultrasound 

US imaging has a broad spectrum of application in both medical research field and 

clinical practice, from functional brain imaging24 and fetal sonography, to blood 

vessels and parenchymal internal structures as liver, kidney, ovary and heart 

imaging. 

Sonography is not only performed by radiologists, but as well by anesthetists to 

perform US guided anesthetic injections close to nerves. Gastroenterologists use it 

for imaging the liver, pancreas, spleen and when inflamed as well the appendix. 

Gynecologists use US to check on the development of the fetus, or to image the 

ovary and the uterus. Urologists image the testicles, prostate, kidney and bladder. 

In the cardiovascular field, diagnostic US is applied for heart25 and vessels 

imaging26, providing significant insight into the physiology and pathology. In clinical 

practice, the left heart, the carotid and femoral arteries imaging are included in the 

routine diagnostic protocols. Lately, the right heart imaging has gained attention as 

well27. 

There are several basic modalities to display the data: 

 B-mode: B stands for brightness. The amplitude signal is converted into 

brightness. The brightness of each point is determined by the amplitude 

of the returned signal. The higher the amplitude, the brighter the dot is. It 

is the most used modality for orientation in the body, and for localizing 

internal structures. 

  M-mode: M stands for motion. It provides a 2D representation of 

anatomical structures along a single US beam in motion. It is generally 

used in cardiovascular research to study the movement of the vessel 

walls, myocardium, and to quantify cavity dimensions. 

 Doppler mode: it makes use of the frequency shift due to relative 

motion between two object. Therefore, information regarding the blood 

velocity and cardiac valves can be obtained. 

 Pulse Wave Doppler (PWD): it is used to depict velocity and direction of  
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flow. The PWD also gives the user information about the nature of flow, 

-laminar or turbulent. In laminar flows, because most of the red blood 

cells (RBC) are traveling at the same velocity, the Doppler waveform has 

a thick white edge and is black within. In contrast, turbulent flow 

determines a wide distribution of RBC velocities making the Doppler 

wave appear filled-in. 

 Color Doppler: in this mode, the velocity and direction of blood flows are 

depicted in a color map superimposed on the 2-D image. It uses pulse 

wave Doppler signals to create specific images. By convention, blood 

flowing away from the transducer is color coded in blue and that flowing 

toward the transducer in red. 

In atherosclerosis, US imaging is generally applied to evaluate the stenosis level of 

an artery and arterial stiffness, or to evaluate, the successful reopening of an 

obstructed artery.  

Molecular ultrasound 

Molecular US is an imaging approach that combines classical US technology with 

molecularly-targeted probes28. US contrast agents act as an intravascular tracer, 

being preferentially detected over surrounding tissue when excited with US 

(insonicated). This allows the visualization of perfusion in living tissues. Molecular 

US contrast agents comprise microbubbles (MB)29-31, echogenic liposomes32, 

perfluorocarbon droplets33, and other materials like gold particles34, decorated with 

binding ligands such as antibodies or small peptides targeted to specific molecular 

markers involved in various disease processes28,35. Ligand-decorated US contrast 

agents can be produced either by incorporating the specific ligands during their 

synthesis, or by attaching the ligands to the preformed contrast agent. Following 

intravenous administration, these targeted contrast agents accumulate at tissue 

sites expressing specific molecular markers, and due to their density and 

compressibility substantially different from that of blood and tissue, the US imaging 

signal is enhanced. 
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The most broadly used US contrast agents comprise gas-filled MB suspensions. 

MB have a diameter of 1-5 μm and thus are capable of going through small blood 

capillaries in the body, but stay strictly intravascular. MB consist in a shell and a gas 

core (Figure 3).  

 

Figure 3. Microbubble composition.  A microbubble consists in a shell, and a gas core. For 

functionalization, we attached antibodies to the MB shell using the streptavidin-biotin system. 

The gas core comprises most of the particle volume and provides the mechanism 

for echogenicity. The gas core oscillates under the ultrasonic field making the MB 

expand during the rarefaction phase of the pressure wave and contract during the 

compression phase36 (Figure 4). Gas cores can be composed of air, or high 

molecular weight gases such as perfluorocarbon, sulfur hexafluoride or nitrogen. MB 

with heavy gas cores have a longer lifetime because heavy gases are less water-

soluble and- therefore it is less probable to leak out leading to MB dissolution.The 

MB shell prevents aggregation of the microbubbles and the gas leakage. The shell 

material determines as well the lifetime in circulation and the mechanical elasticity. 

The MB with a more hydrophilic shell tend to be taken up by the immune system 

more easily, and therefore the time available for contrast imaging is being shorten 

up. The shell may be composed of surfactants, lipids, proteins, polymers, or a 

mixture of these. The more elastic the material, the more acoustic energy it can 

withstand before bursting. Therefore, MB can be characterized as soft-shelled MB, 

more suitable for harmonic (nonlinear) imaging, and hard-shelled MB, more suitable 
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for destructive US imaging procedures, such as Power Doppler US37. In the studies 

included in this thesis, air filled polymer-shell (poly(n-butyl cyanoacrylate)) MB were 

used. 

 

Figure 4. Oscillation of a microbubble in response to an US field. MB expands during the 

rarefaction phase of the pressure wave, and contracts during the compression. 

Former preclinical high-frequency US devices, such as the Vevo770 from Visual 

Sonics, were using the Linear Contrast Mode for detecting the MB. This means that, 

in standard B-Mode imaging, the MB could be visualized as very bright dots due to 

their high echogenicity when insonicated with high-frequency US waves. To 

separate the signal generated by MB from the one generated by the tissue (process 

called segmentation), post-processing algorithms are used. However, in many 

cases the MB and tissue are comparably bright, resulting in poor segmentation 

possibility, and consequently a difficult visualization of the MB.  

New generation US devices make use of the MB propriety to oscillate nonlinearly. 

A nonlinear oscillation occurs because the radial expansion of the MB differs from 

the radial contraction. On the one hand, due to their high shell elasticity properties, 

during the expansion phase of oscillation the radius of the gas MB can increase by 
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several times its original size. On the other hand, during the contraction phase of the 

oscillation, the radius is limited since the gas molecules are forced closer together, 

making it harder to compress. This means that, the oscillation is asymmetrical, 

causing nonlinear scattering of US waves38. Therefore, the MB-generated signal can 

be discriminate from the tissue signal, when imaged at low acoustic pressure (below 

~ 500 kPa). When increasing the acoustic pressure, tissue will respond nonlinearly 

as well, causing some residual nonlinear background tissue signal28. Analyzing the 

frequency content of the nonlinear signal after interacting with a MB, harmonic 

components are recognized. Thereby, the backscattered waves consist of a multiple 

of the center frequency of the incident US wave, called harmonics39 (second, third 

or more), or half of the center frequency, named subharmonic40. 

Most of the current preclinical and clinical US systems apply multiple pulses for 

nonlinear contrast agent detection. Two of the most used multi-pulse techniques are 

the pulse inversion (PI) and the amplitude modulation (AM), which form the basis of 

current nonlinear contrast agent detection. In both cases, the targeted result is a 

complete cancellation of the tissue signal, while a persistence of residual signal 

difference that can be exploited to detect MB is expected. Multi-pulse techniques 

also have the advantage of reduced noise in the image, since signal averaging in 

case of tissue is close to- or equal to zero. 

Molecular US imaging is typically performed as follows: the transducer is fixed with 

a mechanical arm in position ready to image the region of interest. Fixation is 

necessary to avoid motion artifacts from operator movements. A suspension of 

targeted MB is administered into the peripheral vasculature (Figure 5), followed by 

a waiting periodof up to 30 minutes.  

During this period, targeted MB accumulate intravascularly at the target level, 

followed by a second phase when freely circulating MB are cleared from the system. 

Imaging is then performed at low mechanical index to avoid unwanted MB 

destruction, followed by a destruction pulse which clears all contrast agent within the 

field of view, and then imaging again at low mechanical index for the rest of the 

imaging sequence.  
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Figure 5: Schematic representation of molecular US imaging. (A) MB suspension injection into 

the bloodstream followed by blood pool distribution of MBs (B). (C) MB attachment to their endothelial 

target, and the destruction pulse (D) fallowed by imaging of the replenishing process (E). (F) A 

destruction curve extracted from the US device after processing the data acquisition. 

Two-photon laser scanning microscopy 

Principles 

Fluorescence microscopy refers to any type of microscopy that uses fluorescence 

tostudy properties of organic or inorganic substances to generate an image. 

Fluorescence is the process of photon emission by a molecule that has absorbed a 

photon.  

The fluorescence microscope is a heavily used, broad spectrum imaging tool with  

extraordinary spatial and temporal resolution. It is used to investigate dynamic 

processes in tissues, cells, and even subcellular compartments. Using distinct 
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fluorescent markers (probes), labeling specific subcellular structures, various 

cellular compartments can be imaged sequentially or simultaneously. The term 

"fluorescence microscope" refers to a wide spectrum of microscopes, from a simple 

set- up like an epifluorescence microscope, or a more complicated one as a confocal 

microscope, to a multi photon microscope. 

Epifluorescence microscopes, routinely used in immunohistology of thin slices of 

fixed tissue, present a two-dimensional image without providing any z-dimensional 

information. The excitation light pentrates the entire depth of the tissue causing not 

only fluorescence emission in the focal plane, but also above and under. On the 

contrary, confocal microscopes limit the amount of out-of-focus fluorescence that 

reaches the detector by varying the radius of the pinhole, thereby promoting imaging 

on the z-axis, rendering image stacks at different depths of tissues or cells at higher 

resolution. However, the pinhole reduces the amount of emitted fluorophores and 

can result in weak fluorescence signals. A major limitation of confocal microscopy is 

imaging speed. Using point-to-point laser scanner, image acquisition is significantly 

slower than epifluorescence microscopes. Imaging speed increases proportionally 

with the amount of fluorophores, as each fluorophore is excited seperatly to avoid 

bleach-over of different excition laser into the detectors. This so-called sequential 

imaging slows down confocal microscopy and limits its capacity for live cell imaging. 

Conventional linear single-photon confocal microscopy comes to its limits when 

imaging thicker samples because of the UV/visible wavelengths (350 – 650 nm) 

which cause scattering in biological tissues. As a consequence, deeper in tissue 

unwanted out-of-focus light would pass the pinholes and consequently decrease 

resolution in all directions. Therefore, confocal fluorescence imaging is restricted to 

an imaging depth of around 50 µm, the exact value depending on tissue.  

In comparison to linear single-photon confocal microscopy, in two-photon 

microscopy, a fluorophore achieves the transition from its ground to an excited state 

by the near-simultaneous (~10-18s) absorption of two (near) infrared (NIR) (~800 - 

1000 nm) photons. These two photons have approximately half the energy, and thus 

double the wavelength, of the photon required for single photon excitation. The 

longer excitation wavelengths dramatically increases tissue penetration depth and 
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allows for long-term imaging without compromised tissue viability. Most importantly, 

however, in two-photon microscopy, the excitation (and thus fluorescence) is 

restricted to the focal spot, since only in this spot the excitation probability is high 

enough to achieve fluorescence. This localized excitation reduces out-of-focus 

fluorescence. As a consequence, even deeper in tissue resolution is maintained,as 

there is no out-of-focus fluorescence. Also, this increases penetration depth and 

limits photo-toxicity and photo-bleaching to the focal plane. Therefore, multiphoton 

imaging is the perfect tool for deep tissue imaging in thick tissue specimens, such 

as brain slices or tumor or lymph node explants, as well as intravital research of 

small animal models.  

An additional advantage of multiphoton excitation is that probes with different 

excitation wavelengths under single photon excitation, can have overlapping two-

photon excitation wavelengths. This is caused by the in general broadened two-

photon excitation spectra, allowing multi-dye imaging at a single two-photon 

excitation wavelength. Multi-dye imaging increases the number of channels possible 

using a single excitation wavelength without the use of filter wheels and can be 

advantageous for interaction studies between cells or subcellular components. It 

furthermore increases the speed at which images from various probes can be 

registered. Finally, non-linear excitation has the advantage of allowing visualization 

of conventional dyes for tissue staining, as well the visualization of tissue by 

exploiting second and third harmonic generation (THG). In second harmonic 

generation (SHG), 2 photons interact simultaneously with a non-centrosymmetric 

target (such as collagen, myosin, and tubulin), leading to the emission of a single 

photon with twice the energy. The SHG is a scattering process, providing photon 

emission without absorption and thus without photo-bleaching. The THG is a non-

linear process as well, which requires the interaction of 3 photons for the emission 

of a single photon with one third of the excitation wavelength. THG is created at sites 

of refractive index changes. However, current standard multiphoton microscopes 

have a limited excitation wavelength spectrum and thus do not allow THG imaging. 

Two-photon laser scanning microscopy (TPLSM) is widely used in the biomedical 

field.  Its advantages have established TPLSM as a valuable tool for deep tissue 
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imaging ex vivo, in vivo, and in long-term measurements. Moreover, imaging vital 

tissue has one distinct advantage, it reduces the probability of artifacts that 

accompany the various steps of tissue preparation for regular histology and 

immunohistochemistry, e.g. fixation, cutting, and staining. 

Application in cardiovascular imaging 

TPLSM has been successfully used on a wide range of viable tissues ex vivo, and 

as well motionless tissues in vivo, such as brain41,42, kidney43,44, and tumors45. The 

development of triggering systems and fast imaging methods determined the 

success of intravital imaging of the fast pulsating heart and major arteries in animal 

models. Therefore, TPLSM has also proved its value is cardiovascular research, 

being used not only for imaging small vessels such as vasa vasorum associated to 

the atherosclerotic plaque46 but as well imaging strong pulsing major blood 

vessels47. Many of the limitations of conventional single-photon imaging, such as 

image blurriness due to out-of-focus fluorescence, penetration depth of less than 50 

m, photo-toxicity, photo-activation, and photobleaching have been overcome by 

the introduction of TPLSM for imaging thick and scattering tissues such as heart and 

big vessels. Moreover, it allows the simultaneous acquisition of functional, structural, 

and molecular information from intact blood vessels, and beating hearts. Due to its 

advantage of visualizing multiple fluorophores and deep tissue penetration, the 

TPLSM has been successfully employed for the visualization of fluorescent labeled 

leukocyte sub-populations trafficking through the endothelium48, and thus has found 

its applicability in imaging biological processes involved in the initiation and 

progression of atherosclerosis49,50. Additionally, TPLSM been employed in tracking 

the functional fate of a variety of donor cells following their intracardiac 

transplantation51. Moreover, it has been used for providing structural and 

quantitative information regarding healthy, infarcted, and regenerating hearts by 

employing the SHG52. 

In conclusion, intravital cardiovascular TPLSM imaging has the potential to further 

bridge in vitro or in situ with preclinical imaging modalities. 
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Research question, aim and outline of the thesis 

Atherosclerosis has major health implications, e.g stroke and myocardial infarction. 

Conventional treatment options of atherosclerotic plaques consist of balloon 

angioplasty with/without stent placement, or endarterectomy, followed by long-term 

dual antiplatelet therapy. However, all current interventions injure the endothelial 

barrier, promoting neointima formation. As a result, patients are commonly 

monitored employing functional and morphological US, to illustrate the anatomy and 

quantify the degree of vessel re-obstruction after revascularization procedures. 

Therefore, routinely used monitoring protocols following revascularization 

procedures can only provide information on the extent of arterial obstruction, but not 

on the biological state of the endothelial barrier. Consequently, imaging protocols 

allowing the assessment of endothelial dysfunction or recovery would be of great 

interest and high clinical impact. For this purpose, distinct adhesion molecules 

involved in endothelial recovery process could be utilized for molecular imaging 

purposes.  

Molecular imaging of activated endothelial cells in major vessels, such as carotid 

arteries is a daunting task due to the high flow and shear rates. Therefore, US 

molecular imaging studies on atherosclerosis have tried to overcome these 

impediments by various methods, including the use of multiple targeting ligands53. 

However, in vivo binding assessment of targeted MB has been so far limited to the 

aortic root54,55 or arch56, which characteristically have-larger diameters (up to 3 fold) 

and significantly lower shear stress than carotid arteries57.  

Thus, the overall aim of this thesis was to show that molecular US employing 

targeted MB can be applied for assessing endothelial dysfunction of murine carotid 

arteries at physiological and pathological flow and shear rates. Initially, in the first 

study in Chapter 2 we evaluated the in vitro and ex vivo binding capacity of         

ICAM-1 targeted MB to TNF-α stimulated endothelial cells expressing ICAM-1 at 

physiological and pathological flow and shear rates, followed by their detection using 

molecular US and TPLSM. Binding capacity of ICAM-1-targeted MB to carotid 

endothelium was further validated in vivo by employing molecular US imaging. 
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Based on these data, we transferred to an animal model that reflected a relevant 

clinical situation found in human patients: endothelial injury after revascularization 

procedures. Therefore, the procedure describing the murine model of arterial 

denudation, which resembles the clinical situation found in human patients is 

presented in detail in Chapter 3. Subsequently, in Chapter 4 we report on the 

monitoring of vascular recovery after endothelial denudation by employing VCAM-1 

targeted MB (MBVCAM-1) for molecular US imaging. To validate the specificity of 

MBVCAM-1 binding to the luminal side of the injured carotid artery, TPLSM imaging 

was employed. Finally, we show the applicability of molecular US imaging in a 

murine model of native carotid atherosclerotic plaque by using JAM-A as marker for 

acute change in blood flow with consequences on endothelial activation, in     

Chapter 5. 
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Abstract 

Background: The ability to image incipient atherosclerosis is based on the 

early events taking place at the endothelial level. We hypothesized that the 

expression of intercellular adhesion molecule-1 (ICAM-1) even in vessels with 

very high flow rates can be imaged at the molecular level using two 

complementary imaging techniques: Two-Photon Laser Scanning Microscopy 

(TPLSM) and Contrast-Enhanced Ultrasound (CEUS).  

Methods and Results: Using TPLSM and CEUS, ICAM-1-targeted and 

rhodamine-loaded microbubbles (MBICAM-1) were shown to be specifically bound 

to TNFα-stimulated human umbilical vein endothelial cells (HUVEC) and murine 

carotid arteries (44 wild type mice) at shear stresses ranging from 1.25 dyn/cm2 

to 120 dyn/. MBICAM-1 bound 8 times more efficient (p = 0.016) to stimulated 

HUVECs than to unstimulated cells and 14 times more than non-targeted MB (p 

= 0.016). In excised carotids, binding efficiency did not significantly decrease 

when increasing the flow rate from 0.25 ml/min to 0.6 ml/min. Higher flow rates 

(0.8 ml/min and 1 ml/min) showed significantly reduced MB retention, by 38 % (p 

= 0.03) and 55 % (p = 0.03), respectively. Ex vivo results were translatable in 

vivo, confirming that MBICAM-1 are able to bind specifically to the inflamed carotid 

artery endothelia under physiological flow conditions and to be noninvasively 

detected using CEUS. 

Conclusions: Our data provide groundwork for the implementation of 

molecular ultrasound imaging in vessels with high shear stress and flow rates, as 

well as for the future development of image-guided therapeutic interventions, and 

multiphoton microscopy as the appropriate method of validation. 
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Introduction 

Atherosclerosis, a chronic inflammatory disorder developing in arterial vessels1, 

is mainly caused by alterations in arterial shear stress2, followed by sub-

endothelial accumulation of lipids and inflammatory cells leading to wall 

thickening and segmental lumen narrowing. The detection of atherosclerosis 

using imaging modalities such as CT, MRI and US is challenging, and in many 

cases only possible in the late stages of disease progression, when the plaque 

narrows the arterial lumen and determines clinical manifestations3. The main 

challenge is to diagnose and ultimately to intervene therapeutically in the 

atherosclerotic process during the early stages of disease progression.  

The endothelium does not only play a prominent role in the early stage of 

atherosclerosis, but also after conventional balloon angioplasty. Abnormal shear 

stress and the aggressive fat accumulation in the vessel wall are followed by 

strong endothelial activation. Activated endothelial cells upregulate surface 

adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-1) and 

intercellular adhesion molecule-1 (ICAM-1) that can initiate leukocyte recruitment 

and transmigration, thereby contributing to the plaque growth4-6. These distinct 

adhesion molecules can be utilized for molecular imaging purposes. In this 

context, due to the fact that these are intravascular markers, ultrasound molecular 

imaging with target-specific µm-sized gas bubbles (which stay strictly 

intravascular) present a suitable method for the imaging of endothelial 

dysfunction. However, molecular imaging of activated endothelium in major 

vessels, such as carotid arteries is a daunting task due to the high flow and shear 

rates. Therefore, ultrasound molecular imaging studies on atherosclerosis have 

tried to overcome these obstacles by various methods, including: modulating the 

microbubbles (MB) surface coverage with ligands7, using multiple targeting 

ligands8 etc., mostly in vitro on cell cultures. So far, in vivo binding assessment 

of targeted MB has been limited to the aortic arch9, which characteristically has a 

larger diameter (up to 3 fold) and significantly lower shear stress than carotid 

arteries10. 

The aim of this investigation is to show that Contrast-Enhanced Ultrasound 
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(CEUS) using targeted MB can be applied for molecular imaging of carotid 

incipient atherosclerosis at physiological flow and shear rates. Polymeric MB 

have been shown to be suitable contrast agents for functional and molecular 

ultrasound imaging11. The target of choice was ICAM-1 because of its 

physiological relevance in the early stages of plaque development12 but also 

because of its Tumor Necrosis Factor alpha (TNFα) dependent upregulation13. 

Using ICAM-1-targeted and rhodamine-labeled MB14, the binding of MB to 

inflamed endothelial surfaces was systematically investigated under different flow 

and shear-stress conditions, visualized by CEUS and quantitatively validated by 

Two-Photon Laser Scanning Microscopy (TPLSM). These results serve as a 

proof of concept that CEUS with targeted MB can be performed in carotid arteries 

and stress the appropriateness of TPLSM as validation method in tissues. 

Materials and Methods 

Synthesis of rhodamine-loaded target-specific microbubbles 

Rhodamine encapsulated poly (n-butyl cyanoacrylate) (PBCA) MB were 

synthesized as previously described15. In brief, 3 mL of monomeric butyl-2-

cyanoacrylate (BCA; Special polymer ltd.) were added drop wise to 300 mL of an 

aqueous solution of 1 % Triton X-100 (Sigma-Aldrich) at pH 2.5. Subsequently, 

rhodamine-B, was dissolved in 300 μL of distilled water and added to the mixture. 

Using an Ultra Turrax, the mixture was then stirred for 60 minutes at 10000 rpm. 

The resulting rhodamine-loaded MB suspension was washed several times by 

flotation to remove the excess rhodamine. For the conjugation of Streptavidin 

(Applichem) to the MB surface, the ester groups were partially hydrolyzed. 

Subsequently, streptavidin was conjugated to the MB by a 1-ethyl-3-(3-

dimethylaminopropyl)carbidiimide hydrochloride (Sigma Aldrich) reaction 

between the amine group of the streptavidin and the carboxylic group of the MB 

surface, followed by 3 flotation steps. Size distribution and MB concentration were 

determined with the particle counter Multisizer 3 (Beckman-Coulter) 

(Supplementary Figure S2). 
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Antibody labeling 

1x107 streptavidin-coated MB in HEPES/Triton buffer (pH 7.0) were mixed with   

5 µg of biotinylated ICAM-1 antibodies and incubated at room temperature for 30 

minutes. The conjugated MB were separated from excess antibodies by 

centrifugation (500 rpm for 2 min) and re-suspended in 100 µL HEPES/Triton 

buffer. 

Cell culture 

Human umbilical vein endothelial cells (HUVEC) were grown and maintained in 

endothelial cell growth medium (ECGM II), supplemented with 10% (v/v) heat 

inactivated fetal bovine serum, endothelial cell growth supplement and 1% (v/v) 

gentamicin at 37°C in a 5% CO2 humidified atmosphere. All reagents were 

purchased from Promocell. 

In vitro flow chamber 

100 µl of HUVEC were seeded (1x106 cells/mL) on collagen-coated 35-mm Petri 

dishes. The cells were incubated with 40 ng of recombinant human TNFα 

(PeproTech) for 4 hours prior to MB perfusion. The cells were incubated with 

WGA-AF488 (1:1000) and SYTO 41 (1:1000) (Invitrogen) for 45 minutes and then 

washed with 1x PBS. The Petri 35-mm dishes were mounted into a customized 

parallel wall flow chamber in a custom silicon tube closed perfusion system 

(standard silicon tubing 0.76 mm inner diameter – Helixmark). Using a peristaltic 

pump (Gilson Inc), a continuous flow rate of 0.25 ml/min was set. 1x107 ICAM-

conjugated MB were injected into the perfusion system and a closed loop 

circulation was performed for 10 minutes, followed by a 10-minute washing step 

using 1x PBS with an open loop. Fluorescence images were obtained 

subsequently using a Axio Imager M2 fluorescence microscope (Carl Zeiss AG, 

Germany).    
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Immunohistology 

For immunohistology, perfusion fixation with 4% Paraformaldehyde (P-6148, 

 Sigma) and paraffin embedding, either PBS perfusion followed by Tissue-Tek® 

O.C.T.™ (4583, Sakura) embedding and snap-freezing was performed. Serial 

tissue sections (5 μm) starting with the bifurcation were obtained from isolated 

carotids and stained for ICAM-1 (Santa Cruz Biotechnology Inc: sc-52553), 

VCAM-1 (16-1061, eBioscience), P-selectin (sc-6941), E-selectin (sc-6939) and 

PECAM-1/CD31 (sc-1506) expression. Biotinylated secondary antibodies (anti-

rat IgG BA-4000 and anti-goat IgG BA-5000, Vector Laboratoies) followed by 

Fluorescein Streptavidin (SA-5001, Vector Laboratories) conjugation were used 

for specific staining visualization and sections were analyzed using Diskus 

software (Hilgers). 

Murine model of endothelial activation 

All animal experiments were approved by local authorities and complied with 

German animal protection law. Endothelial activation was induced in eight-week-

old male CD-1 wild type mice via intraperitoneal (i.p.) injection of recombinant 

murine TNFα (PeproTech) 0.067mg/kg. Control mice and TNFα-stimulated mice 

were sacrificed by i.p. injection of anesthetic overdose (400 mg/kg ketamine, 40 

mg/kg xylazine) 4 hours after TNFα injection and both (left and right) common 

carotids excised by a cervico-thoracal incision. Animals were separated into 4 

groups (immunohistochemistry (n=6), ex-vivo TPLSM (n=20), ex vivo CEUS (n= 

10) and in vivo CEUS (n=10)), each group was separated into 2 subgroups 

(control, TNFα-stimulated). The total number of animal = 44. 

Ex vivo perfusion 

Mice were sacrificed by i.p. overdose injection of anesthetic. The common carotid 

arteries (6-7 mm) were excised and freed from adipose and connective tissue, 

without damaging the blood vessel. Handling of the blood vessel was restricted 

only to both ends. In order to avoid air bubbles within the lumen, the blood vessels 

were preserved at 4°C in 1x Hanks Balanced Salt Solution (HBSS, pH 7.4, Life 
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technology) before the mounting procedure. Each excited carotid was mounted 

in a customized flow chamber, filled with HBSS (37°C)16. The carotid was 

mounted on each side onto glass pipettes (tip diameter 120-150 μm). Luminal 

blood residues were removed by flushing with 1x HBSS. In order to correct for 

shortening and deflation of the carotid, the blood vessel was pressurized (60 

mmHG) and stretched. Fresh blood collected from healthy volunteers was anti-

coagulated with heparin (10U/ml) - EDTA (1.2 - 2 mg EDTA/ml) and infused 

through the carotids at a flow rate of 0.25 ml/min for 2 minutes.  

All flow experiments were conducted at 37°C using flow rates ranging from 0.25 

ml/min to 1 ml/min (0.25, 0.6, 0.8 and 1 ml/min in a custom silicon tube perfusion 

system using (Standard Silicon Tubing 0.76 mm inner diameter – Helixmark) and 

flow was established using a peristaltic pump in the same direction as under 

physiological conditions. Either targeted or control MB (107 ml-1), suspended in 

whole blood, were infused for 10 minutes, followed by 10 minutes washing using 

human blood (ex vivo ultrasound invesigations were performed without removing 

the circulating MB). For competitive binding studies, the TNFα stimulated carotid 

was perfused with 20 fold higher concentration of free ICAM antibody (100 μg, 2 

μg/μl) for 10 minutes before MB injection. The carotid was then imaged using 

CEUS or TPLSM. The number of animal used n=20. 

Ex vivo ultrasound imaging 

Tissue preparation was performed as described. High-resolution imaging of the 

carotid arteries was performed with a high-frequency (21MHz) imaging system 

(Vevo 2100, VisualSonics Inc) using a long-axis imaging plane. Imaging was 

performed as described in Kiessling et al. (2012)17. We considered that after 10 

minutes of continuous flow, MB distribution is homogeneous in the circulating 

blood and imaging can be performed. The cumulative signal of circulating and 

bound MB can be detected in the imaging frames before the destructive pulse. 

MB specific signal was distinguished by Nonlinear Contrast Mode data 

acquisition. An imaging sequence of 100 seconds (10 frames/second) was 

acquired with low-power imaging (4%), followed by a short increase of the 

acoustic amplitude to 100% power at the end of the first third of the imaging 
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sequence in order to destroy the MB in the field of view. The early replenishment 

of signal intensity represents the renewed inflow and binding of MB. MB-derived 

contrast enhancement does not reach pre-destruction levels due to reduced 

availability of binding sites. The destruction of bound MB does not release the 

receptor but keeps it occupied with the antibody bound to the MB-residue. Image 

analysis was performed by subtracting the mean contrast power for pre-

destructive frames (bound + circulating MB) from the post-destructive frames 

(only circulating MB). The mean contrast decrease represents the amount of 

signal generated by retained MB. The number of animals used for this studies is 

n=8. 

In vivo ultrasound imaging 

Mice were stimulated with TNFα, according to our murine model of endothelial 

activation. In vivo molecular ultrasound measurements were performed using a 

small animal high frequency ultrasound system (Vevo 770) and a 45 Mhz 

transducer. Seven minutes after injection of 100 μl of ICAM-1-targeted MB 

(MBICAM-1) (2x107) into the tail vein, ultrasound imaging in Contrast mode was 

performed analogously to the ex vivo flow chamber experiments. The number of 

animal used for this study is n=10. 

Two-photon laser scanning microscopy 

The carotid artery within the flow chamber was imaged using an Olympus 

FV1000MPE multiphoton microscopy system (Mai Tai DeepSee pulsed 

Ti:Sapphire laser with 140 fs pulsewidth at an excitation wavelength of 800 nm 

and a 25x water dipping objective (NA = 1.05 , WD = 2 mm)). Three internal 

photon multiplier tubes were used to detect the fluorescence signals, and filters 

were adjusted to the corresponding spectra: 390 – 460 for collagen second 

harmonic imaging, 490-540 for elastin autofluorescence and 590-620 for 

rhodamine. TPLSM images were analyzed using Image-Pro Analyzer 7.0 

software (Media Cybernetis, Inc.) and Imaris software (Bitplane). 
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Vessel diameter estimation and shear stress calculation 

Vessel diameter estimation was performed as described in Van Triest et al. 

(2010)18. Accordingly, shear stress for each carotid was calculated based on the 

Haagen-Poisseuille equation. Blood viscosity at 37°C was estimated at 0.004 

Pa*s. 

Statistical Analysis 

MB adhesion efficiency both in vitro, ex vivo and in vivo (n=5) were analyzed 

using the Mann-Whitney test, p<0.05 is considered significant. Error bars shown 

on graphs are the standard error of the mean. To correct for multiple group 

comparison, we performed the Bonferroni correction. Statistical analysis was 

performed using GraphPad Prism 5.0 (GraphPad Software) 

Results 

Analysis of biomarker expression after carotid artery 

stimulation 

In order to characterize the molecular expression of endothelial surface receptors 

after TNFα stimulation and to determine the most suitable targeting ligand for the 

MB binding studies, immunostainings on TNFα-stimulated carotids from wild type 

mice were performed, showing ICAM-1, P-selectin, E-selectin and PECAM-

1/CD31 expression on the luminal surface of activated endothelial cells (Figure 

1). VCAM-1 was hardly detected on the carotid endothelium neither under 

physiologically conditions, nor after TNFα stimulation. ICAM-1 is physiologically 

present on endothelial cells, but after TNFα stimulation, a significant upregulation 

of ICAM-1 expression was observed (p < 0.001) (Supplementary Figure S3). 

Additionally, TNFα significantly increased P-selectin and PECAM-1/CD31 

expression on the endothelial cells' surface. However, ICAM-1 appeared to be 

the most densely expressed target out of the five. For this reason, we have 
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chosen ICAM-1 over the other surface adhesion ligands to conduct in vitro and 

ex vivo binding studies. 

Analysis of the binding capacity of MBICAM-1 in vitro.  

Corresponding in vitro cell stainings of TNFα-stimulated HUVEC also showed a 

significant increase of ICAM-1 expression (Figure 2A). The in vitro binding 

efficiency of ICAM-1-labeled MB was determined in customized parallel-wall flow 

chambers at a continuous flow of 0.25 ml/min (1.25 dyn/cm2) on TNFα-stimulated 

HUVEC. The number of bound MB was determined using fluorescence 

microscopy, showing that MBICAM-1 bound 8 times more (p = 0.0158) to stimulated 

HUVECs than to unstimulated cells (Figure 2B and E) and 14 times more than 

untargeted MB (p = 0.0158). There was no significant difference between the 

binding efficiency of non-targeted MB (Figure 2C) and targeted MB on non-

stimulated HUVEC, showing the binding specificity of the MBICAM-1 under shear 

stress. To confirm MB binding, z-stacked images were recorded using TPLSM 

and reconstructed using Image Pro Analyzer. Image analysis confirmed that the 

MB were bound to the cellular surface and not floating on top of the cells (Figure 

2D). 

TPLSM analysis of MBICAM-1 binding in the ex vivo carotid flow 

chamber assay 

To test the MB in a more physiological setup, we carried out further binding 

assays in excised inflamed murine carotid arteries (Figure 3A and B). Wild type 

mice were intraperitonially injected with 1 µg TNFα and stimulated for 4 hours 

prior to tissue excision. We initially carried out binding studies in HBSS, which 

showed significant unspecific binding of untargeted control MB (Supplementary 

Figure S1). The untargeted MB showed an 80% retention after a 10 min washing 

step and 70% after a second washing step. When switching the flow medium to 

human whole blood, unspecific binding was reduced drastically, to 10% after 

two washing steps (Supplementary Figure S1).  
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The ex vivo data confirmed our finding of the in vitro binding studies, showing that 

at a low flow rate of 0.25 ml/min 7.5 times (p = 0.0304) more MBICAM-1 bound to 

TNFα-stimulated endothelium than to unstimulated endothelium. Furthermore, 

unspecific binding of untargeted MB was marginal, indicating ICAM-mediated 

binding of the MB. This was further confirmed by competition experiments with 

free ICAM-1 antibodies. 

 

Figure 1. Immunohistochemical analysis of ICAM-1, VCAM-1, E-selectin, P-selectin and 

PECAM-1/CD31 expression on the luminal surface of TNFα-stimulated vs. non-stimulated 

carotid arteries on the endothelial luminal surface (n=3). Isotype IgG antibodies were used as 

negative controls. Scale bar = 50 µm. 
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Figure 2. In vitro binding of ICAM-1-targeted rhodamine-MB to activated endothelial cells. 

A) TNFα-stimulated HUVEC were stained with a primary antibody against ICAM-1 and an Alexa 

Fluor 568-conjugated secondary antibody (red). The cell membrane is labeled with wheat germ 

agglutinin Alexa Fluor 488 (green), the nucleus with SYTO 41 (blue). B) Binding of ICAM-1-

targeted rhodamine-MB (red) to TNFα-stimulated HUVEC. C) Binding of ICAM-1-targeted 

rhodamine-MB (red) to unstimulated HUVEC. D) Three-dimensional reconstruction of the z-

stack data exemplifying efficient binding of ICAM-1-targeted rhodamine-MB to TNFα-stimulated 

HUVEC. Scale bar = 50 µm. E) Quantitative analysis of the binding of ICAM-1-targeted and 

untargeted control MB to stimulated and unstimulated HUVEC. Six representative images were 

analyzed per in vitro binding study, and three independent bindings studies were performed. * 

indicates p<0.05 vs. all control groups. 

Additionally, MB accumulation was assessed at three higher flow rates: 0.6, 0.8 

and 1 ml/min. While at a flow rate of 0.6 ml/min, binding efficiency did not 

significantly decrease compared to 0.25 ml/min (p = 0.42), higher flow rates i.e. 

0.8 ml/min and 1 ml/min showed significantly reduced MB retention, by 38 % (p 

= 0.0304) and 55 % (p = 0.0304), respectively (Figure 3C).  

As shear stress is strongly dependent on flow rate and vessel diameter19, an 

accurate determination of vessel diameter combined with a fixed flow rate 

provides the corresponding shear stress for each individual carotid, accounting 

for variability.  

For an accurate determination of shear stress in each carotid, the vessel 

diameters were measured based of the curvature of the blood vessel (Figure 

3D)18.  

The MB accumulation is high at low shear stress (10-50 dyn/cm2) and decreases 

 with increasing shear stress. 
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Figure 3. Ex vivo TPLSM analysis of MB binding to explanted carotids at different flow 

rates and shear stresses. A) Reconstructed z-stack TPLSM image exemplifying efficient 

binding of ICAM-1-targeted rhodamine-labeled MB (red) to a TNFα-stimulated murine carotid 

artery mounted in a flow chamber at a flow rate of 0.25 ml/min. Collagen is shown in blue (via 

its second harmonic signal), elastin autofluorescence in green). B) Single plane image of the 

carotid wall (green) showing bound MB (red). Scale bar = 50 µm. Images were analyzed using 

Imaris. C) Quantification and statistical analysis of (n=5, total of 20 animals) ex vivo binding 

studies at different flow rates. The numbers of bound MB per 500x500 μm field of view are 

plotted. D) Graph depicting the shear stress-dependence of ICAM-1-targeted MB binding to 

activated murine carotids. 

US analysis of MBICAM-1 binding in the ex vivo carotid artery 

assay 

We then investigated the binding efficiency of MBICAM-1 in explanted carotids 

mounted in flow chambers using CEUS. The gradual replacement of HBSS by 

blood (Figure 4A and D) could be followed in B-mode when blood cells were 

detected entering the field of view.  

When HBSS was totally replaced by blood at 37°C under pulsatile injection, 

physiological experimental conditions were present. During continuous MB 
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injection, an increase in specific signals was clearly observed in the imaging 

sequence of ultrasound contrast agent injection (Figure 4B and D) compared to 

unspecific signals detected for plain blood injection (Figure 4A). 

  

 

Figure 4. Representative ultrasound intensity to time curves of murine carotids ex vivo, 

mounted in a flow-chamber, showing that A) pure blood injection does not lead to significant 

changes, B) injection of ICAM-1-targeted MB leads to a rapid and strong signal enhancement 

and C) the destruction-replenishment imaging sequence works for identifying MBICAM-1 binding. 

D) Respective CEUS images acquired using high-frequency imaging system (21 MHz; Vevo 

2100, VisualSonics Inc) in B-mode and contrast-mode. E) Quantification and statistical analysis 

of MB binding (n=5, total of 8 animals) showing specific binding of ICAM-1-targeted MB to 

activated carotids. * indicates p<0.05. 

In the imaging sequence with the destructive pulse (Figure 4C), cumulative 

signals from bound MB together with the free-circulating ones was detected 

before the destruction pulse, and immediately after the destructive event only the 

free-circulating ones could be identified. Slow replenishment of the blood by re-

entering MB was seen in the same sequence. Statistical analysis of the MBICAM-1 
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binding (Figure 4E) revealed a 2.5-fold higher signal decrease after MB 

destruction (p = 0.0158) in TNFα-stimulated carotids compared to the 

unstimulated group and a 6-fold increase (p = 0.0158) compared to untargeted 

MB.  

In vivo US analysis of MBICAM-1 binding  

Finally, we investigated the potential of MBICAM-1 in vivo.  Similar to the ex vivo 

flow chamber experiments, an increase in gray scale intensity was observed 

during MB injection, followed by MB blood-pool distribution and subsequent 

clearance. While specific retention of MB was clearly visible 7 minutes after 

MBICAM-1 injection, no circulating MB and thus also no replenishment at this late 

time point could be observed (Figure 5). In this context, a 2.6-fold higher MB 

retention in TNFα stimulated carotids was found compared to unstimulated ones 

(p = 0.0079) (Figure 5C). 

 

Figure 5. Representatives CEUS images of murine carotids in vivo showing A) pre-

destructive and post-destructive CEUS images acquired using a high-frequency ultrasound 

imaging system (21 MHz) in contrast-mode (MB are shown in green, arrowheads), B) Example 

for a destruction-replenishment measurement in a mouse carotid artery in which binding of 

MBICAM-1 to its target is analyzed. C) Quantification and statistical analysis of MB binding (n=5, 

total of 10 animals) showing specific binding of ICAM-1-targeted MB to activated carotids.             

* indicates p<0.05. 
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Discussion 

In this report, we provide proof-of-principle for the complementary use of contrast-

enhanced ultrasound and two-photon laser scanning microscopy showing 

quantitative analysis of MB binding kinetics to TNFα-stimulated HUVEC in vitro, 

to freshly excised murine carotid arteries ex vivo and noninvasive detection in 

vivo. 

The upregulation of ICAM-1 in response to proinflammatory stimulation has been 

described in previous studies in the context of atherosclerosis and is considered 

a primary target for in vitro and in vivo molecular imaging20-22. We identify in the 

present study ICAM-1 as a viable marker for early inflammation in the carotid 

artery with high shear stress.   

The combination of TPLSM and CEUS offers a unique perspective on the MB 

binding. The deep-tissue submicron resolution of TPLSM offers the possibility to 

visualize single MB and consequently quantify the total number of MB bound to 

the endothelial surface in the field of view, whereas noninvasive CEUS imaging 

covers the aspect of potential clinical application. Our data shows that TPLSM 

quantification is in good agreement with CEUS. Both modalities were able to 

specifically detect bound MB on inflamed endothelium. However, a discrepancy 

in the factor of signal amplification after MB binding (7.5 fold (TPLSM) versus 2.5 

fold (CEUS)) was observed. This may be due to an underestimation of PBCA-MB 

concentrations in nonlinear CEUS due to their relatively low nonlinear response.  

PBCA-MB are hard-shelled MB, which are known to scatter more but oscillate 

less than soft-shelled MB during ultrasound imaging; therefore not all bound MB 

may be detected nonlinearly using the bubble-specific/contrast-mode23. Using B-

mode, reflection and scattering are the predominant signal sources. However, 

both PBCA-MB and blood cells are scatterers, while vessel walls account for 

reflections. This therefore results in background signals that can mask part of the 

scattering produced by the MB in B-mode24.  A direct correlation between the 

number of bound MB and gray scale increase was not established, because 

TPLSM and CEUS were applied on separate carotids. Although such kind of a 

comparison would be highly interesting, it would require different levels of       
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ICAM-1 expression in the carotid, which goes beyond the scope of this paper and 

is subject to a separate future study. 

One of the key challenges of molecular imaging in major blood vessels is the 

retention of the contrast agent under high shear and flow rates. Nanosized 

contrast agents promote internalization and extravasation into the tissue25, 

protecting them from the shear forces in the lumen. However this effect also 

increases unspecific uptake, making the differentiation between marker-specific 

and unspecific binding challenging. MB with an average size of 2 μm and a hard 

shell lack the flexibility of monocytes, thus they cannot extravasate and remain 

strictly in the vascular compartment, which makes these particles ideal 

endothelial contrast agents. Nevertheless, MB size and rigidness make them 

more prone to collisions with blood components and breaking, therefore blood 

flow and shear stress play a limiting factor in the retention rate of these particles. 

The shear stress within blood vessels is determined by many factors, such as 

vessel diameter, flow rate, blood viscosity and vessel architecture19. Furthermore, 

shear stress is not constant thoughout the entire vessel26. Not suprisingly, shear 

stresses found in the literature for murine carotids range between 28 – 142 

dyn/cm2 27. However, the predominant part of previous studies determine the 

shear stress within murine carotid to be in the range of 36 – 81 dyn/cm2 at 

average flow rates between 0.35 – 0.75 ml/min28-32. In this study we show in vitro 

as well as ex vivo, that at low flow rate and shear stress at 0.25 ml/min (1.25 

dyn/cm2 in vitro and 20 dyn/cm2 ex vivo), the binding of  MBICAM-1 is specific to 

inflamed endothelium. More importantly, with increasing flow and shear stress, 

our data show that even at physiological shear stress conditions of 35-60 dyn/cm2 
31,33, MB binding is not significantly reduced. Also, our data is in line with other 

publications showing that at higher shear stresses MB retention and the rate of 

MB bindin34,35 can be reduced both of which explain the gradual decrease of MB 

accumulation in excised carotid arteries at > 60 dyn/cm2 shear stresses. Our in 

vivo data is in good agreement with the ex vivo results, confirming that ICAM-1-

targeted MB are able to bind to the inflamed vascular wall under physiological 

flow conditions in the carotid artery, providing comparable contrast enhancement. 

Ideally, Contrast-enhanced ultrasound (CEUS) would be the clinically preferred 
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diagnostic tool for vascular imaging, because of its noninvasive proprieties, 

bedside availability, rapidity, lack of ionizing irradiation and cost-efficiency36. 

Polymer-based microbubbles (MB) have many features that are beneficial for in 

vivo targeting37. Due to their size, they remain strictly in the vascular compartment 

and target primarily the endothelium. Therefore, MB are highly suitable for 

molecular imaging of angiogenic and/or inflamed endothelial surfaces38. CEUS 

was successfully used in preclinical trials for tumor imaging39-41 and thrombus 

characterization42. Moreover, anti-VCAM-1 antibody coated MB could succesfully 

localize to atherosclerotic plaques in the aortic arch9. The main clinical application 

of ultrasound is in the field of stroke imaging. Therefore, ultrasound of the carotid 

artery is more clinically relevant. Furthermore, the flow and shear stress in carotid 

arteries are 2-3 times higher than in the aortic arch, which makes our results 

translatable also to the relative low flow areas such as the aortic arch.  

We identify in the present study ICAM-1 as a viable marker for the early 

inflammation in the carotid artery, which presents a significant higher shear flow.  

Furthermore, as reviewed by Cheng et al. (2007), the shear stress in carotids is 

inversely related to the body weight and decreases from mice to humans by the 

factor of 6, ranging between 9.5 and 12.4 dyn/cm2 33. We have shown that the 

MB used in this study can tolerate physiological and even much higher shear 

stresses in mice and therefore offer the potential for visualization of early 

inflammation in major blood vessel in human. 

Conclusion 

In this study, we have shown that CEUS using targeted MB is a valuable method 

to be applied for molecular imaging of carotid incipient atherosclerosis at 

physiological and higher shear rates. We validated and correlated the results 

using TPLSM, optimizing a bimodal platform for molecular imaging of rhodamine-

loaded MB, which is crucial for the understanding of the basic mechanisms of 

atherosclerosis and for the development of new strategies to reduce vessel injury 

and promote tissue repair, reducing the risk of life-threatening complications such 

as heart infarction or stroke.  
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Supplementary figures 

 

Suplementary Figure S1. Quantification and statistical analysis of unspecific MB binding 

in HBSS and blood (n=3). *** indicates p<0.001 vs. both washing steps. 

 

 

Suplementary Figure S2. Size distribution of rhodamine-loaded microbubbles before and 

after size isolation. 
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Suplementary Figure S3. Quantification of immunohistological stainings of ICAM-1, 

VCAM-1, P-selectin, E-selectin, PECAM-1/CD31. 
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Abstract 

Atherosclerosis is a proliferative fibro-inflammatory disease developing in the 

arterial wall, inducing a deficient blood flow or a lack of blood flow. Moreover, by 

rupture of the defective vascular wall, atherosclerosis induces occlusive 

thrombus formation, which represents the main cause of myocardial infarction or 

stroke and the most frequent cause of death. Despite the advances in the 

cardiovascular field, many questions remain unanswered, and additional basic 

research is essential to improve our understanding of the molecular mechanisms 

during atherosclerosis and its effects. Due to limited clinical studies, there is a 

need for representative animal models recreating atherosclerotic conditions such 

as neointima formation after stent implantation, balloon angioplasty, or 

endarterectomy. Since the mouse presents many advantages and is the most 

frequently used model for studying molecular processes, the current study 

proposes an invasive procedure of endothelial denudation, also known as the 

wire-injury model, which is representative of the human condition of neointima 

formation in arteries after revascularization procedures.   
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Introduction 

Atherosclerosis is the main pathology underlying cardiovascular events such as 

myocardial infarction or stroke. The main mechanisms triggering acute 

cardiovascular syndromes are plaque rupture, superficial erosion, and thrombus 

formation. There are multiple clinical situations connected to the plaque 

development: native atherosclerotic plaque, restenosis after endarterectomy, and 

restenosis after balloon angioplasty with/without stent implantation1. After arterial 

injury, suppression of the inflammatory processes2,3 and the recovery of the 

endothelial compartment are essential to prevent further complications1. Clinical 

research is limited to tissue and blood samples due to ethical considerations, 

costs, and a lack of knowledge in basic mechanisms. For these reasons, there is 

a need to study molecular mechanisms in animal models4-6, which can recreate 

the clinical conditions. Our model of accelerated neointima formation in the 

context of atherosclerosis is the result of many years of experience in the 

implementation of these models in small animals7-11. The mouse model is the 

most attractive model for research, due to its ease of handling, the ability to have 

large animal groups due to low costs related to animal purchase and care, and 

the availability of various transgenic and knockout strains. 

The major disadvantage of the mouse model is the small size of the main arteries 

subjected to atherosclerotic disease (the carotid artery, the aorta, and the femoral 

artery), which requires qualified surgical expertise and skills to manipulate the 

vessels and to invasively induce an atherosclerotic plaque. Therefore, the model 

of accelerated neointima formation, in the context of restenosis after 

endarterectomy or stent implantation, proposed in this paper is presented with a 

step-by-step guideline and suggestions to ease the introduction for interested 

personnel. Another disadvantage is that the denudation is made on the normal 

arterial wall, and therefore, the neointima formation will be moderate compared 

with the clinical situation. The high level of plasma cholesterol reached in 

apolipoprotein E knockout (ApoE-/-) mice fed with a high fat-diet creates a proper 

pro-inflammatory environment needed for the neointima formation. 
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The surgery is performed under a stereomicroscope. The carotid artery is 

exposed by a median incision in the ventral cervical area. Anatomical structures 

on top of and surrounding the carotid artery are minimally manipulated to reduce 

post-surgical inflammation. The carotid artery bifurcation is exposed. To induce 

accelerated neointima formation, internal and external carotid arteries are 

prepared for blood flow cessation and subsequent common carotid artery 

denudation. In conclusion, the method can be learned by personnel with minimal 

experience in animal surgeries. 

Protocol 

Experiments presented in this paper are performed according to the German law 

and to the European animal care guidelines. The animals are bred in the animal 

facility of the Institute for Laboratory Animal Science, University Hospital Aachen, 

Germany, under supervision of Prof. Dr. R. Tolba and Dr. A. Teubner (animal 

welfare officer). 

1) Animal care  

Keep the mice in a specialized care unit, assuring proper access to food and 

specialized veterinary control and treatment. If the animals are moved or 

purchased from third parties, please assure a one-week accommodation period 

before undergoing the procedure. 

2) Hyperlipidemia inducement 

Feed 6-8 weeks old, 18-20 g, female (optional) ApoE-/- mice with an atherogenic 

diet (21% fat, 0.15% cholesterol, 19.5% casein, wt/wt) one week prior to the 

surgical procedure and continue the diet until the atherosclerotic plaque analysis 

is to be performed.  
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3) Surgical preparation 

3.1) Anesthetize the mice using intraperitoneal injection of 100 mg/kg bodyweight 

ketamine and 10 mg/kg bodyweight xylazine. Confirm proper anesthetization 

prior to surgery by the lack of reflexes and whisker movement. Cover the mouse 

eyes by a film of eye cream, to prevent eye-dryness and blindness during surgery. 

3.2) Assure the maintenance of sterile conditions to avoid infections during 

surgery by using sterile materials and instruments. 

3.3) Shave the mice in the ventral neck region. Disinfect the skin with betadine 

prior to incision. Make a skin incision of 1 cm in the median region of the neck 

area, on top of the trachea.  

3.4) Separate the two fat bodies to ensure a proper view over the tracheal region. 

Use retractors to hold the muscle layer and expose the carotid artery. If present, 

perform the blunt-dissection of the thin muscle layer covering the carotid artery.  

3.5) Use a sharp curved forceps to separate the carotid artery from the vagus 

nerve and jugular vein. Thus, the bifurcation area with the internal and external 

carotid artery should be visible. Use NaCl 0.9% in order to avoid tissue dryness 

during the surgical procedure. 

4) Wire-injury 

4.1) Place a 7 cm long 0/5 silk suture under the carotid artery, proximal to the 

aortic arch. Make an open loop, ready to be closed anytime. 

4.2) Place two 0/7 silk sutures (each 1.5 cm long) around the external carotid 

artery: one loop close to the bifurcation point, and one loop as distal as possible. 

Prepare them as an open loop, ready to be closed anytime. 

4.3) Place one 0/7 silk suture (1.5 cm long) under the internal carotid artery. 

Prepare it as an open loop, ready to be closed anytime.  

4.4) Position the mouse-table with the mouse-head towards the operator to  
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assure proper position for the guide-wire insertion during the denudation      

(Figure 1A). 

4.5) Under microscopic view, stop the blood flow through the common carotid 

artery by holding and pulling the ends of the 0/5 silk suture with a hemostat 

forceps. 

4.6) Immediately after common carotid artery ligature, close the suture loops 

placed on the internal carotid artery and the distal suture on the external carotid 

artery tightly (Figure 1B). 

4.7) Perform a small incision (arteriotomy, half of the vessel diameter) distal in 

the external carotid artery, between the two loops, using the small scissors 

(Figure 1C). If the incision is too big, please follow the troubleshooting 

instructions. 

4.8) Prepare a 0.14-inch polished flexible guide-wire by disinfection with alcohol 

and moisten it in a droplet of sodium chloride to assure proper sliding into the 

vessel.  

4.9) Insert the guide-wire into the common carotid artery via the transverse 

arteriotomy of the external carotid artery (Figure 1D). Obtain endothelial 

denudation by passing the guide-wire along the vessel while rotating and repeat 

this procedure for three times. It is important to maintain the same amplitude of 

rotational movement in each mouse to increase the reproducibility. 

4.10) Close the proximal loop on the external carotid artery tightly. Restore the 

blood flow in the carotid artery by cutting the suture around common artery and 

the suture around the internal carotid artery.  
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Figure 1. Schematic representation of operative procedure. A) The positioning of the 

operation table toward the operator during the wire-injury procedure. B) Enlarged view of the 

common carotid artery and its branches, as it appears under the microscope. C) The size of the 

incision in the external carotid artery. D) Schematic representation of wire-injury procedure 

using the 14” guide-wire. 

5) Suture and recovery 

5.1) Remove the retractors and bring back the muscle layer and the two fat bodies 

to the physiological position.  

5.2) Close the skin with 3 separated sutures 0/6, if echocardiographic 

measurements are needed. If no imaging is needed, use metallic clips to close 

the skin.  

5.3) Lay down the mouse on the left side under the infrared until it wakes up. Do 

not leave an animal unattended and in the company of other animals until fully 

recovered.  

5.4) For future identification, mark the mouse using the local system (ask the 

animal welfare officer from the institution). 
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6) Analysis of the atherosclerotic plaque  

6.1) Anesthetize the mice at the end-time point using intraperitoneal injection of 

100 mg/kg bodyweight ketamine and 10 mg/kg bodyweight xylazine. Confirm 

proper anesthetization by the lack of reflexes and feelers movement. 

6.2) Perform exsanguination by retro-orbital or cardiac puncture and collect the 

blood for further analysis2. 

6.3) Disinfect the skin with betadine. Open the thoracic cavity and remove the 

right auriculum of the heart. Perfuse phosphate buffered solution through left 

ventricle to remove the remaining blood from the vessel and then perfuse 4% 

PFA to fix the tissue. If no fixation is required, explant the carotid artery 

immediately after washing2,4,11. Perform the usual protocols with analyses of 

interest: paraffin embedding, cryosection, mRNA or protein analysis, etc. 

 6.4) For morphometrical measurements, explant carefully, with minimal 

manipulation, the carotid artery including the bifurcation as proximal to the aortic 

arch using curved forceps and small scissors. 

6.5) Embed the carotid artery in the paraffin block using routine embedding 

protocols.  To perform transversal sectioning, place the carotid artery upright on 

bifurcation. Cut serial 5 µm thick serial sections starting with the bifurcation and 

collect them all on coated histological slides. (Figure 2A).  

6.6) Stain every 10th section using Movat staining for highlighting of laminas2,4,11. 

After collecting microscopic pictures of all vessels (usually using 10x objective), 

measure the lumen, internal and external lamina for each section, using special 

designed software (DISKUS, Hilgers, Germany)2,4,11, as shown in Figure 2B and 

calculate the intimal growth and media of the vessels.  

6.7) Analyze smooth muscle cells and macrophage content, or endothelial 

recovery in serial section using usual immunohistological staining2 (Figure 2C).   
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Figure 2. Analysis of Restenosis Plaque. A) Schematic representation of plaque analysis in 

the common carotid artery, 4 weeks after wire-injury induction B) Neointima formation 4 weeks after 

the wire-injury and schematic representation of main parameters used for analysis. Intima (green 

area) is the difference between the lumen (red) and the lamina interna (green line). Media (yellow 

area) is the difference between the lamina externa (yellow line) and interna (green line). Scale bar 

100 µm C) Representative images of the staining of the main cell types involved in neointima 

formation. Smooth muscle cells (smooth muscle actin -red, scale bar 100 µm), macrophages (Mac 2- 

green, scale bar 100 µm) and endothelial cells (CD31- red, arrows, scale bar 50 µm). 

Representative results  

The atherosclerotic plaque induction procedure takes 15 - 20 minutes and shows 

a minimal mortality rate, mostly due to the bleeding occurring during the 

procedure. After surgery, the mice recover from anesthesia within 20 - 25 
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minutes. No physical impairment, such as paralysis, or feeding disturbance was 

observed after the surgery. 

The wire-injury induces a de-endothelialization, mimicking vascular lesions after 

balloon denudation or stent-implantation. Immediately after injury, the denuded 

vascular wall will be covered with a layer of thrombocytes, which mediates and 

favors the adhesion of the monocytes12. Activated smooth muscle cells from the 

media will proliferate and migrate into the intimal spaces, forming the neointima. 

Other progenitors for smooth muscle cells will migrate from the blood (estimated 

to be 40%) and contribute to the neointima growth. The plaque formation will end 

after the complete reendothelialization, usually 4 weeks after the wire-injury. 

The neointima formation can be assessed using Movat staining.  

The plaque size is calculated for each slide using software as shown in Figure 

2B. The total plaque size (left carotid artery) can vary between 70,000 - 100,000 

µm², while the control vessel size (right carotid artery) can vary between 7,000 - 

8,000 µm². These values depend largely on the surgeon. Therefore, we strongly 

recommend using the same surgeon during the experiments for the same study. 

The developed plaque resembles in stent restenosis, which predominately 

consists of proliferated and migrated smooth muscle cells from the media. The 

cellular composition determined by immunological staining procedures shows 

that the smooth muscle cell content is approximately 30 - 40%, while 

macrophages are found in 15 - 25% of the neointima of the injured vessel. The 

reendothelialization can be measured after staining for an endothelial marker, 

and calculated as the percentage of circumference stained over the entire 

circumference of the lumen. Usually the reendothelialization reaches 80 - 90% 

after 3 weeks, and should almost be complete after 4 weeks (Figure 2C). To track 

the plaque growth during its development, the same analysis can be repeated for 

every time-point after the wire-injury, depending on the interest and the subject 

studied (see Table 1). 
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Table 1. Time-dependent Plaque's Development. 

Time Thrombus Plaque 
(µm²) 

Macrophages 
(% from 
Plaque) 

Smooth muscle 
cells 
(% from 
Plaque) 

Reendothelialization 
(% lumen 
circumference) 

1 day present 0 0 0 0 

1 week - < 30 000 > 10 < 50 < 50 

2 weeks - < 50 000 > 10 < 50 > 50 

3 weeks - < 70 000 15-25 30-40 80-90 

4 weeks - 70 000 – 
100 000 

15-25 30-40 complete 

Discussion  

In this paper, we provide useful tips to perform the wire-injury procedure even by 

personnel with minimal experience in animal surgeries. There are two critical 

steps in performing this procedure: the incision of the external carotid artery and 

the insertion of the wire. The incision in the external carotid artery needs to be 

performed as far as possible from the bifurcation, in order to ensure enough 

remaining material (Figure 1C). The incision should not be too large, due to the 

risk of cutting the entire vessel. The second critical step is the high risk of bleeding 

during the arteriotomy and the insertion of the guide wire if blood flow is not 

efficiently discontinued. Moreover, endothelial denudation might not take place 

or arterial rupture is possible if the guide wire is not properly introduced in the 

lumen vessel. To avoid this, the surface of the guide wire must be carefully 

polished before the operation. 

To optimize the protocol, the position of the operating-table with the mouse-head 

towards the surgeon ensures a better view, accessibility and control for the proper 

guide wire manipulation. Moreover, to increase the reproducibility, use the same 

guide wire in all of the studies. Since the wire size does not change, it is important 

to consider and eliminate all the possible differences between the mice by using 

the same gender, age and weight for all mice included in a study. Thereafter, 

Evans-Blue staining will help the surgeon determine the efficiency of the 

denudation. The existence of appropriate equipment is a prerequisite for the 
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success of the procedure. A 10X stereomicroscope is essential for performing 

this procedure. The proper preparation of the guide-wire (for example polishing 

it) is crucial. Therefore, we strongly recommend that the guide wire preparation 

be performed by specialized technical personnel where available. 

There are many troubleshooting steps in this protocol. If incising the external 

carotid artery near the bifurcation, carefully bind the externa, near the bifurcation, 

so no bleeding occurs. During cutting, the external carotid artery cannot be seen. 

Therefore, consider the bifurcation at the level of silk suture. Collect sections 

when the silk suture disappears. If the incision in the external carotid artery is too 

large and the vessel is ruptured, ensure that the blood flow into the carotid 

communis and internal carotid artery is effectively interrupted and try to find the 

opening of the vessel using forceps. After introducing the guide wire and 

performing the denudation, bind the vessel near the bifurcation. During cutting, 

start to collect when the silk from the suture starts to disappear. If arterial rupture 

occurs during the denudation with the guide wire, check under the microscope if 

the guide wire is properly polished. 

Despite the similarity of the wire-injury model to clinical situations, many groups 

are focused on native atherosclerosis in mice, or they choose invasive 

atherosclerosis inductions, such as balloon angioplasty in rats or rabbits, 

because of the lack of trained personnel who can perform small animal surgeries. 

Despite the benefits of using rabbits/rats, e.g. no need for miniaturized 

equipment, neither rat models nor rabbit models offer a variety of different knock-

out strains, in terms of studying molecular mechanisms involved in neointima 

growth and in-stent thrombosis.          

The existing models for studying in-stent restenosis in mice are difficult, require 

high surgical skills, and have high risks of complications such as bleeding or 

paralysis. For example, the mechanical injury or stent-implantation into the 

thoracic aorta via femoral artery is accompanied by a high mortality rate (35%) 

due to hind leg paralysis or bleeding13-15. We also describe stent implantation in 

the carotid artery of a mouse16. The procedure is similar; however, the tissue 

processing for analysis is complicated and is not available to all laboratories16. 
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The carotid artery is directly accessible, not only for operation procedures, but 

also for existing imaging methods such as ultrasound imaging. Other injury 

inductions in the carotid arteries in mice can be done using electrical devices17. 

This method is easy to perform and ensures high reproducibility. However, it 

induces injury in all vessel layers, which is not identical with mechanical injury. 

Balloon applications have benefits, e.g. the adjustment to the vessel diameter in 

line with the clinical practice and has strong influence on the pathological 

outcome. Even though mouse balloons are available, they are very expensive 

and therefore, not widely used. Instead, the wire-injury is the established method, 

mimicking in-stent stenosis. 

The denudation is performed on the normal arterial wall, though with an 

atherosclerotic background. Therefore, the neointima formation will be moderate 

compared to the clinical situation. The high number of preclinical models 

demonstrates that none of the models fulfill all of the criteria necessary to uncover 

the entirety of the cellular and molecular mechanisms leading to the 

pathophysiology in humans (see Table 2). 

After performing the wire-injury procedure, other biological and molecular 

analysis can be performed to identify cells, proteins, mRNAs, microRNAs, genes 

or other biomarkers, which can be used as therapeutic targets to develop new 

treatment strategies for atherosclerosis, and in particular for neointima formation 

after vascular injury. If available, the plaque growth can be monitored using high 

frequency ultrasound or other high-resolution imaging techniques. Moreover, 

mastering this technique would give the operator the opportunity to adapt the 

protocol to other invasive atherosclerosis inducement models, such as collar 

placement, partial ligation or even stent implantation. 
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Table 2. Advantages and Disadvantages of Existent Models of Arterial Injury. 

Model Animals Advantages Disadvantages 

Diet-induced native 
atherosclerosis 

Small mimics the atherosclerosis 
pathology; 
ease of handling; 
no surgery; 
no stress for the animals; 
low costs related to animal 
purchase and care; 
availability of various 
transgenic and knockout 
strains. 
 

low reproductibility; 
high variance; 
increased animal number 
required; 
increased waiting time. 

Big mimics the atherosclerosis 
pathology; 
ease of handling; 
no surgery; 
no stress for the animals.  
 

low reproducibility; 
high variance; 
increased animal number 
required. 

Balloon dilatation Small mimics restenosis after 
balloon angioplasty; 
low costs related to animal 
purchase and care; 
availability of various 
transgenic and knockout 
strains. 

small size of the main 
arteries; 
requires qualified surgical 
expertise; 
balloons very expensive 
denudation is made on 
the normal arterial wall; 
existence of appropriate 
equipment; 
risks of complications as 
bleeding or paralysis. 

Big mimics restenosis after 
balloon angioplasty; 
ease of handling; 
use of devices for humans. 

denudation is made on 
the normal arterial wall. 

Wire Injury Small mimics restenosis after 
balloon angioplasty; 
ease of handling; 
minimal mortality rate; 
low costs related to animal 
purchase and care; 
availability of various 
transgenic and knockout 
strains; 
no physical impairment. 
 

small size of the main 
arteries; 
requires less qualified 
surgical expertise; 
denudation is made on 
the normal arterial wall; 
existence of appropriate 
equipment. 
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Stent implantation Small mimics restenosis and 
thrombosis after stent 
implantation; 
low costs related to animal 
purchase and care; 
availability of various 
transgenic and knockout 
strains. 

small size of the main 
arteries; 
requires qualified surgical 
expertise; 
small stents not available; 
denudation is made on 
the normal arterial wall; 
increased mortality; 
existence of appropriate 
equipment; 
risks of complications as 
bleeding or paralysis. 

Big mimics restenosis 
and thrombosis after stent 
implantation; 
ease of handling; 
use of devices for humans. 
 

denudation is made on 
the normal arterial wall. 
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Abstract 

Objective: Cardiovascular interventions induce damage to the vessel wall 

making antithrombotic therapy inevitable until complete endothelial recovery. 

Without a method to accurately determine the endothelial status, many patients 

undergo prolonged anticoagulation therapy, denying them any invasive medical 

procedures such as surgical operations and dental interventions. Therefore, we 

aim to introduce molecular ultrasound imaging of the vascular cell adhesion 

molecule-1 (VCAM-1) using targeted poly-n-butylcyanoacrylate microbubbles 

(MBVCAM-1) as an easy accessible method to monitor accurately the 

reendothelialization of vessels.   

Approach and Results: ApoE-/- mice were fed with an atherogenic diet for 1 and 

12 weeks and subsequently, endothelial denudation was performed in the carotid 

arteries using a guide-wire. Molecular ultrasound imaging was performed at 

different time points after denudation (1, 3, 7, 14d). An increased MBVCAM-1-

binding after 1d, a peak after 3d and a decrease after 7d was found. After 12 

weeks of diet MBVCAM-1 binding also peaked after 3d but remained high until 7d, 

indicating a delay in endothelial recovery. Two-photon laser scanning microscopy 

(TPLSM) imaging of double fluorescence staining confirmed the exposure of 

VCAM-1 on the superficial layer after arterial injury only during the healing phase. 

After complete reendothelialization, VCAM-1 expression persisted in the 

subendothelial layer but was not reachable for the MBVCAM-1 anymore.  

Conclusion: Molecular ultrasound imaging with MBVCAM-1 is promising to assess 

vascular damage and to monitor endothelial recovery after arterial interventions. 

Thus, it may become an important diagnostic tool supporting the development of 

adequate therapeutic strategies to personalize anticoagulant and anti-

inflammatory therapy after cardiovascular intervention. 
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Introduction 

Restenosis and in-stent thrombosis following revascularization procedures are 

major obstacles in the local treatment of atherosclerotic plaques1,2. It has been 

shown that an intact endothelial layer has antithrombotic and atheroprotective 

properties3, acting as a barrier against lipid uptake and inflammatory cell 

recruitment4. Even though drug-eluting stents reduce restenosis through the 

suppression of vascular smooth muscle cell (SMC) proliferation and migration5,6, 

complications such as in-stent thrombosis are still notable events7,8 due to 

delayed endothelial recovery. 

The regrowth of the endothelium downregulates intimal smooth muscle cell 

proliferation, retards plaque development4,9, and consequently reduces the risk 

for post-interventional complications. Therefore, the monitoring of vascular 

restoration is important in therapeutic post-interventional follow-up. Suitable 

markers for monitoring vascular damage should ideally be expressed 

immediately after arterial denudation, and should remain to be expressed until 

reendothelialization is complete. Consequently, such markers have to be 

expressed on both, the vascular SMC (being exposed to the blood after 

endothelial removal) and the activated, regenerating endothelial cells (EC), which 

start covering the vascular wound (Supplemental Figure I). Finally, the markers 

should show a low luminal exposure under physiological conditions. 

Ultrasound (US) imaging using targeted microbubbles (MB) can potentially 

provide valuable insights into the presence of prominent inflammation surface 

markers during the various states of endothelial regeneration, allowing the 

personalization of anti-inflammatory therapy in dosage, medication period and 

combination.  

In the present study, we propose vascular cell adhesion molecule -1 (VCAM-1) 

as an US imaging biomarker of endothelial healing in big vessels such as carotid 

arteries. VCAM-1 is expressed by activated vascular SMC and it is accessible for 

intravascular targeting after arterial denudation, while replicating EC express 
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VCAM-1 during endothelial reconstruction until regeneration10,11 (Supplemental 

Figure I). We therefore used VCAM-1-targeted MB (MBVCAM-1) and molecular US 

to monitor arterial endothelial recovery, and validated the results employing 

TPLSM as a deep-tissue imaging modality. TPLSM was applied for the 

characterization of VCAM-1 expression, MB binding, and morphological changes 

in the arterial lumen on cellular and subcellular levels. Our data provide strong 

evidence that MBVCAM-1 are suitable for noninvasive molecular US monitoring of 

vascular healing in a murine model of endothelial denudation. 

Methods 

Synthesis of poly n-butylcyanoacrylate target-specific MB 

Rhodamine loaded poly-n-butylcyanoacrylate (PBCA)–stabilized, air-filled MB 

were prepared and functionalized as previously described12,13. 1x107 streptavidin-

coated MB in HEPES/Triton buffer (pH 7.0) were mixed with 5 µg of biotinylated 

anti-VCAM-1 antibody (clone 429, eBioscience) and incubated at room 

temperature for 30 minutes. Conjugated MB were separated from excess 

antibody by 30 minutes flotation and re-suspended in 50 µL HEPES/Triton buffer.  

Atherogenic murine model of restenosis 

Animal experiments were approved by local authorities and complied with the 

European Convention of Animal Protection law. Two similar animal models of 

accelerated atherosclerosis were used in this study: 1) eight-week old ApoE-/- 

mice were fed an atherogenic diet (Altromin, Germany) for 1 week before and 2 

weeks after the carotid injury (named short-term diet group); 2) mice were fed an 

atherogenic diet for 12 weeks before and 2 weeks after the arterial denudation 

(named long-term diet group). The arterial injury was performed using a coated 

guide wire as previously described14. A total number of 122 animals were used 

for this study, consisting of n=29 for ex vivo TPLSM studies, n=15 for 

immunohistology, n=12 for ex vivo US, n=25 for in vivo TPLSM and n=41 for in 
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vivo US. Following the wire-injury procedure, VCAM-1 expression was measured 

at different time points (1, 3, 7, 14 days post-injury). 

Operative procedures for flow-chamber experiments 

For each time point (1, 3, 7, 14 d) after arterial injury, mice were killed by 

intraperitoneal (i.p.) overdose injection of 400 mg/ml ketamine and 40 mg/ml 

xylazine. In addition, a terminal blood collection was performed via intracardiac 

puncture. The common carotid arteries (6-7 mm) were excised by restricted 

handling of both ends of the blood vessel to exclude luminal alterations. In order 

to avoid air bubbles within the lumen and tissue dryness, the blood vessels were 

preserved at 4°C in 1x Hanks Balanced Salt Solution (HBSS, pH 7.4, Life 

Technologies) during ex vivo imaging preparations. Each excised carotid artery 

was mounted in a customized flow chamber and then filled with HBSS (37°C) as 

previously described15. For the US flow chamber experiments, we used a 7 cm 

deep flow-chamber to ensure US-waves propagation and the carotid artery was 

brought into the field of view by immersing the scan-head into the liquid. To mimic 

physiological conditions inside the mounted carotid arteries, fresh blood collected 

from healthy volunteers was anti-coagulated with heparin (10 U/ml) - EDTA (1.2 

- 2 mg EDTA/ml) and infused through the carotids preserving the physiological 

flow direction. Subsequently, MB suspended in whole blood, were infused for 10 

minutes, followed by a 4 minutes washing step using human blood and a second 

washing step using HBSS. 

Ex vivo whole mount artery TPLSM imaging of wire-injured 

carotids 

Animals (n=20) were operated as described above. At 1, 3, 7 and 14 d post-

surgery, mice (n=5, for each time point) were sacrificed via overdose i.p. injection 

of anesthetics. After mounting and flushing the carotids, cell nuclei (SYTO 41), 

endothelial PECAM-1 (CD31), and VCAM-1 (CD106) were stained by an one-

step incubation. 400 μl of HBSS containing anti-CD31 Oregon Green 488 (2.5 

μg/mL), anti-CD106 Alexa Fluor 568 (2.5 μg/mL), and SYTO 41 (5 nM) were used 
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to flush the carotid artery. Incubation was performed at transluminal pressure of 

80 mmHg for 1 hour. After flushing the artery with HBSS, imaging was performed 

using an Olympus FV1000MPE multiphoton microscopy system (Mai Tai 

DeepSee pulsed Ti:Sapphire laser with 140 fs pulse width at an excitation 

wavelength of 800 nm). A 25x water dipping objective with numeric aperture (NA) 

of 1.05, working distance (WD) of 2 mm, and with optical zoom capability was 

used. Three internal photon multiplier tubes were used to detect the fluorescence 

signals and filters were adjusted to the corresponding spectra: 418-468 nm for 

SYTO 41, 495-540 nm for elastin autofluorescence and CD31, and 595-650 nm 

for CD106. TPLSM images were analyzed using Image-Pro Analyzer 7.0 

software (Media Cybernetis, Inc.) and Imaris software (Bitplane). 

Flow chamber experiments on the binding of MBVCAM-1 to carotid 

arteries after wire-injury using molecular US 

High-resolution imaging of the excised carotid arteries 1 d after the arterial 

denudation (n=12) was performed with a linear high-frequency transducer (55 

MHz, mechanical index 0.9, peak negative pressure 6.7 MPa, axial resolution 30 

μm, lateral resolution 70 μm, focal length 4.5 mm, depth of field 1.4 mm, field of 

view 10.9 mm) connected to a small animal US imaging system (Vevo 770, 

VisualSonics Inc) using a long-axis imaging plane. Measurements were 

performed using the contrast mode, which makes use of the enhanced scattering 

of MB at low US energies (4% power, mechanical index 0.04) to distinguish them 

from tissue response. Ten minutes after MB infusion, a visible steady-state 

confirmed a homogeneous MB distribution in the circulating blood before the 

destructive pulse (Figure 3). After 10 minutes of continuous flow, the MBs-blood 

mixture was removed from the circuit by two washing steps (first with blood and 

then with HBSS as mentioned above). For competitive binding experiments, the 

carotid lumen was incubated with a 20-fold higher concentration of free anti-

CD106 antibody (100 μg, 2 μg/μl) for 1 h prior to MB injection. To quantify the 

amount of bound MB in the imaged area, an imaging sequence of 60 seconds 

(10 frames/second) was acquired. To prevent MB destruction, the first third of the 

sequence recorded images at a low transducer output power of 4%. 
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Subsequently, a destructive pulse (100% power) destroyed all MB in the imaged 

area. The remaining imaging sequence was acquired at 4% power. Image 

analysis was performed by subtracting the mean value of grayscale intensity for 

several post-destructive frames (HBSS only) from the mean value of several pre-

destructive frames (bound MB). The resulting grayscale intensity difference 

represents the amount of signal generated by stationary MB. 

Flow chamber experiments on the binding of MBVCAM-1 to carotid 

arteries after wire-injury using TPLSM 

Three days post wire-injury, animals (n=9) were sacrificed and the carotid arteries 

were mounted as described above. Prior to the binding step, the arteries were 

stained with OG488 labelled endothelial PECAM-1 (CD31) and SYTO 41. For 

competitive binding experiments, the carotid lumen was incubated with a 20x 

higher free anti-CD106 antibody concentration for 1 h prior to MB injection. After 

the infusion of MB and washing, imaging was performed using the Olympus 

FV1000MPE multiphoton microscopy systems. PECAM, SYTO 41 and CD106 

filter settings were selected as described above. Rhodamine-labeled MB were 

imaged using an excitation wavelength of 840 nm and a spectral filter for the 

ranging 595-650 nm. 

In vivo molecular US imaging 

Mice with wire-injured carotid arteries (n=41) were investigated by molecular US 

imaging at different time points (1, 3, 7 and 14 d). For catheterization and imaging 

the mice were anaesthetized with 1% isoflurane and placed on a heated table 

(Vevo Mouse Handling Table). In vivo molecular US measurements were 

performed using a small animal high frequency US system (Vevo 770, 

VisualSonics) and a 40 MHz transducer (mechanical index 1.2, peak negative 

pressure 6.6 MPa, axial resolution 40 μm, lateral resolution 80 μm, focal length 6 

mm, depth of field 1.5 mm, field of view 14.5 mm). MB-specific signals were 

acquired and color-coded overlays on B-mode images were performed using the 

contrast mode provided by the vendor. A dose of 2x107 MBVCAM-1 or MB control 
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(MBCTR) was injected intravenously via the cannulated tail vein under US control 

(4% transmitted power, mechanical index 0.036). For competitive binding studies 

at 1 d after wire-injury, intravenous injection of 20-fold higher concentration of 

free anti-CD106 antibody (100 μg, 2 μg/μl) was applied to each mouse 10 minutes 

before MBVCAM-1 injection to block VCAM-1-binding sites. In all experiments 

successful MB injection was confirmed by assessing an imaging sequence of 60 

seconds (10 frames/second) during the injection. Seven minutes after MB 

injection, molecular US imaging in contrast mode was performed as described 

above to measure the difference in the signal levels before and directly after the 

destructive pulse16. 

In vivo TPLSM 

For in vivo measurements, wire-injured ApoE-/- mice (n=25) were anesthetized 

using an i.p. injection of ketamine (100 mg/kg) and medetomidine (10 mg/kg). 

Body temperature was kept at 37°C by means of a heating pad. Then, the carotid 

artery was carefully exposed. For MB injections, a catheter made of a 0.28 mm 

polyethylene tubing adapted to a 30 G needle was inserted into the tail vein and 

flushed with NaCl-heparin solution. Thirty minutes before imaging 0.5 nM SYTO 

13 was applied superficially on the top of the exposed carotid in order to stain the 

vessel adventitia for orientation within the tissue. 

TPLSM imaging was performed using a Leica SP5 (Leica Microsystems, 

Germany) with an integrated resonance scanner for high-speed imaging and a 

Compact Ultrafast Ti:Sapphire Laser (Chameleon, Coherent, USA) at an 

excitation wavelength of 800 nm and a 20x water dipping objective (NA=1.0, 

WD=2 mm, with optical zoom capability). Two internal photon multiplier tubes 

were used to detect the fluorescence signals and filters were adjusted to the 

corresponding spectra: 505- 560 nm for SYTO 13, 590-650 nm for rhodamine. In 

vivo imaging was performed at a frame size of 400 x 400 pixels and with a scan 

rate of 8000 Hz. Line averaging of 2 was applied for noise reduction, resulting in 

a final imaging speed of 10 frames per second. For time lapse recording, a series 

of 500 images or 55 second of video material was recorded. After the injection of 



Molecular ultrasound monitoring of vessel healing 
 

87 

1

2

3 

4 

8x107 MBVCAM-1, the carotid was imaged for 15 minutes. The animals were 

sacrificed after in vivo imaging and additional ex vivo carotid imaging at higher 

resolution was performed, as described above. 

Immunohistology of denudated arteries from long-term diet 

group 

Mice (n=15) fed for 12 weeks with an atherogenic diet (HFD) were subjected to 

arterial denudation and then sacrificed at different time point (1, 3, 7, 14 and 21 

d). For immunhistology, perfusion fixation with 4% paraformaldehyde (P-6148, 

Sigma) and paraffin embedding was performed. Serial tissue sections (5 μm) 

were generated starting at the bifurcation. Samples were stained for VCAM-1 

(11444-1-AP) and CD31 (sc-1506) expression. FITC-, respectively Cy5 

conjugated secondary antibodies were used for visualization, and sections were 

analyzed using the „Diskus” software (Hilgers). 

Statistical analysis 

Differences between groups of ex vivo and in vivo MB adhesion assays were 

analyzed using the two-tailed Student's t-test, considering p<0.05 to display 

significant differences. To correct for multiple group comparisons, we performed 

Bonferroni correction. Error bars shown on graphs represent the standard 

deviation. Statistical analysis was performed using GraphPad Prism 5.0 

(GraphPad Software).  

Results 

Ex vivo whole mount artery TPLSM imaging of wire-injured 

carotids 

Prior to endothelial denudation, animals were fed a high cholesterol diet for either 

1 week (short-term diet) or 12 weeks (long-term diet). The majority of experiments 

were conducted on animals with a short-term diet to induce hyperlipidemia, in 
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order to validate MBVCAM-1 binding specificity and efficiency under post-

interventional conditions. The long-term diet group was introduced to investigate 

the impact of high cholesterol diet on the rate of endothelial regeneration after 

plaque removal by wire-injury and the potential of molecular US to distinguish 

between both conditions.  

First, the VCAM-1 expression pattern and the degree of endothelial regeneration 

were studied in mice on short-term diet after endothelial denudation. We stained 

ex vivo mounted carotid arteries for PECAM-1, VCAM-1 and nuclei, and analysed 

marker expression using TPLSM at the four different time points (1, 3, 7, 14 d: 

Figures 1 and 2A). Three-dimensional reconstruction of the vessel wall and 

quantification of the endothelial regeneration showed only endothelial cell debris 

at 1 d, and an endothelial coverage of 18 % after 3 d, 80 % after 7 d, and 94 % 

after 14 d, respectively (Figure 2B). 

The endothelial cell debris at 1 d was positive for VCAM-1 (Figure 1). At this time 

point, VCAM-1 was found to be highly expressed on vascular SMC as well. The 

first signs of endothelial regeneration were visible 3 days after denudation, in 

conjunction with the highest colocalization of VCAM-1 with the endothelial marker 

PECAM-1, indicating pronounced EC activation and regeneration (Figure 2C). In 

parallel, the vascular SMC exposed to the vascular lumen also displayed a strong 

VCAM-1 expression. At later time points (7 d and 14 d), EC regeneration 

progressed further, showing a continuous decrease in VCAM-1 expression down 

to the level of noninjured controls after 14 d (Figure 1, Figure 2A).  

In contrast, VCAM-1 expression on vascular SMC remained high even 14 d after 

denudation, however these vascular SMC were not luminally exposed anymore 

and thus not accessible to MBVCAM-1. These findings are in line with the mean 

fluorescence intensity quantifications for VCAM-1 and PECAM-1 expression 

(Supplemental Figure II). 
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Figure 1. Ex vivo whole mount 

staining and TPLSM imaging of 

denudated carotid arteries of mice 

from short-term atherogenic diet 

group. For the staging of endothelial 

regeneration and VCAM-1 expression, 

mice were sacrificed at timepoint 1,3,7 

and 14 d post denudation and the vital 

tissue was mounted and stained. One 

day post surgery, the endothelium 

(green = PECAM-1) is absent, showing 

only EC debris in the lumen (indicated 

by white arrows). The VCAM-1-

expressing vascular SMC are exposed 

to the blood flow (red = VCAM-1). Three 

days post denudation, at the onset of 

endothelial regeneration, there is strong 

expression of VCAM-1 by both vascular 

SMC and EC (blue = SYTO 41). Seven 

days post denudation, there is a partial 

reconstruction of the endothelial layer 

covering VCAM-1-positive vascular 

SMC. A complete endothelial recovery 

is found after 14 d. Images were 

processed using Image Pro 7.0. Scale 

bar=50 μm. 
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Figure 2. Three-dimensional rendering of denudated carotid arteries of mice from the short-

term atherogenic diet group and quantification of endothelial recovery. Using PECAM-1 as a 

marker for endothelial cells and VCAM-1 for endothelial regeneration, z-stack images were rendered 

to better illustrate the extent of regeneration and inflammation. A) The degree of endothelial 

regeneration is depicted starting from 1 d until 14 d post denudation. B) Graph reporting the 

percentage of endothelial coverage in carotid arteries before and after denudation, compared to 

control vessels. While directly after denudation, almost the entire vessel surface was removed, 94% 

of the endothelial surface coverage was reconstituted after 14 d. C) To illustrate the endothelial 

availability of VCAM-1, the Manders coefficient for VCAM-1 colocalization with PECAM-1 for all time 

points was calculated. Scale bar=25 μm. 

US analysis of MBVCAM-1 binding to carotid arteries after wire-

injury in a flow chamber 

MBVCAM-1 binding to carotid arteries was studied in mice from the short-term diet 

group, 1 d after endothelial denudation. First, the efficiency and specificity of 

MBVCAM-1 binding to VCAM-1 under flow conditions in early-denudated carotid 

arteries was investigated ex vivo. A 9-fold higher signal decrease after MBVCAM-

1 destruction in denudated carotid arteries compared to the control carotid arteries 

was found (p<0.001). In addition, a 8-fold higher signal decrease after MB 
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destruction was obtained in denudated carotid arteries when compared to the 

competitive binding group as well as to untargeted MB (p<0.05 and p<0.05 

respectively) indicating strong binding of MBVCAM-1 to its target (Figure 3). 

 

Figure 3. Ex vivo molecular US imaging of denudated carotid arteries of mice from short-term 

atherogenic diet group. To investigate the specificity of MBVCAM-1 binding to VCAM-1 in early-

denudated carotid arteries and to evaluate the potential in vivo application of the imaging method, ex 

vivo measurements were performed first. A) Example of a MBVCAM-1 destruction/replenishment curves 

(n=4) recorded in flow chamber experiments. Common carotid arteries were excised and mounted in 

a customized flow chamber. At time point 0, the mixture of MBVCAM-1 and blood which had been 

circulating for 10 mintes was removed and replaced with HBSS for imaging. B) Quantification and 

statistical analysis of MB binding (n=4 mice per group; total of 12 animals) showing a significantly 

higher binding of MBVCAM-1 to 1 d denudated carotid arteries compared to control carotids, as well as 

a significantly higher binding of MBVCAM-1 to 1 d denudated carotid arteries compared to both, MBCTR 

and to the competitive binding group where carotid arteries were incubated with 20-fold higher 

concentration of free anti-CD106 antibody. 

TPLSM analysis of MBVCAM-1 binding specificity to carotid 

arteries after wire-injury in a flow chamber 

Next, the extent and specificity of rhodamine-labelled MBVCAM-1 binding was 

validated in flow-chamber experiments using TPLSM (Figure 4A). Three days 

after endothelial denudation, carotid arteries of mice from the short-term diet 

group were excised and perfused under physiological flow rates (0.5 ml / minute) 



Chapter 4 

92 

with MBVCAM-1. After MBs binding and washing, the carotid arteries were stained 

for VCAM-1, PECAM-1 and nuclei, showing bound MB to be co-localized with the 

VCAM-1 signal. MBVCAM-1 binding to the denudated artery was 7 fold higher 

compared to the control artery. Under competitive binding conditions, MBVCAM-1 

accumulation was suppressed by a factor of 9 (Figure 4C). 

 

Figure 4. Ex vivo TPLSM flow chamber images of carotid arteries 3 d post endothelial 

denudation and of control arteries of mice from short-term atherogenic diet group. For 

validation of VCAM-1 as a molecular target under flow, MBVCAM-1 was flowed on denudated and control 

vessels. A) Rhodamine-labeled MBVCAM-1 strongly bind in denudated carotid arteries (white arrows) 

but hardly in control ones, as well as denudated ones upon competitive binding with excess free 

VCAM-1 antibody. B) Co-staining of PECAM-1, VCAM-1 and nuclei after MBVCAM-1 perfusion of 

denudated carotid arteries shows colocalization of MBVCAM-1 with VCAM-1 staining (yellow arrows). C) 

Graph showing the results of the quantitative analysis of MBVCAM-1 binding. In comparison to 

experiments with MBVCAM-1 only a significantly lower binding in the presence of competing antibodies 

was found in denudated and control arteries. Scale bar=50 μm. 
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In vivo evaluation of MBVCAM-1 binding to VCAM-1 using US and 

TPLSM 

Lastly, MBVCAM-1 binding and detection was validated in vivo. First, in vivo   

MBVCAM- 1 binding was tested 1 d after endothelial denudation in mice from the 

short-term diet group. Using contrast mode, the MB influx after injection could be 

visualized (Figure 5A) and quantified (Figure 5B). After clearance of circulating 

MBVCAM-1, bound MBVCAM-1 were found attached to the inner vessel wall (Figure 

5A).  

Binding of significant amounts of MBVCAM-1 was further confirmed by a strong drop 

in US signal intensity after the application of a destruction pulse (Figure 5C). 

Competitive binding experiments showed the specificity of MBVCAM-1 to its 

intended target at day 1 post-surgery in denudated carotid arteries: after blocking 

VCAM-1 with excess free antibody prior to MBVCAM-1 injection, there was a drop 

in MBVCAM-1-specific signals by 90 (±8) % (Figure 5D). 

To verify MB binding, we performed in vivo TPLSM measurements with 

rhodamine-loaded13,15,17 MBVCAM-1 in wire-injured carotids. After creating a 

surgical window for TPLSM18, we tracked single-bound MB in a field of view of 

500x500 m. Immediately after injection, we monitored the influx of circulating 

MB (Supplemental Figure IIIA), which was followed by a conducted in a separate 

group of animals (also 1 d after arterial injury), confirming specific MBVCAM-1 

binding rapid clearance within approximately 5 minutes.  

While untargeted and targeted MB under competitive binding conditions with free 

VCAM-1 antibodies did not significantly bind to the vascular wall of denudated 

carotid arteries (3 d after denudation), many stationary MBVCAM-1 were detected 

at the luminal side of the carotid artery for over more than 6 minutes 

(Supplemental Figure IIIB).  

Even after euthanasia, excision and mounting of the carotid arteries, MBVCAM-1 

were still present within the lumen.  
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Figure 5. In vivo molecular US imaging of denudated carotid arteries. US monitoring of 

endothelial recovery in vivo was performed using the destruction-replenishment curve of injected 

MBVCAM-1. Representative results from in vivo contrast mode molecular US imaging of murine carotid 

arteries in a long-axis imaging plane showing A) Upper panel - the contrast mode US image of 

circulating MBVCAM-1 in the blood; middle panel - US image before the destructive pulse showing 

MBVCAM-1 bound to their target; bottom-pannel - US image after MBVCAM-1 destruction displaying a MB-

free lumen. MB are color-coded in green; stationary MB are indicated with white arrows. B) The 

normalized in vivo MB injection curve shows an increase in grayscale intensity concomitantly with the 

inflow of the MB. C) Examples of normalized MBVCAM-1 destruction-replenishment sequences for each 

time point after endothelial denudation (1, 3, 7 and 14 d) in mice from long-term diet. Circulation time 

of MBVCAM-1 before the destructive pulse was 7 minutes. D) The quantification and statistical analysis 

of MB binding (n=4-5 animals per group) indicates specific binding of MBVCAM-1 to denudated carotid 

arteries (short-term high cholesterol diet - chess pattern bars, long-term high cholesterol diet - solid 

bars). Competitive-binding experiments were conducted in a separate  group of animals (also 1 day 

after arterial injury), confirming specific MB
VCAM-1 

binding. PECAM indicates platelet/endothelial cell 

adhesion molecule; and VCAM indicates vascular cell adhesion molecule. 
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Comparative US imaging using MBVCAM-1 to assess endothelial 

regeneration in mice on short- and long-term atherogenic diet in 

vivo 

A short-term diet of one week before denudation only induces hyperlipidemia 

without plaque development. In contrary, a long-term diet (12 weeks) leads to 

signs of early plaque growth. Thus, it was of interest to confirm that our molecular 

US approach was capable to assess vascular regeneration in both cases and to 

compare the course of healing. A significantly enhanced binding of MBVCAM-1 in 

carotid arteries could only be observed at early time points after endothelial 

denudation, starting immediately (1 d) and peaking at 3 d (Figure 5D) in both 

short- and long-term diet groups. In the short-term diet group quantification 

showed a 8-fold increase in US grayscale intensity difference after 1 d, and a 

15-fold increase after 3 d, compared to the control group (p<0.001 and p<0.001 

respectively), while at 7 d only a 2-fold increase in US grayscale intensity 

difference compared to the control group (p>0.05) was measured. At early time 

points similar results were obtained in the long-term diet group, presenting a 9-

fold increase in US grayscale intensity difference after 1 d, and a 18-fold 

increase after 3 d, (p<0.05 and p<0.001 respectively). However, after 7 d still a 

8-fold increase (p<0.001) was found in the long-term diet group, indicating a 

delayed endothelial recovery after wire-injury, which translated into a prolonged 

VCAM-1 availability detected by US through MBVCAM-1 binding. Fourteen days 

post surgery, MBVCAM-1 binding dropped down to the level of unhandled control 

animals in both short- and long-term diet groups, showing that endothelial 

recovery can be monitored by US molecular imaging. 

Immunohistology of denudated arteries from long-term diet 

group 

Finally, we validated reendothelialisation and VCAM-1 expression in the carotid 

arteries of the long-term diet group by immunohistology at 1 d, 3 d, 7 d, and 14 d 

after  denudation  (Supplemental  Figure IV).  In control carotid arteries VCAM-1  
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was found in small spots at the endothelial surface (less than 3% of the total 

area), where native plaques were developing. One day after denudation, 

endothelial CD31 was absent, while VCAM-1 was present at the luminal side and 

in the media. Three and 7d after denudation, both CD31 and VCAM-1 were visible 

at the luminal side of the artery, while after 14 d VCAM-1 was only detected in 

the media or under the CD31-stained intima.  

Discussion 

The endothelial response to interventional procedures after blood flow restoration 

in atherosclerotic arteries is one of the most important factors determining patient 

recovery. The degree of endothelial damage correlates to the risk of neointima 

growth, platelet adhesion and thrombosis. Thus, it precludes the success of 

interventional surgery, i.e. slower endothelial regeneration causing a higher risk 

for complications7. After the intervention, dual anti-platelet medication and 

inflammatory inhibitors are applied using a standardized dosage, medication 

period, and combination, which is independent of the recovery rate of individual 

patients. However, the patient's age, general immune state, co-morbidities such 

as diabetes, and the different size of the plaque and injured area can strongly 

influence the speed of regeneration and degree of inflammation19,20. Thus, there 

appears to be a clear need for a reliable diagnostic assessment of endothelial 

regeneration, as well as for the individualization of post-interventional 

anticoagulant and anti-inflammatory therapy. 

For this purpose, as a cheap and real-time imaging modality with excellent spatial 

resolution, molecularly targeted US imaging may be the modality of choice. 

However, the selection of the target for the molecular probe must be done 

carefully and the target should fulfil 3 criteria: 1) subendothelial expression after 

endothelial denudation (e.g. expression by luminally exposed vascular SMC); 2) 

expression by the activated regenerating EC; and 3) absence/low constitutive 

expression after reendothelialization. Previous studies have shown results 

indicating, that some markers may have a constitutive expression level (PECAM-

1, ICAM-1, P- and E-Selectin)11,15,21-23, other markers might either be not 
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sufficiently expressed on activated vascular SMC (PECAM-1, E-Selectin, P-

Selectin)14,21,24, or remain to be upregulated for a prolonged period of time after 

complete structural recovery (PECAM-1, ICAM-1)22 (Supplemental Table I and 

Supplemental Figure V). 

Based on the current literature, VCAM-1 was chosen in this study as a target for 

several reasons: VCAM-1 is one of the most well-known atherosclerotic 

markers25. It has already been used for visualizing aortic atherosclerotic lesions 

by molecular US26-28. Despite its major application in atherosclerosis, VCAM-1 is 

also an acute inflammatory marker that is highly expressed after vascular injury, 

and it plays a major role in the formation of neointima and restenosis29. It was 

previously described that VCAM-1 is expressed by both EC30 and vascular 

SMC31,32 in atherosclerotic arteries. However, binding of MBVCAM-1 to VCAM-1 is 

dependent on its luminal availability. Based on immunofluorescence 

quantifications and 3D renderings of the vessels, one day after endothelial 

denudation, activated medial vascular SMC expressing VCAM-1 are exposed to 

the blood flow, presenting the only source for MBVCAM-1 binding, since EC were 

removed by endothelial denudation. Three days after denudation, the endothelial 

layer is regenerating. The activated and proliferating ECs express VCAM-1 as 

well, presenting an additional source for VCAM-1. Consequently, MB binding 

peaks due to higher receptor availability. Subsequently, VCAM-1 expression by 

EC decreases with endothelial regeneration. Therefore, significant colocalization 

of VCAM-1 with PECAM-1 could only be observed at 3 d, due to the lack of EC 

after 1 d, and the absence of endothelial activation after 14 d, when endothelial 

coverage was close to complete. After endothelial recovery sub-endothelial and 

intimal markers, even though present and upregulated (Supplemental Figure I 

and Figure 1), are not accessible to MB anymore. The lack of MBVCAM-1 binding 

then indicates completion of the endothelial regeneration and the return of EC 

towards a physiological state. Mice fed for 14 weeks with atherogenic diet showed 

a delay in endothelial recovery. This is not surprising since high cholesterol diet 

and obesity related pathologies such as diabetes have been reported to interfere 

and delay wound healing and prolong the inflammatory phase, both in animals 

and patients 33-35. Even though VCAM-1 was upregulated in the early plaque 
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region of the control artery, significant MBVCAM-1 binding in mice with 12 weeks of 

diet was not detected. A possible explanation could be the limited size of the 

plaque area, comprising of only 3% of the total endothelial surface (data not 

shown), which may not be sufficient to induce visible MB binding above the 

background noise level.  

Previously, US imaging was used for the noninvasive visualization of typical in-

stent restenosis after carotid stenting of the internal carotid artery in humans36-38. 

In the present study, we used VCAM-1 not as a marker for targeted plaque 

imaging, but as an inflammation marker in the context of endothelial regeneration 

following intravascular procedures. The detection of delayed reendothelialization 

and prolonged endothelial inflammation induced by diet or drug eluting stents is 

an acute issue in clinical diagnostics. The results of our study open new 

perspectives to the application of molecular US for monitoring vascular healing in 

big vessels such as carotid arteries which are the main arteries subjected to 

revascularisation. Potential clinical translation was further encouraged by similar 

results collected in a pig model (own unpublished data). 

Our study has limitations. Firstly, using MBVCAM-1, we can monitor endothelial 

regeneration and coverage, but this may not be equal to complete functional 

endothelial recovery. Thrombogenicity and complement activation may still be 

given even if VCAM-1 expression levels have been normalized. Therefore, other 

adhesion molecules involved in leukocyte recruitment and transendothelial 

migration, such as P-Selectin39,40, should be investigated in future studies as well, 

in order to provide evidence for a functional endothelial recovery. Secondly, 

streptavidin-coated MB are not clinically translatable, nor is the use of biotinylated 

antibodies. However, targeting peptides and antibodies can also be coupled 

using non-immunogenic linkers. This was recently demonstrated with clinically 

applicable PBCA MB based on a peptide ligand for specific imaging of E-Selectin 

expression in tumor blood vessels41, as well as with angiogenesis-specific 

VEGFR2-MB in molecular imaging of breast and prostate cancer42,43, and with P- 

and E-Selectin-targeted MB in inflammatory bowel disease44 and myocardial 

infarction45. Following these examples of clinically translatable molecular US 
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contrast agents, the generation of a MBVCAM-1 with covalently attached targeting 

ligands would be a logical and practicable next step for future clinical 

implementation. Moreover, metal stents are not suitable for US imaging since the 

acoustic reflectivity of the stent would obstruct MB detection and impede healing 

assessments. Consequently, this diagnostic method can only be applyed in case 

of polymer-based stents and after endarterectomy. 

In conclusion, we demonstrate that noninvasive molecular US monitoring of 

vascular healing after intravascular procedures is possible through luminal 

exposure of VCAM-1 when using VCAM-1-targeted MB as intravascular 

molecular probes. Therefore, molecular US imaging may become an important 

diagnostic tool supporting the development of adequate therapeutic strategies to 

reduce complications and to personalize anticoagulant and anti-inflammatory 

therapy after stent implantation or endarterectomy in carotid arteries for cerebral 

revascularisation. 
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Significance 

Thrombotic arterial occlusion due to endothelial damage is the main limitation of 

interventional blood flow restoration in atherosclerotic arteries. The current 

recommendation is preventive anticoagulant therapy for at least 12 months in 

case of drug-eluting stent implantation. However, anticoagulant therapy limits 

further surgical interventions and can also cause adverse effects like cerebral 

hemorrhage. Thus, it should be administered as short as necessary. 

Unfortunately, the optimal duration of antiplatelet therapy following various 

revascularization procedures remains unknown due to uncertainty of endothelial 

recovery. 

Molecular ultrasound imaging is an exquisite tool for characterizing angiogenic 

and inflammatory vessels and initial clinical trials with targeted microbubbles 

show promising results. In this manuscript we provide preclinical evidence that 

VCAM-1 targeted microbubbles faithfully depict vessel damage and endothelial 

regeneration. Based on these findings, we hypothesize that molecular ultrasound 

imaging may become a powerful diagnostic tool to personalize antiplatelet 

therapy after vascular interventions, capable of improving the therapeutic 

outcome of patients. 
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Supplementary tables and figures 

 

 

Supplemental Figure I. Scheme depicting the expression of luminal markers in healthy and 

wire-injured carotid arteries and its impact on MBVCAM-1-binding. A) endothelium constitutively 

expresses PECAM-1, ICAM-1, P- and E-Selectin. B) after endothelial denudation, vascular SMC-

related VCAM-1 and ICAM-1, as well as PECAM-1 and P-Selectin on attached thrombocytes are 

available on the luminal side of the artery. C) during endothelial recovery, PECAM-1, ICAM-1, VCAM-

1, P- and E-Selectin are upregulated on EC. Vascular SMC continue to express VCAM-1 and ICAM-

1. D) even after the endothelium is completely reconstructed, PECAM-1, ICAM-1, P- and E-Selectin 

will still be available on the luminal site for a prolonged period of time, while vascular SMC-related 

VCAM-1 and ICAM-1 become inaccessible for intravascular molecular targeting. 
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Supplemental Figure II. Mean fluorescence intensity measurement of VCAM-1 and PECAM-1 

expression after endothelial denudation in carotid arteries. 

 

Supplemental Figure III. In vivo TPLSM images of wire-injured carotid arteries at 3 d post 

surgery. A) Directly after the injection of 8x107 MBVCAM-1, the MB circulate in the vessel lumen. B) 

Five minutes after MBVCAM-1 injection, circulating MBVCAM-1 are cleared out and only MBVCAM-1 (yellow 

arrows) bound to the injured vascular wall remain. For orientation, cells in adventitia and media are 

stained with SYTO 41 (green). MBVCAM-1 are labeled with rhodamine (red). Scale bar = 100 μm. 
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Supplemental Figure IV. Immunofluorescence staining of wire-injured carotids after 12 weeks 

of high cholesterol diet. Scale bar = 50 μm. 
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Supplemental Figure V. Immunohistochemistry of wire-injured carotid arteries. One day after 

arterial injury, PECAM-1, E-Selectin and ICAM-1 staining showed no expression of these markers on 

the luminal side of the artery (A, C and D). P-Selectin could be detected on thrombocytes covering 

the denudated artery at 1 d, but hardly on the remaining EC (green arrows). At 7 and 21 d, the 

endothelial layer expresses high levels of PECAM-1 and ICAM-1 (A and D), moderate levels of E-

Selectin (C), but hardly any P-Selectin (B). Scale bar = 20 μm. 

 

Supplemental Table I: Summary of the findings in literature about arterial endothelial and 

subendothelial marker expression. 

Markers 
Subendothelial 

expression 

Activated 
endothelial 
expression 

Constitutional 
endothelial 
expression 

PECAM-1 - 21 + 21,22 + 21,22 
ICAM-1 + 46 * + 15,22 + 15,22 
VCAM-1 + 46 + 10,11,22 - 11,22 

E-Selectin - 24 + 22 + 22 
P-Selectin - 14,24 + 24 ** + 23 

* own expertise: almost no subendothelial expression of ICAM-1 was found (see Supplemental Figure 

V) 

** own expertise: specific P-selectin signals could not conclusively be detected on remaining 

endothelial cells but only on attached platelets (see Supplemental Figure V) 
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Abstract 

Objective: The Junctional Adhesion Molecule (JAM-A) was evaluated as a target 

for molecularly-targeted ultrasound imaging (molUS) of transient endothelial 

dysfunction under acute blood flow variations. 

Background: JAM-A is a protein physiologically located in inter-endothelial tight 

junctions, and it focally redistributes to the luminal surface of blood vessels under 

abnormal shear and flow conditions accompanying atherosclerotic lesion 

development. 

Methods: Endothelial dysfunction was induced in ApoE-/- mice by carotid partial-

ligation (PL) and wire-injury (WI). JAM-A expression was investigated by molUS 

using antibody-targeted poly(n-butyl cyanoacrylate) microbubbles (MBJAM-A) and 

validated with immunohistology. Flow disturbance and arterial remodeling were 

assessed using functional ultrasound imaging.  

Results: PL led to an immediate drop in perfusion at the ligated side and a direct 

compensatory increase at the healthy side. This was accompanied by a strongly 

increased JAM-A expression and MBJAM-A binding at the PL side, and a moderate 

and temporarily increase in the contralateral artery (≈14 times, p<0.001 and ≈5 

times, p<0.001 respectively, higher than control). WI induced slow plaque growth 

and slowly decreasing perfusion. In the contralateral artery, perfusion adapted 

accordingly. Interestingly, only at the WI side increased JAM-A expression and 

MBJAM-A binding was found while the slow flow changes at the contralateral side 

did not induce any effects. 

Conclusions: Temporary blood flow variations induce an endothelial 

rearrangement of JAM-A that can be visualized using MBJAM-A. Thus, JAM-A may 

be considered as marker of acute endothelial activation and dysfunction. Its 

imaging may facilitate the early detection of cardiovascular risk areas and 

enables the therapeutic prevention of their progression towards an irreversible 

pathological state. 
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Condensed abstract  

The loss or alteration of endothelial regulatory function is a major risk factor for 

the development of atherosclerosis and myocardial infarction. The present study 

shows that arterial blood flow fluctuations determine temporary endothelial 

dysfunction, inducing JAM-A translocation to the endothelial surface, which can 

sensitively be detected by molecularly-targeted ultrasound imaging employing 

JAM-A-targeted microbubbles. Our results suggest JAM-A as a marker of acute 

endothelial activation and it may be suitable to assess the risk of patients with 

oscillatory arterial blood pressure to develop atherosclerotic lesions and 

thrombosis. 

Introduction 

The initial hallmark of atherosclerosis is endothelial dysfunction. Vessel 

bifurcations and curvatures1 are predilection sites for the development of 

atherosclerotic lesions due to natural disturbance of laminar flow2. Here, 

molecular changes in the endothelium may indicate whether alterations in 

perfusion are of pathological relevance3. Therefore, the identification of specific 

early stage biomarkers in combination with an easy accessible, radiation-free, 

noninvasive, and cheap diagnostic method is of significant interest. 

Advances in molecular targeting4,5 of endothelial lesions in big and small arteries 

have been achieved using different diagnostic probes recognizing activated 

endothelial cells6-8. In this context, molecular ultrasound imaging (molUS)9 was 

introduced as an extension of conventional ultrasound (US) imaging, which is 

capable of quantifying flow velocity and back flow within major arteries, providing 

anatomical and functional information, but which lacks visualization at the 

molecular level10. Prominent inflammation biomarkers such as ICAM-111, VCAM-

17,8,12, P-Selectin11  and αvβ3
13, have already been evaluated for molecular 

diagnosis of different stages of atherosclerosis by employing targeted 

radiotracers, liposomes and MB.  However, early detection of active endothelial 
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sites remains challenging for many targets due to their constitutive luminal 

availability11,14,15, transient upregulation11,14,15, target access16, or partial 

solubility17. 

JAM-A, has been recently involved in molecular imaging protocols employing 

targeted USPIOs and MB18. JAM-A proved to be the biological marker most 

responsive to acute changes in blood flow19, being up-regulated specifically on 

endothelial cells at the flow-dependent predilection sites of atherosclerosis20, 

which are responsible for monocyte recruitment and accumulation in the vascular 

wall19. Junctional adhesion molecules are members of an immunoglobulin 

subclass, which under non-pathological conditions are located in the tight 

junctions of endothelial and epithelial cells21, inaccessible from the lumen. Recent 

studies have shown redistribution of JAM-A to the luminal surface upon 

inflammatory stimuli and endothelial activation, and have uncovered a pivotal role 

for JAM-A in leukocyte recruitment and transmigration22.  

The aim of our study was to evaluate JAM-A as a target for molUS of transient 

endothelial activation under acute blood flow variations. Therefore, we used JAM-

A-targeted poly(n-butyl cyanoacrylate) microbubbles (MBJAM-A) as a contrast 

agent for molUS imaging in two mouse models of endothelial activation, wire-

injury and partial-ligation, both leading to atherosclerotic plaque development23. 

We found that MBJAM-A bind specifically to JAM-A on activated endothelium and 

are able to identify the location of areas with endothelial dysfunction and early 

plaque development. Furthermore, our data indicate that not only flow reduction 

due to vessel obstruction, but also flow increase due to compensatory blood flow 

redistribution in the contralateral carotid, induce luminal exposure of JAM-A, both 

illustrating the high sensitivity of this marker for assessing acute vascular 

vulnerability and remodeling. 

Materials and methods 

Microbubble synthesis and labeling  
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Poly(n-butyl cyanoacrylate) (PBCA) MB were synthesized as described 

previously11,23. For functionalization, MBs were coated with streptavidin then 

mixed with biotinylated anti-JAM-A antibodies (clone H202-106, AbD Serotec). 

After 10 minutes incubation, conjugated MBs were separated from excess 

antibody by 30 minutes flotation, then re-suspended in 50 µL HEPES/Triton buffer 

and prepared for injection. Prior to the intravenous (i.v.) injection, 50 µL 0,9% 

saline solution was added to the MBs. 

Atherogenic murine model of endothelial dysfunction and 

arterial remodeling  

All animal experiments were approved by local authorities (LANUV AZ: 

84.02.04.2012.A161). Two animal models (n=87) of induced endothelial 

dysfunction followed by accelerated atherosclerosis were used in this study:  

1. Partial-ligation (PL) model (n=44): to induce a flow-induced atherosclerotic 

lesion, three out of four branches of the left carotid artery (LCA), the left external 

and internal carotid arterial branches, and occipital artery, were surgically isolated 

and ligated, diverting the blood flow solely through the superior thyroid artery. 

Plaque development was analyzed 1, 2, 3, and 4 weeks (n=3-5 each) after the 

intervention; 2. Wire-injury (WI) model (n=43): arterial denudation was performed 

using a coated guide wire as previously described16. The wire-induced arterial 

injury and neointima formation was analyzed at 1, 4, 7, 14 and 21 days (n=3-5 

each) after the procedure. For this, female 8-week-old female apolipoprotein 

knockout (ApoE-/-) mice were fed an atherogenic diet (21% fat, 0.15% 

cholesterol, 19.5% casein; Altromin, Lage, Germany) for 1 week before and 3 

and 4 weeks after the intervention, respectively. 

In vivo molecular and functional US imaging  

Both animal models were investigated by functional and molUS imaging at 

different time points (1, 2, 3, 4 weeks (n=24) and 1, 4, 7, 14 and 21 days (n=23), 

respectively). Imaging was performed under anesthesia with 1% isoflurane 
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having the mice placed on a heated table (Vevo Mouse Handling Table)8,11. In 

vivo functional US (funcUS) imaging was performed at first.  B-, M- and PW-mode 

images of both the injured carotids and the contralateral arteries were recorded 

using a 40MHz US probe on the Vevo770 device (Visualsonics, Toronto). Carotid 

arteries were imaged in the long axis, having the bifurcation in the field of view. 

M-mode images were used to quantify the arterial wall thickness. PW-mode data 

were recorded covering the whole common carotid enabling the assessment of 

blood flow at i) the bifurcation, ii) arteries’ origin and iii) in between. Subsequently, 

analysis was performed for all 3 sites and mean values are reported.  

In vivo molUS measurements were performed as previously described8,11. For 

competitive binding studies (n=3) at 2 weeks after PL, a 20-fold higher 

concentration of free anti-JAM-A antibody (100 μg) was injected i.v. to each 

mouse 10 minutes before MBJAM-A administration to block JAM-A binding sites. 

Seven minutes after MB injection, molUS imaging in contrast mode (Figure 1A) 

was performed as previously described8,11 to measure the difference in the 

signal levels before and directly after a destructive pulse24 (Figure 1B). 

 

Figure 1. In vivo molUS imaging of carotid arteries subjected to partial-ligation. A) 

Representative in vivo US images of LCA in the long axis imaging plane before the destructive pulse 

(upper panel), where the region with MBJAM-A attached to their target on the luminal side of the artery 

is indicated with orange line. After applying the destructive pulse, MBJAM-A are destroyed and cannot 

be visualized anymore (lower panel). B) An example of a destruction-replenishment curve obtained 

after post-processing the contrast mode molUS images. Circulation time of MBJAM-A before the 

destructive pulse was 7 minutes. 



 Molecular ultrasound imaging of JAM-A 
 

117 

1

2

3 

5 

Immunohistology 

At the end of each experiment, mice (n=4 per animal model and time point) were 

euthanized by intraperitoneal overdose (400 gm/kg Ketamine and 40mg/kg 

Xylazine) injection of anesthetic, followed by terminal eye bleeding. Intracardial 

perfusion with PBS was performed to remove the remaining blood. Then, the 

common carotid arteries (6–7 mm) were excised, embedded in Tissue-Tek 

O.C.T. (4583, Sakura) and snap-frozen. Serial tissue sections (5 μm) starting with 

the bifurcation were obtained from isolated carotids and stained for JAM-A 

(Serotec) and PECAM-1 (sc-1506) expression. Fluorescein streptavidin (SA-

5001, Vector Laboratories), and Cy5 conjugated secondary antibodies, 

respectively, were used for visualization. Sections were analyzed using Diskus 

software (Hilgers, Germany). 

Detection of serum markers 

Quantification of cytokines IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-17A, 

IFN-γ, TNF-α and GM-CSF in murine plasma samples with 1:2 sample dilution 

was conducted using the LUNARIS Mouse 12-Plex Cytokine Kit from AYOXXA 

Biosystems (Cat. No. LMC-20121S). The assay was performed according to the 

manufacturers’ instructions. 

Statistical analysis  

Differences between groups of ex vivo and in vivo MB adhesion assays were 

analyzed using 1-way ANOVA followed by Newman-Keuls post-hoc-test. P-

values of <0.05 were considered significant. Error bars shown on graphs 

represent the standard deviation. Statistical analysis was performed using 

GraphPad Prism 6.1 (GraphPad Software). 
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Results 

MolUS imaging of JAM-A expression in carotid arteries in the 

PL-model 

The specificity of MBJAM-A binding was confirmed 2 weeks after PL by competitive 

binding experiments using a 20-fold higher concentration of free anti-JAM-A 

antibody administered before MBJAM-A injection. Compared to normal binding 

conditions, blocking JAM-A lead to a reduction of MBJAM-A binding by 94% 

(p=0.0008).  

The longitudinal assessment of JAM-A expression by molUS revealed a slightly 

enhanced binding of MBJAM-A to the luminal side of the LCA at 1 week post-PL, 

followed by a strong increase after 2 weeks. Subsequently, MBJAM-A binding 

decreased to a stable level 3 and 4 weeks post-ligation (Figure 2A). Interestingly, 

JAM-A upregulation was also detected in the contralateral carotid 2 weeks after 

PL, followed by a significant decrease in MBJAM-A binding at the 3 weeks time point 

and a normalization 4 weeks post-intervention (Figure 2B). 

Immunohistology of carotid arteries in the PL-model 

In order to determine the expression pattern and localization of JAM-A during 

endothelial activation and plaque development, JAM-A and PECAM-1 were 

stained at 1, 2, 3 and 4 weeks post-surgery (Figure 2C). One week after PL of 

the LCA, only focal areas of endothelia with JAM-A upregulation could be 

observed compared to sham animals. By week 2, JAM-A expression drastically 

increased in both the endothelial and sub-endothelial layer, reaching a peak in 

luminal translocation. 

Despite the lack of ligation (but in line with molUS) also in the right carotid artery 

(RCA) an upregulation and luminal exposure of JAM-A was found 2 weeks after 

ligation of the LCA (Figure 2D), which subsequently decreased reaching baseline 

levels 4 weeks post-surgery. 
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Figure 2. Quantification of JAM-A after partial-ligation. A) US data analysis of MBJAM-A binding in 

the LCA (n=24) after PL compared with control (pre-operation) and competition (Comp) conditions. 

The MBJAM-A binding in the LCA reaches a peak after 2 weeks followed by a rapid decline 

(****p<0.001). B) The corresponding US signal detected in the RCA (n=24) indicated also a transient 

increase of MBJAM-A binding 2 weeks post-PL, which was also in line with the immunohistology 

(**p<0.01, ***p<0.001). C) Immunohistological staining of JAM-A (green) in the LCA (arrows) (n=4 per 

time point) shows the expression of JAM-A on the surface of endothelial cells (stained with PECAM-

1 in red). Nuclear counterstaining is performed with DAPI (blue, scale bar 20µm). D) 

Immunohistological staining of JAM-A in the RCA (n=4/time point) (scale bar 20 µm). L marks the 

arterial lumen. 

Morphological and functional measures of arterial remodeling in 

the PL-model  

In order to investigate the accompanying effects of JAM-A upregulation in both 

LCA and RCA, vascular wall thickness was quantified by US measurements. The 

vascular wall thickness in the LCA continuously increased over the examination 
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period with most pronounced changes at the early time points (Figure 3A), 

indicating a progressive luminal stenosis (Figure 3B).  

 

Figure 3. Arterial remodeling after partial-ligation. A) US quantification of vessel wall thickness 

(n=21) revealed an initial significant increase 2 weeks after PL, which peaks at later time points 

(*p<0.05, ***p<0.001). B) The early growth of an atherosclerotic plaque corresponds with a 

progressive luminal stenosis (****p<0.001). C) The elasticity of the vessel decreased progressively, 

along with the plaque development and arterial narrowing (**p<0.01). Representative M-Mode images 

are shown, before surgery, 1 and 4 weeks post-surgery, as indicated. White arrows indicate the lumen 

variation during systole (S) and diastole (D). D) Also in the contralateral carotid artery (n=21), an 

increase in thickness of the arterial wall was observed 2 weeks after PL (*p<0.05). However, the 

lumen of right carotid artery remained stable over the time of the experiment E). 
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Along with the plaque development and arterial narrowing, a decreased elasticity 

was observed, as shown by the quantification of lumen variation during systole 

and diastole (Figure 3C).  

Interestingly, also in the contralateral carotid a significant increase in arterial wall 

thickness was observed 2 weeks after PL, which, however, did not further 

progress at later time points (Figure 3D). In addition, this increase was not 

associated with a narrowing of the vessel lumen (Figure 3E) or a change in 

arterial wall elasticity during heart activity (data not shown). 

Blood flow assessed by Doppler US was reduced by 56 to 69% over the timespan 

of 4 weeks in the LCA after PL (Figure 4). As a compensatory response, the blood 

flow in the RCA increased reaching a stable value after 3 weeks, suggesting a 

hemodynamic adjustment of the blood flow after PL. 

 

Figure 4. Blood flow hemodynamic after partial-ligation. A) Blood flow is reduced in the left carotid 

artery after partial-ligation (white bars), while blood flow in the right carotid artery adjusts progressively 

to a higher velocity, stabilizing after 3 weeks (**p<0.01, ****p<0.001) (n=21). B) Representative 

ultrasound images of flow velocity in carotid arteries before, as well as 2 weeks and 4 weeks after 

partial-ligation. 
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Inflammatory serum markers after PL 

To determine if hemodynamic changes induce systemic inflammation and 

vascular vulnerability, inflammation markers and immune cell content of blood 

samples were quantified at different time points. The absolute numbers of 

leukocytes, neutrophils, monocytes, and lymphocytes did not significantly vary 

during the experiments (Table 1). Moreover, general inflammatory and anti-

inflammatory markers, such as interferon (IFN) γ, tumor necrosis factor (TNF) α, 

granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin 1b, 

interleukin 2, interleukin 4, interleukin 5, interleukin 6, interleukin 10, interleukin 

12, interleukin 13, and interleukin 17 did not show significant changes in serum 

of the mice at any time point after PL (Table 2), indicating the absence of general 

inflammatory condition. 

Table 1. Immune cells in blood at different time points after partial ligature 

 

Cell type 

Before 

surgery 

After partial ligature 
P Value 

1 week 2 weeks 3 weeks 4 weeks 

Leukocytes (x 103/µl) 8.0 ± 1.9 6.5 ± 1.2 6.4 ± 1.7 7.9 ± 1.4 6.2 ± 1.3 n.s. 

Neutrophils (%) 14 ± 2.2 18 ± 6.7 13 ± 2.4 17 ± 3.9 13 ± 2.7 n.s. 

Monocytes (%) 4.8 ± 1.3 5.2 ± 1.3 4.7 ± 0.9 5.2 ± 1.5 3.0 ± 1.4 n.s. 

Lymphocytes (%) 76 ± 2.7 71 ± 5.5 75 ± 2.5 72 ± 4.1 79 ± 0.9 n.s. 

JAM-A expression and imaging in the WI-model 

To show that JAM-A is a sensitive target of endothelial activation and dysfunction, 

we induced a mechanic endothelial injury of the LCA, which lead to a local 

accelerated atherosclerotic plaque formation. MolUS imaging with MBJAM-A, 

demonstrated a transient increase of JAM-A on the luminal surface of the LCA, 

with a peak at 4 days after WI (Figure 5A). In contrast to the PL-model, no 

increased binding of MBJAM-A was found in the RCA (Figure 5B) although there 

was also a significant increase in blood flow (Figure 5D) and an increase in wall 

thickness over a period of 3 weeks (Figure 5E). 
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Table 2. Serum markers at different time points after partial ligature 

Serum 

marker 

Before 

surgery 

After partial ligature 
P Value 

1 week 2 weeks 3 weeks 4 weeks 

IFN-γ 0.2 ± 0.3 0.0 ± 0.0 1.7 ± 3.4 0.0 ± 0.0 0.0 ± 0.1 n.s. 

TNF-α 0.4 ± 0.5 0.1 ± 0.1 0.2 ± 0.1 0.5 ± 0.9 0.5 ± 0.3 n.s. 

GM-CSF 0.4 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.5 ± 0.3 0.3 ± 0.1 n.s. 

IL 1b 5.0 ± 8.1 1.3 ± 1.7 3.0 ± 4.9 13.9 ± 22.2 3.7 ± 7.4 n.s. 

IL 2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.9 ± 1.9 0.1 ± 0.3 n.s. 

IL 4 5.9 ± 7.9 0.0 ± 0.0 0.0 ± 0.0 12.8 ± 25.6 3.3 ± 6.6 n.s. 

IL 5 1.8 ± 1.9 2.4 ± 0.5 1.3 ± 0.8 2.1 ± 2.3 3.2 ± 4.3 n.s. 

IL 6 7.0 ± 8.9 7.3 ± 6.3 8.6 ± 8.1 15.8 ± 24.7 14.6 ± 15.8 n.s. 

IL 10 7.9 ± 8.5 12.5 ± 17.5 2.7 ± 4.9 10.7 ± 19.0 16.0 ± 21.3 n.s. 

IL 12 2.3 ± 3.7 0.9 ± 1.6 0.9 ± 1.9 8.7 ± 12.2 3.6 ± 2.8 n.s. 

IL 13 3.3. ± 6.6 5.0 ± 10.0 0.0 ± 0.0 24.2 ± 48.4 0.0 ± 0.0 n.s. 

IL 17 3.6 ± 4.4 0.0 ± 0.0 0.0 ± 0.0 1.8 ± 3.1 3.6 ± 4.9 n.s. 

 

However, it is a major difference to the PL-model that in the WI-model, the 

vascular obstruction of the LCA occurs slowly, which is reflected by the 

continuously increasing wall thickness (Figure 5C). The immunohistologically 

determined endothelial JAM-A expression was in strong agreement with the 

molUS data (Figure 5F). 
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Figure 5. Quantification of JAM-A expression after wire-injury. A) US data analysis before and at 

indicated time points after WI using MBJAM-A in LCA (n=23). MB binding peaks after 4 days (*p<0.05). 

B) The RCA (n=23) showed no significant changes during the experiment. C) US quantification of 

vessel wall thickness revealed an initial significant increase 7 days after WI, which continues to grow 

until the 21 days after intervention (*p<0.05, **p<0.01, ***p<0.001). D) Blood flow is not significantly 

reduced in the LCA after WI (white bars), while blood flow in the RCA adjusts progressively to a higher 

velocity, being significantly increased after 14 days (*p<0.05, ****p<0.001). E) US quantification of 

vessel wall thickness of the RCA revealed an increase, but not significant, 21 days after intervention. 

F) Immunohistological staining of JAM-A (green, arrows) confirms the expression of JAM-A on the 

surface of endothelial cells (stained with PECAM-1 in red) in the LCA (upper panel) and its absence 

in the RCA (lower panel) (n=4 per time point). Nuclear counterstaining was performed with DAPI 

(blue, scale bar 20µm). L marks the arterial lumen. 
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Discussion 

In this study, we used JAM-A-targeted PBCA MB as contrast agent for molUS 

imaging in order to identify early inflammatory endothelial sites which could 

develop towards atherosclerotic areas. The luminal availability of JAM-A 

significantly increased on the endothelium after acute decrease in blood flow in 

the LCA due to PL. As a result of the flow alteration in the LCA and local 

inflammation, atherosclerotic plaque growth was induced, leading to progressive 

lumen narrowing. Moreover, atherosclerotic lesion formation was associated with 

an increase in vascular wall thickness and a decrease in vascular wall elasticity 

during systole and diastole, resembling the characteristics of atherosclerotic 

vessels in humans. The decreased perfusion as well as oscillatory flow3 

represents a major local risk for the development of atherosclerotic lesions, which 

also induces a low-level inflammatory state25. The onset of plaque growth and 

endothelial activation was sensitively detected using MBJAM-A 2 weeks after 

vessel ligation. The inflammation was locally restricted as systemic inflammation 

markers did not change during the entire timeframe of the experiment.  

Due to blood flow restriction through the PL carotid, a redistribution of blood flow 

through the RCA occurs, increasing the perfusion and by these means increasing 

the pressure and flow associated with a compensatory arterial wall thickness as 

an adaptation mechanism. It has already been described by Fry et al.26 that high 

wall shear stress has an athero-protective role, but that a sudden change in flow, 

determining oscillatory shear stress27 after PL, is the promotor of atherosclerosis. 

This explains our findings in the RCA, where an acute increase in blood flow from 

normal state to a high state induces transitory endothelial dysfunction that was 

faithfully detected with MBJAM-A (2 weeks after PL) until the adaptation of the 

vessel was completed (3 weeks after PL) and high flow became protective. This 

hypothesis is further supported by the lack of elevated systemic inflammation 

markers that would suggest a systemic inflammatory reaction. Thus, we postulate 

that endothelial cells are able to react towards temporal shear stress 

fluctuations25,28, but also to adapt when the blood flow stabilizes28. In this context, 



Chapter 5 

126 

JAM-A expression and imaging faithfully depict the biochemical changes taking 

place at the endothelial level, highlighting the potential of JAM-A as a versatile 

biochemical marker for endothelial activation. 

In the WI-model of endothelial denudation, we confirmed JAM-A as a marker of 

endothelial activation and we were able to follow endothelial activation throughout 

the entire regeneration process using MBJAM-A-enhanced molUS. JAM-A was 

luminally exposed during endothelial regeneration starting on the first day post-

denudation. However, arterial remodeling of the contralateral carotid and the 

adaptation of blood flow was not accompanied by a temporary endothelial JAM-

A translocation as in the PL-model. This can be explained by the fact that the 

stenosis of the LCA develops slowly in the WI-model and thus there is no acute 

change in pressure and oscillatory flow on the contralateral vessel, which would 

cause a temporarily enhance JAM-A expression.   

Despite these promising results there is still optimization required for the molUS 

method. Although it is principally favorable that short circulation times and high 

flow conditions keep unspecific binding of MB to the glycocalyx and internalization 

by macrophages low29, it also limits the time span during which MB can bind to 

their target. Additionally, due to the fast blood flow in the arteries, the retention of 

MB at the target is relatively short, which can make it difficult to investigate larger 

vessel areas by US. However, compared to our study in mice, a clinical setup 

would benefit from the larger vessel diameters, the higher vessel surface area, 

and the slower arterial flow. Moreover, by using smaller targeting moieties and by 

increasing the number of targeting ligands on the MB surface, e.g. by MB 

functionalization with dendrimeric spacers30, the target affinity and binding 

strength of MB could be improved.  

Another limitation of US is its restriction to segmental body imaging, while PET, 

SPECT and MRI could be applied for whole body screening for predilection sites 

of atherosclerosis. Therefore, JAM-A-targeted probes for PET, SPECT and MRI 

may be generated. For this purpose, the same binding moiety may be used 

highlighting the broad scope of the presented molecular imaging approach. 
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In conclusion, we demonstrate that non-invasive molUS with JAM-A-targeted MB 

is capable of detecting focal areas of transient endothelial activation triggered by 

the oscillatory blood flow condition. Thus, molUS with JAM-A-targeted MB may 

have the capacity to indicate predisposed areas of atherosclerotic plaque 

development, the onset of atherosclerosis and its normalization during therapy. 

Clinical competencies 

Acute blood flow fluctuations in healthy arteries induce transitory endothelial 

dysfunction leading to temporary JAM-A expression, which can be faithfully 

detected using molUS imaging employing JAM-A-targeted microbubbles. As 

JAM-A is suggested as a valuable imaging biomarker to assess early stages of 

atherosclerotic plaque formation, molUS of JAM-A may have the capacity to 

delineate predisposed areas of atherosclerotic plaque development, and the 

alternation in the onset and remission of atherosclerosis. 

Translational outlook 

In order to translate molUS of JAM-A to the clinic, the MB composition needs to 

be modified and the biotin-streptavidin-based conjugation of targeting ligands 

replaced to avoid immunological reactions in humans. Furthermore, for whole 

body screening approaches, JAM-A-targeted probes may be developed for other 

imaging modalities like PET and SPECT.  
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Murine models for studying atherosclerosis 

Atherosclerosis is the main pathology underlying cardiovascular diseases, 

therefore it is of great interest to understand the etiology, pathophysiology, and 

complications of the disease in order to improve current treatment and to develop 

new therapeutic strategies. Since studies on human subjects have obvious 

ethical and experimental limitations, a variety of animal models, such as rabbits1,2, 

rats3, mice4, swine5, guinea pigs6, dogs7, and non-human primates8, have been 

used for investigating the mechanisms involved in the induction, progression, and 

regression of atherosclerotic lesions. An ideal animal model for studying human 

disease, in particular atherosclerosis, should possess several features including: 

1) the close resemblance to human conditions, 2) the capability to develop 

various stages of the disease, including fatty streaks, vulnerable and stable 

plaques, as well as 3) the presence of relevant complications such as 

calcification, ulceration, hemorrhage, plaque rapture, thrombosis, stenosis, 

neointima formation, and aneurysms. Even though animal models that replicate 

human atherosclerosis have been generated, each of current animal models has 

various limitations9 and there is no unanimity concerning the ideal animal model.   

The first mouse model for induced atherosclerosis was developed by Wissler and 

coworkers in 1960s10, and since then, murine atherosclerosis has been 

intensively investigated. Initial limitations of the mouse model, such as their 

natural resistance to the atherosclerotic disease due to a lower plasma 

cholesterol levels of 60–100 mg/dl compared to humans, were quickly removed 

with the introduction of transgenic hyperlipidemic animals which develop 

atherosclerotic lesions. The high genetic similarities to humans, variations and 

combinations of transgenic models, ease of genetic manipulation, and the 

relatively short time frame for the development of atherosclerosis, make mice the 

currently most extensively used model in cardiovascular research. The small size 

of mice also has an advantage in that only low amounts of antibodies and drugs 

are needed for interventions and imaging, which is financially important. 

Moreover, there are several other advantages such as the relative low-cost to 
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purchase, breed, feed and maintain, ease to handle, and controllable diet and 

environmental risk factors, which make them the leaders in experimental use.  

Atherosclerotic disease of the carotid artery  

Carotid arteries have been intensively used for studying biological processes 

involved in atherosclerosis11-16, but they have not been into focus of imaging 

protocols. Carotids are particularly of high interest to be studied due to the 

existence of experimental models for developing both native atherosclerosis, and 

neointima following revascularization procedures.  

Particularly, in the present studies carotid arteries have been chosen to be 

investigated for several reasons. Firstly, carotid arteries are superficial arteries 

and therefore are easily accessible to TPLSM for in vivo analysis. Secondly, 

carotid US imaging is routinely applied in the clinical practice and therefore the 

imaging protocols could be more easily translated from bench-side to clinical use. 

Moreover, murine carotids are very attractive due to their size which is even 

smaller than the human coronary arteries17. Therefore, molecular imaging 

protocols applied for murine carotid arteries could be translated for human 

coronary arteries investigation. 

Advances in molecular imaging of arteries subjected to 

high wall shear stress 

Imaging has become an indispensable tool both in cardiovascular research and 

clinical practice. Various imaging technologies which are now available as clinical 

diagnostic tools, are mostly restricted to morphological and functional imaging to 

illustrate the anatomy and quantify the degree of vessel obstruction. However, 

the anatomical severity of stenosis does not sufficiently determine the risk of 

vascular events. Therefore, multiple approaches with focus on molecular imaging 

are been pursued, aiming specifically at the detection and characterization of 

various biological conditions. Imaging modalities including US, PET, SPECT, 
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MRI, CT, and optical imaging, such as TPLSM, have been used for imaging 

various animal models of atherosclerosis, primarily ApoE−/− and LDLr−/− mice and 

hyperlipidemic rabbits18. So far, studies have concentrated on the atherosclerotic 

plaque composition and the detection of vulnerable plaques, and these protocols 

are slowly being translated into clinical application18,19. 

However, there are some fundamental technical aspects which keep many of 

these imaging modalities away from clinical implementation. Optical imaging 

technologies are not feasible for human whole-body imaging, as it is for small 

laboratory animals, because light does not propagate deeply into skin and 

tissues. PET as a routine clinical diagnostic tool has been impeded by the need 

for an on-site cyclotron and a radiochemistry unit for the production of the short-

lived radiotracer20. Moreover, the main limitation to 18F-fluorodeoxyglucose (18F-

FDG) PET imaging of the coronary arteries is myocardial uptake21. Alternatively, 

molecular US imaging is the most accessible imaging modality to be translated 

into clinical diagnostics, due to the already trained medical personnel, broad 

availability of the device, and contrast tracers, which have already been included 

in the clinical practice22,23. However, molecular US imaging protocols need to be 

first validated with sensitive methods which can analyze tissues at molecular 

level. Optical imaging modalities such as TPLSM offer high spatial resolution and 

proper tissue penetration and can visualize target availability on cell surface as 

well single targeted MB coupled with its endothelial receptor. Therefore, TPLSM 

can be used as an imaging tool to overcome the sensitivity issue of US imaging, 

validating imaging protocols before their clinical translation. Hence, the two 

imaging modalities have been employed as main investigation tools in the studies 

included in Chapter 2 and Chapter 4. 

In vivo molecular imaging of carotid atherosclerosis is challenging as the vessels 

move rapidly with heart beat and respiration, which can cause image distortions 

and artifacts. Additionally, in big arteries such as the aorta, carotid, renal, and 

iliac arteries, the wall shear stress is high as the blood flow is generally laminar. 

Only at the vessel curvatures and bifurcations, the flow becomes turbulent and 

shear stress is low. As the high wall shear stress makes molecular imaging of 
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endothelial markers difficult, inflammation in arteries subjected to high wall shear 

stress24-26 was intensively investigated in certain areas with decreased shear 

stress such as the aortic root26,27 and arch28, which are as well relative large areas 

to be examined. Even though, very attractive as models for atherosclerotic 

pathology, with high clinical implications, carotid arteries have not been in the 

focus of imaging protocols. Molecular imaging of endothelial dysfunction in the 

common carotid artery, where the shear stress is high, is very challenging. In 

such areas, the bond between endothelial receptors and molecular tracers should 

be able to resist the shear stress and mechanical forces applied by circulating 

blood cells.  

This thesis offers a structured approach on the molecular TPLSM/US carotid 

artery imaging of luminally exposed endothelial markers which upregulate with 

endothelial dysfunction during different stages of atherosclerotic disease. First, 

targeted MB specific retention under high shear and flow conditions in the mouse 

carotid artery, and their capacity to resist the shear stress and mechanical forces 

applied by circulating blood cells was evaluated with TPLSM and US imaging by 

employing two molecular targets, namely ICAM-1 (Chapter 2) and VCAM-1 

(Chapter 4). For this purpose, the ex vivo binding studies have been performed 

by injecting the MB suspension in whole blood under anticoagulatory conditions 

at 370C. Hence, we show MB binding capacity at physiological shear stress 

conditions of 35-60 dyn/cm2.  

Next, molecular TPLSM/US imaging was applied to evaluate specific 

atherosclerotic lesions developed in the carotid arteries, considering two high-

impact clinical situations: revascularization procedures (Chapter 4) and patients 

with hypercholesterolemia and oscillatory arterial blood pressure (Chapter 5). 

Therefore, two animal models, the WI and the PL, mimicking these clinically 

relevant situations were investigated, by employing molecular US (Chapter 4 and 

Chapter 5) and TPLSM imaging (Chapter 4).  

The challenges of my current studies were to find high-potential matches between 

the ligand-receptor and the mimicking clinical situation, the neointima formation 

(Chapter 4) or flow induced endothelial activation (Chapter 5). Moreover, given 
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the case of endothelial denudation followed by neointima formation (Chapter 4), 

the target for the molecular tracer should fulfil several criteria: 1) subendothelial 

expression after endothelial denudation (e.g. expression by luminally exposed 

vascular SMC); 2) expression by the activated regenerating EC; and 3) 

absence/low constitutive expression after reendothelialization. Several well-

known atherosclerotic markers such as PECAM-1, ICAM-1, VCAM-1, and P- and 

E-Selectin have been considered. From those, VCAM-1 was chosen due to 

several reasons: 1) VCAM-1 is one of the most well-known atherosclerotic 

markers29; 2) it is an acute inflammatory marker that is highly expressed after 

vascular injury, and it plays a major role in the formation of neointima and 

restenosis30; 3) more importantly, VCAM-1 was previously described to be 

expressed by both EC31 and vascular SMC32,33 in atherosclerotic arteries. 

Additionally, the other markers (PECAM-1, ICAM-1, P- and E-Selectin) were 

excluded, since they are known to have a constitutive expression level 34-38 while 

some of them might either be not sufficiently expressed on activated vascular 

SMC (PECAM-1, E-Selectin, P-Selectin)37,39,40 or remain to be upregulated for a 

prolonged period of time after complete endothelial structural recovery.  

Further, in Chapter 5, targeted MB binding capacity, which was proven in 

Chapter 2 and Chapter 4, was applied for advancing an imaging protocol in the 

second clinically-related situation, the transient endothelial activation and 

dysfunctionality triggered by the oscillatory blood flow condition accompanied by 

hyperlipidemia. JAM-A is the biological marker most responsive to acute changes 

in blood flow41, being up-regulated specifically on EC at the flow-dependent 

predilection sites of atherosclerosis42. Therefore, JAM-A was chosen as 

biological marker associated to flow-induced endothelial dysfunction and 

employed in an US imaging protocol for monitoring endothelial reactivity to blood 

flow disturbances. In this study, we show the sensitive reaction of JAM-A 

upregulation and translocation to the endothelial surface following both a sudden 

decrease (in the PL carotid) and increase (in the contralateral carotid) of blood 

flow in the carotid arteries, and the capacity of molecular US imaging to detect 

and monitor this biological process. Thus, molecular US with JAM-A targeted MB 

may have the capacity to indicate predisposed areas of atherosclerotic plaque 
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development in big arteries, the onset of atherosclerosis, and its normalization 

during therapy. 

Although we refer to carotids as big arteries, the diameter of a mouse carotid 

artery is approximately 0.3-0.5 mm, while the length that is accessible for in vivo 

imaging with tools such as TPLSM and US is limited to approximately 9-12 mm. 

The overall small size of the artery, the high heart rate (300-500 bpm), and the 

fast respiration movements make imaging particularly difficult and challenging. 

However, these obstacles have been managed by 1) increasing the group size 

included in the study to obtain statistically relevant results, 2) usage of resonant 

scanning ultrafast intravital TPLSM, 3) training in handling the imaging devices, 

and 4) by finding biological targets best suitable for the purpose of each study. 

Hence, with this work, the horizon of molecular US applicability has been 

enlarged from imaging primary tumors43-47, metastasis43 or carcinoma 

xenografts48,49, drug delivery50,51, myocardial ischemia in mice52, skeletal muscle 

vascularization53-55, and vascular endothelium of areas subjected to low shear 

stress in small and big arteries28,56 to molecular imaging of vascular endothelium 

in arteries subjected to high shear stress. Furthermore, the use of targeted MB in 

combination with TPLSM offers new perspectives on microscopy imaging, in 

addition to the routine use of TPLSM for imaging liver57, bladder58-60 and ureter61 

tissues, lung fibrosis62, and collagen activity in wounded skin63. 

Future perspectives  

In the current studies, two high-impact clinical situations: 1) revascularization 

procedures (Chapter 3 and Chapter 4) and 2) patients with hypercholesterolemia 

and transitory oscillatory arterial blood pressure (Chapter 5) have been 

addressed from the concept to the application point of view. However, one further 

aspect with high clinical significance on early diagnosis should be investigated 

next: molecular imaging of in-stent neointima formation. In-stent molecular US 

imaging would have a great impact on the clinical practice. So far, the limitation 

of this approach is the lack of echogenic compatible stents for the mouse model. 
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Therefore, the development of small size echogenic stents would be of high 

interest and would offer new possibilities for non-invasive long-term monitoring of 

patient recovery.  

In addition, clinical implementation of molecular US by employing ICAM-1, 

VCAM-1, or JAM-A-targeted MB requires MB modification to avoid the currently 

used biotin-streptavidin-based conjugation of targeting ligands in order to prevent 

immunological reactions in humans. 

Furthermore, for whole body screening approaches, JAM-A targeted probes may 

be developed for other imaging modalities like PET and SPECT. 
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Summary 

The endothelium is the inner lining of blood vessel walls with direct contact to the 

blood circulation. It plays a major role in all stages of atherosclerosis, from its 

initiation to plaque rupture and thrombosis. Endothelial dysfunction, triggered by 

abnormal shear stress, local inflammation, and chemokine release is followed by 

i) the upregulation of surface adhesion molecules, such as intercellular adhesion 

molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1, and selectins, 

and ii) the translocation of platelet endothelial cell adhesion molecule        

(PECAM)-1 and junctional adhesion molecule (JAM)-A, which facilitate the 

transmigration of inflammatory cells from circulation into the arterial wall. 

Oscillatory arterial blood pressure and hyperlipidemia, or injured endothelium 

following revascularization procedures predispose patients to develop 

atherosclerotic lesions and neointima, respectively. During revascularization 

procedures (Chapter 3 and Chapter 4), such as balloon angioplasty with/without 

stent implantation or endarterectomy, the endothelial layer is severely injured and 

partially or fully removed. Throughout the process of endothelial regeneration, the 

blood vessel is vulnerable to thrombus formation and restenosis. Recovering 

endothelial cells expose biomarkers on the luminal surface, which can be used 

as potential target for imaging and early diagnosis. Similarly, oscillatory arterial 

blood pressure and hyperlipidemia cause endothelial activation with luminal 

exposure of biological markers (Chapter 5).  

In this study, the main aim was to establish a disease-specific molecular imaging 

vascular contrast agent that can withstand the physiological flow and shear stress 

conditions in major arteries. Therefore, two clinically related murine models of 

endothelial dysfunction mimicking endothelial denudation (Chapter 3 and 

Chapter 4) or oscillatory arterial blood pressure (Chapter 5) were used: the wire-

injury (WI) and the partial-ligation (PL), respectively. The arteries were screened 

by immunohistology for particular biological markers. As contrast agent, polymer-

based air-filled microbubbles (MB) with the diameter of 1-2 μm were employed. 
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MB functionalization was performed by conjugation of specific antibodies to the 

MB surface. Fluorescent loading of the MB shell enabled the bimodal detection 

of the particles using both two-photon laser scanning microscopy (TPLSM) and 

molecular ultrasound (US). Clinical imaging modalities, such as US imaging, lack 

resolution for studying the interaction of microbubbles with the vascular wall. 

Therefore, TPLSM was applied as a deep-tissue imaging modality for the 

characterization of surface marker expression and binding kinetics of rhodamine-

loaded MB as a preclinical validation step.  

Firstly, using TPLSM imaging on TNF-α stimulated explanted murine carotid 

arteries in an ex vivo flow chamber system, the shear stress resistance of      

ICAM-1-targeted MB (MBICAM-1) was characterized at shear rates matching and 

exceeding physiological parameters (Chapter 2). ICAM-1 was chosen as target 

for endothelial inflammation after immunohistological screening of                       

TNF-α-stimulated carotids for several biological markers. TPLSM results were 

further used as validation of ex vivo and in vivo molecular US imaging employing    

MBICAM-1 in the same experimental animal model. 

Next (Chapter 4), the endothelial recovery after arterial denudation was 

monitored by employing VCAM-1-targeted MB (MBVCAM-1). VCAM-1 is expressed 

immediately after endothelial denudation on the medial smooth muscle cells. 

During early vascular recovery, it is expressed on both smooth muscle cells and 

regenerating endothelium, but it disappears from the endothelial layer after its 

structural recovery. This makes it the perfect molecular marker to track 

endothelial healing. Using in vivo TPLSM, single MB bound to the vascular lumen 

were imaged and quantified showing specific retention. Translation into molecular 

US confirmed injury-specific MB retention and accurate assessment of the 

endothelial regeneration state in correlation with immunohistology and TPLSM 

imaging of the luminal surface. 

Lastly, transient endothelial activation under acute blood flow variations was 

investigated in vivo by employing JAM-A-targeted MB (MBJAM-A) for molecular US 

imaging of carotid arteries subjected to PL (Chapter 5). JAM-A is an inter-

endothelial marker which redistributes to the luminal surface upon inflammatory 
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stimuli and endothelial activation. MBJAM-A bound specifically to JAM-A on 

activated endothelium and are able to identify the location of areas with 

endothelial dysfunction upon acute changes in blood flow. Our data indicate that 

not only flow reduction due to vessel obstruction in the partially ligated artery, but 

also acute flow increase due to compensatory blood flow redistribution in the 

contralateral carotid, induce luminal exposure of JAM-A. This illustrates the high 

sensitivity of this marker for assessing acute vascular vulnerability and 

remodeling.  

In conclusion, this thesis provides new insights into molecular imaging of 

atherosclerosis and clinically relevant associated biological processes, 

specifically neointima formation and flow-induced endothelial activation. After 

further refinements, these imaging methods may become important tools in both 

the scientific and the clinical environment. 
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Valorization addendum 

Relevance for society 

Cardiovascular disease is the leading cause of morbidity and mortality in the 

modern society1. Patients with clinical manifestation of atherosclerosis are 

regularly subjected to revascularization procedures such as balloon angioplasty 

with or without stent implantation or endarterectomy. Post-procedure, patients 

receive long term dual antiplatelet therapy to ensure thrombosis prophylaxis until 

full endothelial recovery. Meanwhile, secondary interventional procedures with 

high risk of bleeding, such as dental extractions or surgical interventions in 

multimorbid patients are denied. It is of high clinical relevance to develop a 

screening protocol to monitor early endothelial recovery which could help in 

personalization of medication and deciding the cessation of otherwise 

unnecessarily prolonged medication.  

Additionally, cardiovascular patients with subclinical atherosclerosis usually have 

accompanying pathologies such as oscillatory arterial blood pressure. Our results 

suggest that molecular ultrasound imaging of acute endothelial activation may be 

suitable to assess the risk of patients with oscillatory arterial blood pressure to 

develop biologically-active atherosclerotic lesions and thrombosis.  

Target groups 

Target groups of the research studies included in this dissertation are 1) patients 

with symptomatic atherosclerotic carotid arteries, which are subjected to 

revascularization procedures; 2) cardiologists; 3) the community of scientists in 

basic research; and 4) pharmaceutical and medical industry. 

The advances in knowledge presented within this thesis may be beneficial for the 

development of new imaging protocols and contrast agents for patients subjected 

to carotid artery revascularization procedures or patients with oscillatory arterial 
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blood pressure and hypercholesterolemia. These new imaging approaches could 

be easily performed by cardiologists with general US imaging competences. 

Moreover, advancing low cost diagnostic methods, which could partially replace 

expensive diagnostic imaging approaches, such as PET, CT, and MRI, would 

have both health and socio-economic impact, as it decreases the financial burden 

on the healthcare system and simultaneously increases US’s potential as a 

routine medical prevention modality. Additionally, this thesis reports findings and 

results for scientists, as well as pharmaceutical and medical industry, that may 

further use these innovative methods and principles as basis for future research 

and to develop new diagnostic and therapeutic agents. 

Activity/Products 

Several new findings have been developed and described in this dissertation. An 

ex vivo TPLSM protocol for imaging explanted murine carotid arteries has been 

described and implemented2 in Chapter 2. Moreover, TPLSM was combined with 

molecular US imaging and the combination is presented as a multiscale 

diagnostic approach.  

Finally, different targeted MB have been generated that can be used to monitor 

endothelial regeneration (Chapter 2 and Chapter 4) or to evaluate transient 

endothelial activation under acute blood flow variations (Chapter 5). 

Innovation 

The studies included in this thesis are innovative thanks to several reasons. 

Multiscale molecular vascular imaging with TPLSM and US using targeted MB 

was successfully applied as new approach to examine endothelial dysfunction. 

Moreover, dual TPLSM/US molecular imaging of carotid arteries, subjected to 

high shear stress, can be described as novel and innovative. Additionally, the 

idea to use molecular US to evaluate vascular damage and repair after 
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revascularization procedures, or to assess early vascular dysfunction triggered 

by oscillatory arterial blood pressure is as well original. 

Implementation 

The research results of this thesis have been implemented and shared in 

numerous presentations on national and international conferences, receiving 

international recognition and a best poster award at the 81st Congress of the 

European Atherosclerosis Society, Lyon 2-5 June, 2013, France. 

Moreover, the research results have been published in international peer-

reviewed journals with high impact factor. 
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List of abbreviations 

AM: Amplitude modulation 

ApoE: Apolipoprotein E 

a.u: Arbitrary units 

CEUS: Contrast-Enhanced Ultrasound 

DAPI: 4',6-diamidino-2-phenylindole 

d: Days 

D: Dyastole 

dB: Decibels  

EC: Endothelial cells 

ECGM II: Endothelial cell growth medium 

EDTA: Ethylenediaminetetraacetic acid 

funcUS: Functional ultrasound 

GM-CSF: Granulocyte-macrophage colony-stimulating factor 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HFD: Atherogenic diet  

HUVEC: Human umbilical vein endothelial cells 

Hz: Hertz 

ICAM-1: Intercellular adhesion molecule -1 

IFN-γ: Interferon-γ 

IL: Interleukin 

JAM-A: Junctional adhesion molecule -A  
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L: Arterial lumen 

LCA: Left carotid artery  

LDL: Low density lipoprotein 

LDLr: Low density lipoprotein receptor 

LPS: Lipopolysaccharides 

M: Macrophages 

MB: Microbubbles 

MBCTR: Control microbubbles 

MBICAM-1: ICAM-1-targeted microbubbles 

MBJAM-A: JAM-A-targeted microbubbles 

MBVCAM-1: VCAM-1-targeted microbubbles 

M-CSF: macrophage-colony stimulating factor 

MHz: Megahertz 

min: Minutes 

M-mode: Motion mode 

molUS: Molecularly-targeted ultrasound 

MRI: Magnetic resonance imaging 

NA: numeric aperture  

NIR: (Near) infrared 

NO: Nitric oxide 

PBCA: Poly(n-butyl cyanoacrylate) 

PECAM-1: Platelet endothelial cell adhesion molecule -1 

PET: Positron emission tomography 
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PI: Pulse inversion 

PL: Partial-ligation 

PWD: Pulse Wave Doppler 

PW-mode: Pulse wave mode 

RBC: Red blood cells 

RCA: Right carotid artery 

S: Systole 

SHG: Second harmonic generation  

SM: smooth muscle  

SMC: smooth muscle cells 

SPECT: Single-photon emission computed tomography 

THG: Third harmonic generation 

TNF-α: Tumor necrosis factor α 

USPIOs: Ultra-small Iron oxide particles 

VCAM-1: Vascular cell adhesion molecule -1 

WI: Wire-injury 

wt: Wild type 

18F-FDG: 18F-fluorodeoxyglucose 
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