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Unravelling the collagen network of the arterial wall

De verzwakking van de aortawand bij aneurysma’s van de abdominale aorta is niet het 1. 
gevolg van een verminderde collageen depositie, maar wel van een verstoorde organisa-
tie van het collageen netwerk.  Hoofdstuk 4 van dit proefschrift

Het enzym lysyl-oxidase, dat collageen fibers met elkaar verbindt, wordt geassocieerd 2. 
met een stabieler phenotype van atherosclerotische plaques. Hoofdstuk 5 van dit proefschrift

Het effect van de inhoud van geactiveerde neurofielen op de mechanische eigenschap-3. 
pen van de extracellulaire matrix van de aortawand, suggereert dat neutrofielen lokaal 
de aorta wand dusdanig veranderen, dat dit op de lange termijn de organisatie en stabi-
liteit van het weefsel aantast. Hoofdstuk 7 van dit proefschrift

Voor het volledig doorgronden van veel ziektes aan het bindweefsel, is vaak een gede-4. 
tailleerde studie naar de organisatie en eigenschappen van de extracellulaire matrix van 
het weefsel noodzakelijk. De atomaire krachtmicroscoop kan hieraan een waardevolle 
bijdrage leveren. Dit proefschrift

Hoewel diermodellen bijdragen aan het begrijpen van een ziektebeeld, is het noodza-5. 
kelijk om de vindingen uit deze modellen te verifiëren in de kliniek, een stap die helaas 
vaak niet wordt gezet. A. Finn et al.  Arterioscler. Thromb. Vasc. Biol (2010)

Ook: referentencommentaar bij weigering artikel: “Wij zien wat u 
beschrijft [over menselijk weefsel] niet terug bij onze muizen.”

De huidige theoretische studies naar netwerken van biologische fibers, zoals een studie 6. 
naar netwerken met verschillende soorten fibers, komen steeds dichter bij de opbouw 
van realistische weefsels. Het zou echter waardevol zijn als deze studies, die veelal het 
effect van schuifvervormingen op weefsels bestuderen, worden uitgebreid zodat deze 
ook voor indentatie experimenten bruikbaar worden.  E. Huisman et al. Phys. Rev. Lett. (2010)

Hoewel de huidige klinische richtlijn, om een aneurysma te opereren indien zijn diame-7. 
ter groter is dan 5.5 cm, te simpel is, gaat eindige elementen analyse hier geen verbete-
ring in aanbrengen, omdat de weefsel eigenschappen van aneurysma’s onderling teveel 
verschillen en alleen invasief te bepalen zijn.
 A. Maier et al. Ann. Biomed. Eng. (2010), M. Fillinger et al. J. Vasc. Surg. (2003)

Om het verschil in vasculaire remodelering bij atherosclerose, die in de abdominale aor-8. 
ta meestal naar buiten en bij de halsslagader meestal naar binnen is, te begrijpen, moet 
de stijfheid van het omliggende weefsel zeker meegenomen worden.

De huidige economische crisis is niet zozeer het resultaat van enkele morele misstanden 9. 
aan de kant van financiele instellingen. Het is eerder het resultaat van de “financialise-
ring” die in de jaren 70 begonnen is. Dit heeft uiteindelijk geleidt tot een misconceptie 
van waardecreatie door bedrijven en markten.

Toespraak van P.Y. Gomez; “Why we went into a depression” op het  6th Roman Symposium

Jan-Willem M. Beenakker
Leiden, 5 juni 2012
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1 Introduction

ª50µm
(a) Paper

ª15µm
(b) Cell

25µm
(c) Aortic wall

Figure 1.1:
(a) Network of moist fibers in paper illuminated by ultraviolet light.1

(b) The cytoskeletal network of endothelial cells. Actin filaments are shown in red, microtubules
in green, and nuclei in blue.1

(c) Network of collagen fibers in the outer layer of the aortic wall.

Networks are all around us (see fig. 1.1). Our clothes are made out of a net-
work of cotton fibers, the paper of this book is made out of a dense network of
moist fibers, but also most of our organs are composed of a network of various
fibers. The inner structure of cells is made of a network of microtubules, actin
filaments and many other types of filaments. In addition to this intracellular
network, the cells are embedded in a much larger network which determines the
characteristics of the whole organ. A blood vessel, for example, is constructed
from a network containing both stiV and flexible fibers, which together make it
possible for the vessel wall to expand when the blood pressure increases, but
prevent a stretch that would cause the vessel wall to weaken and eventually to
rupture.

One of the remarkable properties of those networks is that by changing the way
the fibers are interlaced, it is possible to make networks with diVerent properties
while using the same type of fiber. This property is much used for woven fabrics,
where many diVerent types of weaves have been developed. A few of those
textile weaves are depicted in fig. 1.2. The plain weave is the most simple type
of construction. In this type of fabric each weft yarn goes alternatively over and
under the other warp yarn. The twill weave is similar to the plain weave, but
allows for a more closely woven fabric. This makes the cloth heavier and stronger
than plain weaves with the same type of fiber. The twill weave is also more
resistant to wrinkles. The satin weave uses a minimum number of interfacings in
the fabric, which results in a much softer and shinier fabric.

1The paper image is adopted from www.wikipedia.org and fluorescent image of a cell is taken
from Molecular Probes. The scale bars in (a) and (b) are approximate.
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(a) Damask tablecloth

(b) Plain weave (c) Twill weave (d) Satin weave

Figure 1.2:
(a) Damask is a technique in which diVerent weaving techniques are combined (right inset),
with just one type of cotton fiber (left inset), to produce patterns.
(b,c,d) Various commonly used weaving patterns.

This method of producing materials with diVerent properties but with the
same type of fibers is also used in biology. During pregnancy and delivery, for
example, the collagen network of the cervix, the lower part of the uterus, changes
in such a way that the initial stiV tissue becomes soft, making it possible for
the infant to be delivered. Such a network remodeling is, however, not alway
advantageous. Scar tissue is, for example, the result of a highly disorganized
collagen network, which results in a stiVer tissue that is much more vulnerable
to rupture than the original skin.

In this thesis I look with the eye of a physicist at biological networks. I will use
the physics of networks in order to gain a better understanding of the mechanics
of tissues and how these mechanics are impaired in certain pathologies. I will do
this by imaging these networks using various types of microscopy techniques and
by measuring their mechanical response to deformation with the atomic force
microscope. By combining the physical characteristics with clinical observations,
I hope to gain a better understanding of the working of the tissue in general and,
specifically, its mechanical properties.
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2 Background

(a) Cardiovascular system

Common illiacs

Abdominal aorta

Heart
Descending
thoracic aorta

Aortic arch

Carotid artery

Collagen fiber

Elastic lamina

Smooth muscle cell

Elastic fibril
Collagen fibril

Endothelial cell

(b) Aortic wall

Intima
Media
Adventitia

Figure 2.1: Anatomy of the human cardiovascular system (a) and the aortic wall (b).[1]

2.1 The aorta

The aorta, the largest artery in the human body, originates from the left ven-
tricle of the heart and extends down to the abdomen where it branches into
two smaller arteries, the common iliacs. It is now well recognized that, beyond
serving a conduit function, the aorta undertakes through its mechanical proper-
ties important roles in regulating left ventricular performance and the arterial
function of the entire cardiovascular system.[2–4]

The mechanical properties of the aorta allow it to serve as an elastic reser-
voir.[5] The aorta expands with blood each time the heart contracts (systole) and
then recoils elastically to continue the supply of blood to the small peripheral
vessels while the heart is refilling (diastole). This phenomenon is often described
by the windkessel model[6–8], but this model has been also criticized widely for
being too simple and not useful to describe various diseased states.[4, 9, 10]

2.1.1 Anatomy of the aorta

The human aortic wall consists of three distinct layers, depicted in fig. 2.1b,
which, together, give rise to its mechanical properties. The innermost layer, the
tunica intima, consists of a thin layer of endothelial cells and is supported by
the internal elastic lamina. These endothelial cells are in direct contact with the
blood flow. The intima is particularly important in the disease of atherosclerosis
(chapter 6).

The middle layer, the tunica media, is mainly composed of smooth muscle cells
and elastin. The elastin is arranged into lamellae, between which collagen fibers,
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2.1 The aorta
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Figure 2.2:
(a) Circumferential section of the aortic wall showing the wavy elastin fibers (VerhoeV’s elastica,
scale bar is approximate 100µm).[14]

(b) Collagen and elastin expression in the developing mouse aorta, showing a decrease in the
elastin expression a few weeks after birth. Collagen, however, remains expressed during the
whole lifespan.[15]

proteoglycans and smooth muscle cells are found. Thin elastic fibers connect the
lamellae into a three-dimensional continuous network.[11, 12] Interestingly, the
number of lamellae does not change after birth.[5]

The outermost layer of the vessel wall, the adventitia, starts next to the external
elastic lamina. This layer consists of a collagen-rich extra cellular matrix and
helps to prevent vascular rupture at extremely high pressures.[13] The adventitia
of the aorta also contains the vasa vasorum, a network of small blood vessels that
provide oxygen and nourishment to the cells in the vessel wall.

2.1.2 The extra cellular matrix of the aorta

The mechanical characteristics of blood vessels are determined by both active
and passive components. The extra cellular matrix (ecm), a network composed
mainly of collagen, elastin and proteoglycans, is responsible for the passive part,
whereas smooth muscle cells are responsible for the active part. The macro-
molecules of the ecm are synthesized by three vascular cell types: intimal en-
dothelial cells, medial smooth muscle cells and adventitial fibroblasts.

Elastin

In tissues where elastic recoil is necessary, elastic fibers consisting mainly of
elastin are present in the extra cellular matrix. In the aorta, elastin constitutes as
much as 40% of the total dry weight.[5, 16] Elastin is synthesized by the cells in
the vessel wall as a soluble precursor molecule tropoelastin and is cross-linked
by lysyl oxidase.[17] The elastic fibers of the aorta are composed of an elastin core

7
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Lysylhydroxilase

Self-assembly
Lysyloxidase

Cross-linking

67nm

Figure 2.3: The assembly of collagen fibers.[23]

and are surrounded by a mantle of fibrillin-rich microfibrils.[18] Elastin contains
a high number of cross-links per monomer, 15–20 compared to 1–4 cross-links
per collagen monomer,[5] which is important for its recoil properties.

When the elastic lamellae in the aortic wall are unpressurised, they appear
wavy in longitudinal and transverse sections, as is shown in fig. 2.2a. With increas-
ing pressure and distention, there is a progressive straightening of the lamellae
and the inter-lamellar distance decreases. At 10kPa (75mm Hg), the low end of
the physiological pressure range, the lamellae are straight and give the appear-
ance of regular concentric cylinders.[1]

The high degree of cross-linking is also responsible for the fibres longevity.
Shapiro et al. showed, using 14C turnover and aspartic acid racemization, that
the elastin fibre is a metabolically stable unit over the human lifespan.[19] Other
studies suggest that less than 1% of the total body elastin pool turns over in a
year.[20]

In most tissues elastin expression occurs over a narrow window of develop-
ment, starting in mid gestation and ending in the postnatal period,[21, 22] see
fig. 2.2b. This explains the incomplete repair of elastin during adult life which
is a key element in many diseases. The extensive loss of medial elastin, for ex-
ample, is traditionally considered the hallmark of aneurysm formation, although
it is now acknowledged that aneurysmal growth is also related to an impaired
collagen homeostasis (see chapter 4).

Collagen

Collagen is the main constituent of the extra cellular matrix of animal connective
tissues, compromising one-third of the total proteins in humans. In contrast
to elastin, collagen fibers are rather stiV polymers.[24, 25] Currently twenty-eight
diVerent types of collagens have been identified.[26, 27] Collagen types i and iii

8



2.1 The aorta

10µm
(a) Media

10µm
(b) Adventitia

1µm
(c) SEM

Figure 2.4:
(a), (b) Multi-photon images of the porcine aortic wall showing the elastin (green) and collagen
(red) fibers. In the media (a) the collagen fibers appear to be located around the elastin fibers,
while they form a intertwined network in the adventita (b).
(c) SEM image of collagen fibers in the adventita of the human arterial wall shows a highly
organized network (5.0kV, 7000£).

are the major collagens in blood vessels, representing 60% and 30% of vascular
collagens respectively.[28–30]

In vivo, individual collagen triple helices, known as tropocollagen, assem-
ble in a complex, hierarchical manner that ultimately leads to the macroscopic
fibers and networks observed in tissue, bone, and the vascular wall (fig. 2.3).
This process is very dependent on the specific amino acids and a minor mu-
tation can therefore already cause serious diseases such as the Ehlers-Danlos
syndrome.[31, 32]

Collagen deposition in the medial layer is best characterized by small, inter-
dispersed collagen fibrils that run mainly parallel to the main axis of the smooth
muscle cells as well as to the streaks of elastin protruding from the elastic lamellae
(fig. 2.4a).[12] Adventitial collagen, on the other hand, is arranged in a loose
knitting of highly organized ribbon-like collagen bands that brace the medial
and intimal layers of the vessel wall, fig. 2.4b. These diVerent architectures
appear optimal for realizing the diVerent functionalities for the aortic medial and
adventitial layers, elastic recoil and resilience, respectively.[33, 34] At physiological
pressure, less than 10% of the collagen fibers are engaged, whereas at higher
pressures, the vessel becomes progressively less distensible as more collagen
fibers are being stretched.[35]

Proteoglycans

Proteoglycans are a group of diverse macromolecules that contain core proteins
to which one or more glycosaminoglycans are covalently attached. The proteo-
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Figure 2.5:
(a) The mechanical response of the human iliac artery to inflation, showing its non-linear
response to stress.[48]

(a inset) Schematic representation of the setup with which Charles Roy studied the elasticity of
the aorta.[49] A detailed explanation of the setup can be found in ref. [1].
(b) Scaled modulus-strain curves for various biopolymer networks compared to model proposed
by Storm et al. The shear moduli of the networks of collagen, fibrin, f-actin and neurofilaments
are measured in a strain-controlled rheometer.[50]

glycans found in greatest abundance in the vessel wall can be categorized into
two classes: large proteoglycans, that form an interconnected polymeric network
by interactions with hyaluron, and small leucine-rich proteoglycans.[5] Electron
microscopy and immunofluorescence studies strongly suggest the association of
proteoglycans with specific regions of the banding pattern of collagen fibrils and
also indicate that proteoglycans can form bridges between fibrils.[36–40]

Although proteoglycans constitute a minor component of vascular tissue (2%
to 5% by dry weight),[41] they have an important influence on the mechanical
properties of the tissue. Proteoglycans have a net negative charge under phys-
iological conditions and produce a swelling stress which depends on the ionic
strength of their environment.[42, 43] The inhomogenous distribution of proteo-
glycans across the vessel wall, showing a higher concentration in the intimal and
medial layers than in the adventitia,[44, 45] gives rise to a residual stress in the
aortic wall.[46, 47]

2.2 The physics of networks

One of the remarkable physical properties of many diVerent types of biological
tissues is its non-linear behavior under stress. The harder the tissue is strained,
the stiVer it becomes. This strain-stiVening behavior allows for small deforma-
tions of tissues like the skin,[51] aorta[1] and blood clots,[52] but prevents large
deformations that could threaten tissue integrity. The earliest quantitative study
of vascular elasticity appears to be the work of Charles Roy (1881).[49] He con-
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2.2 The physics of networks

Figure 2.6:
The model proposed by Onck et al., describes the network as fibers with a long persistence
length, lp , compared to the mesh size of the network, lm , e.g. a network of collagen fibers. This
renders the eVect of entropic stiVening minimal compared to the penalty of bending, resulting
in non-aYne deformations of the network during strain. Images adopted from ref. [58, 59].

structed an ingenious gravity-driven apparatus, shown in the inset of fig. 2.5a,
that performed in vitro inflation of blood vessel segments, measured instanta-
neous pressure and volume change, and plotted the resulting P°V curves to a
rotating smoked-drum kymograph.

In recent years many diVerent experimental and theoretical studies have shed
a first light on the physical principles that determine the mechanical properties
of tissues. Most experimental studies comprise of an in vitro system in which one
or two diVerent isolated components of the extra cellular matrix are combined
to make a gel and reveal a rich interplay between fibers, linkers and cells.[53–55]

Rheological measurements on, for example, reconstituted, collagen showed that
these gels exhibit a similar strain-stiVening behavior as has been observed in
vivo.[56, 57]

2.2.1 Theoretical models

Experimental observations such as the ones described in the previous section are
the input of many diVerent theoretical studies, which make an eVort to explain
the observed mechanical response. In 2005, C. Storm et al. proposed a model in
which the force-response of networks is dominated by entropy.[50] In this model
all the fibers react individually to the applied deformation. Because there are
many curled-up configurations of a fiber and there is only one perfectly straight
configuration, stretching a flexible filament reduces its conformational entropy
and thus produces an opposing force.[50, 60–62] The collective non-linear behavior
of this tissue model is due to the sum of nonlinear response of all the individual
fibers.

The model proposed by Onck et al. argues that the entropic contributions to

11



2 Background

(a) Model (b) Input from histology

Figure 2.7:
The model proposed (a) by Fonk et al. describes the vessel wall as an elastic medium in
which fibers of diVerent lengths are embedded. As the vessel wall is stretched (b), the fibers
are sequentially recruited which causes the stiVness of the tissue to increase. Many of the
diVerent parameters of this model are obtained from histological experiments. Scale bars are
approximate 100µm. Images are adopted from ref. [14, 69].

the stiVness of the tissue are of minor importance compared to the nonaYne
network rearrangements that occur during strain, fig. 2.6.[59] This model shows
a strain-stiffening behavior can be the result of a transition from a bending-
dominated response at small strains to a stretching-dominated response at higher
strains.[58, 59, 63–65]

The long thermal persistence length of collagen fibers, ª1cm, compared to
a typical cross-link spacing of ª2µm, renders the entropic stiVening eVects in
collagen gels to be minimal.[53] However, for other biopolymers such as actin,
where the persistence length of the filaments is in the order of the distance be-
tween cross-links, entropic stiVening of the individual fibers is more likely to
be an important component. Other recent studies have shown that the specific
details of the individual cross-links also play an important role in the mechanics
of the whole system.[53, 66–68] A system composed of randomly oriented rods con-
nected by flexible cross-links, for example, already represents nonlinear network
behavior.[66]

A theoretical model of the aortic wall

The models mentioned above describe the behavior of polymer gels composed
of filaments and cross-links. These models predict the response measured in
diVerent in vitro systems, but these models still lack the complexity of real tissues
in which not only many diVerent components are present, but in which also
the specific spatial organization of the diVerent fibers greatly contributes to the
mechanical response.[70, 71]

12



2.3 The approach of this thesis

Another class of models, specifically developed for the vessel wall, describes
the elastin fibers as an elastic reservoir in which collagen fibers of varying length
are embedded.[14, 69, 71–77] As the stress increases, the collagen fibers are sequen-
tially recruited causing an increasing stiVness of the tissue, as is illustrated in
fig. 2.7. This model nicely fits the measured strain-stiVening of the arterial wall
and has been used to study the eVect of elastin degradation[74] and aging[73] on
vessel mechanics. This mean-field approach, however, lacks the details of the
interactions between the diVerent components at the fiber level as is described
by the earlier models and is therefor unable to describe the ecm remodeling
occurring in many diseases.

2.3 The approach of this thesis

In this thesis we present our study of how the diVerent components of the ecm
determine the mechanical properties of the aortic wall and how they are related
to diVerent diseases. By this study we also hope to contribute to the process
which is currently made to get a better understanding of the physics of tissues at
the fiber level. We do this by locally probing the mechanical properties with the
Atomic Force Microscope, while diVerent optical techniques will be used to link
these findings to the network structure of the tissue. The diVerent techniques
used in the thesis are described in chapter 3.

Aneurysms of the abdominal aorta

Aneurysms are localized dilatations of the vessel wall that are caused by a seg-
mental weakening of the vessel wall, fig. 2.8a.[78, 79] Although aneurysms generally
are without clinical symptoms, larger aneurysms may rupture, and bleeding from
a ruptured aneurysm is responsible for more than 15,000 annual deaths in the
United States alone.[80]

Aneurysm formation relates to defects in the extra cellular matrix resulting
in attenuation and ultimate failure of the vessel wall.[81] Remarkably, although
numerous studies have looked for putative quantitative changes in aortic colla-
gen, results reported to date are controversial.[82–84] With the exception of rare
mutations in the collagen iii gene, such as the vascular type of Ehlers-Danlos
syndrome, no clear association between impaired collagen homeostasis and
aneurysm growth and/or rupture has been identified.

In this thesis the aortic wall of an healthy individual is compared to an an-
eurysm of the abdominal aorta (aaa) and to the aortic wall of a patient with
the Marfan syndrome. The Marfan syndrome is a systemic disorder caused by
mutations in the ecm protein fibrillin-1.[85–88] Fibrillin-1 microfibrils are thought
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(a) AAA (b) Tissue digestions

Figure .:
(a) An aneurysm of the abdominal aorta (AAA) is a localized dilatation of the arterial wall.[91]

(b) The effect of collagenase treatment on the adventitia of the arterial wall. In the lower left
corner of the image the AFM cantilever, used for the mechanical probing, is visible.

to confer important biomechanical properties in connecting, anchoring and
maintaining tissues and organs.[86] The clinical manifestations of Marfan are
varied in range and involve many organs.[89] The majority of anomalies are found
in the cardiovascular, respiratory, ocular and skeletal system. Aortic dilatation is
the most common cause of morbidity and mortality under Marfan patients.[90]

In search of the collagen defect(s) underlying aneurysm formation, we applied
an integrated approach of biochemical analyses, multiple imaging modalities,
and mechanical analysis to identify the putative collagen defect in aaa and in
Marfan syndrome. Results of this evaluation, chapter , show that advanced
stages of aneurysmal disease are characterized by distinct defects in the network
structure of adventitial collagen rather than by purely biochemical defects.

Proteolytic alterations of the arterial wall

The behaviour of cells is largely influenced by their surroundings.[92–94] While the
biochemical interaction between cells and their environment has been widely
studied in different systems, more recently different studies have shown the
importance of the physical interaction of the cells with their surroundings, for ex-
ample its mechanical properties. Fibroblastic cells, for example, spread less on a
soft substrate[95] and have been observed to migrate toward stiffer substrates.[96]

Cells are not only able to respond to mechanical cues in their local envi-
ronment, they are also able to change the mechanical properties of the same
environment. The highly remodeled vessel wall of aneurysms, are, for example,
linked with a highly elevated number of neutrophils.[97–99] One of the questions
is whether the structural rearrangements of the aorta cause the inflammation or
are a result of the inflammation.
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2.3 The approach of this thesis

(a) Atherosclerosis

20µm
(b) Migrating neutrophil

Figure 2.9:
(a) The timeline of atherosclerosis starts with endothelial dysfunction which causes an in-
flammatory response due to the infiltration of lipids into the vessel wall. The onset of the
disease already starts at the first decade, while its clinical manifestations start from the fourth
decade.[100]

(b) Migrating neutrophils (green) alter the collagen network (white) in a zebrafish cancer model.

In chapter 5, we examine the eVects of enzymatic digestion of the extra cellular
matrix of the aortic wall, e.g. due to the contents of neutrophils, in order to better
understand how cells change the mechanical properties of their environment.
By starting with real tissue and selectively removing diVerent elements, we are
able to measure the contribution of the diVerent constituents of the ecm to the
mechanical properties of the whole tissue.

We do not only show that enzymatic treatment of the aortic wall greatly reduces
its stiVness, but also that a simple treatment with the contents of neutrophils is
able to mimic the in chapter 4 observed change in mechanical response from a
healthy aorta to an aneurysm.

Atherosclerotic plaques

Atherosclerosis is a leading cause of death in the western world and is responsible
for coronary heart disease, the majority of strokes and limb ischemia.[101] In
atherosclerosis, cholesterol and components of the immune system accumulate
in the vessel wall. Although luminal narrowing by such an atherosclerotic plaque
contributes to some of the clinical manifestations, it is the rupture of such a
plaque, followed by the formation of a blood clot, that causes the most acute and
serious clinical manifestations of this disease.[102, 103]

Atherosclerosis typically starts in early adolescence and is usually found in
most major arteries. Figure 2.9a schematically show the progression of the dis-
ease. The main cause of atherosclerosis is still a topic of many studies, but
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the common thought is that the process is initiated by the infiltration of ldl
cholesterol in the vessel wall due to endothelial dysfunction.[104] The presence
of these lipids in the vessel wall leads to an inflammatory response, triggering
macrophages to enter the vessel wall. The macrophages absorb the lipids, but
are not able to process them, and will eventually rupture. This results in a greater
amount of inflammatory signals, triggering the recruitment of more macropha-
ges, continuing the cycle.

The contents of the ruptured macrophages are highly thrombogenic and con-
tain many ecm degrading enzymes.[101, 105] The blood is protected from this so
called necrotic core by a thick layer of collagen, which is secreted by smooth
muscle cells. During the progression of the disease, the collagen cap gets thinner
by the loss of the collagen producing smooth muscle cells on the one hand, and
the ecm degrading enzymes inside the core on the other. A plaque with such
a thin collagen cap can eventually rupture, bringing the highly thrombogenic
core into contact with the blood. This triggers the formation of a thrombus
(blood clot), which can block the blood supply and give rise to many lethal
complications.[101, 103, 105, 106]

The combination of an altered ecm synthesis and degradation in the collagen
cap leads to a remodeling of the collagen network, which aVects the mechanical
stability of the plaque.[105] Lysyl oxidase (lox) is an extracellular enzyme that
catalyzes the cross-linking of collagen fibrils, which results in the stabilization
of extracellular collagen.[107, 108] In chapter 6 we show that higher lox mrna and
protein levels are associated with a more stable phenotype of atherosclerotic
plaques. This suggests that by promoting collagen cross-linking and the forma-
tion of thick collagen fibers with high tensile strength or an increased resistance
to degradation by enzymes in the core, lox may reduce the risk for plaque rupture
and the development of lethal complications of atherosclerosis.

Migrating neutrophils in a zebrafish cancer model

The interactions between malignant tumor cells and their micro environment
have a central role on tumor progression.[109, 110] The zebrafish, Danio rerio,
has become an import animal model for cancer and immune research over
the last decade.[111, 112] Many molecular and cellular components that operate
during tumorigenesis are conserved between zebrafish and mammals.[113] The
transparency of zebrafish, in combination with the availability of various tissue
specific fluorescent reporter transgenic lines, allow for high resolution analysis of
the tumor progression and the interactions between the tumor cells and the host
microenvironment in vivo. Several tumor transplantation assays with human
and mammalian cells have been developed to study diVerent aspects of tumor

16



2.4 References

malignancies in embryo and adult zebrafish, such as tumor cell invasion.[114–117]

We have adopted the currently available multi-photon imaging techniques to
be used on zebrafish. In chapter 7 we also present the results of a novel xenograft
model that allows the visualization of all tumor development hallmarks. This new
model elucidates how the transmigration of neutrophils remodels the collagen
matrix, fig. 2.9b, and facilitates the invasion of tumor cells.
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In this thesis several diVerent biological imaging techniques are used to image
various collagen containing samples and to measure their mechanical properties.
Table 3.1 shows an overview of the techniques used in this study with their specific
features and characteristics.

In this chapter we will discuss afm and fluorescence microscopy in relation to
our experiments on collagen.

3.1 Atomic Force Microscopy

The Atomic Force Microscope[1] (afm), a member of the more general class of
Scanning Probe Microscopes, has become a valuable tool for biologists, physicists
and chemists to perform a various number of measurements on the nano-scale.
Since their invention in 1982 by Binnig and Rohrer,[2] Scanning Probe Micro-
scopes have changed the modern natural sciences by contributing to major
progress in the understanding of the structure and properties of condensed mat-
ter. The many diVerent measurement techniques of the afm and its ability to
operate under aqueous conditions have made the afm a popular tool in most of
the natural sciences. The afm has been used for high resolution imaging of mate-
rial surfaces including, metals[3] and polymers,[4] but also of biological systems
like dna,[5, 6] proteins[7–9] and whole cells.[10, 11] Other applications of the afm
include nano manipulation,[12] friction measurements,[13] protein mapping[14, 15]

and mri imaging.[16] In this study the afm is mainly used as a tool to perform
nano-indentations.

3.1.1 The Atomic Force Microscope

The unique resolution of the afm is based on an ultra-sharp tip, with a typical
radius of 20nm, which is attached to a flexible cantilever (fig. 3.1a). The can-
tilever is accurately moved with respect to the sample in x, y and z by ceramic
piezoelements, which allow the sample to be scanned with sub-nanometer res-
olution while maintaining a constant force between the sample and the afm
tip (fig. 3.1b). The force between sample and tip is commonly determined by
deflecting a laser beam of the end of the cantilever and measuring its deflection
with a four-quadrant photodiode. Tip-sample interactions include electrostatic
repulsion, van der Waals attraction, capillary and frictional forces.

The afm used in this study, a Molecular Imaging Picoscan afm, is mounted
on a Zeiss Axiovert inverted microscope to allow for a precise selection of the
scanned area, as is depicted in fig. 3.1c. The whole setup is put in an acoustic
box to reduce acoustic and electronic noise on the one hand and to minimize
the thermal drift on the other. A custom built heating and cooling system allows
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3.1 Atomic Force Microscopy

Microscopy Resolution limit Specific features and characteristics
Light microscopy ª 0.2µm Samples can be imaged in liquid or air. The resolu-

tion is limited by the wavelength of visible light.
Fluorescence
microscopy

ª 0.2µm Samples can be imaged in liquid or air. Fluorescent
labels are used to localize molecular components
within the sample. Confocal microscopy further en-
ables three-dimensional studies of the sample.

Scanning electron
microscopy (sem)

ª 5nm The sample placed is in a vacuum and is often coated,
as the technique generally requires an electron con-
ductive surface. An electron beam is used to probe
the surface of the sample. Specific surface molecules
can be labeled with heavy metals.

Atomic force
microscopy (afm)

ª 5nm
ª 100pN

Samples can be imaged in liquid or air. Imaging is
accomplished by monitoring the position of a sharp
tip, attached to a micro-cantilever, while it is scanned
over the sample surface. The afm provides a three-
dimensional visualization of the sample surface and
can also be used to measure the mechanical proper-
ties of the sample.

Table 3.1: Overview of characteristics of the main microscopy tools used in this study.

(a)

Photodiode 
detector

Feedback
electronics x-y scan

control

Laser

Cantilever

Sample

Piezo

(b)

Inverted microscope

Vibration isolation
table

AFM

Illumination source

Heating/cooling system
Acoustic box

Laser
Photodiode

Sample plate

Syringe for buVer exchange

Liquid cell

(c)

Figure 3.1:
(a) sem image of an afm cantilever (± 100µm long) and an afm tip (20nm radius).
(b) Schematic representation of an afm. A cantilever with a very sharp tip scans the sample,
while the feedback electronics maintain a constant deflection of the cantilever.[17]

(c) The afm, mounted on an inverted microscope, is put in an acoustic box to reduce the noise
and thermal drift. A heating system is installed to control the temperature in the box.
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Figure 3.2:
(a) A typical force-distance curve made on glass. The cantilever approaches the surface until
the force setpoint, 40nN, is reached and retracts.
(b) Force-distance curves made on a stiV and a soft substrate by a conical indenter. The relative
stiVness of the samples can be obtained by comparing the work needed to reach the same
repulsive force (30nN).

the temperature in the box to be set. A small fluid cell, clamped on the sample,
facilitates measurements in aqueous conditions.

The afm has been equipped with a break-out box, which gives access to the
individual signals sent between the afm scanner and its electronics. By sampling
the deflection signal with a National Instruments acquisition card and controlling
the afm with a custom scripting program written in Labview and Visual Basic
6, nano-indentation measurements are made with an enhanced resolution of
approximately ten thousand points per indentation instead of a few hundred
points.

3.1.2 Nano-indentation measurements

The afm’s ability to measure small forces, has made it a valuable instrument
to measure the local mechanical properties of a wide range of samples.[18–21]

By indenting the surface with the tip and measuring the force as a function of
tip-sample distance, fig. 3.2, quantities such as sample stiVness, electrostatic
interactions and adhesion forces can be measured.[17, 22–25]

In 1882, Heinrich Hertz modeled the indentation of a homogeneous sample
with a spherical indenter.[26] This model, extended by Ian Sneddon for rotational
symmetric indenters,[27] is commonly used to determine the Young’s modulus,
a measure of the sample stiVness, from a force-distance curve. The afm tips
used in this study can be approximated as a cone or a sphere, resulting in the
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3.1 Atomic Force Microscopy

following relation between the force, F, and indentation, ±,

Fcone = º

2
tan(Æ)E

1°∫ ±2 (3.1)

Fsphere = 4
3

E
p

R
1°∫±

3
2 , (3.2)

with E the Young’s modulus and ∫ the Poisson ratio of the sample, Æ the opening
angle of the cone and R the radius of the sphere.

A precise determination of the point of contact is necessary to apply the Hertz
model to a force-distance curve. A small error in the determination of the point
of contact due to the presence of a background signal and noise, often leads
to a large error in the calculated stiVness. For rough and soft samples it can
be diYcult to control these errors, since forces at the moment of contact are
often too small to give a measurable increase in the deflection signal. Optical
distortions in tip-scanning afm’s tend to make these errors even larger (section
3.1.3). A-Hassan et al. developed a method, called fiel (force integration to equal
limits), to calculate the Young’s modulus from a force-distance curve without the
necessity to know the point of contact.[28]

By integrating the force, F, until a certain deformation, ±, the work needed
for this deformation, W, is calculated: W =

R±
0 F(z)dz. This measure is directly

related to the stiVness of the sample, as is illustrated in fig. 3.2b. Because the tip
only starts to deflect when it indents the surface, there is no work performed until
the point of contact. This allows the whole force-distance curve to be integrated,
and removes the necessity to determine the point of contact. Rather, the problem
is shifted to determining the zero of force. This error, however, is easier to control.
By comparing the work needed with the work needed for the same deformation
on a reference sample with a known stiVness, the stiVness of the sample can
easily be calculated:

Wsample

Wcalibration
=

µ
Ecalibration

Esample

∂Ø
, (3.3)

with Ø= 1
2 for a conical indenter and Ø= 3

2 for a spherical indenter.
Ideally, this method of deriving the Young’s modulus from a force-distance

curve does not only remove the need to determine the point of contact, it also
has several other advantages over fitting the Hertz model on the force-distance
curve. Since the sensitivity of the system and the spring constant of the probe are
the same in both measurements, they will divide out in equation 3.3, making it
unnecessary to perform a calibration of the cantilever stiVness and to determine
the optical lever sensitivity (which allows the bending of the cantilever to be
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translated into the vertical deflection). This method is furthermore insensitive to
small deviations in the tip geometry.

It proved, however, to be hard to produce a reference sample suitable to use
as a comparison for measurements on the aortic wall. Various diVerent types of
reference samples with a stiVness similar to aortic tissue, 106 Pa,[29] have been
tested, but they were either not stable over a longer period of time or were not
suitable for afm measurements, e.g. most synthetic polymers get sticky at low
Young’s moduli and thereby contaminate the cantilever. This calibration problem
has been circumvented by modeling an indentation using equation 3.1 or 3.2. This
method still allows for the whole force-distance curve to be integrated, but needs
a precise calibration of the afm setup and therefor lacks all the other advantages
of the method proposed by A-Hassan et al. The spring constant, necessary to
relate the cantilever deflection with the applied force, is calibrated with the Sader
method[30] for rectangular cantilevers and with the thermal noise method[31–33]

for triangular cantilevers.
The Hertz model describes the response of a homogenous and infinitely thick

medium, whereas our samples have a finite thickness. By keeping the maxi-
mum indentation less than 10% of the sample thickness, the eVect of supporting
substrate turns out to be negligible.[34, 35] Hydrodynamic drag, caused by the
surrounding buVer, could result in an extra loading force on the cantilever. The
indentation rate is however chosen to be small enough, approximately 20µm/s,
to render the eVects of hydrodynamic drag negligible.

The necessary condition of an isotropic, smooth substrate with a Young’s
modulus independent of the applied force, is however not met. Biological tissues
tend to stiVen when they are deformed,[36, 37] and the many diVerent types of
fibers make the sample far from isotropic. However, by keeping the loading rate
approximately constant amongst diVerent experiments and using the same force-
setpoint, the calculated values for the stiVness can still be used as a measure of
the response of the tissue upon indentation. This “eVective Young’s modulus” will
reflect the local mechanical properties of the tissue under the set experimental
conditions and can be used to compare indentations on diVerent types of tissue.

In this study we will indent the tissue on diVerent equally spaced locations,
e.g. a grid of 100µm£100µm containing 34 £ 34 points. Such a measurement is
often referred to as a force-volume measurement. By calculating the eVective
Young’s modulus for every indentation a stiVness map of tissue is made, which
can show local stiVness variations on the sub-micrometer level.
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Figure 3.3:
Raw deflection data collected by the afm controller and the daq-card. Two points, marked with
an X, are used to correlate the daq-data to the data of the afm controller and combine them
into a force-distance curve with a higher resolution.

3.1.3 Data processing

Increase the time-resolution of indentation data

We use a National Instruments card controlled with a custom Labview and Vi-
sual Basic script developed in the lab, to acquire force-distance curves with an
enhanced time resolution. This resolution is needed because the increase of
force can be very rapid and the afm software only stores a limited number of
data points per indentation. This enhancement is especially relevant for rough
samples such as the human aorta, where the full piezo range in the z-direction is
needed to indent the surface at diVerent lateral positions.

The deflection versus time signal from the daq-card is transformed into a de-
flection versus piezo position dataset with a Matlab script. This script determines
the piezo position at two diVerent indentation depths using the indentation data
from the afm-controller. By correlating these two indentation depths with the
data from the daq-card, as is depicted in fig. 3.3, the piezo positions of the ap-
proach part of the force versus time data can be calculated by linear interpolation.
Afterwards the ¬2 of the diVerence between the data from the afm-controller and
the high resolution force-distance curve is calculated to verify the accuracy of
the new curve.

Correction for the beam-walk effect

In a tip scanning afm, the laser, used to detect the deflection of the cantilever, is
attached on top of a hollow piezo tube, which has a small lens at the bottom to
focus the laser on the cantilever. A schematic drawing of the Picospm le, a tip
scanning afm, is shown in fig. 3.4a. During a force-distance curve the distance
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Figure 3.4:
(a) Schematic drawing of the Picospm le, a tip scanning afm. During a force-distance curve, the
lens changes position, changing the deflection signal.
(b) Contact free force-distance curves made in liquid. Curves were measured at a variety of x, y
positions and over an extended length of time.

between the laser and the lens changes slightly, which changes the laser spot and
makes the beam move over the cantilever. This “beam-walk” eVects produces a
slight artifact in the apparent cantilever deflection.

Additionally, since all the tissues are measured under aqueous conditions,
diVerences in condensation on the lens and other optics of the afm make the
beam-walk eVect change over time. These optical eVects change the deflection
signal, making it seem as if the cantilever is experiencing a force, while in fact it
is still far above the surface. This eVect is illustrated in fig. 3.4b.

Initially, the functional form of the "beam-walk" eVect was measured by mak-
ing force-distance curves in liquid about one hundred microns above the surface.
We find that the change of the deflection signal as a function of the piezo height
can well be approximated by a second order polynomial.

As the optical eVect changes with time and tip position, the parameters for
the background correction need to be measured for each curve separately. A
quadratic fit is made over the first 33% of the force-distance curve. This criterium
proved to provide suYciently many datapoints to give a good estimate of the
background, without having the risk of using data where the tip is already in
contact with the surface. The estimate of the "beam-walk" eVect is improved by
performing a median average of each fit with the fits from the adjacent force-
distance curves.

This method of correcting force-distance curves is demonstrated by making
a force-volume measurement on a piece of cartilage from a pig knee joint. Two
typical force-distance curves before and after the correction are shown in fig. 3.5.
The fitting correction reduces the artifact of apparent deflection to less than 1nm.
The measured stiVness before and after correction diVers up to 30%.

This correction also removes the systematic error that makes raised areas of
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Figure 3.5:
Corrected and uncorrected force-distance curves on pig cartilage. The “beam-walk” eVect is
measured by making a quadratic fit to the first 33% of the curve. Afterwards the fit is averaged
with its adjacent fits and subtracted from the original force-distance curve. This reduces the
artifact of apparent deflection to less than 1nm and gives a correction to the measured stiVness
in the order of 30%.
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Figure 3.6:
Histogram of the measured stiVnesses on a piece of pig cartilage, before and after the back-
ground correction. The force-distance curves were made on a grid of 75µm£75µm.

the sample appear stiVer than the lower areas. The lower areas of the tissue have
a longer distance before the tip touches the sample. Since for the uncorrected
curves the cantilever seems to be deflected before the point of contact, the total
work done until the set force is reached seems to be higher. For rough samples,
with height variations of several micrometers, this eVect can dominate over the
stiVness variations of the sample.

When all the force-distance curves made in one measurement are put together
in one histogram, fig. 3.6, the significance of the correction is very clear. The
optical artifact of the apparent deflection gives rise to an underestimation of the
stiVness in the order of 30%. The fact that the magnitude of the error changes
over time, makes the correction even more essential.
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(d) StiVness distribution

Figure 3.7:
Example measurement on a piece of porcine aortic wall. The inverted microscope is used
to select the region (a) on which first the samples topography (b) is measured. The white
square shows the area, 113µm£113µm, which is being imaged with the afm. Afterwards a
force-volume measurement is made and the eVective Young’s modulus is calculated for every
indentation (c). StiVer, elongated, regions in the stiVness map tend to correlate with higher
regions in the height image, which both have the same orientation as the fibers seen through
the microscope. (d) Shows the distribution of the stiVnesses from the stiVness map (c).
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3.2 Fluorescence microscopy

3.1.4 Example dataset

The optical microscope is used to select the region to be measured, while two
micrometer screws allow for a precise positioning of the sample in x and y . The
microscope image clearly shows a network composed of diVerent fibers. When
the afm is used to make a height image of the same region, as is shown in fig. 3.7b,
the same fiber-like structure is measured. Afterwards, the tissue is indented
on a regular grid of points and the eVective Young’s modulus is calculated for
every indention, as is shown in fig. 3.7c. StiVer regions in the stiVness map are
elongated in the same direction as the fibers in the optical images and tend
to correlate with higher regions in the height image, suggesting they might be
collagen fibers. When all individual stiVness measurements are combined into a
histogram, fig. 3.7d, the distribution of stiVnesses of the sample can be studied.

3.2 Fluorescence microscopy

In this study diVerent forms of fluorescence microscopy are used to study the
arrangement of fibers which make up the aortic wall and determine the mechan-
ical properties of the tissue. In this type of microscopy the sample is illuminated
with light of a specific wavelength which is being absorbed by the tissue and
re-emitted at a longer wavelength. Most often this process takes place in fluo-
rophores which are either attached to specific proteins, e.g. a Alexa488 anti-body,
or are naturally present in the sample, e.g. elastin fibers have a high autofluores-
cence.

A special form of fluorescence microscopy is multi-photon microscopy in
which multiple photons are absorbed after which one photon is emitted with the
combined energy of the absorbed photons, as is illustrated in fig. 3.8b.

3.2.1 Confocal microscopy

In a conventional (wide-field) fluorescence microscope, the entire sample is
evenly illuminated by a light source. All parts of the sample are excited at the
same time and the resulting fluorescence, detected by the microscope’s photode-
tector, includes a large unfocused background. In contrast, a confocal microscope
uses point illumination together with a pinhole to eliminate out-of-focus signal,
as is schematically illustrated in fig. 3.9a, and it thereby greatly increases the
image’s optical resolution, particularly in the z direction.

Tissues are made up of a complex three-dimensional network of fibers. By
collecting a series of images with the focal plane at diVerent heights, a three-
dimensional view of this network can be constructed. 3d imaging of the tissue
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Figure 3.8:
(a)Fluorescence image of the aortic wall after it has been treated with enzymes which remove the
proteoglycans, chapter 5. The collagen fibers (red) have been imaged using second-harmonic
generation, while elastin (green) has been imaged using its two-photon autofluorescence.
(b) The basic principle of fluorescence microscopy. One or multiple photons are observed
which bring an fluorphore into an excited state. When the fluorphore falls back to its ground
state, it emits a photon.

not only gives a clear image of the organization of the diVerent fibers, it also
proved to be able to reveal structural changes in tissues which were hidden by
conventional wide-field microscopy, fig. 3.9b,c.

In this study various diVerent wide-field and confocal microscopes have been
used. Tissues have been stained either chemically, e.g. with Pico Sirius Red, or
with anti-bodies, to label diVerent components of the vessel wall, e.g. collagen
and hyaluron. Elastin has been imaged using its strong autofluorescence.

3.2.2 Multi-photon microscopy

Multi-photon microscopy is an imaging technique that relies on nonlinear light-
matter interaction to provide high contrast and optical sectioning capabilities.
The nonlinear signals which are responsible for forming the images are of two pri-
mary types: second-harmonic generation (shg) and two-photon excited fluores-
cence (tpf).[38] Both types of nonlinear interactions occur naturally in biological
tissues, enabling the imaging of tissues without the addition of exogenous con-
trast agents. Multi-photon microscopy has been widely used to image cells,[39, 40]

tissues[41–44] and even unstained living specimens.[44–46]

In two-photon excited fluorescence (tpf), two photons of wavelength ∏ are
absorbed to excite an electron to an excited state, fig. 3.8b.[47] Relaxation back
to the ground state occurs through the emission of a photon having slightly less
than the input energy (due to losses in the the transitions between the excited
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Figure 3.9:
(a) A confocal microscope uses a point illumination source together with a pinhole to eliminate
the out-of-focus signal. This greatly increases the image’s optical resolution, particularly in the
z-direction.
(b), (c) Show a 2d and 3d image of the collagen structure of the adventitia of the abdominal
aorta of a healthy individual (b) and a patient with Marfan syndrome (c). The 2d image is
made with a bright field microscope, while the 3d image is a reconstruction made by projecting
multiple optical sections taken by a confocal microscope. In the 3d image a clear diVerence in
the network structure can be seen, while this remains largely hidden in the 2D image.
Scale bars: 30µm

states). This photon has a wavelength slightly greater than ∏/2.
Second-harmonic generation, on the other hand, is primarily electronic in

origin.[48] Two photons of the same wavelength “coalesce” to a virtual state within
the specimen to form a single photon with an energy of exactly twice that of
the incident photons, the emitted wavelength is ∏/2. A detailed study on the
electronic origin of this process shows that the intensity of the resulting signal
strongly depends on the orientation, polarization and local symmetry properties
of the molecule.[48]

Multi-photon microscopy has several advantages over one-photon confocal
microscopy. The probability of two-photon absorption depends on the square
of the intensity of the excitation light, and thereby only takes place in a very
narrow volume at the focal point of the microscope. The maximum resolution
is approximately 0.3µm in x y- and 0.9µm in z-direction, without the need of
a pinhole.[49] Most tissues are transparent for near-infrared light, used in this
type of microscopy, enhancing the depth penetration, eg. up to 250µm in rat
aortas.[50] In addition, photobleaching and photodamage are drastically redu-
ced.[49]

The chirality of the collagen molecule makes it a well known source of shg,
while the autofluorescence of elastin exhibits tpf.[41, 51] A study by Zoumi et
al.[43] showed that both the collagen and the elastin can be excited at a wave-
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Figure 3.10:
Multi-photon emission spectra from a rabbit aortic wall excited at 800nm showing the shg
peak of the collagen around 400nm, and the broad tpf peak of elastin around 500nm.[43]

length of 800nm, fig. 3.10. By detecting the emitted light with a wavelength of
371nm–425nm for collagen and 471nm–532nm for elastin, both structures can be
imaged simultaneously, fig. 3.8a. The multi-photon images were taken on a Zeiss
710 nlo upright confocal microscope equipped with a Spectra-Physics Deep See
mp laser.

3.3 Sample preparation

All human arterial wall samples were provided by the Vascular Tissue Bank,
Department of Vascular Surgery, Leiden, The Netherlands. Sample collection and
handling was performed in accordance with the guidelines of Medical Ethical
Committee of the Leiden University Medical Center and the code of conduct of
the Dutch federation of Biomedical Scientific Societies.[52]

All aortic samples are cut to sections of approximately 1cm thick, and are snap
frozen within 24hours after biopsy. Snap freezing is a method in which a small
sample, a few mm3, is quickly frozen by plunging it into liquid ethane (°183±C).
This freezing method prevents the formation of ice crystals which could damage
the sample.

Afterwards the samples are cryosliced with a microtome (Leica cm3050s), and
attached to Klinipath kp Plus microscope slides. Samples for afm measurements
and 2-photon imaging were cut to a thickness of 50µm. This proved to be thick
enough for the sample to remain intact in buVer for at least 24hours. Samples
used for (imuno)histochemistry were cut to a thickness of 5µm, because thinner
sections give less out of focus signal and chemical fixation would ensure that the
sample remains intact. The samples are stored at °80±C until use.
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4 Aneurysms of the abdominal aorta

4.1 Abstract

An aneurysm of the aorta is a common pathology characterized by segmental
weakening of the artery. Although it is generally accepted that the vessel-wall
weakening is caused by an impaired collagen metabolism, a clear association
has been demonstrated only for rare syndromes such as the vascular type Ehlers-
Danlos syndrome. Here we show that vessel-wall failure in growing aneurysms
of patients who have aortic abdominal aneurysm (aaa) or Marfan syndrome
is not related to a collagen defect at the molecular level. On the contrary our
findings indicate similar (Marfan) or even higher collagen concentrations (aaa)
and increased collagen cross-linking in the aneurysms. Using 3d confocal imag-
ing we show that the two conditions are associated with profound defects in
collagen microarchitecture. Reconstructions of normal vessel wall show that
adventitial collagen fibers are organized in a loose braiding of collagen ribbons.
These ribbons encage the vessel, allowing the vessel to dilate easily but prevent-
ing overstretching. aaa and aneurysms in Marfan syndrome show dramatically
altered collagen architectures with loss of the collagen knitting. Evaluations of the
functional characteristics by atomic force microscopy showed that the wall has
lost its ability to stretch easily and revealed a second defect: although vascular
collagen in normal aortic wall behaves as a coherent network, in aaa and Marfan
tissues it does not. As a result, mechanical forces loaded on individual fibers are
not distributed over the tissue. These studies demonstrate that the mechanical
properties of tissue are strongly influenced by collagen microarchitecture and
that perturbations in the collagen networks may lead to mechanical failure.

4.2 Introduction

Aortic aneurysms are localized dilatations of the aortic wall that are caused
by segmental weakening of the vessel wall. Although aneurysms generally are
without clinical symptoms, larger aneurysms may rupture, and bleeding from
a ruptured aneurysm is responsible for more than 15,000 annual deaths in the
United States alone.[1]

Aneurysm formation relates to a primary or secondary (acquired) defect in
the matrix structures supporting the vessel wall resulting in attenuation and
ultimate failure of the vessel wall.[2] Although extensive loss of medial elastin
traditionally is considered the hallmark of aneurysm formation, it now is ac-
knowledged that aneurysmal growth and ultimate rupture relate to impaired
collagen homeostasis.[2] Remarkably, although numerous studies have looked
for putative quantitative changes in aortic collagen, results reported to date are
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Figure 4.1:
Aortic wall collagen levels were assessed by the hydroxyproline/proline ratio, and the extent of
intermolecular collagen cross-links was assessed by the number of hydroxylysyl pyridinoline
and lysyl pyridinoline cross-links per triple helix. § p < 0.00001.

controversial.[3–5] With the exception of rare mutations in the collagen iii gene
such as the vascular type of Ehlers-Danlos syndrome, no clear association be-
tween impaired collagen homeostasis and aneurysm growth and/or rupture has
been identified.

In search of the collagen defect(s) underlying aneurysm formation, we applied
an integrated approach of biochemical analyses, multiple imaging modalities,
and functional analysis by atomic force microscopy (afm) to identify the putative
collagen defect in aortic abdominal aneurysm (aaa) and in Marfan syndrome, by
far the two most common forms of aortic aneurysms. Results of this evaluation
show that advanced stages of aneurysmal disease are characterized by distinct
defects in the adventitial collagen skeleton armoring the vessel wall rather than
by purely biochemical defects.

4.3 Results

Vascular load-bearing collagen is composed of highly stable type i and iii fib-
rillar collagens that are stabilized further by intra-molecular cross-linking.[6]

Biochemical as well as morphometric evaluation showed similar collagen con-
centrations in aneurysm wall from patients with Marfan syndrome and normal,
non-aneurysmal control aorta, whereas elevated collagen concentrations were
found in aaa (fig. 4.1). The ratio of type i/iii collagen mrna expression was similar
in control aorta, Marfan syndrome, and aaa (fig. 4.7). Expression of lysyl oxidase
was higher in the aneurysm wall from patients with Marfan syndrome (p < 0.05;
fig. 4.7). Evaluation of intermolecular collagen cross-linking through quantifi-
cation of nonreducible lysyl oxidase-initiated collagen cross-links (hydroxylysyl
pyridinoline/lysyl pyridinoline cross-links)[7] showed increased intermolecular
collagen cross-linking in the aneurysmal wall in both aaa and Marfan tissue
(fig. 4.1). These biochemical findings for aaa are in line with reports in the avail-
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Figure 4.2:
Collagen deposition (Sirius Red staining) in normal aortic wall and aneurysmal wall in Marfan
syndrome and aaa. The images are oriented with the media layer in the upper half and the
adventitial layer in the lower half of the image.

able literature, and none of the findings indicates a quantitative or qualitative
defect in vascular collagen at the molecular level in aaa or in aneurysms of
patients with Marfan syndrome.

In the absence of a clear defect at the biochemical level, we sought for possible
structural defects in collagen organization. Histological evaluation (Picro sirius
Red collagen staining) (fig. 4.2) and immunohistological staining for collagen
type i and iii (fig. 4.8) show distinct diVerences in collagen organization in the
medial and adventitial layers of the (grossly) normal aortic wall. A similar pattern
but with minor fibrotic changes is seen in the aneurysm wall of patients with
Marfan syndrome (fig. 4.2 and fig. 4.8). Collagen deposition in aaa, on the other
hand, is hallmarked by complete loss of vessel-wall architecture and deposition
of disorganized and condensed collagen (fig. 4.2 and fig. 4.8), a finding that is
consistent with fibrosis.

Because the regular 2d images may mask structural defects in the third dimen-
sion,[8] we also created 3d reconstructions of the medial and adventitial collagen
microarchitecture using the z-stack function on the confocal microscope. These
reconstructions show a clearly distinct collagen organization in the medial and
adventitial layers of the normal aortic wall (fig. 4.3). Collagen deposition in the
medial layer is best characterized by small, interdispersed collagen fibrils that run
mainly perpendicular to the circumferential elastic sheets (fig. 4.3a). Adventitial
collagen, on the other hand, is arranged in a loose knitting of highly organized
ribbon-like collagen bands that brace the medial and intimal layers of the vessel
wall (fig. 4.3b). These diVerent architectures appear optimal for achieving the
diVerent functionalities for the aortic medial and adventitial layers (elastic recoil
and resilience, respectively).[9, 10]
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Figure 4.3:
(a,b) Three-dimensional reconstructions (maximum intensity projections of multiple optical
sections) of collagen networks in the normal media (a) and adventitial (b) layer.
(c,d) Aneurysms in patients with Marfan syndrome, media (c) and adventitial (d) layer.
(e) Aortic abdominal aneurysm.

Evaluation of collagen architecture in aneurysms of patients with Marfan syn-
drome showed minor changes in the medial layers of the aortic wall (fig. 4.3c)
but a dramatically disturbed collagen architecture in the adventitial layer, with
complete absence of the normal collagen fibril organization and deposition of
thin parallel collagen fibrils (fig. 4.3d).

Reconstructions for the aaa (fig. 4.3e) show complete loss of the normal ar-
chitecture, loss of the distinction between medial and adventitial collagen or-
ganization, and deposition of aggregated, parallel collagen sheets that appear
rigid.

The disordered properties of the collagen microarchitecture in aaa and in
the adventitial layer of aneurysms from patients with Marfan syndrome suggest
that defects in adventitial collagen organization underlie the weakening of the
aortic wall. To test this hypothesis, we performed functional analysis by afm on
normal and aneurysmal adventitial aortic sections. Afm is an established means
to test the mechanical properties of individual proteins, cells, and tissue.[11, 12]

Afm experiments are performed by indenting the tissue at multiple points with
a needle and testing the mechanical response.[13] The tissue response to the
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indentation then is used to calculate the elasticity (Young’s modulus) for the
given point. (The method is described in si Materials and Methods, section 4.5.)
Multiple individual elasticity measurements then are integrated to create a visual
representation (stiVness map) of the probed area. The high force resolution of
the afm (in pico-newtons) and its high lateral resolution (i.e., several elasticity
measurements per square micrometer) make the afm ideal for precisely mapping
the mechanical properties of tissue at the microscale level, thereby allowing
comparison of the elasticity map with the confocal images (fig. 4.3). Moreover,
the individual elasticity measurements can be compiled into a histogram that
can be used to express the distribution of the elasticity of the arterial wall at a
larger scale.

Tissue was probed at two diVerent levels by using diVerent afm cantilevers: a
sharp tip (20nm end radius) and a blunter ball tip (10µm radius). These two tips
allow a comparison of the diVerent scales in the tissue. The size of the sharp tip
is chosen to interact only with individual molecules in the tissue (individual fiber
level), whereas the larger ball tip is designed to probe at the tissue level (fibril
behavior). The elasticity modulus (Young’s modulus) was calculated for each
indentation, because then the size and shape of the indenter can be removed,
allowing direct comparison of the two measurements. The combined measure-
ments provide a complete picture of the mechanical properties of the tissue
and allow the afm measurements to be compared with previous conventional
studies of the mechanical properties of aaa and normal aorta segments.[14, 15]

Note, however, that all measurements are performed on a microscale level, not
fully loading the fibers.

StiVness histograms combining the individual data points (fig. 4.4) show that
the tissue response of the control adventitia is independent of the size of the tip
that is used. This finding indicates that the normal adventitial tissue behaves as
a highly coherent network. The stresses encountered by the tissue are dispersed
equally over the whole network, and the scale of the challenger does not matter.
The fact that the sharp indenter is not able to penetrate the network to a greater
extent than the ball tip shows that the individual collagen fibers are densely
interconnected, because the fibers do not slide out of the way and are all pulled
when a single fiber is moved.

The major diVerence between the aneurysmal tissues and normal tissue is
immediately apparent from the histogram in fig. 4.4 and the afm force-volume
topography (fig. 4.5). Unlike normal tissue, the stiVness of aaa tissue is clearly
dependent on the size of the afm tip: The ball tip, which interacts with the larger
structures, senses a very stiV tissue. This observation is in line with our confocal
images and conventional biomechanical studies that show that aaa tissue has
become stiVer.[16] The sharp tip, on the other hand, meets hardly any resistance,
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Figure 4.4:
Histograms showing the distribution of the eVective Young’s modulus for the diVerent condi-
tions. White bars show curves taken with the sharp tip; black bars show curves taken with the
ball tip. Values are plotted on a log scale to improve the comparison of the modulus.

suggesting that the sharp tip pushes the fibers of the extracellular matrix aside.
This observation indicates that the interconnections that normally allow the
tissue to behave as a coherent network are missing in aaa.

Probing of Marfan aneurysmal tissue shows a tissue behavior that is clearly
distinct from both control aorta and aaa tissue. The larger ball tip senses stiVness
similar to that of normal tissue, suggesting that under the conditions of the afm
experiment (a resting, nonstretched state) the tissue elasticity at a larger scale
equals that of normal aortic wall. The sharp tip, on the other hand, finds little
resistance and plunges through the tissue just as it did with aaa tissue. This
observation indicates that the individual fibers are pushed aside when probed
with the 25nm tip and thus that the loaded fibrils are unable to transfer the stress
and strain to the neighboring fibrils (i.e., absence of network behavior).

Another remarkable finding distinct to the Marfan tissue is that sections of
the tissue collapse as the force is applied (fig. 4.10). These sections appear to be
small voids in the collagen network that also are observed in the confocal images
(fig. 4.3d). Such voids could provide sites susceptible to dissection or rupture.[17]
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Figure 4.5:
Topography maps for the various tissues as determined from afm force-volume spectroscopy at
11nN of constant force. The inset in (a) shows the Marfan tissue at 40nN; it is apparent that the
force collapses something in the tissue at various points resulting in a much smoother-looking
surface.

4.4 Discussion

This study shows that advanced aneurysms in aaa and Marfan syndrome are
associated more with distinct defects in the collagen microarchitecture than with
a collagen defect at the biochemical level. These architectural defects result in
loss of the normal stress-strain curve and in impaired collagen network behavior,
both of which can contribute to the aortic wall failure.

Visualization of adventitial collagen structures in the control aorta shows a
collagen architecture that is best described as a loosely knitted network of in-
terwoven collagen ribbons encasing the medial layer. A similar architecture has
been described previously for the adventitial layer of the urine bladder, and it was
shown that the collagen ribbons align during bladder filling, thereby allowing the
bladder to distend easily but preventing overstretching.[18] The aortic adventitial
layer may serve a similar purpose: its flexibility allows the arterial wall to dilate
easily but resists overstretching once fully loaded. Such a construction is similar
to the textile and metal plies in a steel-belted radial tire that allow flexibility but
prevent failure in extreme conditions.

The diVerent architectures of the medial and adventitial layers may well explain
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the J-shaped stress-strain curve (i.e., the nonlinearity of the curve) of the normal
vessel wall and suggest that the two layers have diVerent functionalities, the
elastic medial layer being responsible for the flat, horizontal part of the curve
and the adventitial knitting resulting in the steep arm of stress-strain curve.[19]

Visualization of the collagen braiding in Marfan aneurysms and aaa in vessel-
wall samples that were obtained at the time of operation (i.e., from advanced
stages of the disease) shows that the collagen fibrils run almost in parallel, thereby
limiting their ability to stretch, and therefore stiVen the vessel. This observation
is well in line with biomechanical studies that show that both aaa and Marfan
aneurysms are stiVer than the normal vessel wall.[16, 20]

The increased stiVness of aaa tissue also is immediately apparent from the afm
experiments performed with a ball tip that show a sharp increase in the eVective
Young’s modulus for aaa tissue, indicating that the tissue resisted even the mini-
mal indentations (2–3µm) by the afm tip. The similar Young’s moduli for ball-tip
experiments in normal aorta and aortas from patients with Marfan syndrome
seemingly conflict with biomechanical studies that indicate that Marfan tissue is
stiVer than normal tissue.[20] This apparent contradiction presumably reflects a
limitation when afm measurements are performed under resting, nonstretched
conditions. The confocal images clearly show that under such conditions colla-
gen fibrils in Marfan tissue adopt a wave-like pattern that allows them to stretch
when probed with the afm tip.

Findings from this study also point to defects in collagen network behavior
in the aneurysmal tissues studied. Network behavior has long been recognized
as a key to mechanical stability in the field of structural design, but, remarkably,
in the biomedical context network behavior has only been reported for bone
tissue.[12] Our results indicate that aneurysms in both aaa and Marfan tissue are
associated with defects at all three scale lengths (i.e., at the intrafibril, intrafiber,
and suprafiber levels). Impaired network behavior may interfere with the dissipa-
tion of the mechanical forces over the arterial wall, thereby contributing further
to the mechanical failure of the aortic wall.

In conclusion, the findings in this study provide a structural explanation of
how biological tissue (i.e., normal arterial wall) can acquire its typical nonlinear
stress-strain curve and also can settle the longstanding controversy regarding the
existence of a collagen deficiency in aaa. We show that defects in collagen archi-
tecture and network behavior, rather than a defect at the molecular level, explain
the debilitation of the aortic wall in aaa and aneurysms in Marfan syndrome. The
observed changes in aaa do not necessarily reflect the primary cause of aaa for-
mation. More likely, the changes in aaa reflect inappropriate collagen deposition
(fibrosis) in an environment that is characterized by sustained inflammation and
activation of multiple proteolytic pathways. The findings in Marfan syndrome, on
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Figure 4.6:
Fibrillin localization in the normal aortic wall (immunohistochemistry).
(a) Fibrillin (reddish-brown) is present primarily in the adventitial layer of the aortic wall.
(b) Three-dimensional reconstruction by confocal microscopy showing that fibrillin colocalizes
with adventitial collagen.

the other hand, may reflect a primary defect: Unlike aaa, aneurysms in patients
with Marfan syndrome do show signs of increased inflammation and proteolytic
activities.[21] As such, the observed defects in the collagen microarchitecture may
reflect a primary defect that could relate to impaired tgf-Ø signaling. However,
the strong link between a defect in the fibrillin gene and development of Marfan
syndrome also may reflect a role of fibrillin in the organization of the collagen
bands in the adventitial layer. This notion is supported by the fact that fibrillin
is localized predominantly in the adventitia of the normal aortic wall (fig. 4.6a)
and by the pattern of fibrillin deposition that is similar to that of the adventitial
collagen network (fig. 4.6b). Our findings confirm the longstanding assumption
that Marfan syndrome is a collagen disorder[22] and show that Marfan syndrome
is associated with a defect in collagen network organization. Such a defect may
well explain most of the other phenotypical features of Marfan syndrome which
appear related to collagen dysfunction (e.g., skeletal deformities, hernias, dural
ectasia, and ectopia lentis).

We speculate that defects similar to those in aaa explain the longstanding
apparent contradiction between increased collagen content but reduced mechan-
ical strength during wound healing and scar formation.[23] Microarchitectural
defects in collagen network formation may well contribute to scar formation in
postfetal wound healing that currently is attributed to a reduced elastin transcrip-
tion after birth.[24]
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4.5 Materials and Methods

All human arterial wall samples were provided by the Vascular Tissue Bank,
Department of Vascular Surgery, Leiden, The Netherlands. Sample collection
and handling was performed in accordance with the guidelines of Medical Eth-
ical Committee of the Leiden University Medical Center, Leiden, The Nether-
lands, and the code of conduct of the Dutch federation of Biomedical Scientific
Societies.[25]

Anterior lateral aneurysm wall samples were obtained from patients with an
aaa > 55mm undergoing elective open repair (aaa group: n = 17, mean age 72.4
±6.2years). Thoracic aortic aneurysms (ascending aorta, diameter > 50mm) of
Marfan patients were obtained during elective repair (Bentall procedures) (Mar-
fan group: n = 11, age 26.9 ±8.2years). All Marfan patients met the international
criteria for Marfan syndrome.[26]

Control (normal) abdominal aortic wall was obtained during kidney explanta-
tion for organ donation. All these control samples were obtained from the level of
the renal artery, i.e., from a location comparable to that of the samples from aaa
patients (n = 11, age 55.6 ± 10.2 years). The primary cause of the fatal brain injury
in this control group was a major head trauma or subarachnoidal bleeding.

Control thoracic aorta (post mortems) from patients dying from noncardiac
causes was used as a histological reference for the Marfan tissue.

Following excision, half of the sample was fixed in formalin for 24h, decalcified
in Kristensen’s solution, and subsequently embedded in paraYn for immunohis-
tochemical analysis. The remaining half was immediately flash-frozen in liquid
nitrogen for mrna analysis and for the preparation of cryosections.

Details on the biochemical, histological, and afm methodology and repro-
ducibility (fig. 4.9), and statistical analysis are provided in si Materials and Meth-
ods.

4.6 Supporting Information

SI Materials and Methods

Collagen and Cross-Link Analysis. Ten 10µm slices of paraYn-embedded tis-
sue were deparafinized in xylene, and the samples were hydrolyzed (110±C, 20–
24h) in 1mL 6m HCl in 5mL Teflon-sealed glass tubes. The samples were dried
and redissolved in 1mL of water containing 10µm of pyridoxine [internal stan-
dard for the cross-links hydroxylysylpyridinoline (hp) and lysyl-pyridinoline] and
2.4mmol/L of homoarginine (internal standard for amino acids) (Sigma). Sam-
ples were diluted 5-fold with 0.5%(vol/vol) heptafluorobutyric acid (Fluka) in
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10%(vol/vol) acetonitrile for cross-link analysis; aliquots of the 5-fold diluted
sample were diluted 50-fold with 0.1m sodium borate buVer (pH 8.0) for amino
acid analysis. Derivatization of the amino acids with 9-fluorenylmethyl chlorofor-
mate and reversed-phase hplc of amino acids and cross-links was performed on
a Micropak ods-80tm column (150mm£4.6mm) (Varian) as described previous-
ly.[27, 28] The quantities of the cross-link hp were expressed as the number of
residues per collagen molecule, assuming 300 hydroxyproline (Hyp) residues per
triple helix. This procedure is well established, because Hyp is a collagen-specific
amino acid and because the prolyl hydroxylation level in collagen is stable.

RNA Extraction and mRNA Analysis. Total rna extraction was performed us-
ing rnazol (Campro Scientifics) and glass beads according to the manufacturer’s
instructions. Copy-dna was prepared using kit #a3500 (Promega), and quanti-
tative realtime pcr analysis was performed for collagen type i and iii and lysyl
oxidase on the abi-7700 system (Applied Biosystems) using established primer/
probe sets (Assays on Demand; Applied Biosystems) and MasterMix (Eurogen-
tec). Analyses were performed according to the manufacturers’ instructions and
as previously reported.[29] gapdh expression was used as a reference and for
normalization.

Histology. Histochemistry and immunohistochemistry was performed on 4µm
deparaYnized, ethanol-dehydrated tissue sections. Collagen staining was per-
formed by the Sirius Red-picrine method.[30] Immunohistochemical staining for
collagen type i and iii and fibrillin was performed using specific antibodies for
collagen type i (c7510-17k; us Biological), collagen type iii (c7510-39g; us Bio-
logical), or fibrillin (mab1919, Chemicon). Pepsin-trypsin retrieval was required
for optimal collagen i and iii staining, and a 10mm (pH 6.0) citrate retrieval was
required for the fibrillin staining.

AB-conjugated biotinylated anti-goat or rabbit anti-igg was used as secondary
antibody. Sections were stained with Nova Red (Vector Laboratories) and coun-
terstained with Mayer’s hematoxylin. Controls were performed by omitting the
primary antibody.

We used confocal microscopy (lsm615; Zeiss) for the visualization of the colla-
gen network structures. Tissue slices (20µm) were stained with Sirius Red, and
Sirius Red fluorescence was used for the reconstruction. Fibrillin deposition
was evaluated by immunohistochemical staining (see above) using the Alexa 647

mouse anti-goat antibody for visualization. Serial confocal sections of x-y images
(stack size 206µm£206µm) of representative sections of the medial and adven-
titial layer were made along the z axis with a distance of 0.5µm. The excitation
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Figure 4.7:
mrna expression relative to gapdh (gapdh = 1) of type i and iii collagen, and lysyl oxidase (a
key enzyme required for collagen cross-linking). § p < 0.00001.
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Figure 4.8:
Collagen type i and iii distribution in medial-adventitial border zone of control (abdominal)
aorta, ascending aortic aneurysm in Marfan syndrome, and aaa.
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4 Aneurysms of the abdominal aorta

and emission wavelengths were 543 and 633nm, respectively, for the Sirius Red
staining and were 633 and 647nm, respectively, for immunohistochemical (Alexa
647) staining. The pinhole was set at 108µm. Three-dimensional reconstructions
of confocal stacks (20serial images at 0.5µm intervals) were performed using the
stacks-z-function on the Zeiss lsm Image Examiner version 3.2.0.115.

Atomic Force Microscopy. Atomic force microscopy (afm) measurements were
performed on 8µm-thick tissue slices. To that end, tissue was cryosliced to 8µm
thickness, perpendicular to the flow of the blood, and stored at °80±C. Measure-
ments were done using a Molecular Imaging PicoScan atomic force microscope
controlled with a custom scripting program written in Labview (National In-
struments) and Visual Basic 6 (Microsoft). Data were recorded with a National
Instruments card at 100kS/s and then processed into higher-resolution force-
volume images than can be taken with the control software of the afm. All
force-distance curves were performed at a rate of 1Hz.

Tissue was probed at two diVerent resolutions: A sharp tip (20nm tip radius)
was used to probe the tissue on the fibril level, and a 10µm ball tip was used
to probe at the tissue level.[31, 32] The sharp tips were Nanoprobe tips model np
(Veeco). Cantilevers were calibrated using the thermal method.[33]

Balls tips were specially modified tips from Novascan. These tips are Park
cantilevers (Veeco) to which a 10µm glass ball is attached. Because the eVec-
tive stiVness of the tissue is greater when probed at a larger scale, we choose
cantilevers with a force constant of 0.32N/m. Tips were coated by a layer of
polyethylene glycol (molecular weight 3,400kDa) to prevent fouling.

All afm measurements were performed in a liquid cell (Molecular Imaging)
in pbs. Preliminary evaluation showed that the afm measurements on the aorta
sections were independent of the spring constant of the cantilevers. Consistency
of the data was checked by measuring the variations in stiVness in a number
of healthy individuals. As shown in fig. 4.9, the variation among the individu-
als tested is consistent with the conclusion that the diVerences found among
diVerent tissues are disease specific rather than representing variation among
individuals.

AFM Function and Nanoindentation. Force-extension curves were performed
by laying a section of tissue on a glass slide and immersing it in the pbs buVer in
the liquid cell. Tissue then was loaded in the afm microscope, and a force-volume
dataset was produced by pushing the cantilever into the tissue at each point on
a grid. This technique allowed the collection of a 2d grid of indentation data that
then was transformed as explained below into eVective Young’s modulus as well
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Figure 4.9:
Force distribution of three distinct healthy aortas (black, gray and white bars) measured by the
sharp tip.

as a constant-force topograph.
The Young’s modulus was determined using the methods of A-Hassan et al.[34]

This technique is more robust to the errors that are inherently present in fitting
the Hertz model[35] of an indenter to data collected from afm force-distance
curves. A detailed discussion of the methods that can be used to find the Young’s
modulus from afm force-extension curves can be found in Stolz et al.[36] or in
A-Hassan et al.[34] This technique involves determining the work performed
by the cantilever on the tissue sample and then comparing this work with a
known standard. By integrating the total area under the force-distance curve,
local variations are minimized, and the curve fitting becomes less diYcult. Most
importantly, the exact point of contact between surface and afm cantilever is no
longer needed, because the area under the curve at the estimated contact point
is small compared with the total area under the curve. Its ease of application and,
more importantly, its reproducibility, make this technique the more desirable
method of determining the eVective Young’s modulus of the tissue.

In this case, Sneddon’s equations[37] were used to estimate the curve that would
be expected with a conical (sharp tip) or spherical (ball tip) Hertz model indenter.
Although this estimation negates some of the advantages of this method, namely
the ability to divide the shape, force constant, and sensitivity of the tip from the
equation, it still produces a standard curve to which all of the curves analyzed
by this method have been compared. Thus, although the absolute value for
the Young’s modulus has a large error, the error is systematic, and comparisons
between the various datasets are still completely valid.

Validity and Reproducibility of the AFM Measurements. Two diVerent force
constants were used between the ball tips and the sharp tips. To determine what
eVects the diVering force constants would have, we performed an experiment
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4 Aneurysms of the abdominal aorta

with the sharp tip on aortic abdominal aneurysm (aaa) tissue. Various cantilevers
were available on the nanoprobe chip; we used cantilevers with the 0.06N/m
and the 0.32N/m tips, force constants that were chosen specifically to match the
stiVness of the tissue and therefore to maximize the force resolution.

The eVect from the force constant of the cantilever over this range is negligible.
The observed diVerences pale in comparison with the diVerences between the
Marfan and aaa tissue. Therefore we can safely assume that the diVerences seen
in the aneurysmal tissue between the ball tip and the sharp tip result solely from
the diVerences in tip shape.

Action of Ball Tip vs. Sharp Tip. The diVerent-sized tips allow very diVerent
information about the collagen networks to be collected, and the data provide
a sense of the coherence of the matrix network. The two tips allow an under-
standing of the collagen networks as well as interacting directly with individual
proteins. The sharper tip is smaller than the radius of a collagen fibril. It is able
to interact directly with these structures in the extracellular matrix as well as
slip between the fibers. The ball tip was chosen to interact with the tissue on a
micrometer scale. This tip is able to push tens of fibers and directly measures the
network indentation properties of the tissue. The size is a compromise between
seeing the large network behavior and yet remaining small enough to handle
with an afm tip.

Nanoindentation Stiffness Maps. The force-vs.-distance curves were proces-
sed into a combination topography and stiVness image by combining all the
force-extension curves from the afm measurements into a grid and then taking
the extension at which the force reached a certain level as the intensity at that
point. This method is sensitive to both the initial height of the tissue and to the
stiVness of the tissue under the cantilever. Regions where the tissue is stiVer
will indent less before the required force is reached and will therefore appear
higher than regions that were equally high before indentation but that are softer.
We find that these images provide information complementary to the collagen
confocal images.

Statistics. DiVerences between the groups were evaluated by an unpaired t test
(for the normally distributed data) or by the Wilcoxon-Mann-Whitney test (for
non-normally distributed continuous data). The level of significance was set at
p < 0.05. All analyses were performed using spss16.0 (spss Inc.)

56



4.7 References

Extension (µm)
0

15

30

Fo
rc

e
(n

N
) Control

Extension (µm)
0

15

30

Fo
rc

e
(n

N
) AAA

0.0 0.5 1.0 1.5 2.0
Extension (µm)

0

15

30

Fo
rc

e
(n

N
) Marfan

Figure 4.10:
Individual force extension curves. “Extension” refers to the length of the piezoelectric tube.
Motion toward zero results in indentation of the tissue by the cantilever tip. (Top) Curves
sampled from control tissue. (Middle) Curves sampled from aaa tissue showing the nonlinear
interactions common on the aaa tissue with the ball tip. It is proposed that the nonlinearity is a
result of one collagen fiber being pushed into a second fiber, resulting in markedly stronger
forces with nonlinear transitions at the connection. This behavior is consistent with the notion
that there are fewer interconnections between the various collagen fibers resulting in no warning
for the second fiber and its sudden recruitment. (Bottom) Curves sampled from Marfan tissue
showing the collapses that are common with the Marfan tissue. These collapses could be the
result of the weakened collagen fibers slipping to the side of the tip or could indicate structural
weaknesses in the tissue. The confocal images in fig. 4.3a and b show the presence of small
voids.
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5 Proteolytic treatments on the aortic wall

5.1 Abstract

The micro-architecture of diVerent components of the extra cellular matrix is
crucial to the understanding of the properties of a tissue. In the study presented
here, we use a top-down approach to understand how the interplay between
diVerent fibers determines the mechanical properties of real tissues. By selec-
tively removing diVerent elements of the arterial wall, we are able to measure
the contribution of the diVerent constituents of the extra cellular matrix (ecm) to
mechanical properties of the whole tissue. The change in the network structure
is being imaged using two-photon microscopy. The Atomic Force Microscope
is used to measure the change in mechanical properties by performing nano-
indentation experiments.

We show that although the removal of a key element of the ecm reduced the
local stiVness by up to 50 times, the remaining tissue still formed a coherent
network. We also show how this method can be extended to study the eVects
of cells on real tissues. This new way of studying the ecm will not only help
physicists gain a better understanding of biopolymers, it will be a valuable tool
for biomedical researchers studying processes such as wound healing and cervix
ripening.

5.2 Introduction

In addition to the diVerent fibers and other components making up a tissue,
the micro-architecture of the diVerent components is crucial to the mechanical
properties of a tissue. In recent years, diVerent in vitro studies on reconstituted
components of the extra cellular matrix (ecm) have shed a light on the physical
principles that determine the mechanical properties of tissues. In such a bottom-
up approach, one or two diVerent ecm-components are combined to make a gel
and reveal a rich interplay between fibers, linkers and cells.[1–4]

In the study presented here, we use a top-down approach to understand how
the interplay between diVerent components determines the mechanical prop-
erties of real tissues. By selectively removing diVerent elements of the arterial
wall, e.g. removing the collagen by collagenase, we were able to measure the
contribution of the diVerent constituents of the ecm to the mechanical properties
of the tissue as a whole. Similar proteolytic treatments on the arterial wall have
previously been used to study the spatial organisation of the fibers within the tis-
sue using immunofluorescence[5] and scanning electron microscopy.[6] Despite
the diYculties posed by the complexity of real tissues, this method allows the
microarchitecture present in real tissues to be studied. Ultimately, this method
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Figure 5.1:
Microscopic overview of the anatomy of the abdominal aortic wall using Movat pentachrome
staining.
The aortic wall (a) is composed of multiple layers consisting of diVerent builds. The intima (b)
is the thin inner layer of the vessel wall, containing endothelial cells which are in contact with
the lumen and is separated from the media (c) by the internal elastic lamina (§). The tunica
adventitia (d) contains mainly collagen (brown), while the tunica media also consists of elastin
(dark blue/black) and smooth muscle cells (red). Proteoglycans (light blue) are present in both
layers, but predominantly in the media.
(a) was taken at 100£ magnification, (b–d) were taken at 400£ magnification.

could be extended to study the eVects of cells on the extra cellular matrix, e.g.
by studying the eVects of the contents of neutrophils on the extra cellular ma-
trix. The change in the network structure is being imaged using two photon
microscopy. Previous studies have used enzymatic digestions to diVerentiate the
contributions of the diVerent constituents of the ecm to the mechanical response
of the whole tissue.[7–11] In this study, the Atomic Force Microscope (afm) is used
to measure the change in mechanical properties on the sub-micrometer scale by
performing nano-indentation experiments.

5.3 Materials and Methods

All experiments have been performed on porcine aorta to minimize the biological
variation between samples. Whole porcine aortas were collected within 18 hours
after slaughter sliced in 15mm pieces and snap frozen in liquid pentane. The
tissue was cryosliced to 50µm and stored at -80±C until used.

The aortic wall is composed of multiple layers consisting of diVerent builds,
as is shown in fig. 5.1. By studying the tunica adventitia, the collagen rich outer
layer of the aorta, and the neighboring tunica media, which is rich in elastin and
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Sample Concentration Temperature
Control/pbs - 25±C / 37±C
Elastase (Worthington) 5.5u/ml 25±C
Collagenase (Worthington, type clspa) 200u/ml 37±C
Chodroitionas abc (Sigma) 1000u/ml 37±C
+ Hyalunoidase (Sigma) 0.04u/ml
Neutrophils 10 times diluted 37±C

Table 5.1:
Concentrations of enzymes used for the various proteolytic treatments.
Pbs was used as a buVer for al experiments except for the Chondroitinase abc + Hyaluronidase,
in which a 50mm Tris (Sigma), 10mm sodium (Sigma) acetate buVer was used for the incubation
and all the sample preparation steps. Incubation took place in the presence of penicillin
(50units/ml, Sigma) + streptomycin (50µg/ml, Sigma) to prevent the growth of bacteria. Elastase
and collagenase are from Worthington Biochemical Corporation, Lakewood, nj.

also contains some collagen fibers, we can examine the proteolytic eVects on two
diVerent networks within one sample.

After thawing, the samples were put in pbs (137mm NaCl, 2.7mm KCl, 8mm
Na2PO4, 1.8mm KH2PO4, pH 7.4, all from Sigma-Aldrich, Zwijndrecht, The Nether-
lands) for approximately 5 minutes to reconstitute. After removal of the pbs, the
samples where covered with pbs with penicillin-streptomycin (50units/ml) and
the enzymes in a stove overnight at 37±C, except for the elastin digestion which
was performed overnight at 25±C. The concentrations of the enzymes, listed in
table 5.1, are chosen such that the specific components are removed, but the rest
of the tissue remains intact.[9] The contents of neutrophils, activated by 100nM
formyl-Met-Leu-Phe (Sigma), were prepared as described in ref. [12]. After the
proteolytic treatment, the buVer with enzymes is changed to pbs and the sample
is used either for two-photon imaging or afm nano-indentation.

Second-harmonic generation (shg) was used to image the organization of
the collagen and the elastin fibers.[13] To detect collagen we used filter settings
to be sensitive for frequency doubling, while to detect elastin we relied on its
autofluorescence. The two-photon microscopy was performed on a Zeiss 710

nlo (Jena, Germany) upright confocal microscope equipped with a Spectra-
Physics Deep See mp laser (Spectra-Physics, Inc., Mountain View, ca). The images
were obtained with an excitation wavelength of 800nm and emitted light with
a wavelength between 371nm–425nm was detected for the collagen signal and
between 471nm–532nm for elastin. Confocal stacks were processed for maximum
intensity projections with the Zeiss Zen2009 software.

The afm nano-indentation experiments are performed as described in chapter
3. In short, measurements were done using a Molecular Imaging Picoscan afm
(Agilent Technologies, Palo Alto, ca) controlled with a custom scripting program
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written in Labview (National Instruments, Austin, tx) and Visual Basic 6 (Mi-
crosoft, Redmond, wa). The nano-indentation was performed with a 0.58N/m
cantilever (np type (Veeco Metrology, Santa Barbara, ca)) with a sharp tip and was
recorded with a National Instruments card at 100kS/s. Matlab (The MathWorks,
Natick, ma) was used to calculate the Young’s modulus for each indentation using
the fiel method of Hassan et al.[14] This method calculates the work needed for a
certain deformation by integrating the force-distance curve. This measure for the
stiVness is compared to a modeled curve, calculated using the Hertz model,[15]

that would be expected for a conical indenter. The spring constant, necessary
to relate the cantilever deflection with the applied force, is calibrated with the
thermal noise method.[16]

The assumption of the Hertz model of an isotropic, smooth substrate with a
Young’s modulus independent of the applied force, is not met. Biological tissues
tend to stiVen when they are deformed,[3, 4] and the many diVerent types of
fibers make the sample far from isotropic. However, by keeping the loading
rate approximately constant amongst diVerent experiments and using the same
force-setpoint, 20nN, the calculated values for the stiVness can still be used as a
measure of the response of the tissue upon indentation. This “eVective Young’s
modulus” will reflect the local mechanical properties of the tissue under the set
experimental conditions and can be used to compare indentations on diVerent
types of tissue.

By performing the indentations on a regular grid, a stiVness map of the tis-
sue, with a corresponding stiVness distribution, is made. All afm measurements
are performed in buVer at 37±C (control, collagenase, chondroitinase + hyalu-
ronidase, neutrophils) or 25±C (control, elastase). For every case at least 2000

indentations on diVerent locations have been performed.
Samples for Scanning Electron Microscopy (sem) imaging have been prepared

and incubated with enzymes with the same method as for the afm measurements.
After overnight incubation with the enzymes, the samples were put overnight
in pbs with 2% glutaraldehyde (Sigma) at 4±C. Afterwards, the samples where
critical point dried and coated with a thin layer of gold-palladium (maximal
5nm thick) and stored at room temperature until use. A field emission sem (jeol
jsm-6700f) was used at 5.0kV.

5.4 Results and Discussion

Figure 5.2 shows a stiVness map measured on the tunica media of a sample
without any enzymes added. Each pixel of the stiVness map represents the
stiVness calculated from a single indentation curve, with light colors indicating
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Figure 5.2:
StiVness map measured on the tunica media of a sample without any enzymes added (113µm £
113µm, 34 £ 34points). StiVer pixels tend to be grouped in elongated patches which have an
orientation that coincides with the fibers that are visible in the optical microscope integrated
with the afm.

large stiVness. The stiVness map shows that stiVer pixels tend to be grouped
in elongated patches, which have an orientation that coincides with the fibers
that are visible in the optical microscope integrated with the afm. We combine
multiple stiVness maps for every sample treatment into a single histogram, which
reflects the distribution of stiVnesses within a sample. These histograms of the
media and the adventitia are plotted in fig. 5.3, and show a clear change in
eVective Young’s modulus for certain proteolytic treatments.

Figure 5.4 shows the two-photon images of the adventitia and media for the
diVerent proteolytic treatments we have performed. The two-photon images
of the control show the diVerence in network structure between the media and
adventitia. The adventitia consists of a densely woven network of collagen fibers,
while the media consists mainly of parallel elastin fibers. The swelling stress of
the proteoglycans, present in both layers of the arterial wall, puts the network,
composed by the collagen and the elastin fibers, under tension.[17, 18] The small
deformations made by the afm tip mainly probe the tension on this combined
network instead of the mechanical properties of the isolated fibers. The inhomo-
geneous distribution of proteoglycans across the vessel wall, showing a higher
concentration in the media than in the adventitia,[19, 20] could give rise to the
measured stiVer response in the media compared to the adventitia.[21, 22]

Digestion by elastase reveals the underlying collagen structure in the media
and reduces the stiVness of the remaining tissue of the media, as was expected
since elastin is one of its main components. The network structure and mechan-
ics of the adventitia however remain unaltered by the elastin removal. Since
the removal of elastin needed an incubation temperature of 25±C, a control
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Figure 5.3:
Histograms showing the stiVness distribution of the porcine aortic wall after various proteolytic
treatments. The plot shows a clear decrease in eVective Young’s modulus in certain conditions.
For every condition at least 2000 indentations on diVerent locations have been performed. All
measurements have been performed at 37±C, except for one control and the elastase treatment
which have been performed at 25±C. A maximum indentation force of 20nN was used.
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Figure 5.4:
Two photon microscopy images of the porcine aortic wall after various proteolytic treatments.
Scale bars are 20µm. The images show a clear removal of the autofluorescence signal corre-
sponding to elastin (green) or the shg signal corresponding to collagen (red) fibers in certain
conditions.
The adventitia did not give any signal after the collagenase treatment. Instead sem images, at a
higher magnification, of the remaining tissue are shown. Please note that, because the eVects
of chondroitinase and hyaluronidase treatments are expected to take place on a smaller length
scale compared to the other treatments, the images of this treatment are made at a higher
magnification. The sample used for the two photon experiments with the neutrophils had a
four times as high penicillin-streptomycin concentration as is listed in table 5.1.
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with this temperature has also been made. The observed small decrease in stiV-
ness between the control sample left overnight at an incubation temperature of
37±C, compared to an incubation temperature of 25±C, is much smaller than the
changes made by the proteolytic treatments.

Colagenase treatment weakens both layers. The weakening of the adventitia,
an approximate 45-fold decrease in stiVness, is stronger than in the media, where
the stiVness decreases by approximately a factor 3. Although two-photon imaging
shows no collagen and elastin present in the digested adventitia, the afm still
feels a coherent network. Sem imaging confirms the existence of a remaining
coherent network. The remaining structures have a large similarity with the
structure of proteoglycans, which have been reported to be present in both layers
of the aortic wall.[19, 20]

Removal of the proteoglycans by a mixture of Chondroitinase abc and Hyalu-
ronidase showed reduced stiVness of both media and adventitia. This decrease
is modest compared to the collagenase treatment of the adventitia or the elas-
tase treatment of the media, but it is still quite significant, considering that the
two-photon images do not reveal any significant change in the network structure.

DiVerent studies suggest that neutrophils are associated with degradation of
the extracellular matrix. The large number of diVerent enzymes, contained in
neutrophils,[23] have been shown to be capable of removing proteoglycans,[24–26]

collagen[27] and elastin[28] from the ecm. The visually unaltered collagen and
elastin structure in the multi-photon images suggest that the concentration of
collagen and elastin degrading enzymes is too low to significantly alter those net-
works. The afm nano-indentation measurements, however, do show a weakening
similar to the weakening of the tissue when the combination of Chondroitinase
abc and Hyaluronidase is applied. This could imply that there is a suYcient
concentration of proteoglycan degrading enzymes in the neutrophil extract to
alter these components of the ecm. The larger spread in measured stiVnesses
could be the result of ecm degrading enzymes that do locally damage the collagen
and elastin network.

A close look at the individual nano-indentation curves, depicted in fig. 5.5,
shows additional information concerning the mechanical interaction on the fiber
level. While untreated or unaltered tissue shows a steep increase of the force
upon indentation, we find that when a main component of the extra cellular
matrix is removed, eg. collagen from the adventitia, the elasticity of the tissue not
only decreases, but also many drops in force are observed, which we interpret as
breaking events (denoted by asterixes in fig. 5.5b–d).

A large number of indentation curves of the neutrophil treated adventitia show
a piecewise linear increasing force upon indentation, indicating that the afm
tip pushes on an individual fiber instead of on a well connected network. The
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Figure 5.5:
(a-e) Representative nano-indentation curves after various proteolytic treatments of the adven-
titia (continous lines) and the media (striped lines) of the porcine aorta. Some of the breakage
events are marked with a *. These curves gives a clear signal of the mechanical interaction
on the fiber level. Untreated or unaltered tissue shows a steep increase of the force upon
indentation. When a main component of the extra cellular matrix is removed, the elasticity of
the tissue not only decreases, but also many drops in force are observed.
The inset of e) shows three representative nano-indentation curves measured on an aneuris-
matic aorta of a human donor (data taken from chapter 4[29]). In (e) a similar piecewise linear
increase is measured on an adventitia treated with the contents of activated neutrophils.
(f) Histogram of slopes of the first increasing part of the nano-indentation curves of a neutrophil
treated adventitia. The distribution shows a clear peak around 0.014N/m. The data of this
graph is taken from one of the two locations on which the piece-wise linear increasing force
was measured.
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piece-wise linear curves of the neutrophil treated adventitia show a peak in the
stiVness distribution, at 104 and at 105 Pa, depending on the stiVness of the afm
cantilever. This shows that the Hertz model does not apply for these curves
because the slope of the force-distance curve is a measure for the ratio of the
stiVness of the cantilever and the fiber on which it pushes and not for the Young’s
modulus of the sample.

A complicating factor of the neutrophil data arises from the fact that its action
is consistently non-uniform. Only two out of five diVerent 113µm £ 113µm grids
(from two independent experiments) on which the nano-indentation measure-
ments were performed, showed the piecewise linear increasing force, while the
other three grids did not, revealing an inhomogeneity of the tissue on larger
length scales. However, some of the indentations on these three grids, did show
a piece-wise linear decreasing force on the retracting part only of the inden-
tation. The control measurements, taken on four diVerent locations from two
independent measurements, did not show any non-uniformity between the mea-
surement locations. Alcian blue staining for proteoglycans, fig. 5.6, confirmed the
emergence of inhomogeneity on a length scale larger than the scan-size of the
afm . At present we cannot attribute the non-uniformity to a specific blocking
agent simply because we do not know which of the many components of the
neutrophil extract is responsible for the observed change.

The sharp distribution of slopes of the first linear part after indentation, figure
5.5f, shows that the diVerent fibers have the same stiVness. Previous studies on
aneurysmatic tissue, chapter 4, showed a similar piecewise linear force increase
upon indentation,[29] which is shown in the inset of fig. 5.5e. Aneurysms, a
local dilatation of the arterial wall, are characterized by an inflammatory vessel
wall, containing a highly elevated number of neutrophils.[30–32] The fact that an
overnight incubation with the contents of activated neutrophils is enough to
mimic the change in response from a healthy to an aneurysmatic tissue both in
the stiVness and in the shape of the indentation curve, suggests that neutrophils
may be responsible for the change in the mechanical properties of aneurysmatic
aortic tissue of humans on the nanometer scale.

These measurements show how enzymes, secreted by cells, alter the mechan-
ical properties of their surroundings. Other studies have shown that mechan-
ical strain aVects the ecm and enzyme production of cells. Vascular smooth
muscle cells, for example, not only produce more fibronectin, collagen[33] and
proteoglycans[34] when strained, the expression of the collagen degrading matrix
metalloproteinase 2 is also increased.[33, 35] These eVects, which strongly depend
on the specific interactions between the cells and the ecm,[36] have also been
shown in skin tissue,[37] synovial joints[38] and bone.[39, 40]
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5.5 Conclusion

This study shows how the contribution of the individual components of the ecm
to its mechanical properties is diVerent for the adventitial and medial layers
of the aorta. Although the removal of collagen, a key element of the ecm, is
capable of reducing the local stiVness up to 50 times, the remaining tissue still
forms a coherent network. The revealed micro-architecture and stiVness of the
individual network components can be used as a basis for further theoretical
studies, to better understand the interplay between fiber mechanics and the
network organization.

Furthermore, we believe the significance of this study is demonstrated by the
eVect of the contents of activated neutrophils on the aortic wall. An overnight
incubation with the contents of activated neutrophils is able to reproduce the
change of local mechanical properties observed in aneurysms. Although this
does not explain the previously observed remodeling of the collagen fibers on a
larger length scale,[29] it is very well possible that the local change in mechanical
properties, caused by the neutrophils, might trigger other cells to weave the
new collagen fibers to repair the tissue in a diVerent, less ordered, way. Further
studies are needed to elucidate which components of the extra cellular matrix
are altered by enzymes of the neutrophils and how this gives rise to a distinct
response upon indentation.

We believe that this new way of studying the mechanical properties of the extra
cellular matrix is not only valuable for physicists to get a better understanding of
the mechanical properties of biopolymers, it will also help biomedical researchers
to study processes like wound healing, atherosclerotic plaque development and
cervix ripening. These are all processes in which the interaction between cells
and their environment results in a remodeling of the extra cellular matrix.

5.6 Supporting material

In order to see whether proteoglycans could be at the origin for the observed
non-uniformity in the adventitia after the treatment with the neutrophil extract,
we stained samples, after incubation with either pbs or the neutrophil extract, for
proteoglycans using alcian blue, fig. 5.6.

The alcian blue stained sample of the neutrophil treated tissue reveals bands
of more intense staining in the adventitia that do not appear in the controls.
The width of those bands, which exceed 100µm, are comparable to the area
which is examined within one afm measurement, which could explain why we
do not see the piece-wise linear force curves in all measurements. We do not
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Figure 5.6:
Alcian blue staining of the media and adventitia of a control and neutrophil treated sample
shows the presence of proteoglycans in both layers. The adventitia of the neutrophil extract
treated sample shows bands with an increased staining.
Scale bars are 100µm.

know the mechanism that produces this non-homogeniety, but neutrophils are
known to aVect proteoglycans.[24–26] The increased staining could be caused by
the cutting of large proteoglycans into smaller units, but could also be the result
of unmasking: the enzymes removed some components from the ecm allowing
more proteoglycans to be stained.

Methods

The samples have been prepared and treated with the enzymes as described
section 5.3. After the overnight incubation with the enzymes, the buVer with the
enzymes has been removed from the sample and the samples have been dried in
air for 2 hours. Afterwards the samples are fixated by putting them 10 minutes in
acetone and are stained in Alcian blue solution (Merck, Darmstadt, Germany)
for 8 minutes. Subsequently they are rinsed three times by dipping them for 2

minutes in water. Afterwards they are dried in air and covered.
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6 Collagen cross-linking in
atherosclerotic lesions

Part of this chapter will be submitted as:
The collagen cross-linking enzyme lysyl oxidase is associated with a stable phenotype

of human atherosclerotic lesions

O. A. Ovchinnikova, L. Folkersen, J. W. M. Beenakker, J. Persson, J. H. N. Lindeman,
T. Ueland, P. Aukrust, R. Hanemaaijer, N. A. Gavrisheva, E. V. Shlyakhto, G. Berne,
P. S. Olofsson, U. Hedin, and G. K. Hansson
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6 Atherosclerotic plaques

6.1 Abstract

Background Acute clinical complications of atherosclerosis such as myocardial
infarction and ischemic stroke are usually caused by thrombus formation on the
ruptured plaque surface. Collagen, the main structural protein of the fibrous cap,
provides mechanical strength to the atherosclerotic plaque. The integrity of the
fibrous cap therefore is likely to depend on collagen fiber cross-linking, a process
controlled by the enzyme lysyl oxidase (lox). We therefore investigate the lox
expression in human atherosclerosis and its eVect on the stiVness of the fibrous
cap.

Methods and results We studied atherosclerotic plaques from patients under-
going carotid endarterectomy. Lox protein was detected in areas of the plaque
rich in smooth muscle cells (smc) and collagen; higher lox mrna and protein
levels were associated with a more stable phenotype of the plaque. Lox mrna
levels in carotid plaques predicted future myocardial infarctions among operated
patients. A positive correlation was observed between mrna levels of lox and
osteoprotegerin (opg), and negative correlations between lox mrna and markers
of inflammation. The amount of the mature, lox-mediated collagen cross-links
in plaques correlated positively with serum level of opg and with the stiVness of
the fibrous cap.

Conclusions Lox may contribute to the stabilization of atherosclerotic lesions
and to the prevention of its lethal complications. Expression of lox is negatively
correlated with pro-inflammatory stimuli and positively correlated with opg,
suggesting that such mediators may control plaque lox expression and hence
plaque stability.

6.2 Introduction

Acute clinical complications of atherosclerosis such as myocardial infarction and
ischemic stroke are caused by the thrombus formation on the plaque surface.[1, 2]

The most frequent patho-anatomical substrate for sudden arterial thrombosis is
a rupture of the fibrous cap that overlies the lipid core of the plaque.[1] Fibrillar
collagens types i and iii, synthesized by vascular smooth muscle cells (smc),
are abundantly present in the fibrous cap and are an important factor for the
biomechanical stability of the plaque.[3] The strength of the fibrous cap depends
not only on the amount of collagen, but also on cross-linking generated in the
maturation of collagen fibers.[4]
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Lysyl oxidase (lox) is an extracellular copper-dependent enzyme that catalyzes
the formation of aldehydes from lysyl and hydroxylysyl residues within the c- and
n-terminal telopeptides of collagen fibrils. This reaction leads to the formation
of covalent intermolecular mature cross-links, hydroxylysylpyridinoline (hp) and
lysylpyridinoline (lp), which results in the insolubilization and stabilization of ex-
tracellular collagen.[5, 6] Lox gene deletion causes fetal death due to defects in the
cardiovascular system including aortic aneurysms,[7] illustrating its importance
for vascular pathophysiology.

Sites of atherosclerotic plaque rupture are characterized by the presence of ac-
tivated macrophages, t cells, and mast cells that can influence collagen strength
within the fibrous cap by producing pro-inflammatory cytokines, proteases, coag-
ulation factors, radicals, and vasoactive molecules.[1] Interferon ifn-∞ produced
by Th1 cells strongly inhibits the proliferation of vascular smcs and the produc-
tion of interstitial collagens and lox by these cells.[8–10] Other proinflammatory
cytokines such as tumor necrosis factor tnf-Æ induce expression of collagenolytic
proteases by activated macrophages and mast cells in plaques.[1, 11]

Atherosclerotic lesions of mice with increased t-cell activation have smaller
fibrous caps and display reduced amounts of mature, cross-linked collagen due
to inhibition of lox by cytokines of activated t cells.[12] Interestingly, two risk
factors for atherosclerotic heart disease, hypercholesterolemia and hyperhomo-
cysteinemia, can decrease lox levels in cells.[10, 13] Anti-inflammatory mediators
are thought to protect atherosclerotic plaques from rupture by expanding the
population of vascular smcs in the fibrous cap and by augmenting collagen
production and lox-dependent cross-linking of fibers. Transforming growth
factor tgf-Ø, platelet-derived growth factor (pdgf) and statins all increase lox
expression and activity in vascular smcs.[10] Treatment of Apoe-/- mice with os-
teoprotegerin (opg), a decoy receptor for the receptor activator of nuclear factor
∑b ligand (rankl), promotes vascular smc accumulation, lox-dependent collagen
fiber formation and development of fibrous caps.[14]

We hypothesized that lox-dependent collagen cross-linking plays an important
role by stabilizing the atherosclerotic plaque and preventing fibrous cap rupture.
Therefore, we investigated lox expression and its cytokine regulation in human
atherosclerosis and its eVect on the stiVness of the fibrous cap.

6.3 Methods

Human Specimen Collection The studies were approved by the respective
ethics committees for human studies. Human atherosclerotic plaque tissue was
obtained from the Biobank of Karolinska Endarterectomies (bike)[15] and from the
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Biobank of St. Petersburg Investigation of Carotid Endarterectomies (spice) (table
6.4). Atherosclerotic plaques from carotid arteries were retrieved from patients
during carotid endarterectomy, a surgical procedure in which material is removed
from the inside of an artery, after providing informed consent. Pieces of carotid
arteries were immediately frozen for rna and protein extraction or embedded
in Tissuetek optical coherence tomography (oct) compound (Sakura Finetek
Europe BV, Zoeterwoude, the Netherlands) and frozen for immunohistochemistry.
157 cases in bike were used for rna analysis and 24 cases from spice for protein
analysis.

RNA analysis Total gene expression profiling was performed on 107 rna sam-
ples from bike using AVymetrix Gene Array u133 Plus 2.0. All lox analysis was
based on the 215446_s_at probeset, which generated the highest signal values.
Results from another probeset (204298_s_at) were similar, with a high correlation
of 0.88. Rna from 157 human carotid endarterectomies from the same cohort
was analyzed by real-time reverse-transcription polymerase chain reaction (rt-rt-
pcr) as described previously.[16] There was an overlap of 77 samples between the
microarray and rt-rt-pcr cohort. Primers and probes for human lysyl oxidase
and cyclophilin a, a house-keeping gene, were purchased as assays-on-demand
(Applied Biosystems). Expression of lox mrna as assessed by rt-rt-pcr had a high
correlation with the expression of the 215446_s_at probeset (Pearson correlation
coeYcient, r = 0.62).

The population of smcs in the atherosclerotic lesion exhibits extensive phe-
notypic diversity and plasticity.[17] Smcs in diVerentiated and dediVerentiated
states diVer morphologically and functionally, however it is diYcult to clearly
distinguish two populations based on existing smc-markers. Therefore, to esti-
mate the content of smcs in atherosclerotic lesions we calculated the smc-index
that reflects the median of mrna levels for all smc-related genes as determined
by gene expression array of total plaque mrna (table 6.5).

Immunohistochemistry and immunofluorescence To localize lox in human
atherosclerotic plaques, series of single immunohistochemical and double im-
munefluorescent stainings were performed. The primary antibodies that were
used included mouse polyclonal antibody generated against a synthetic peptide
of human lox (anti-lox antibody)[18] (a generous gift from Professor Amato Giac-
cia, Department of Radiation Oncology, Stanford University, Stanford, ca); rabbit
polyclonal antibodies to human von Willebrand factor (Dako), Æ-smooth muscle
cell-actin (Æsm-actin) (Abcam, Cambridge, UK) and collagen iv (Abcam); mouse
monoclonal antibodies to human cd68 (Dako) and human cd163 (Dako); and a
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mouse isotype control (Dako, Glostrup, Denmark). Immunohistochemical and
fluorescent images were captured with a Leica dc480 color camera and with a
Leica sp5x confocal microscope, respectively.

Western blot analysis Active lox enzyme in 4m urea extracts (5µg of protein
per lane) from carotid plaques was visualized by Western blots using anti-lox
antibody[18] diluted in 5% defatted dry milk/Tris-buVered saline/0.1% Tween 20.
Optical density of the bands was measured using densitometry software, Fujifilm
Image Gauge version 3.46.

Collagen analysis Picrosirius red staining was used for the assessment of col-
lagen fibers in lesions.[19, 20] Briefly, 10µm formaldehyde-fixed sections of carotid
plaques were stained for 1 hour in saturated picric acid containing 0.1% picrosir-
ius red (Direct Red 80, Fluka, Buchs, Switzerland). The color of collagen fibers
when identified using Picrosirius Red staining depends upon fiber thickness and
packing of collagen fibers; as fiber thickness or alignment increases, the color
under polarized light changes from green to yellow and red.[21] All sections were
analyzed under linear polarized light at magnification 200£ in a Leica drmb
microscope and images were captured with a Leica dc480 color camera.

Collagen cross-link analysis Analysis of mature collagen enzymatic cross-
links, hydroxylysylpyridinoline (hp) and lysylpyridinoline (lp)[5] and non-enzyma-
tic cross-links, pentosidine, was performed on ten slices (10µm) of frozen sections
from individual carotid plaques by reverse-phase hplc of amino acids and cross-
links on a Micropak ods-80tm column (150mm£4.6mm) (Varian, Palo Alto, ca)
as described previously.[22, 23] The quantities of the enzymatic mature cross-links
(hp+lp) were expressed as the number of residues per collagen molecule, as-
suming 300 hydroxyprolyl (Hyp) residues per triple helix given that the prolyl
hydroxylation level in collagen is stable.

Enzyme-linked Immunosorbent Assay Opg, interleukin (il)-6 and c-reactive
protein (crp) levels in serum and opg in plaque tissue were measured with elisa
kits from r&d Systems (Minneapolis, mn). Neopterin was analyzed with an elisa
kit from Brahms (Hennigsdorf, Germany) and soluble rankl with an Elisa from
Peprotech (ec Ltd, London, UK) according to the manufacturer’s instructions.

AFM nano-indentations The atomic force microscopy (afm) nano-indenta-
tion experiments are performed as in ref. [23]. In short, measurements were
done using a Molecular Imaging Picoscan afm (Agilent Technologies, Palo Alto,
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Figure 6.1:
(a) Histogram showing the distribution of measured Young’s moduli on the fibrous cap of an
atherosclerotic plaque. For every location more than 1000 indentations have been performed
on a grid of 34£34points, reflection the spread in stiVness of the 113µm£113µm probed area.
The median of this distribution, 0.98£102 MPa for this measurement, is used as a representative
measure for the stiVness of this location.
(b) Lox protein was detected in 4m urea extracts from human carotid plaques by Western blot
using mouse anti-human lysyl oxidase antibodies. Representative photograph of a Western blot
membrane shows two lox-specific bands: inactive proenzyme (around 48–50kDa, single arrow)
and active lox enzyme (32kDa, double arrow).

ca) controlled with a custom scripting program written in Labview (National
Instruments, Austin, tx) and Visual Basic 6 (Microsoft, Redmond, wa). The
nano-indentation was performed with a 2.0N/m cantilever (Olympus omcl type
(Olympus, Hamburg, Gemany)) and was recorded with a National Instruments
card at 100kS/s. Matlab (The MathWorks, Natick, ma) was used to calculate the
Young’s modulus for each indentation using the fiel method of Hassan et al.[24]

This method calculates the work needed for a certain deformation by integrating
the force-distance curve. This measure for the stiVness is compared to a modeled
curve, calculated using the Hertz model,[25] that would be expected for a conical
indenter. The spring constant of the cantilever, necessary to relate the cantilever
deflection with the applied force, is calibrated with the Sader method.[26]

The assumption of the Hertz model of an isotropic, smooth substrate with a
Young’s modulus independent of the applied force, is not met. Biological tissues
tend to stiVen when they are deformed,[27, 28] and the many diVerent types of
fibers make the sample far from isotropic. However, by keeping the loading rate
approximately constant amongst diVerent experiments and using the same force-
setpoint, 100±16nN, the calculated values for the stiVness can still be used as a
measure of the response of the tissue upon indentation. This “eVective Young’s
modulus” will reflect the local mechanical properties of the tissue under the set
experimental conditions and can be used to compare indentations on diVerent
types of tissue.

By performing the indentations on a regular grid, a stiVness map of the tissue,
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with a corresponding stiVness distribution, is made. At every location at least
1000 indentations on a grid of 34£34 points have been performed. For every
indentation the eVective Young’s modulus was calculated. The median of all
the stiVness measurements was used as a representative measure for the local
stiVness, fig. 6.1a.

Prediction of secondary events For each of the bike patients the following
two adverse event categories were defined: 1) death, and 2) myocardial infarction.
All event types were taken from the Swedish Hospital Discharge Register and
the Swedish Cause of Death Register. The retrieval of myocardial infarction
incidence data from the Swedish Hospital Discharge Register and the Swedish
Cause of Death Register is a reliable, validated alternative to the use of revised
hospital discharge and death certificates.[29] The follow-up time for patients
free of myocardial infarction was 35 ± 14months for the rt-rt-pcr cohort and 22

± 13months for the microarray cohort.

Statistical Analysis Spearman Rank Order Correlation was used to calculate
the correlation coeYcient and all correlations were adjusted for multiple com-
parisons by Bonferroni correction. The Mann-Whitney u test was used for com-
parisons between 2 groups in in vitro experiments. Values were expressed as
mean± std. Values of p < 0.05 were considered significant. Analysis of follow up
data was done using cox-regression as implemented in the survival package[30]

from the r programming language.[31]

6.4 Results

Expression of LOX in human atherosclerotic lesions

We investigated lox mrna and protein in perioperatively obtained samples of hu-
man carotid plaques. Lox mrna was highly expressed in human carotid plaques;
with microarray data, lox mrna was detected among the top 10% of all genes.
Using rt-rt-pcr, lox mrna was detected at a ct value of 26–30. Using specific
anti-lox antibodies[18] we were able to detect two forms of lox: the proenzyme
(approximately 48–50kDa) and the 32kDa mature enzyme in 4m urea extracts
from plaque tissues (fig. 6.1b).

Immunostaining of human atherosclerotic lesions demonstrated prominent
lox expression in the fibrous cap and in the areas surrounding the necrotic core
(fig. 6.2a). Expression of lox was observed either intracellularly within Æsm-actin-
positive smcs (fig. 6.2b) or extracellularly, where it was localized in areas that
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Figure 6.2:
Lox protein was localized in frozen sections of human carotid atherosclerotic plaques. Serial
sections were stained with antibodies against lox (a–c), Æsm-actin (b), isotype control (d), cd163

(e) and cd68 (f). Immunoperoxidase micrographs (a, c–f) show specific staining in red and
hematoxylin stained nuclei in blue, original magnification 25£ (a,e,f) and 200£ (c,d). In the
immunofluorescent micrograph (b) Æsm-actin is stained green, lox is red, and colocalization of
red and green results in yellow. Nuclei are stained blue with dapi. Original magnification 400£.
Scale bars are 50µm (b–d). l, lumen, nc, necrotic core.

contained thick mature collagen fibers, predominantly fibrillar collagens type i
and iii, and collagen type iv (fig. 6.3a–c,e). Smcs in the media of plaque-free vessel
walls were generally lox positive whereas the medial layer under the plaque con-
tained predominantly lox-negative smcs (fig. 6.7). Lox protein was also detected
in the immediate subendothelial space where it co-localized with collagen iv but
not with von Willebrand factor-positive endothelial cells (fig. 6.3d–e). Lox pro-
tein co-localized with areas enriched with cd163+ macrophages (fig. 6.2a,e) and
partially overlapped with cd68- positive areas (fig. 6.2a,f). However, expression
of lox varied within the lesions and between patients.

LOX is associated with a more stable phenotype of human plaques

Stable atherosclerotic plaque is characterized by an abundance of smcs and
mature fibrillar collagen type i and iii in the fibrous cap.[3] Previous studies in
the lab of prof. Hansson in atherosclerosis-prone mice revealed that higher lox
mrna and protein levels associate with better collagen fiber quality, i.e. with a
high proportion of thick, cross-linked collagen fibers in lesions.[12] To investigate
whether lox expression was associated with a more stable phenotype of human
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Figure 6.3:
Double immunofluorescent staining of frozen sections of human carotid plaques with anti-
bodies against lox (a,c–e) Æsm-actin (a), collagen type iv (c,e), and von Willebrand factor (d).
Lox is stained red; cell type markers and collagen iv are green; co-localization of red and green
results in yellow color. Nuclei are stained blue with dapi. Original magnification 400£ (a–c) and
630£ (d,e). (b). Micrograph shows section of human plaque stained with Picrosirius red dye for
collagen fibers and visualized under polarized light. Original magnification 200£.
Scale bars are 50µm. l, lumen.

Transcript Correlation, rho p-value
Smc index 0.2 0.02
Procollagen Æ1(I) 0.51 < 0.001
Procollagen Æ1(III) 0.53 < 0.001
Procollagen Æ1(IV) 0.52 < 0.001
Prolyl 4-hydroxylase, Æ-subunit (p4ha) 0.51 < 0.001
Prolyl 4-hydroxylase, Ø-subunit (p4hb) 0.61 < 0.001
Lysyl-hydroxylase-2 (plod2) 0.6 < 0.001

Table 6.1:
Spearman rank correlation, rho, between mrna levels of lox and factors involved in collagen
biosynthesis as analyzed by gene expression arrays of human carotid atherosclerotic lesions.

atherosclerotic lesions, we examined the correlation between the mrna levels of
lox and mrna for several markers of collagen biosynthesis in the human plaques.
As shown in table 6.1, lox mrna correlated significantly with mrna for three main
procollagen types present in vascular tissue: procollagen type i, iii and iv; it also
correlated with mrna for prolyl-4-hydroxylase and lysyl hydroxylase, enzymes
that are important for cross-linking of collagen fibrils.[4]
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Figure 6.4:
Correlation between lysyl oxidase and collagen. Semiquantitative analysis of active lox enzyme
in human carotid plaques was performed by measuring optical density of the 32kDa-band.
Amounts of collagen and enzymatically induced cross-links (hydroxylysylpyridinoline (hp) and
lysylpyridinoline (lp)) of mature collagen, and nonenzymatic pentosidine cross-links were
determined in human carotid plaques by reverse-phase hplc. Active lox enzyme positively
correlated with the percentage of collagen per mg of plaque tissue (left) and with the amount of
mature enzymatic collagen cross-links per triple helix (th) (pmol/pmol) (middle). It is negatively
correlated with non-enzymatic cross-links, pentosidine (pmol/pmol) (right). Rho-Spearman
rank correlation coeYcient.

Transcript Correlation, rho p-value
OPG 0.6 < 0.001
CD74 °0.48 < 0.01
HLA-DR °0.44 < 0.01
Lipocalin-2 °0.318 < 0.01
CD4 °0.3 < 0.01
RANKL °0.26 NS
INF-∞ °0.1 NS

Table 6.2:
Spearman rank correlation, rho, between mrna levels of lox and markers of inflammation
analyzed by gene expression arrays of human carotid plaques. NS indicates non significant
results.

opg in serum opg in tissue srankl in serum il6 in serum
(ng/ml) (ng/mg) (pg/ml) (pg/ml)

Collagen 0.26 0.43* 0.001 °0.1
(HP+LP)/TH 0.48* 0.27 0.05 °0.3
Pentosidine/TH 0.2 0.05 0.11 0.2

Table 6.3:
Spearman rank correlation, rho, between systemic markers of inflammation, percentage of
collagen (% per mg tissue), and mature collagen cross-links (pmol/pmol) in human carotid
plaques.
§p < 0.05, th-triple helix; mature insoluble collagen cross-links are hydroxylysylpyridinoline
(hp) and lysylpyridinoline (lp).
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Fibrogenic cells are the main source of lox in tissues.[32] Therefore, we assessed
whether lox mrna levels were dependent on the content of collagen-producing
smcs in plaques. To overcome great phenotypic diversity and plasticity of smcs in
lesions[17] we calculated a smc index that reflected the median of mrna levels for
all smc-related genes in vascular tissues (table 6.5). Although lox mrna correlated
to the smc index, the relationship was weak, suggesting that any changes of lox
expression in atherosclerotic plaque occur independently of smc content (table
6.1 and fig. 6.8). We further evaluated whether lox mrna levels were associated
with the amount of collagen in human atherosclerotic plaques. The amount of
active lox in plaques correlated positively with the amount of collagen and with
the amount of mature collagen cross-links but negatively with non-enzymatic
advanced glycation endproducts (age)-induced cross-links (pentosidine) (fig. 6.4).

LOX levels correlate negatively to factors associated with a
proinflammatory phenotype of human plaques

To investigate if lox was associated with vascular inflammation, we examined
the correlation between the mrna levels of lox and several markers of inflam-
mation in samples of carotid endarterectomies. As shown in table 6.2, lox mrna
displayed significant positive correlation with opg transcript levels and correlated
negatively with mrna levels for the mhc class ii molecule hla-dr and its invariant
chain cd74, lipocalin-2 and the t-cell receptor associated protein cd4.

We further studied whether the quality of the collagen cap in human carotid
plaques was associated with markers of systemic inflammation. The amount of
mature collagen cross-links correlated positively with the systemic opg level, but
not with rankl, il-6, crp or neopterin (table 6.3 and data not shown). Tissue opg
levels were associated with higher collagen content in carotid plaques (table 6.3).

Local LOX levels correlate to local stiffness of the extra cellular matrix

In a recent study by Hayenga et al., the atomic force microscope (afm), has been
used to show a stiVness diVerence between calcified and non-calcified regions
of plaques in ApoE-/- mice.[33] In this study, we used the afm to locally measure
the stiVness on diVerent locations on the fibrous cap of human patients and to
correlate this to the amount of lox and collagen.

The afm measurements, summarized in fig. 6.5, show a positive correlation be-
tween the lox concentration and the stiVness of the tissue. On the whole plaque
level, we measure a positive correlation between the lox and collagen concen-
tration, fig. 6.4. The absence of a correlation within the fibrous cap between the
sample stiVness and collagen concentration, shows that a local increase in lox,
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Figure 6.5:
Correlation between the tissue stiVness and lysyl oxidase (left) and collagen concentration
(right) in four human carotid plaques. The stiVness was measured on various locations of the
fibrous cap of four diVerent plaques. On the same location, a semiquantitative analysis of active
lox enzyme and collagen concentration was performed by measuring the intensity of the lox
or collagen staining, made on subsequent coupes. These measurements show for every plaque
a positive correlation between the Young’s modulus and the lox concentration. The absence
of a correlation with the amount of collagen shows the minor influence of the local collagen
concentration on the tissue stiVness, compared to the amount of lox protein.

which cross-links the collagen, is suYcient to locally increase the stiVness of the
tissue.

Local LOX levels were not correlated to historically reported symptoms

The lox expression level was not associated with any of the reported clinical
symptoms, including amaurosis fugax, transient ischemic attack or stroke, regis-
tered before the operation. The level of lox mrna and active lox protein were
not aVected by gender, age, body mass index, plasma cholesterol level, or phar-
macological treatment with statins or angiotensin-converting enzyme inhibitors
in two studied populations (data not shown).
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Figure 6.6:
Kaplan-Meyer plots for event-free survival from myocardial infarction in patients that had
undergone carotid endarterectomy. The incidence of secondary myocardial infarctions in
patients was determined using the Swedish Hospital Discharge Register and analyzed separately
in patients with lox mrna expression above or below median in two bike cohorts: the microarray
cohort (a) and the rt-rt-pcr cohort (b). Vertical lines indicate censored patients, i.e. the end
of the follow-up period was reached without any event. The number of follow-up days after
carotid endarterectomy is displayed on the x-axis.

LOX mRNA associated with better future outcome in patients with
atherosclerosis

To investigate whether lox mrna levels were associated with the future outcome
in carotid endarterectomy patients, we analyzed follow-up data for patients
in the bike study. Data was analyzed from two subsamples of the bike cohort
and stratified in tertiles by lox expression. In the microarray subsample (69

patients), we found that higher lox expression was associated with a significantly
lowered incidence of myocardial infarction (cox regression coeYcient of °1.20

±0.30, p = 0.024; patients with a lox mrna expression above median have a
1.20 times lower change to suVer from a myocardial infraction compared to the
below median group) (fig. 6.6a). The ability to predict myocardial infarction was
validated in a larger cohort of 157 samples using rt-rc-pcr measurements. In
this cohort, the cox-regression coeYcient was °1.46 ±0.745, p = 0.049 (fig. 6.6b).
Adjusting for age and gender eVects gave similar results. No individual in the
patient group with lox expression above median was diagnosed with myocardial
infarction within the follow-up period, while 12 individuals with lox mrna level
below median suVered from myocardial infarction.

In total 12 deaths were registered in the bike cohort during follow-up period:
three cases were related to cardiovascular pathology, one patient died of cancer,
and the rest were unspecified. Lox transcript levels did not predict future death
events.
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6.5 Discussion

The present study provides evidence for an important role of lox in the stabiliza-
tion of the human atherosclerotic plaque. Higher lox mrna and protein levels
were associated positively with markers of atherosclerotic plaque stability, i.e.
collagen synthesis and a high proportion of thick, cross-linked collagen fibers,
and negatively with pro-inflammatory markers that characterize a vulnerable
plaque. We detected lox protein in regions of the fibrous cap that were rich in
collagen and smcs and in areas surrounding the necrotic core. Moreover, lox
levels were associated with increased synthesis and suYcient maturation of fib-
rillar collagens type i and iii in human carotid lesions. Furthermore, locally the
stiVness of the fibrous cap correlated positively with the amount of lox protein.

The expression of lox in plaques was associated with clinical events. Although
lox levels were not associated with symptoms of acute brain ischemia reported
before the endarterectomy, lox does seem to be protective in the long-term
follow-up. Patients with the highest lox mrna had fewer secondary myocardial
infarctions. By catalyzing collagen cross-linking and the formation of thick col-
lagen fibers with high tensile strength, lox may contribute importantly to the
mechanical strength of the plaque and counteract the risk for plaque rupture.
The lack of association between lox levels and past symptoms may reflect the
natural course of plaque progression. The time between the onset of a symptom
and the operation varied from one day to three months, implying that plaques
were captured at diVerent phases of the healing process. Recent studies suggest
that lox is expressed by endothelial cells and that lox expression can be inhibited
by several known atherosclerotic risk factors such as tnf, low density lipopro-
teins and homocystein.[10] We could not detect lox positive endothelial cells
overlying human atherosclerotic plaques; however, lox expression co-localized
with basement membrane collagen iv and with smcs in the immediate suben-
dothelial space. Given that collagen iv is one of the substrates for lox,[5] we
assume that such subendothelial distribution of the enzyme helps to stabilize the
endothelial layer by maintaining the integrity of the basement membranes. The
amount of immunoreactive lox protein in the subendothelial space varied sub-
stantially between diVerent samples, possibly reflecting the degree of endothelial
dysfunction.

In the last few years, novel biological functions of lox have been reported,
including the control of cell migration, adhesion and gene regulation.[6] It was
shown that that lox can modulate the chemotactic sensitivity of vascular smcs
and monocytes.[34, 35] We identified lox-positive areas in the regions surround-
ing the necrotic core and in areas rich with Æsm-actin-positive smcs and cd163+
macrophages. The haptoglobin receptor cd163 is a marker of “alternatively” acti-
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vated (m2) macrophages with profibrotic and anti-inflammatory potential.[36, 37]

Therefore, our findings may reflect a role for lox in the recruitment of smcs and
m2 macrophages to the perinecrotic areas of plaques.

Impaired lox-dependent collagen maturation has been suggested to play an
important role in the pathogenesis of abdominal aortic aneurysms.[7, 38] We
observed that the medial layer under the atherosclerotic plaque predominantly
contain lox-negative smcs. Considering the notion that atherosclerotic plaques
grow outwards during progression,[39] we speculate that the loss of lox from
medial smcs promotes such an abluminal growth of the plaque.

The present findings in human atherosclerosis confirm and extend previous
studies in mouse models, which demonstrated that excessive inflammation in
atherosclerotic lesions leads to impaired fibrous cap formation by inhibiting lox
expression.[12]

In the human atherosclerotic plaque, lox mrna expression correlated nega-
tively to mrna for several markers of immune activity including cd74, hla-dr,
lipocalin-2 and cd4. Cd74 is the invariant chain associated intracellularly with
hla class ii molecules and cd4 is the hla class ii co-receptor expressed on t cells.
Both molecules are crucial for immune activation and increased in inflamed
regions of atherosclerotic plaques.[1, 40, 41] Their association with lox confirms
that local immune activity hampers plaque stability. Lipocalin-2, or neutrophil
gelatinase-associated lipocalin (ngal), is a glycoprotein found in neutrophil gran-
ules. It promotes mmp-9 activation and localizes in regions of atherosclerotic
plaques with high proteolytic activity.[42] Together, these data imply that inflam-
mation and proteolysis, conditions known to destabilize plaques, are associated
with reduced lox expression. This, in turn, supports the hypothesis that plaque
inflammation promotes rupture[2] and suggests that reduction of lox activity
may contribute to the process.

Regions with higher lox expression are stiVer compared to regions with lower
lox expression, confirming its stabilizing and strengthening eVect on the col-
lagen network. Further afm studies could elucidate the eVect of the various
inflammatory systems on the collagen network and measure whether the spatial
organization of the collagen has an influence on the fibrous cap strength.[23]

Opg is a soluble member of the tnf receptor superfamily and acts as a decoy
receptor by inhibiting rankl ligation.[43] Our recent findings provided evidence
for atheroprotective and plaque stabilizing eVects of opg.[14] They suggested that
opg may exert biological eVects not only by inhibiting rank ligation but also
by directly aVecting collagen synthesis and lox-dependent collagen maturation
within atherosclerotic lesions.[14] Clinical studies show that rank and its ligand
are overexpressed in monocytes and t cells of patients with acute coronary
syndromes.[44] Our present data show a positive association between opg levels
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and markers of stability in human atherosclerotic plaques: opg mrna levels
correlated positively to lox mrna expression and the smc index. Furthermore,
we observed significant positive correlations between serum levels of opg and
enzymatic cross-links of mature collagen in the plaques. In light of this, we
speculate that opg may promote plaque stabilization by increasing collagen
synthesis and lox-dependent collagen maturation.

The levels of lox protein and mature collagen cross-links did not correlate with
circulating levels of soluble rankl or proinflammatory cytokines such as il-6. In
view of the negative correlations between mrna for lox and those for a range
of proinflammatory mediators in the plaque, it will be important to investigate
additional inflammatory molecules for correlation with plaque levels of lox and
collagen in order to identify biomarkers for plaque stability.

Taken together, our present findings support a role for lox in the stabilization
of atherosclerotic plaques. By promoting collagen cross-linking and the forma-
tion of thick collagen fibers with high tensile strength, lox may reduce the risk
for plaque rupture and the development of lethal complications of atherosclero-
sis. The negative correlation between lox and markers of plaque inflammation
and immunity suggest that inflammatory mediators may counteract stabilizing
the eVects of lox, possibly by acting directly on lox expression. Further studies
are warranted to evaluate lox and lox associated molecules as biomarkers and
therapy targets for plaque stability.

6.6 Supplementary methods

RNA analysis Total gene expression profiling was performed on 107 rna sam-
ples from bike using AVymetrix Gene Array u133 Plus 2.0. Samples for microarray
analysis were hybridized and scanned at the Karolinska Institute AVymetrix core
facility; obtained cel-files were preprocessed and log2-transformed using rma-
normalization.

Tissue samples and cells were lysed with rtl buVer (Qiagen, Valencia, ca). Total
rna was isolated with the rneasy extraction kit (Qiagen) and reverse transcribed
to cdna using random hexamers and Superscript ii reverse transcriptase (Life
Technologies, Rockville, md). Mrna levels were assessed by rt-rt-pcr in a TaqMan
universal polymerase chain reaction master mix (Applied Biosystems, Foster
City, ca). Primers and probes for human lysyl oxidase and cyclophilin a were
purchased as assays-on-demand (Applied Biosystems). Samples were analyzed
in duplicates with an Abi Prism 7700 Sequence Detector (Applied Biosystems).
Results were normalized to values for human cyclophilin a.
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Immunofluorescence Acetone-fixed sections were incubated with 5% horse
serum followed by a mouse monoclonal anti-human lysyl oxidase antibody[18]

(generous gift from Professor Amato Giaccia, Department of Radiation Oncol-
ogy, Stanford University, Stanford, ca) or an isotype control (Dako, Glostrup,
Denmark) and a polyclonal rabbit anti-human von Willebrand factor (Dako),
rabbit polyclonal anti-human Æ-smooth muscle cell-actin (Æsm-actin) (Abcam,
Cambridge, UK) or rabbit polyclonal anti-human collagen iv (Abcam). Binding
was detected with biotinylated horse anti-mouse antibody (Vector Laboratories,
Burlingame, ca) followed by a Texas Redstreptavidin conjugate (Invitrogen, Carls-
bad, ca) or a Alexa Fluor 488-conjugated goat anti-rabbit antibody (Invitrogen).
Lipid autofluorescence was blocked with 0.03% Sudan black b (Sigma Aldrich)
in 70% alcohol. Nuclei were visualized with dapi (Sigma Aldrich), and images
were viewed in a Leica fluorescence microscope and captured with a confocal
microscope Leica dmi.

Immunohistochemistry 10µm acetone-fixed sections of carotid plaques were
stained by mouse monoclonal anti-human lysyl oxidase antibody[18] or an iso-
type control (Dako); monoclonal mouse anti-human cd68 (Dako); monoclonal
mouse anti-human cd163 (Dako). Antibody binding was detected using Imm-
Press reagent kit/Peroxidase and visualized with Vector NovoRed substrate kit
(Vector laboratories).

4M urea LOX extraction and western blot analysis The active lox protein
is insoluble in neutral saline which likely reflects its tight association with its
substrates in the extracellular space, but the enzyme can be rapidly solubilized by
buVers supplemented with 4 to 6m urea.[32] Therefore, multiple steps extraction
was carried out at 0–4±C similar to the one described previously.[45] Frozen
samples of carotid plaques were cut into small pieces and homogenized for 2min
in 0.15m-NaCl/0.016m-potassium phosphate, pH7.7, at a ratio of 4ml of buVer/g of
ground tissue. The homogenate was incubated in ice for 30min and centrifuged
at 15000g for 10min, and the pellet was extracted once more with the new buVer.
The two buVered salt extracts were discarded. The resulting pellet obtained
from the salt extractions was further extracted with 0.016m-potassium phosphate,
and then with 4M-urea in this phosphate buVer. The urea-soluble material was
decanted and kept and the pellet was extracted once more with 4m-urea/0.016m
phosphate. The two urea extracts were pooled and protein concentration was
determined by bicinchoninic acid (bca) protein assays (Thermo Fisher Scientific,
Rockford, USA) with bovine serum albumin as a standard.

4m urea extracts from carotid plaques (5µg of protein per lane) were sepa-
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rated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis under
reducing conditions and blotted to hybridization transfer membrane Hybond-p
(Amersham, Little Chalfont, UK). Blots were blocked and incubated with primary
antibodies (mouse monoclonal anti-human lysyl oxidase antibody[18] and appro-
priate horseradish peroxidase-conjugated secondary antibodies diluted in 5%
defatted dry milk/Tris-buVered saline/0.1% Tween 20). Immunoreactive proteins
were visualized by the ecl Western blotting analysis system (Amersham). Optical
density of the bands was measured using densitometry software Fujifilm Image
Gauge version 3.46.

A

50µm

B

50µm

A

B

Figure 6.7:
Double immunofluorescent staining of frozen sections of human carotid plaques stained with
antibodies against lox (red) and Æsm-actin (green); co-localization of red and green results in
yellow; nuclei are stained blue with dapi. lox-positive smcs dominate in plaque-free media (b),
and lox-negative smcs are observed in the media under the plaque (b).
Original magnification 400£
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Figure 6.8:
Correlation between smc index and mrna levels of lox or opg analyzed by gene expression
arrays of human carotid plaques. Rho-Spearman rank correlation coeYcient.
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Values
Parameters bike spice
Number of patines 107 106
Male/female 76.1% / 23.9% 79.2 % / 20.8%
Age, years (mean±SD) 71.37±8.61 62.6±8.0
Pharmalocigal treatment:

Antiplatelet agents 91.3% 79.5% (n = 79)
Statins 78.2% 32.9% (n = 79)
Angiotensin converting enzyme inhibitors 25.4% 59.5% (n = 79)
Ø-blockers 46.4% 49.4% (n = 79)

Table 6.4: General characterization of patients from the biobanks bike and spice.

Gene name Transcript acc. nr. Probe set ID
kruppel-like factor 5 (intestinal) NM_001730 209211_at
kruppel-like factor 5 (intestinal) NM_001730 209212_s_at
myocardin NM_153604 237206_at
osteopontin NM_000582 1568574_x_at
osteopontin NM_000582 209875_s_at
platelet-derived growth factor receptor, Æ polypeptide NM_006206 1554828_at
platelet-derived growth factor receptor, Æ polypeptide NM_006206 203131_at
platelet-derived growth factor receptor, Æ polypeptide NM_006206 211533_at
platelet-derived growth factor receptor, Æ polypeptide NM_006206 215305_at
platelet-derived growth factor receptor, Ø polypeptide NM_002609 202273_at
smoothelin NM_006932 1556030_at
smoothelin NM_006932 207390_s_at
smoothelin NM_006932 209427_at
smoothelin-like 1 NM_001105565 230367_at
(SM 22) transgelin (TAGLN), transcript variant 1 NM_001001522 1555724_s_at
(SM 22) transgelin (TAGLN), transcript variant 1 NM_001001522 205547_s_at
(SM 22) transgelin (TAGLN), transcript variant 1 NM_001001522 226523_at
actin, alpha 1, skeletal muscle NM_001100 203872_at
actin, alpha 2, smooth muscle, aorta NM_001613 200974_at
actin, alpha 2, smooth muscle, aorta NM_001613 215787_at
actin, alpha 2, smooth muscle, aorta NM_001613 243140_at
homo sapiens transgelin 2 (TAGLN2) NM_003564 200916_at
homo sapiens transgelin 2 (TAGLN2) NM_003564 210978_s_at
myosin, heavy chain 11, smooth muscle NM_002474 1568760_at
myosin, heavy chain 11, smooth muscle NM_002474 201495_x_at
myosin, heavy chain 11, smooth muscle NM_002474 201496_x_at
myosin, heavy chain 11, smooth muscle NM_002474 201497_x_at
myosin, heavy chain 11, smooth muscle NM_002474 207961_x_at
myosin, heavy chain 11, smooth muscle NM_002474 228133_s_at
myosin, heavy chain 11, smooth muscle NM_002474 228134_at

Table 6.5:
smc-related genes that were analyzed by gene expression array of human carotid plaques and
used to calculate smc index. Transcript accession numbers are taken out of the ncbi database;
Probe set id corresponds to the AVymetrix Gene Array u133 Plus 2.0.
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6.7 Additional measurements on plaques of the
abdominal aorta

The disease of atherosclerosis aVects all vascular beds including coronary, caro-
tid, aorta and peripheral arteries.[47] Of these primary locations, surprisingly
little is known about how atherosclerosis progresses in the aorta, the second
largest manifestation of this disease.[48–52] This lack of information is remarkable,
especially considering the fact that the aorta is generally used in rodent studies
of atherosclerotic disease. A recent cardiovascular mri study showed, that during
the progression of atherosclerosis, the vessel wall area significantly increased
for both the carotid artery and abdominal aorta (table 6.6).[46] The lumen area,
however, did not change significantly for carotid arteries, but did significantly
increase for the abdominal aorta. This diVerence in vascular remodeling could
be the result of the diVerence in stiVness of the surrounding tissue, but could
also have a more complicated origin. Furthermore, these measurements show a
diVerence in plaque progression between diVerent vascular beds.

In a large systematic histopathological study of 260 aortic samples, van Dijk et
al. describe the development and progression of atherosclerosis in the abdominal
aorta.[53] The results of this study, summarized in fig. 6.9, show how the initially
thick fibrous cap thins and eventually ruptures. The mechanism of cap weaken-
ing and thinning is currently a controversial issue. Macrophages are thought to
thin the cap by secreting enzymes that degrade the extracellular matrix.[3, 54–57]

During the progression of the disease, the number of collagen producing smooth
muscle cells declines, halting the production of collagen. Whether the primary
cause of plaque thinning lies at the production or degradation side or both is a
current issue of discussion.[54] Another line of theories on cap weakening is based
on the mechanical aspects of plaques, e.g., the blood exerts a pulsed pressure
on the cap which could weaken the cap.[58] A study by Bruke et al. provided evi-
dence that silent plaque rupture could be a form of wound healing,[59] implying

Baseline (mm2) ¢/year in %
Lumen 31.18±8.98 °1.23±12.34
Wall 25±9.61 8.67±35.54

Carotid artery

Baseline (mm2) ¢/year in %
Lumen 259.63±85.89 4.97±15.86
Wall 103.48±33.72 13.24±17.36

Abdominal aorta

Table 6.6:
Annual progression rate of atherosclerosis and change in lumen size per year for the carotid
artery (n = 23) and abdominal aorta (n = 15).[46] The wall area increased significantly for both
the carotid artery and the abdominal aorta. The lumen area significantly increased for the
abdominal aorta, but did not change significantly for the carotid arteries.
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Normal aorta Intimal thickening Early fibroatheroma

Late fibroatheroma Thin cap fibroatheroma Plaque rupture

Healing rupture Healed rupture Fibrotic calcified plaque

Figure 6.9: Development and progression of atherosclerosis in the abdominal aorta.[53]

that plaque thinning and rupture could sometimes also be beneficial.

In the remaining of this chapter, we show some preliminary data on atheroscle-
rotic plaques of the abdominal aorta. Although the results of these measurements
still needs to be verified on a larger number of samples, they do demonstrate how
the afm, in combination with multi-photon microscopy, can become a valuable
tool to study the progression of atherosclerosis.

The ability of the afm to measure spatial variations of the stiVness within an
atherosclerotic plaque, could yield important information on the weakening of
the collagen cap. Finite element simulations on the rupture of carotid plaques
showed that calculated maximum plaque stresses were found to be significantly
higher in patients with acute symptoms than those in recently symptomatic
patients.[60, 61] These models can however be improved significantly if the local
physical properties of these plaques are known.

Our preliminary afm measurements show, fig. 6.10a, a ten-fold diVerence in
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Figure 6.10:
Afm measurements on atherosclerotic plaques of the abdominal aorta.
(a) StiVness measurements on the middle and the shoulder of the fibrous cap of the same
plaque show a ten fold diVerence in stiVness, suggesting the middle of cap is weaker than the
shoulder.
(b) StiVness measurements made with a ball tip at various distances from the necrotic core
show how the tissue gets weaker near the necrotic core.

the stiVness between the middle of the plaque and the plaque shoulder. These
measurements seem to show that the mechanism for plaque rupture in the
abdominal aorta is diVerent than in the coronary arteries, where they tend to
rupture in shoulder regions of the plaque.[62, 63] This diVerence could be the
result of the diVerence in pressure and flow profiles between these arteries.

Multi-photon microscopy images of the collagen structure of a starting plaque,
fig. 6.11a, show a thick barrier of multiple parallel collagen sheets, which prevent-
ing the contents of the necrotic core from entering the blood. Similar images of
an older and thinner cap, fig. 6.11b, show how the collagen structure is disrupted.
This damage is probably caused by the many collagen degrading enzymes of the
necrotic core.[3, 54] This hypothesis is strengthened by our afm measurements
which, by probing the stiVness as a function of the distance to the necrotic core,
fig. 6.10b, showed a significant weakening of the tissue near the necrotic core.
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30µm
(a) Starting plaque

30µm
(b) Old plaque

Figure 6.11:
Multi-photon microscopy images of the collagen cap of a starting (a) and old cap (b). The
starting plaque shows a thick barrier of multiple parallel collagen sheets, which blocks the
contents of the necrotic core from entering the blood. The collagen structure of the old cap,
however, shows a disrupted collagen structure.
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7 Collagen remodeling and tumor
micrometastasis in a zebrafish
xenograft model

Part of this chapter is currently in press as:
Neutrophil-mediated experimental metastasis is enhanced by VEGFR inhibition in a

zebrafish xenograft model

S. He, G. E.M. Lamers, J.W.M. Beenakker, C. Cui, V. P. S. Ghotra, E.H. J. Danen,
A.H. Meijer, H. P. Spaink and B. E. Snaar-Jagalska
Journal op Pathology, ����
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7 Tumor micrometastasis in zebrafish

7.1 Abstract

To study the dynamic and reciprocal interactions between tumor cells and their
microenvironment, we used a xenograft model by injecting tumor cells into the
blood circulation of transparent zebrafish embryos. This reproducibly results in
rapid simultaneous formation of a localized tumor and experimental micrometa-
stasis, allowing time-resolved imaging of both processes at single-cell resolution
within one week. The tumor vasculature was initiated de novo by remodeling of
primitive endothelial cells into a functional network. Roles of myeloid cells in
critical tumorigenesis steps such as vascularization and invasion were revealed
by genetic and pharmaceutical approaches. We discovered that the physiological
migration of neutrophils controlled tumor invasion by conditioning the collagen
matrix and forming the metastatic niche, as detected by two-photon confocal
microscopy and second harmonic generation.

7.2 Introduction

The dynamic and reciprocal interactions between malignant tumor cells and
the non-malignant cells in their microenvironment have a central role in tu-
mor progression.[1, 2] Tumor cells secrete pro-angiogenic factors including the
vascular endothelial growth factor (vegf) to activate the endothelial cells of neigh-
boring blood vessels and trigger angiogenesis to form tumor neovasculatures.[3]

The tumor stromal cells, including fibroblasts and bone-marrow derived cells
(mbdc), can secrete pro-angiogenic factors and control the angiogenic switch.[4, 5]

Bone marrow-derived endothelial progenitor cells also participate in tumor vas-
cularization by de novo vasculogenesis and/or direct incorporation into the
tumor vasculature.[6, 7] Moreover, the myeloid lineages of bmdc are recruited
by tumor cells to enhance their survival and aggressiveness.[3] The cd11+gr1+
myeloid cells, including immature dendritic cells, monocytes, neutrophils and
early myeloid progenitors, promote tumor progression independent of the adap-
tive immune system and are essential mediators of the tumor refractoriness to
anti-vegf treatment.[7]

However, as these cells usually locate in deep tissues and can be functionally
interfered by invasive detection methods, in vivo kinetic study of their actual roles
in tumor progression remain challenging. Therefore, non-invasive visualization
of the kinetic interaction between tumor cells and their microenvironment at
high resolution will largely improve our understanding of the basic cancer biology
and help to design new therapeutic strategies.

The zebrafish, Danio rerio, has been an important animal model for can-
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cer, immune and stem cell research over the last decade.[8–11] Many molecular
and cellular components that operate during tumorigenesis are conserved be-
tween zebrafish and mammals. A wide range of pharmacologically active com-
pounds elicit physiological responses in zebrafish embryos comparable to those
in mammalian systems,[12] making zebrafish ideal for identifying clinically rele-
vant genes and compounds that regulate tumor progression. The transparency
of zebrafish, in combination with the availability of various tissue-specific flu-
orescent reporter transgenic lines,[13, 14] allows high resolution in vivo analysis
of tumor progression and the interactions between tumor cells and the host
microenvironment.[15, 16] Several tumor transplantation assays with human and
mammalian cells have been developed to study diVerent aspects of tumor malig-
nancies in embryo and adult zebrafish, such as tumor cell migration, prolifera-
tion, angiogenesis and tumor cell extravasation.[13, 15–19] However, most of these
assays are limited to one selected step of tumor development and do not repre-
sent the full complexity of tumorigenesis in one model. In addition, for zebrafish
embryonic engraftment models there are no reports published describing tumor
cells extravasation from the circulation and invasion into the surrounding tissue
where cells proliferate to form experimental metastases.

We have established a rapid, reproducible zebrafish embryonic xenograft
model for simultaneous formation of a localized tumor and experimental mi-
crometastasis by intravascular injection of tumor cells into the blood circulation
of zebrafish embryos. With non-invasive high-resolution imaging we character-
ized the critical steps of tumor progression, including tumor vascularization and
tissue invasion. Using this model, we found that myeloid cells are involved in
these tumor processes, and especially that neutrophils condition the collagen
matrix to facilitate metastatic niche formation and tumor invasion.

7.3 Results

Intravascular injection of tumor cells into zebrafish embryos resulted in
localized tumor growth and micrometastasis within 6 days

In order to develop an experimental metastasis model, as frequently used in
mice, we implanted up to 400 fluorescent tumor cells into the blood circulation
of zebrafish embryos at 2 day post fertilization (dpf). The tumor cells hematoge-
nously disseminated in the embryo immediately after injection into the duct of
Cuvier, a wide circulation channel on the embryonic yolk sac connecting the
heart to the trunk vasculature (fig. 7.1a,b). When > 100 tumor cells were injected,
the embryonic circulation was not suYcient to disseminate the entire bulk of
implanted cells, resulting in the accumulation of non-disseminated cells close
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Figure 7.1:
(a) Bright field (left) and fluorescence (right) images showing the injection of tumor cells (red)
into the zebrafish embryonic circulation (green) via the ventral side of the duct of Cuvier.
(b) Dissemination of implanted tumor cells in embryos injected with ∑ 100 (top) or > 100 cells.
Dissemination was observed in almost all embryos (124/125) at 3 hours post implantation (hpi).
The injection sites are indicated by * and disseminated tumor cells are indicated by arrows. The
caudal hematopoietic tissue (cht) is outlined (top). Note that tumors also accumulated close to
the injection site in the example of an embryo injected with > 100 cells (bottom).
(c–e) Progression of tumor formation. Tumor cells accumulated close to the injection site
at 6 hpi (c), induced formation of neovasculature at 2 days post implantation (dpi) (d), and
displayed localized tumor growth at 6dpi (e).
(f–h) Formation of micrometastases. Disseminated tumor cells resided in the tail at 6hpi (f),
invaded into the neighboring tail fin at 2dpi (g), and formed micrometastasis colonies in the
fin tissue at 6dpi (h).
Red in a,b&e: tumor cells labeled with the red cell tracker cm-dil:; Red in c,d,f–h: tumor cells
stably expressing dsRed. Green in all: gfp-endothelial cells of the tg(fli:gfp) line. Abbreviations:
dlav: dorsal longitudinal anastomotic vessel; isv: intersegmental vessel; da: dorsal aorta; cv:
caudal vein.

to the injection site at the duct of Cuvier (fig. 7.1b). Using a tg(fli:gfp) endothe-
lial reporter transgenic zebrafish line with fluorescent vasculature,[13] we found
that the accumulated tumor cells induced neovasculature formation and devel-
oped into a localized tumor (fig. 7.1c-e), whereas the disseminated tumor cells
formed micrometastic colonies in the trunk of the fish (fig. 7.1f-h). Localized
tumor growth and experimental micrometastases were also induced by several
other types of mouse- or human-originated tumorigenic cell lines, but never by
non-malignant cell lines (table 7.1). This novel experimental metastasis assay
bypasses the primary tumor stage and intravasation, but opens the possibility to
use this model to screen for anti metastatic agents in a few days instead of weeks
in rodent models.
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Figure 7.2:
(a–e) Initiation of tumor-induced neovasculature. Fli:gfp embryos were imaged from the ventral
side to achieve a top view of dsRed labeled fgf-t-mae tumor cells, which, after implantation,
accumulated under the primitive endothelial cells of the duct of Cuvier (a, 6hpi, with magni-
fication in the right panel). At 12hpi, the primitive endothelial cells in close association with
the tumor cells started to change morphology (b). At 18hpi, the primitive endothelial cells were
remodeled into vessel-like structures (c; 3 connected gfp-endothelial cells). The remodeled en-
dothelial cells were further connected within the tumor cell mass at 1dpi (d, with magnification
in the right panel). At 2dpi, a partially lumenized vasculature network had formed within the
tumor cell mass (e).
(f) Microangiography with tetramethylrhodamine dextran showing partial blood flow in the
tumor vessels at 3dpi (red, indicated by arrows). Some leakage of the tumor vessels was also
observed (*).
Scale bars: 25µm.

Cell line Description Vascularization/loca-
lized tumor growth

Tumor invasion/
micrometastasis

n

KFGF-T-MAE MAE cells transformed
by FGF2 over expression

97.0% 32.8% 67

4T1 Mouse breast cancer 64.7% 15.5% 142
MDA-MB-231 Human breast cancer 0% 47.9% 48
PC3 Human prostate cancer 25.0% 0% 60
MAE Mouse endothelial 0% 0% > 100
ZF4/PAC2 Zebrafish fibroblast cell

lines
0% 0% > 100

Table 7.1:
The migratory potential of various tumor cells. For every tumor cell type the cells have been
implanted in n diVerent fish at 2 days post fertilization (dpf). 6 day post implantation the fish
were scored for vascularization/localized tumor growth and tumor invasion/micrometastasis.
(data not shown[20])
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Figure 7.3:
(a) An expanded tumor mass of fgf-t-mae-mCherry cells, supported by a functional vasculature-
network, at 6dpi. The right panel shows magnifications of a pectoral fin vessel (top) and a tumor
vessel (bottom). Circulating blood cells within the vessels are indicated by arrows (overlay of
transmitted light and gfp channel).
(b) Phosphohistone h3 (ph3, blue) staining of fli:gfp embryos implanted with fgf-t-mae-
mCherry cells. The ph3+ staining, as a marker of proliferation, was increased in both mCherry+
and mCherry- cell populations after 4dpi, when circulating blood cells started to be detected in
the tumor neovasculature.

Tumor vascularization is the critical step for localized tumor growth

Taking advantage of the transparency of zebrafish embryos, we performed high-
resolution confocal imaging to characterize the localized tumor growth. Shortly
after implantation, the non-disseminated tumor cells locally accumulated in
close association with the primitive endothelial cells of the duct of Cuvier (fig.
7.2a), which were subsequently remodeled into neo-vessel-like structures by the
tumor cells (fig. 7.2b,c). Subsequently the neo-vessels connected and gradu-
ally formed an irregular, tortuous, lumenized vasculature network within 2 days
(fig. 7.2d,e). Partial blood flow was detected in the tumor vasculature by mi-
croangiography from 3 days post implantation (dpi) (fig. 7.2f) and circulating
erythrocytes were observed in the lumen after 4dpi (fig. 7.3a).

Notably, only in the embryos where such functional tumor neovasculature had
formed, the localized tumor cells expanded into a tumor mass of > 0.15mm di-
ameter by 6dpi. Phosphorylation of histone h3 (ph3), a proliferation marker, sig-
nificantly increased in both fluorescence-positive tumor cells and fluorescence-
negative stromal cells of the localized tumor mass after 4dpi (fig. 7.3b), when
the tumor vasculature started to be functional. These results indicate that suc-
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Figure 7.4:
(a) Neutrophils (green, tg(mpx:gfp)i114) associated with fgf-t-mae tumor cells (red) at the
localized tumor growth site.
(b) Neutrophils (blue, mpx+ histochemical staining) associated with the tumor cells (red) at the
micrometastasis site.
(c–d) Macrophages (blue, mpx-/l-lpastin+) associated with the tumor cells (red) at the localized
tumor (c) and the micrometastasis (d) sites.

cessful tumor vascularization was the critical step for localized tumor growth
in our model. Importantly, this de novo, tumor induced vascularization repre-
sents a totally diVerent phenomenon than a previously described angiogenesis
assay, which monitors growth of new vessels from existing vessels towards tumor
implant.[21]

Myeloid cells are involved in tumor vascularization and invasion

Leukocytes are known to contribute to diVerent steps of tumor progression
including the formation of tumor vasculature and metastasis.[2, 4, 5, 7] In zebrafish
embryos, the caudal hematopoietic tissue (cht) is known as a transient site
of hematopoiesis and leukocyte diVerentiation.[17] Our observation that tumor
cell invasion occurred at the posterior end of the cht suggested involvement of
leukocytes in tumor progression. In the first few days of zebrafish development,
macrophages and neutrophils are the only populations of functional leukocytes
in the embryos.[18] Using a combination of myeloid lineage markers (mpx+ for
neutrophils and mpx-/l-plastin+ for macrophages[19]) we detected that fgf-t-
mae tumor cells were accompanied by cells of the myeloid lineages both at the
localized tumor growth site near the site of implantation, and at the invasion site
at the posterior end of the cht (fig. 7.4).

To investigate the role of myeloid cells in tumor progression, we used mor-
pholino oligonucleotides to knockdown the transcription factor pu.1, which
controls the development and diVerentiation of myeloid cells in zebrafish em-
bryos.[22] As previously shown, pu.1 knockdown is most eVective in suppressing
macrophage diVerentiation; while neutrophil diVerentiation can be suppressed
only under maximal knockdown conditions.[23] In agreement, in our experiments
macrophages were depleted in zebrafish embryos up to 3dpf by a partial knock-
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Figure 7.5:
Lineage-specific depletion of macrophages and neutrophils by dose-dependent morpholino-
mediated knockdown of pu.1. Neutrophils are shown in black (mpx+ histochemical staining)
and macrophages are shown in red (mpx-/l-lpastin+). In each embryo, the macrophages in the
region 0.5mm from the posterior end of the tail fin and the neutrophils in the region 1mm from
the posterior end of the tail fin were quantified, which are suYcient to represent each linage
distribution in the entire embryo.
Scale bars: 100µm; ns = not significant (p > 0.05); * = 0.01 < p < 0.05; ** = 0.0001 < p < 0.01;
*** = p < 0.0001.

down of pu.1 (1mm morpholino; fig. 7.5), while neutrophils were depleted by the
complete knockdown of pu.1 (2mm morpholino; fig. 7.5). Using these diVerent
doses of pu.1 morpholino, we found that the formation of tumor neovascula-
ture, but not the physiological vasculature, was impaired under both partial and
complete knockdown conditions of pu.1 (fig. 7.6a, b), suggesting a major role of
macrophages in the tumor vascularization. In contrast, tumor cell invasion at
the posterior end of the cht was only suppressed by complete knockdown of
pu.1, not by partial knockdown (fig. 7.6c,d), indicating that neutrophils play a
predominant role in tumor cell invasion and micrometastasis. Taken together,
myeloid cells are involved in the processes of both tumor vascularization and
invasion, the critical steps towards localized tumor growth and micrometastasis.

A previous study of zebrafish myeloid cells sensing of hrasgv12v-transformed
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Figure 7.6:
(a,b) Suppression of fgf-t-mae tumor vascularization under partial (1mm) or complete (2mm)
knockdown of pu.1 was significant (Wilcoxon test, p < 0.01). Representative embryos with
tumor vascularization in the control and pu.1 knockdown conditions at 3dpi are shown in a and
quantification of embryos with and without tumor vascularization at 1dpi are shown in b.
(c,d) Suppression of fgf-t-mae tumor cell invasion at the posterior end of the cht under
complete knockdown of pu.1 was significant (Wilcoxon test, p < 0.01). Representative control
and pu.1 knockdown embryos at 1dpi (c) and embryos scored for tumor cell invasion at 1dpi
(d). Scale bars are approximately 100µm.
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Figure 7.7:
(a) Suppression of tumor cell invasion by wound-inflammation in the tail fin at 1dpi was
significant (Wilcoxon test, p < 0.001). A wound in the tail fin was made mechanically (as in
fig. 7.11) just after implantation of tumor cells at 2dpf.
(b) Phagocytosis of tumor cells (indicated by arrows) around the invasion site by myeloid cells
in embryos in which the tail fin was wounded (positioned by w). Tumor cells are shown in red
and myeloid cells were stained for l-plastin (blue). Scale bars are approximately 200µm.

cells suggested homologies between the myeloid cell responses towards trans-
formed cells and wound-induced inflammation.[15] Therefore, we investigated
the influence of wound-induced inflammation on tumor progression in our
model. When the embryos were wounded at the tail-fin, we observed that tumor
cell invasion was largely suppressed or abolished (fig. 7.7a). This suppression of
tumor invasion was probably caused by inflammation-enhanced myeloid cell
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Figure 7.8:
(a) Migration tracks of gfp+ neutrophils in the tail of a tg(mpx:gfp)i114 embryo (30min time
lapse with 1min intervals). Gfp+ neutrophils only transmigrated between the caudal hematopoi-
etic tissue (cht) and the tail fin (tf) at the site where tumor cells invaded into the tail fin.
The cht-tf transmigration area is indicated in the left panel which shows invasion of the tail
fin by a dsRed-labeled fgf-t-mae cell in a 3dpf tg(fli:gfp) embryo (top: bright field; bottom:
fluorescence image). Manual tracking of 30min migration patterns (right panel) of gfp+ neu-
trophils in the highlighted region of the tail of a 3dpf tg(mpx:gfp)i114 embryo (middle panel)
showed that the transmigrating neutrophils (red, yellow and blue tracks) migrated as randomly
as neighboring neutrophils in the tail (orange and light blue tracks) or already inside the fin
tissue (purple track).
(b) Quantification of neutrophil transmigration (in 30min) into the tail fin. Time lapse record-
ings were made of 3dpf tg(mpx:gfp)i114 embryos with or without implanted fgf-t-mae tumor
cells and the number of times that gfp+ neutrophils crossed the cht-tf boundary was counted
in two areas of the tail, the tumor invasion site (i) and the non-invasion site (ni) as indicated
in a. The cht-tf transmigration of neutrophils selectively occurred at the same site as tumor
invasion. This spatial preference was not influenced by implantation.
(c) Two-hour recording of neutrophil (green) migration in tg(mpx:gfp)i114 embryos after im-
plantation of fgf-t-mae tumor cells (red). The selective neutrophil cht-tf transmigration site,
overlapping with the tumor invasion site, is outlined.
ns = not significant (p > 0.05); * = 0.01 < p < 0.05; ** = 0.0001 < p < 0.01; *** = p < 0.0001.
Scale bars are approximately 200µm.

phagocytosis, as the majority of implanted tumor cells were phagocytosed by
l-plastin+ myeloid cells (fig. 7.7b). This result suggests that, in the absence of
wounding, myeloid cells contribute to tumor vascularization and invasion in an
inflammation-independent physiological manner.
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Figure 7.9:
Second harmonic generation (shg) analysis of the fibrillar collagen matrix around the cht-tf
transmigration site. Images show an overlay of shg signal (gray) with fluorescence of gfp+
neutrophils (tg(mpx:gfp)i114) and red cm-dil:-labelled fgf-t-mae tumor cells.
(a) Example of a track (indicated by the arrow) of deformed collagen matrix in the tail fin created
by a migrating neutrophil.
(b) Comparison of a region in the tail fin with no recent neutrophil migration events (left) and a
region showing shg-negative tracks (indicated with arrows) generated by migrating neutrophils
(right).
(c) Invasion of tumor cells in an shg-negative site in the tail fin. The image on the top shows
the overlap of shg and green fluorescence signal of neutrophils and the image on the bottom
additionally shows the red fluorescence signal of tumor cells. The local loss of shg signal is
indicated with the arrow in the top image.

Physiological neutrophil migration conditions the collagen matrix for
tumor cell invasion

To further investigate the involvement of neutrophils in tumor cell invasion, the
physiological migration of neutrophils in 3dpf embryos was analyzed using the
tg(mpx:gfp)i114 neutrophil-specific zebrafish reporter line.[14] Time lapse and
trajectories analysis showed that neutrophils randomly transmigrated between
the caudal hematopoietic tissue and the tail fin (termed as “cht-tf transmi-
gration”), as a part of their physiological unrestricted random migration. This
non-directional motion of neutrophils selectively occurred at the posterior end
of the cht where the perivascular tumor cells invaded into the tail fin (fig. 7.8a,
b). The spatial preference for this location of cht-tf transmigration was not al-
tered by tumor cell implantation (fig. 7.8b,c) or by wound-induced inflammation
(unpublished data and [24, 25]), suggesting that it is the normal physiological
property of neutrophil migration in zebrafish embryos.

To further decipher the impact of neutrophil cht-tf transmigration on the
spatially co-localized tumor cell invasion process, two-photon excited confocal
microscopy and second harmonic generation (shg) was performed to visualize
the extracellular fibrillar collagen matrix upon neutrophil migration.[26] Migrating
neutrophils created transient tracks of deformed collagen matrix, as detected
by the loss of shg signal (fig. 7.9a), which was previously reported to be suY-
cient to support tumor cell invasion in mice models.[27] As a consequence of
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Figure 7.10:
(a) The random non-pathological migration of neutrophils was suppressed by beclometha-
sone (25µm) and promoted by Øapn (500µm). Migration tracks (µm) of neutrophils in 3dpf
tg(mpx:gfp)i114 embryos were recorded over 10min intervals.
(b) The cht-tf transmigration of neutrophils (in 30min) was suppressed by beclomethasone
and promoted by Øapn. Transmigration events in non-invasion (ni) and invasion (i) areas of the
tail fin were quantified as in fig. 7.8b
(c) Tumor cell invasion at the posterior end of the cht was significantly suppressed by be-
clomethasone (Wilcoxon test, p < 0.01) and promoted by Øapn(p < 0.01). Embryos were scored
for tumor cell invasion at 1dpi.
(d) Tumor vascularization was significantly suppressed by 0.1µm krn633 (Wilcoxon test, p <
0.01), but not by 25µm beclomethasone or 500µm Øapn. Embryos were scored for vasculogene-
sis at 1dpi, as in fig. 7.6b.
ns = not significant (p > 0.05); * = 0.01 < p < 0.05; ** = 0.0001 < p < 0.01; *** = p < 0.0001.

the localized neutrophil cht-tf transmigration, the deformation of the collagen
matrix was largely enhanced at the posterior end of the cht where the perivas-
cular tumor cells invaded into the tail fin (fig. 7.9b). Furthermore, we observed
that the tumor cells invaded into the tail fin at the exact site of local collagen
deformation (fig. 7.9c). Thus, the observed tumor cell invasion was promoted by
physiological neutrophil migration (the cht-tf transmigration) which conditions
the extracellular collagen matrix.

Pharmacological approaches were taken to confirm the functional involve-
ment of neutrophil migration in tumor cell invasion. A prototype glucocorti-
coid receptor agonist beclomethasone, previously shown to inhibit neutrophil
migration,[28] did not cause alteration of the fibrillar collagen matrix in zebrafish
embryos (data not shown). We detected an inhibition of the normal physiolog-
ical neutrophil migration and of neutrophil chemotaxis directed by wounding-
induced inflammation[29] at 4 hours after administration of 25µm beclometha-
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Figure 7.11:
Wounding-induced myeloid cell chemotaxis was aVected by diVerent pharmacological treat-
ments. 3dpf embryos were wounded on the tail fin as indicated by arrows in representative
images of embryos from diVerent treatment groups (no treatment; 25µm beclomethasone;
500µm Øapn; 1µm krn633) at 2 hours post wounding (hpw). Embryos were fixed at diVerent
time point over a course of 12hpw and stained for neutrophils (mpx+, histochemical staining)
and macrophages (mpx-/l-lpastin+). Quantification of neutrophil and macrophage numbers
was performed on n ∏ 8 embryos per time point for each treatment group. The macropha-
ges/neutrophils in the region outlined were quantified to measure the myeloid cell chemotaxis
towards the wound.
Scale bars: 100µm

sone (fig. 7.10a,b and 7.11). Tumor cell invasion and micrometastasis was also
reduced in embryos incubated in 25µm beclomethasone 4 hours before implan-
tation (fig. 7.10c). In addition, we found that the lysyl oxidase inhibitor Ø-amino-
proprionitrile (Øapn) largely reduced fibrillar collagen (unpublished data) and en-
hanced the cht-tf transmigration of neutrophils, leading to a significant increase
of tumor cell invasion and subsequent formation of micrometastases (figures
7.10a–c). Notably, Øapn inhibited neutrophil chemotaxis induced by inflammation
(fig. 7.11), indicating that the increase of tumor cell invasion in Øapn-treated em-
bryos was correlated with enhanced non-pathological neutrophil migration, but
not with inflammation. Both beclomethasone and Øapn had no significant eVect
on macrophage chemotaxis (fig. 7.11) and tumor vascularization (fig. 7.10d). Taken
together, these results reveal that only non-pathological neutrophil migration
and the spatially restricted cht-tf transmigration modify the extracellular matrix
and have a major impact on tumor cell invasion and micrometastasis in this
model.
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7.4 Discussion

Using a novel zebrafish xenograft model that allows simultaneous single-cell
resolution monitoring of multi-step tumorigenesis in vivo, including tumor vas-
cularization, localized tumor growth, tumor invasion and micrometastasis for-
mation, we discovered a new mechanism of the metastatic niche formation. In
addition to the published roles of macrophages in this process,[2] we found that
physiological migration of neutrophils controlled tumor invasion by conditioning
the collagen matrix to facilitate the metastatic niche.

Recently the zebrafish myeloid cell population has been studied in detail and
the similarities with the human myeloid cell functions and embryonic diVerenti-
ation have been demonstrated.[30, 31] Further evidence that the zebrafish holds
much potential for translational studies in cancer has been published.[32, 33] Re-
cently it has been reported that expression of whim truncation mutations of
cxcr4 in zebrafish neutrophils induces neutrophil retention in the caudal he-
matopoietic tissue, which represents a mechanism of human immunological
whim disorder. Whim zebrafish are neutropenic, and whim neutrophils show
impaired recruitment to tissue inflammation sites, recapitulating the human dis-
ease. These findings support the potential of zebrafish to model primary immune
disorders and underscore the translational relevance of zebrafish neutrophils
transmigration in understanding of disease pathogenesis.[34, 35]

The involvement of myeloid cells in critical tumorigenesis steps such as vas-
cularization and invasion was revealed by both genetic and pharmacological
approaches. We demonstrated that myeloid cells, particularly the macrophages,
are essential for tumor vascularization. Importantly, we also obtained evidence
that the micrometastasis site was determined by the physiological migration
of neutrophils. Our results show that yet undefined environmental cues favor
neutrophil transmigration at the posterior end of the caudal hematopoietic tis-
sue, which remodels the fibrillar collagen matrix, and in turn conditions the
pre-metastatic niche for the tumor cells to invade into the tail fin. These findings
support the “seed and soil” hypothesis that tumor metastasis is controlled by
both the tumorigenic property of disseminated cells and their microenviron-
ment.[36]

It is known that tumor-infiltrating immune cells can have both tumor-promo-
ting and tumor-antagonizing roles.[37] In our model, the myeloid cells promote
tumor progression under the physiological wound-free condition (fig. 7.6b,d),
whereas immune-mediated destruction of tumor cells was hyper-activated by
wound-induced inflammation (fig. 7.7). These results indicate that environmen-
tal factors have an impact on the balance between the conflicting immune cell
responses to tumor cells. Interestingly, we found that the lysyl oxidase inhibitor
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Øapn accelerates physiological neutrophil migration but decelerates pathologi-
cal neutrophil chemotaxis, suggesting that diVerent molecular mechanisms are
involved in diVerent modes of myeloid cell migration.

We propose that dual targeting of angiogenesis and myeloid cells can be bene-
ficial in future treatments. Of course it will be only relevant for medical studies if
the neutrophil transmigration is not restricted to this model. Currently the role of
macrophages in intra- and extravasation of cancer cells is well established.[2] The
role of neutrophils is less studied, however tumor associated neutrophils (tans)
were recently described and an increased level of neutrophils in cancer patients
was shown to correlate with poor prognosis.[38] For example, a quantification
of tans in patients with renal cell carcinoma revealed that the presence of neu-
trophils correlated with increased mortality.[38] In addition, increased levels of
tans in the bronchioalveolar space of patients with bronchioalveolar carcinoma
were significantly associated with poor outcomes.[39] In order to dissect the func-
tion of myeloid cells in human cancers live imaging of tumor-microenvironment
interactions at the cellular level is required, a process severely limited in current
mammalian models. This limitation strongly supports the relevance of the ze-
brafish model to unravel the molecular mechanisms of how tumor associated
neutrophils mediate metastasis in zebrafish and mammalian models.

7.5 Materials and Methods

Zebrafish maintenance, morpholino injection and pharmacological treat-
ment Zebrafish and embryos were raised, staged and maintained according
to standard procedures in compliance with the local animal welfare regulations.
The transgenic lines tg(fli1:gfp) and tg(mpx:gfp)i114 were used in this study.[13, 14]

0.2mM N-phenylthiourea (ptu, Sigma) was applied to prevent pigment formation
from 1 day post fertilization (dpf). For pu.1 knockdown as previously published,
pu.1 mo (1mm for partial knockdown and 2mm for complete knockdown[22]) was
injected into the yolk at the 1-cell stage as described.[40] For pharmacological
inhibition, the vegfr tyrosine kinase inhibitors krn633 (0.1-1µm; Santa Cruz) or
Sunitinib (0.1-1µm; Sigma), beclomethasone (25µm; Sigma), and Ø-aminoproprio-
nitrile (Øapn, 500µm; Sigma) were applied directly to the egg water and refreshed
every two days.

Cell lines Murine aortic endothelial (mae) cells and tumorigenic fgf2-overex-
pressing fgf2-t-mae cells[21] (provided by M. Presta, University of Brescia, Italy),
and the human breast carcinoma cell line mda-mb-231[41] (provided by P. ten Dijke,
Leiden University Medical Center, the Netherlands) were cultured as previously
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described. 4t1 (crl-2539, atcc) and pc3 (crl-1435, atcc) cells were cultured in
rpmi 1640 supplemented with 10% fbs (Invitrogen). Stable fluorescent cell lines
were generated using lenti-viral vectors expressing dsRed or mCherry (provided
by R. C. Hoeben, lumc, the Netherlands). The virus-infected cells were used for
experiments without facs sorting and the fluorescence was stable in vitro for >10

passages. Zebrafish fibroblast cell lines zf4 and pac2 were cultured as previously
described.[42]

Embryo preparation and tumor cell implantation Dechorionized 2dpf ze-
brafish embryos were anesthetized with 0.003% tricaine (Sigma) and positioned
on a 10cm Petridish coated with 1% agarose. Mammalian cells were trypsinized
into single cell suspensions, resuspended in pbs (Invitrogen), kept at room tem-
perature before implantation and implanted within 3 hours. Non-fluorescent
cells were labeled with the fluorescent cell tracker cm-dil (Invitrogen) according
to the manufacturer’s instructions. The cell suspension was loaded into borosili-
cate glass capillary needles (1mm o.d. £ 0.78mm i.d.; Harvard Apparatus) and
the injections were performed using a Pneumatic Pico pump and a manipulator
(wpi). 50ª400 cells, manually counted, were injected at approximately 60µm
above the ventral end of the duct of Cuvier, where the duct of Cuvier opens into
the heart. After implantation with mammalian cells, zebrafish embryos (includ-
ing non-implanted controls) were maintained at 34±C, to compromise between
the optimal temperature requirements for fish and mammalian cells.[20] Up to
600 implantations were manually achieved per hour, with survival rates over
90% until 6dpi. For pharmacological inhibition, beclomethasone was applied
to the embryos 4 hours before implantation and krn633, Sunitinib and Øapn
were applied 4ª6 hours post implantation. For each cell line or condition, data
are representative of ∏3 independent experiments with ∏30 embryos per group.
Experiments were discarded when the survival rate of the control group was less
than 90%.

Microscopy and analysis For live imaging, embryos were anesthetized using
0.016% tricaine (Sigma) and mounted in 0.6% low melting agarose. Fixed embryos
were imaged in pbst. Fluorescent image acquisition was performed using a
Leica mz16fa stereo microscope, a Leica tcs spe confocal microscope or a Zeiss
lsm exciter on an Axio Observer confocal microscope. Confocal stacks were
processed for maximum intensity projections with Zeiss Zen2009 software or
ImageJ software. Images were adjusted for brightness and contrast using ImageJ.
Overlays were created using Adobe Photoshop cs4 or ImageJ. 3d reconstruction
and movies were assembled using ImageJ.
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Multi-photon microscopy Second-harmonic generation (shg) was used to im-
age the helical structures of collagen fibers, which are capable of combining two
photons into one.[26] The two-photon microscopy was performed on a Zeiss 710

nlo upright confocal microscope equipped with a Spectra-physics Deep See mp
laser. The images were obtained with an excitation wavelength of 750nm and
only emitted light with a wavelength between 371nm–467nm was detected.

Myeloid cell detection In the tg(fli1:gfp) line, the neutrophils in fixed embryos
were detected using the Peroxidase/Myeloperoxidase Leukocyte Kit (Sigma) as
described.[29] The embryos were imaged with transmitted light and the black
stained cells were extracted using the Threshold function of ImageJ and subse-
quently converted into a selected color for overlay with fluorescence images. For
macrophage detection, immunohistochemistry for l-plastin was performed after
the myeloperoxidase activity assay and the mpx-/l-lpastin+ cells were counted
as macrophages.[19] The tg(mpx:gfp)i114 line was used to monitor neutrophil
migration in vivo.[14] Time lapse imaging (1 minute intervals, ∏30min) was per-
formed using a Leica stereo fluorescence microscope. The migration tracks were
generated by maximum intensity projections of the time stacks using ImageJ.
For individual neutrophil tracking, the first 20 gfp+ cells from the posterior end
of the tail fin in each embryo, which exhibited consistent intensity for at least
15min, were tracked and analyzed using the Manual Tracking plugin of ImageJ.

Immunohistochemistry Whole-mount immunohistochemistry was carried out
as described.[43] Primary antibodies and dilutions were used as follows: l-plastin
(rabbit anti-zebrafish, 1 : 500; provided by A. Huttenlocher[19]), zo-1 (mouse anti-
human, 1 : 300; Invitrogen), phosphohistone h3 (rabbit anti-human, 1 : 500; Santa
Cruz). 1 : 200 dilution of the secondary antibodies (Alexa 405 anti-mouse and
Alexa 568 anti-mouse or Alexa 568 anti-rabbit; Invitrogen) was used for detection.

Tail fin wounding Zebrafish embryos at 2–3dpf were anesthetized using 0.016%
tricaine (Sigma) and then wounded on the ventral side of the tail fin with the tip
of a glass capillary needle as described.[29] Wounded embryos were fixed in 4%
paraformaldehyde/pbs at various time points after the wounding and stored in
pbs, containing 0.01% Tween-20 (pbst) at 4±C, for myeloid cell detection.

Microangiography Tetramethylrhodamine dextran was injected into the sinus
venosus of anesthetized zebrafish embryos as described.[44] Images were acquired
within ten minutes after injection.
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Figure 7.12:
Shg analysis of the collagen matrix around the micrometastis at 6dpi.
(a,b) Tumor cells are labeled with the red cell tracker cm-dil, resulting in a dotted fluorescent
pattern in which proliferating cells have less signal. The vasculature is labeled green. The tumor
cells seem to have pushed away the original collagen structure of the fin.
(c) Individual cross-sections from the tumor of (b), taken 7µm apart, show how the collagen
structure encapsulates the tumor in all three dimensions.

Statistical analysis Statistical analysis was performed using the Prism 4 soft-
ware (GraphPad), two- or one-tailed, unpaired t-tests with confidence intervals
of 90% or 95%. ns = not significant (p > 0.05); * = 0.01 < p < 0.05; ** = 0.0001 <
p < 0.01; *** = p < 0.0001.

7.6 Possibilities for new studies

The ability to non invasively image the collagen network of zebrafish, can be
used to study many other processes. In this section we describe a few of the
possibilities.

When tumor cells invade new tissue, the original ecm has to remodel to make
space for the fast growing tumor. Figure 7.12 shows how the original collagen
structure of the zebrafish fin seems to be pushed away by the new tumor tissue.
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Figure 7.13:
Migrating mpo:gfp labeled neutrophils near a wound, marked by §, at 30min, 1h and 2h post
wounding. Already within 30min after wounding, the first neutrophils arrive at the wounding
site. Unlike the migrating neutrophils in the cancer model, fig. 7.9, these neutrophils do not
seem to leave any tracks in the collagen matrix.
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Figure 7.14:
Unknown cells, marked with arrows in (a), are visible in the second harmonic signal in the
tail of zebrafish embryos. These cells seem to interact with the collagen fibers (b) and with
neutrophils (c).

Figure 7.13 shows how the neutrophils indeed migrate towards the wound
within 30 minutes after wounding. However, no obvious track of deformed col-
lagen matrix was observed. It is possible that the neutrophil interact diVerently
with collagen matrix during the pathological migration induced by wounding-
induced inflammation, comparing to their physiological random migration (as
shown in fig. 7.9). In addition, we noticed that the shg signals around the wound
are weaker than the non-wounded area, which makes it harder to detect de-
formed collagen tracks. The reduction of collagen shg signal may be caused
by the H2O2 production of the local tissue at the wound, which was recently
discovered as the chemotractant for neutrophils to rapidly detect a wound in
zebrafish.[45] We have noticed that the collagen shg signal significantly decreased
when the embryos were treated with 0.015% H2O2, supporting the hypothesis
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that the H2O2 produced by wounded tissue weaken the collagen shg signal (via
an unknown mechanism).

In some of the multi-photon images, unknown cells are visible in the shg
signal, fig. 7.14. These cells seem to interact with the collagen matrix, fig. 7.14b,
and possibly with neutrophils, fig. 7.14c. Immunological staining showed that
these cells are neither macrophages nor fibroblasts. Further measurements are
needed to understand what kind of cells these are, how they generate a second-
harmonic signal and, more interestingly, what their interactions with the collagen
matrix are.
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100µm

Figure 8.1: Movat stained coupe of the arterial wall.

In this thesis we have shown how the atomic force microscope, in combination
with various other techniques, can be used to study the physics of the collagen
network of several tissues: the aortic wall, the fibrous cap of atherosclerotic
plaques in humans and the tail of zebrafish; We have also studied how the
aortic tissue responds to various digestions. These studies have gained us new
insights in the mechanical properties of the ecm of these tissues and how they
are impaired in various pathologies.

Our experiments on aneurysms showed how the failure of the vessel wall is
caused by the disruption of the spatial organization of the collagen fibers, rather
than by a lower concentration of collagen.

In atherosclerosis a complex interplay between diVerent ecm degrading en-
zymes on the one hand and ecm stabilizing proteins like lox on the other, de-
termine the mechanical stability of the fibrous cap. The afm proved to be a
valuable tool to measure local stiVness variations. This can give new clues on cap
weakening by linking local stiVness variations to various inflammatory markers
or ecm stabilizing proteins.

The examination of tumor development in zebrafish showed how cells from
the immune system remodeled the collagen matrix, enabling the tumor cells
to invade new tissue. This study revealed a new type of cell/ecm interaction in
tumors which could also play a role in human cancer development

Finally we have shown how the arterial wall can be used as model system to
study the eVects of various proteolytic enzymes on the ecm. The measurements
with the neutrophil extract showed, for example, how enzymes, produced by
neutrophils, alter the tissue in such a way that it gives the same response upon
indentation as aneurysmatic tissue.
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This new way of studying diseases of the ecm could result in new insights in
many other pathologies as well. Here we discuss possible future experiments on
myocardial infarction and cervix ripening.

After a myocardial infarction the ecm of the heart has been locally disrupted.
The newly formed collagen network, which has much resemblance with ordinary
scar tissue, has diVerent mechanical properties from the surrounding muscle
tissue. The afm could probe these diVerences, which will help to understand how
the functioning of the heart is hindered by this stiVer scar tissue.

During pregnancy and delivery, the collagen network of the cervix, the lower
part of the uterus, changes in such a way that the initial stiV tissue becomes
soft, making it possible for the infant to be delivered. During cervix ripening,
neutrophils are known to be active in the cervix, but the precise mechanism
which softens the tissue is unknown. It has long been assumed that matrix
metalloproteases play a major role in cervix ripening. Recent studies, however,
have show that this assumption is not valid.1 Moreover, the alteration of the ecm
of the cervix is particularly interesting because of its reversibility: the ecm of
the cervix is repaired within a few weeks after delivery. A combined afm and
histological study of the cervix at diVerent stages during ripening, could link
specific changes in ecm organization to the stiVness of the tissue. The afm could
furthermore be used to measure the eVect of the individual proteolytic enzymes,
present during cervix ripening, on the eVective Young’s modulus of the tissue.

Most of the biophysical research on collagen has largely focused on networks
of purified collagen i, the most abundant type of collagen. In vivo, however,
collagen i usually forms heterotypic fibrils together with other collagen types.
The ratio between collagen v and i is known to change during tissue develop-
ment and is diVerent for various diseases, like atherosclerotic plaques and scar
tissue. Piechocka et al. showed, using micro-rheology experiments, how collagen
gels get softer when the ratio of collagen v to collagen i is increased.2 It is still
unknown, however, whether this eVect is caused by a change in stiVness of the
individual collagen fibrils or whether it is the result of a change in the connec-
tions between the fibrils. An afm study, similar to the one we have performed on
the aneurysmatic tissue, in which indenters of diVerent sizes were used, could
be used to discriminate on which length scale the network changes.

During the studies performed for this thesis, contacts have been made with a
number of medical groups of diVerent disciplines, which broadened the horizon

1R. A. Word, X. H. Li, M. Hnat and K. Carrick. Dynamics of cervical remodeling during pregnancy
and parturition: mechanisms and current concepts. Semin. Reprod. Med., 25:69, 2007

2I. K. Piechocka, A. S. G. van Oosten, R. G. M. Breuls, and G. H. Koenderink. Rheology of het-
erotypic collagen networks. Biomacromolecules, 12:2797, 2011
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of all groups involved. The work described in this thesis fits into the growing
sense among medical researchers to appreciate the ecm not only as the environ-
ment of cells, but also as an important part of tissues with its own dynamics.
There is a growing awareness that for understanding the functioning of an organ
the organization and characteristics of the surroundings of the cells is equally
important as the cells themselves. For the physicists, these studies have been
one of the first crossings of the gap between a well controlled in vitro experiment
or a theoretical study to an in vivo system that involves many more components
and uncertainties.

I hope that this study has contributed to the development of a new branch
of multidisciplinary research, which, in the near future, will unveil exciting new
physics as well as new clinically relevant insights.
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Samenvatting

Het menselijk lichaam is opgebouwd uit verschillende typen weefsel, zoals bind-,
zenuw- en spierweefsel. In zo’n weefsel zitten cellen met een vergelijkbare functie,
die door intercellulaire contacten en een extracellulaire matrix verbonden zijn.
Deze extracellulaire matrix bestaat uit verschillende soorten fibers die samen een
netwerk vormen. Dit netwerk is niet alleen van belang omdat het de omgeving
is waarin de cellen zich bevinden, maar ook omdat het voor een groot deel de
structuur en integriteit van het weefsel bepaalt. In dit proefschrift heb ik met een
aantal technieken naar de extracellulaire matrix van bloedvaten gekeken om te
onderzoeken hoe dit de mechanische eigenschappen van de vaatwand bepaalt
en om te zien hoe dit bij verschillende ziektebeelden verstoord is.

In dit onderzoek hebben we onze aandacht vooral gericht op de aorta, ook wel
bekend als de grote lichaamsslagader. Deze slagader loopt vanaf het hart door de
buik naar beneden en brengt zuurstofrijk bloed naar het grootste deel van het
lichaam. De aorta heeft bij een volwassen mens een diameter van twee à drie
centimeter en in rust stroomt er gemiddeld vijf liter bloed per minuut doorheen.

De aortawand is opgebouwd uit drie verschillende lagen. De binnenste laag,
de intima, bestaat uit een laag endotheel-cellen die in direct contact met het
bloed staan. De middelste laag, de media, is opgebouwd uit een netwerk van
elastine-fibers. Deze fibers zijn zeer elastisch en kunnen tot wel 150% opgerekt
worden zonder te breken. In deze laag zitten ook gladde spiercellen die het
weefsel in de goede vorm houden en de extracellulaire matrix produceren. De
buitenste laag van de aorta, de adventitia, bestaat uit een losmazig netwerk van
collageen-fibers, die in tegenstelling tot elastine zeer stug zijn.

De buitenste twee lagen van de aortawand zorgen voor de bijzondere mechani-
sche eigenschappen van de aorta. Bij kleine vervormingen is het bloedvat flexibel
doordat de collageen-fibers dan nog niet op spanning staan en de elastine-fibers
meerekken en zorgen dat het bloedvat de goede vorm behoudt. Deze flexibiliteit
is cruciaal voor de aorta omdat bij elke hartslag de druk tijdelijk stijgt en het
bloedvat dit kan opvangen door een beetje uit te zetten. Bij te grote vervor-
mingen echter, komen de collageen-fibers in de buitenste laag strak te staan,
waardoor het bloedvat niet verder kan rekken en scheuren. Dit is te vergelijken
met een autoband die opgebouwd is uit het elastische rubber en een metalen
karkas. Door het rubber kan de band gemakkelijk kleine oneVenheden in de weg
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opvangen, maar het karkas voorkomt dat de band scheurt wanneer er te hard
tegen een stoeprand gereden wordt.

Om de mechanische werking van de extracellulaire matrix van de aorta te
doorgronden, gebruiken we voornamelijk twee technieken. Door het weefsel
onder een optische microscoop te leggen, zien we hoe de verschillende soorten
fibers in het weefsel geweven zijn tot een netwerk. Hiervoor maken we enerzijds
gebruik van de optische eigenschappen van de fibers; elastine licht bijvoorbeeld
op als het met groen licht beschenen wordt. Anderzijds gebruiken we speciale
labels om de fibers te kunnen onderscheiden, bijvoorbeeld een antilichaam dat
aan een specifiek type collageen plakt en dat onder rood licht zichtbaar wordt.
In het bijzonder hebben we veel gebruik gemaakt van een confocale microscoop.
Deze microscoop maakt het mogelijk om een drie-dimensionale weergave van
het weefsel te maken, waardoor we precies zien hoe de verschillende fibers
door elkaar heen geweven zijn. Daarnaast hebben we de optische microscoop
ook gebruikt om andere onderdelen van de vaatwand, bijvoorbeeld cellen van
het immuunsysteem, te volgen en te kijken hoe zij de extracellulaire matrix
beïnvloeden.

De andere techniek die we in dit onderzoek veelvuldig gebruikt hebben, is
de atomaire kracht microscoop (afm). De kern van dit apparaat is een klein
hefboompje, zo’n 40µm breed (de dikte van een haar) en 1µm dik, met aan het
einde een minuscuul scherp puntje. Met deze hefboom kunnen we op individuele
fibers van het weefsel drukken om zo te meten hoe stijf zo’n fiber is of hoeveel
kracht het netwerk kan hebben voordat het scheurt. Door deze informatie te
combineren met de gegevens over de opbouw van het weefsel, proberen we te
begrijpen wat de mechanische eigenschappen van de aorta zijn, hoe deze tot
stand komen en hoe deze eigenschappen bij sommige ziektebeelden aangetast
zijn.

Het eerste ziektebeeld waarbij wij dit gedaan hebben, is een aneurysma van
de abdominale aorta. Bij deze aandoening zwelt het onderste deel van de aorta
lokaal op tot een ballon totdat hij, indien hij niet geopereerd wordt, uiteindelijk
scheurt met de dood als gevolg. Hoewel het een relatief veel voorkomende ziekte
is, ongeveer 1 op de 20 personen boven de 60 heeft een aneurysma, en er al
tientallen jaren onderzoek naar gedaan wordt, was het tot een paar jaar geleden
nog onduidelijk wat de oorzaak van deze lokale verzwakking is. Zo bleek de hoe-
veelheid collageen-fibers en het aantal verbindingen tussen deze fibers niet noe-
menswaardig te verschillen tussen een gezonde en een aneurysmatische aorta.
Onze drie-dimensionale weergave van de collageen-fibers in het gezonde weefsel,
laat zien hoe de individuele fibers samen dikke collageen-bundels vormen en dat
deze bundels samen een hecht netwerk vormen. Bij het aneurysmatische weefsel
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echter, blijkt alle organisatie verloren te zijn en zien we een ongestructureerde
aggregatie van collageen-fibers. Wanneer we de gezonde weefsels met de afm
indrukken, blijken de fibers in het gezonde weefsel op zo’n manier met elkaar
verbonden te zijn, dat ze samen de kracht verdelen waardoor het weefsel intact
blijft. Bij het aneurysma is het netwerk van een dusdanig slechte kwaliteit, dat
de fibers alle deformatie zelfstandig moeten dragen, waardoor ze breken en het
netwerk beschadigd raakt. Deze studie laat hiermee het belang van de netwerk-
structuur van de collageen-fibers in de vaatwand zien en toont hoe een verlies
in de organisatie van dit netwerk het opzwellen en uiteindelijk scheuren van de
aorta tot gevolg kan hebben.

In een vervolgonderzoek hebben we met dezelfde technieken gekeken welke
bijdrage de afzonderlijke componenten van de vaatwand leveren aan de mechani-
sche eigenschappen van het geheel. Dit deden we door afzonderlijke bouwstenen
met enzymen af te breken. Zo zagen we bijvoorbeeld dat er na het afbreken van
al het collageen in de adventitia, de buitenste laag van de aorta, nog steeds een
coherent netwerk overblijft, dat ongeveer 50 maal minder stijf is dan het intacte
weefsel. Eén van de opmerkelijke resultaten van dit onderzoek is het eVect van
een neutrofiel extract op het weefsel. Neutrofielen zijn immuuncellen en van dit
type cellen is het bekend dat ze in verhoogde aantallen in aneurysma’s aanwezig
zijn. Afm-metingen op de adventitia lieten zien dat het neutrofiel extract de
mechanische eigenschappen van het weefsel binnen 24 uur zodanig verandert
dat het grote overeenkomsten vertoont met het aneurysmatische weefsel. Verder
onderzoek moet uitwijzen welke specifieke elementen uit het extract hiervoor ver-
antwoordelijk zijn en of dit mogelijkheden voor de behandeling van aneurysma’s
biedt.

Na de succesvolle metingen op aneurysma’s, hebben we deze manier van het
bestuderen van weefsels op andere ziektebeelden toegepast. Atherosclerose, ook
wel aderverkalking genoemd, is een langzaam voortschrijdende ziekte, die be-
gint met het ophopen van vetten in de vaatwand. Bij de ontsteking die dit tot
gevolg heeft, komen veel afbraakstoVen vrij. Om te voorkomen dat deze stoVen
in de bloedbaan komen, worden ze afgedekt door een laag collageen. Tijdens
de progressie van de ziekte, kan deze laag echter verzwakt raken en uiteindelijk
zelfs scheuren. Als de afbraakstoVen vervolgens in de bloedbaan komen, starten
zij een stollingsreactie die leidt tot een bloedstolsel. Dit stolsel kan tenslotte de
bloedtoevoer tot bijvoorbeeld het hart of de hersenen blokkeren en daardoor
een hartinfarct of een beroerte veroorzaken. Recente studies bij muizen hebben
aangetoond dat lysyl-oxidase, een eiwit dat bijdraagt aan de verbindingen tussen
collageen-fibers (lox), het collageen-omhulsel van atherosclerotische plaques
verstevigt. Wij zijn op deze studie verder gegaan door ten eerste te laten zien dat
plaques met meer lox stabieler zijn dan plaques met minder lox. Dat deden we
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opnieuw door zowel met een optische microscoop te kijken, door bijvoorbeeld
de hoeveelheid collageen met de hoeveelheid lox te vergelijken, alsook door met
behulp van de afm aan te tonen dat binnenin een plaque plekken met meer
lox steviger zijn dan plekken met minder lox. Vervolgens lieten we zien hoe de
hoeveelheid lox negatief correleert met verschillende tekenen die een verslech-
terd ziektebeeld geven, zoals bijvoorbeeld de maat waarin het weefsel ontstoken
is. Tenslotte toonden we aan dat patiënten die meer lox produceren minder
atherosclerotische complicaties, zoals een hartinfarct, hebben dan patiënten die
minder lox produceren.

In de voorgaande ziektebeelden spelen steeds de interactie tussen immuun-
cellen en de extracellulaire matrix een belangrijke rol bij de progressie van de
ziekte. Door middel van een nieuw diermodel, waarbij menselijke tumorcellen in
zebravis embryo’s geïnjecteerd worden, hebben we bestudeerd hoe tumorcellen
de extracellulaire matrix van tot dan toe nog gezond weefsel binnendringen. Met
verschillende optische technieken toonden we aan hoe de neutrofielen, dezelfde
immuuncellen die ook bij aneurysma’s aanwezig zijn, het collageennetwerk van
de zebravis veranderen en dat dit het voor de tumorcellen mogelijk maakt om
het nieuwe weefsel binnen te dringen. Wanneer de neutrofielen door medicijnen
geïnactiveerd werden, zagen we geen tumorcellen het weefsel binnendringen.
Hoewel de resultaten van dit onderzoek nog zeer pril zijn, openbaren ze tot nu
toe onbekende processen, die mogelijk ook bij tumorprogressie bij mensen een
belangrijke rol spelen.

Met dit onderzoek hebben we laten zien welke belangrijke rol de extracellulaire
matrix voor de de integriteit van het weefsel heeft, en hoe deze bij verschillende
ziektebeelden aangetast is. Hiermee is een heel nieuwe manier om ziektes en
processen binnen het menselijk lichaam te bestuderen geopend. Een voorbeeld
van een mogelijke vervolgstudie is de verweking, ofwel het zachter worden, van
de cervix (baarmoederhals) rond de bevalling. Het cervixweefsel bestaat voorna-
melijk uit collageen, maar de manier waarop dit initieel stijve weefsel verandert
in zacht weefsel, zodat de baby geboren kan worden, is nog onbekend. Dit pro-
ces is des te meer interessant, omdat het reversibel is: het collageennetwerk is
binnen enkele weken na de bevalling weer in haar oorspronkelijke staat terug.
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Summary

The human body contains various types of tissues, such as connective, nervous
and muscle tissue. Each type of tissue consists of an ensemble of cells that,
together, carry out a specific function. These cells are connected by intercellular
contacts and through the extracellular matrix (ecm), which is constructed of
diVerent types of fibers that form a network. This network is not only valuable
because it defines the surrounding of the cells, but also because it defines to a
great extent the structure and integrity of the tissue as a whole. In this thesis I
have employed a variety of techniques to look at the extracellular matrix of blood
vessels, to find out how it defines the mechanical properties of the vascular wall,
and to see how this is disrupted in a number of pathologies.

In this study I have mainly focused my attention on the aorta. This artery
originates at the heart and extends down through the belly, and brings oxygen
rich blood to a large portion of the body. The aorta of an adult human has a
diameter of two to three centimeters and, at rest, has a blood flow of about five
liters per minute.

The aortic wall is composed of three diVerent layers. The inner layer, the
intima, consists of a layer of endothelial cells which are in direct contact with the
blood. The middle layer, the media, is constructed of a network of elastin fibers.
These fibers are very elastic and can be stretched up to 150% without breaking.
In this layer, smooth muscle cells are also present. They keep the tissue in the
correct shape and produce the components of the extracellular matrix. The outer
layer of the aorta, the adventitia, is composed of a loose network of collagen
fibers, which, in contrast to the elastin fibers, are very stiV.

The outer two layers of the aortic wall give rise to its remarkable mechanical
properties. The blood vessel is flexible at small deformations because the collagen
fibers are not yet strained. The elastin fibers, however, will stretch a bit and
ensure that the vessel maintains its shape. This flexibility is of great importance
for the aorta because by expanding slightly it can respond to the temporal rise in
blood pressure at every heart beat. At large deformations, however, the collagen
fibers in the outer layer are put under tension, preventing the blood vessel to
stretch too much and rupture. A similar principle is applied to the construction
of a car tire, which is composed of elastic rubber and a metal framework. The
rubber allows the tire to adsorb small bumps in the road, but the metal framework
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prevents the tire from rupturing when it hits the kerb.
To comprehend the mechanical functioning of the extracellular matrix of the

aorta, we mainly use two, complementary, techniques. By examining the tissue
with an optical microscope, we can see how the diVerent types of fibers are
woven into a network. To this end we use the optical properties of the fibers
themselves. Elastin, for example, lights up when it is illuminated with green light.
We also use special labels to distinguish diVerent types of fibers, for example an
antibody that sticks to a specific type of collagen and which becomes visible in
red light. In this study we have made much use of confocal microscopy. This type
of microscopy allows for the generation of a three-dimensional representation of
the tissue, making it possible to precisely determine how the diVerent types of
fibers are interwoven. In addition, we have used the optical microscope to image
other components of the vascular wall, for example cells of the immune system,
in order to see how they influence the extracellular matrix.

The other technique which we have used in this study is the atomic force
microscope (afm). The central element of this instrument is a small cantilever,
about 40µm wide (the thickness of a hair) and 1µm thick, with at the end a
sharp tip. With this cantilever we push on the individual fibers of the tissue to
measure their stiVness and to determine how much force the network can carry
before it breaks. By combining these measurements with information about the
construction of the network, we try to come to a rational explanation for the
mechanical properties of the aorta and to see how these properties have been
aVected in certain pathologies.

The first pathology for which we have used this approach, is an aneurysm of
the abdominal aorta. In this disease, the lower part of the aorta locally swells
up like a balloon, until it ruptures, which is almost always lethal. Despite the
fact that this is a relatively common pathology — about 1 out of 20 adults above
60 years old have an aneurysm — and decades of research have been spent on
this specific disease, the cause of this local weakening of the vessel wall was not
known until a few years ago. There is, for example, no remarkable diVerence in
the number of collagen fibers and the connections between these fibers between
a healthy and an aneurysmatic aorta. Our three-dimensional representation
of the collagen fibers in the healthy tissue showed how the individual collagen
fibers together form thick bundles and that those bundles together form a dense
network. For the aneurysmatic tissue, however, this arrangement appears to be
completely lost and we only observed an unstructured aggregation of collagen
fibers. When we indented the healthy tissue with the afm, all the individual
fibers in the tissue appeared to be connected in such a way that they shared
the load, keeping the tissue intact. The network of the aneurysmatic tissue
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was of such poor quality that all the fibers had to bear the load independently,
causing the fibers to break, thereby damaging the network. This study shows the
importance of the network structure of the collagen fibers in the vascular wall
and demonstrates how a loss in the organization of the network can result in the
local swelling and even rupturing of the aorta.

In a follow-up study, we used the same approach to examine the contribution
of the individual components of the vascular wall to the mechanical properties of
the whole tissue. This was done by selectively removing the individual building
blocks of the tissue using enzymes and subsequently using optical imaging and
afm measurements to observe the eVect of the treatment. This showed, for
example, how after removing collagen from the adventitia, a coherent network
remained, which was about 50 times less stiV than the original tissue. One of
the remarkable results of our study was the eVect of a neutrophil extract on the
tissue. Neutrophils are cells of the immune system and it is known that this
type of cells is present in elevated numbers in aneurysms. Afm measurements
on the adventitita showed how the neutrophil extract changed, within 24 hours,
the mechanical properties of the adventitia in such a way, that it showed large
similarities with the aneurysmatic tissue. Further research has to clarify which
specific elements of this extract cause this change and whether this carries a
promise for the treatment of aneurysms.

After the successful measurements on aneurysms, we have extended the same
approach of studying tissues towards other pathologies. Atherosclerosis is a
slowly progressing disease, which starts with the accumulation of lipids in the
vessel wall. The resulting inflammatory reaction produces a plethora of break-
down products of cells and the extracellular matrix. These products are covered
by a layer of collagen to prevent them from entering the bloodstream. During the
progression of the disease, however, this collagen layer becomes weaker and can
eventually rupture. The breakdown products will then enter the blood, which
will start clotting. This blood clot can ultimately block the blood supply to the
heart or brain and cause a myocardial infarction or stroke. Recent studies in
mouse models showed that lysyl oxidase, a protein which facilitates the connec-
tion between collagen fibers (lox), reinforces the collagen cap of atherosclerotic
plaques. We continued this study by first showing that human plaques with more
lox are more stable than plaques with less lox. We did this both optically, for
example by comparing the amount of collagen with the local lox concentration,
as well as with the afm by showing that plaque regions with more lox tend to
be stiVer as compared to regions with less lox. Subsequently, we showed that
the amount of lox is inversely correlated with adverse clinical symptoms, like,
for example, the level of inflammation within the tissue. Lastly, we showed that
patients who produce more lox suVer less from atherosclerotic complications,
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like a myocardial infarction, compared to patients who produce less lox.
In the pathologies discussed above, the interactions between immune cells and

the extracellular matrix play an important role in the progression of the disease.
By means of a new animal model, in which human tumor cells are injected into
zebrafish embryos, we studied how tumor cells infiltrate the extracellular matrix
of, until then, healthy tissue. Using various optical techniques, we showed how
neutrophils, the same immune cells which are present in aneurysms, alter the
collagen network of the zebrafish and that this enables the tumor cells to invade
new tissue. When we inactivated the neutrophils using various drugs, the tumor
cells were no longer able to infiltrate the tissue. Although the results of this study
are very fresh, they reveal hitherto unknown processes, that could possibly also
play an important role in human tumor progression.

With this research we have seen that the extracellular matrix plays an impor-
tant role in the integrity of tissues and that this is impaired in certain pathologies.
This study opens a new way to analyze pathologies and processes in the human
body. An example of a possible future study could be the ripening, or soften-
ing, of the cervix (the lowerpart of the uterus) during delivery. The cervix tissue
consists mainly of collagen, but the mechanism in which the initial stiV tissue
transforms into soft tissue, enabling the infant to be delivered, is still unknown.
This process is even more interesting because of its reversibility: within a few
weeks after birth the collagen network is back in its original state.
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