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The circulation is a complex system consisting of different types of blood
vessels. It is now recognized that these vessels are part of a subtle regulatory
system with differential properties along the vascular tree. Alterations in the
vessel wall or malfunctioning of blood vessels may lead to various diseases
such as atherosclerosis or hypertension.
This thesis focuses on the vessel wall of large murine arteries and cultured cell
systems to evaluate the applicability of two-photon laser scanning microscopy
as an imaging tool for studying alterations in vessel wall properties and their
functional consequences.

The wall of large arteries consists of three layers that are separated by elastic
bands: the inner layer or tunica intima, the medial layer or tunica media, and
the outer layer or tunica adventitia. Each layer has its specific morphology and
function. The tunica intima consists of one layer of endothelial cells that is
supported by a thin basement membrane. Although only one layer thick, the
endothelial cells are functionally important. They are at the interface between
the vascular wall and the circulating blood, where they play a key role in
control of blood cell-vessel wall interactions [1-3], vascular tone, and vascular
permeability [4].The tunica media consists of several layers of vascular smooth
muscle cells (separated by elastin bands) which regulate vascular tone. The
tunica adventitia contains large amounts of connective tissue which provide the
artery with tensile strength. Furthermore, nerve fibers are present for
innervation of the vascular smooth muscle cells. Especially in thick or diseased
arteries, a vasa vasorum (a network of small capillaries, arterioles, and
venules) is present to provide nutrients and oxygen to the tunica adventitia and
media and to remove metabolites and waste products. 
Alterations of structural and functional properties of the arterial wall may lead
to vascular diseases, such as atherosclerosis.

In atherosclerosis, lesions develop at lesion-prone sites, such as bifurcations. At
these sites, lipids and inflammatory cells from the bloodstream penetrate
through the endothelial cell layer and accumulate in the subendothelial space
in the tunica intima. In time, these initial fatty streaks progress towards more
advanced stages of atherosclerosis. Rupture of such atherosclerotic plaques
may eventually lead to thromboembolic complications [3, 5-7]. Thrombi may
occlude the lumen, and emboli may cause downstream ischemia. For this
reason, atherosclerosis is one of the major causes for heart failure or stroke in
the western world [6].

During the last few decades, histology has provided detailed insight in various
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aspects of blood vessel morphology and atherosclerosis in human and murine
samples. However, preparation of histological sections requires extensive
chemical treatment and slicing of the tissue, which results in loss of viability and
functionality and may result in structural alterations [8]. This precludes insight
in the structure of plaque components under physiological circumstances and
in functional properties of such structures in (diseased) arteries. Further
understanding of the (diseased) vasculature requires such better insight in
structure and function of the vascular wall at subcellular level. An imaging
technique which enables simultaneous visualization of both structure and
function of the intact and viable diseased vascular wall of large arteries is
therefore essential. To achieve the required contrast and signal necessary for
imaging, fluorescent markers are required that are specific for certain
structures. These markers must be applicable in viable samples, which are less
permeable and therefore limit penetration of these markers into the tissue
(unlike histology where fixatives make the samples more permeable). In
addition, viability of the sample should not be affected by the markers.

In 1990, two-photon laser-scanning microscopy (TPLSM) was developed by
Webb and colleagues [9, 10]. TPLSM is based on the principle of two-photon
excitation, a process which already was described in 1931 by Maria Göppert-
Mayer [10]. Simultaneous absorption of two near-infrared photons (total
energy is equivalent to that of a single photon at half the wavelength) leads to
the excited state of fluorescent molecules in the sample. Since the probability
of two-photon absorption depends on the square of the intensity of the
excitation light, excitation only occurs in a very small volume at focal position
of the microscope. Therefore, out of focus absorption and excitation, as in
normal or confocal fluorescence microscopy, are absent and as a result,
emitted photons always originate from the focal position and thus are
independent of scattering. Due to this excitation process, TPLSM possesses
some interesting features; enhanced depth penetration, good optical
sectioning, good resolution in three dimensions, and strong reduction of photo-
bleaching, photo-damage, and photo-toxicity [11]. This combination of
features makes TPLSM better than other microscopic techniques for imaging of
structures which are located deep in (scattering) tissues such as brain [12],
kidney [13, 14], microvasculature [15], and lymphatics [16]. 
Recently, TPLSM was established as a valuable tool for imaging of blood
vessels. However, the blood vessels studied were very small [17], still treated
with a fixative [18], sliced [19, 20], casted in hot (> 40 °C) agarose gel [21],
or kept under non-physiological pressures [22], resulting in structural alterations
and loss of functionality [8].
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The studies described in the present thesis were performed in order to visualize
a variety of morphological and functional properties of healthy and
atherosclerosis-prone large arteries of mice using TPLSM. Furthermore, various
fluorescent markers were evaluated on their specificity, viability, and
penetration into the arterial wall. 
As an introduction to the experimental chapters, chapter  2 gives a brief survey
on the present and most relevant knowledge on imaging of blood vessels,
vessel wall, and TPLSM imaging, which are all of interest for this thesis.
Chapter  3 of this thesis describes and evaluates a method that was developed
to enable structural and functional imaging of intact and viable arteries.
Dissected carotid and mesenteric arteries were mounted in a home-built
perfusion chamber and pressurized up to physiological pressure.
Characteristics of TPLSM imaging of mounted large arteries and viability of
such arteries were evaluated. The structure of elastic and muscular arteries was
compared, the very delicate endothelial glycocalyx was visualized, and
functional properties of muscular arteries were assessed.
In Chapter  4, the method was adapted to visualize atherosclerotic lesions in
the carotid artery bifurcation. The distribution of collagen was assessed in
mounted viable large arteries of control (C57BL6/J) and atherosclerotic (ApoE-/-)
mice using the novel fluorescent collagen marker CNA35/OG488. The uptake
of CNA35/OG488 in mounted healthy large arteries appeared to be limited
by an intact endothelial layer and elastic laminae. However, in mounted
atherosclerotic arteries, CNA35/OG488 did penetrate into the vessel wall
and labeled the collagen structure in atherosclerotic lesions. Intravenous
administration of CNA35/OG488 in living mice further revealed that
CNA35/OG488 might have potential as a molecular imaging agent. 
Chapter  5 describes the visualization of atherosclerotic lesions in the carotid
artery bifurcation and the direct relationship between collagen and
inflammatory cells in intact and viable mounted carotid arteries of control and
atherosclerotic mice, at a subcellular level. Development of atherosclerotic
plaques was visualized from the initial phase towards more advanced lesions
in the carotid bifurcation. Special attention was paid to the fibrous cap regions
and the various vessel wall layers. 
To illustrate the applicability of our technique to functional studies on blood
vessels, we studied nitric oxide (NO) production. Up till now most knowledge
concerning the role of NO in arteries is based on indirect measurements. The
importance of NO was never directly established in viable arteries by
visualizing NO production in the vessel wall. To this end, a fluorescent probe
is needed which relates changes in the presence of NO with changes in
fluorescent signal. Furthermore, since NO exist for only very short periods of
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time, such probe must be highly sensitive. Chapter  6 describes the first results
of a novel NO-marker FNOCT in endothelial cells in vitro, which in potential
can also be applied in large arteries. 
In chapter  7, the potential of TPLSM for imaging of large arteries in vivo is
studied. Good optical sectioning, as in TPLSM, is very sensitive to motional
disturbances which occur as a consequence of heartbeat and respiration. To
minimize the effects of these motional disturbances, we have reduced the
exposure time of single optical sections. Furthermore, image acquisition was
performed during a fixed period of the cardiac cycle by triggering the start of
image acquisition. These trigger pulses were derived from the respiration- and
blood pressure signal. 
Chapter  8 is a general discussion in which the findings of the various chapters
are discussed.
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Atherosclerosis is a systemic disease of large arteries that slowly progresses
with age and, affects virtually all persons to some extent. The development of
atherosclerotic plaques, also called atherogenesis, already starts in early
childhood [1, 2]. However, at such young ages, no clinically relevant symptoms
are present. At the fifth or sixth decade of life the atherosclerotic process
becomes clinically relevant (or earlier, dependent on several risk factors such
as smoking, diabetes, hypertension, and high-cholesterol blood levels) [1-3]. A
broad range of (severe) clinical complications may occur dependent on which
arterial beds are affected. Atherosclerosis is the primary cause of
cardiovascular events and stroke, and the underlying cause of approximately
50 % of all deaths in western society [4, 5]. 

The last few decades, extensive research in the field of atherosclerosis resulted
in better insight in the initiation and progression of atherogenesis. However,
many questions remain to be answered. The acquired knowledge is mostly
based on histological studies of isolated samples that have lost viability. For that
reason, the functional properties of various compounds in the atherosclerotic
vessel wall are still largely unknown. Better understanding of the functionality
of the atherosclerotic arterial wall, and, thus, increased insight in (development
of) atherosclerotic lesions requires studying of these properties in vivo or in still
viable arteries ex vivo. This may lead to better understanding of the process of
atherogenesis and the resulting complications and, in the end, enable better
treatment and reduce the incidence and mortality.

In this chapter, a brief survey is given of the biology of large arteries and the
process of atherosclerosis; in addition, animal models are described that can
be used to study atherosclerosis. Then, the basic principles of conventional
(single-photon) and two-photon fluorescence microscopy are discussed and
compared. In addition, a short overview is dedicated to the fluorescent labeling
of vascular structures. Finally, the current status of the applications of two-
photon laser scanning microscopy for visualization of various aspects of larger
arteries is discussed.

Vessel  wall  structure  of  healthy  large  arteries
The arterial wall is composed of three layers or tunicae (fig. 1, see also chapter
3) [6]. 
The tunica intima or inner layer is relatively thin and mainly consists of a single
layer of endothelial cells that lines the vessel lumen. It is now recognized that
the endothelial cells have an important regulatory function for several
biological processes [7], rather than being a passive barrier between blood
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and the tissue. The function of endothelial cells differs considerably throughout
the vasculature, not only between different organs but also between large and
small blood vessels [8] and between vessels at the arterial and venous side of
the circulation [9]. At its luminal side, the endothelium is covered by a
functionally important thin network of membrane-bound macromolecules called
the endothelial glycocalyx [10]. The glycocalyx is involved in many processes
such as vascular permeability and mechanotransduction of forces exerted by
blood flow. It controls interactions with a large number of molecules [10],
contributing to the vasculoprotective properties of the vessel wall [11, 12]. At
the abluminal side of the endothelial cells, a thin layer of connective tissue
forms the basal membrane that supports the endothelial cells. The most
abluminal part of the tunica intima is the internal elastic lamina (IEL) which
separates it from the tunica media. The IEL is composed of a fenestrated layer
of elastin. The number of fenestrae differs between arteries. These fenestrae
contribute to cell-cell contact (via gap junctions [13-15] between endothelial
cells and vascular smooth muscle cells (vSMCs) and may also allow diffusion
of substances [6]. 
The tunica media or medial layer primarily consists of several concentric layers
of helically arranged vascular smooth muscle cells. The number of layers
depends on size and type of the artery. The vascular smooth muscle cells are
separated by fibers of extracellular matrix (collagen, elastin). Interposed
between these layers of vascular smooth muscle cells are intermediate elastic
laminae (the number of intermediate laminae again depends on the size and
type of the artery). The main function of the tunica media is control of vascular
tone. Moreover, the vascular smooth muscle cells are the cellular source of the
extracellular matrix [6, 16]. The external elastic lamina (EEL) is the most outer
elastic laminae of the tunica media and separates it from the tunica adventitia;
it is composed of many elastin fibers that form a finely woven structure. 
The tunica adventitia is the outer most layer of the arterial vessel wall and
mainly consists of collagen and elastin fibers [6]. In between these fibers,
fibroblast-like cells and vasomotor nerves are present. In the tunica adventitia
of large arteries with a vessel wall that is too thick to be solely nourished by
diffusion, a network of branched small blood vessels or vasa vasorum is present
that provides metabolites and oxygen to the tunica adventitia and abuminal
parts of the tunica media [6, 17, 18]. 

The vessel walls of various large arteries have a number of structural features
in common although structural variations between comparable arteries can be
considerable. Note that thickness, detailed structure, and function of these three
tunicae strongly depend on total diameter, type of blood vessel, and species.
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Based on their diameter and location, large arteries may be classified as elastic
arteries (largest arteries) or muscular arteries (medium sized arteries). Elastic
arteries are located directly downstream of the heart where blood is
transported under high (pulsating) pressure. The vessel wall of elastic arteries
is thick and elastic, and has a buffering function reducing the pulsations of
blood flow. Muscular arteries are located more closely to organs and tissues
and mainly have a conductive function and control the affluence of blood to the
various organs [6]. The vessel wall of muscular arteries is thinner and their
diameter (and, hence, resistance) is controlled by contracting or relaxing the
vascular smooth muscle cells in the tunica media [6].

Atherosclerosis
Atherogenesis
Atherosclerosis leads to alterations of structural and functional properties of the
vascular wall and was initially considered to be a lipid storage disease [19].
It is now recognized that the development and progression of atherosclerotic
lesions is an inflammatory disease [5, 20, 21]. 
Atherosclerotic lesions are asymmetric focal thickenings of the tunica intima [22].
Atherosclerotic lesion development (fig. 2) preferentially occurs in branch
points or curves in the large arteries where blood flow is disturbed (non-uniform
laminar flow, reversed or stationary flow, or oscillatory flow) [23, 24]. At these
atherosclerosis-prone sites, the arterial wall is changing with plaque initiation
and progression. Endothelial cells at these atherosclerotic-prone sites are
activated and become more permeable for macromolecules such as low density
lipoprotein (LDL) [24]. Besides increased cell permeability [24], activated
endothelial cells are also characterized by diminished nitric oxide (NO)
production [25]. NO is important for many functional processes in the arterial
vessel wall [25-27] and alterations in NO-production are linked to various
diseases such as atherosclerosis [27-29]. In addition, the endothelial
glycocalyx may be locally thinned at sites of atherosclerosis, which may
contribute to the increased permeability of the arterial wall and adhesion of
monocytes [10-12, 30]. These monocytes adhere to the endothelial surface
(fig. 2a), transmigrate into the subendothelial intima (fig. 2b) where they
proliferate and differentiate into macrophages and take up lipoproteins,
forming foam cells [4, 20-22]. These early lesions are called fatty streaks (fig.
2 b, c) [2]. 
Fatty streaks are prevalent in young people but are in general not yet
symptomatic. With time, fatty streaks may develop into (advanced)
atherosclerotic lesions which are symptomatic (atheroma). The accumulated
foam cells die and a necrotic core develops inside the lesion, containing
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extracellular lipids (fig. 2d) [4]. Moreover, the initial inflammatory process is
further expanded by innate and adaptive immunity responses [31], attracting
more and more immune cells and vascular smooth muscle cells from the tunica
media which further enhance lesion growth. The attracted and accumulated
vascular smooth muscle cells secrete extracellular compounds, forming a
fibrous cap that overlies the atherosclerotic lesion [3]. However, as a
consequence of the inflammatory process, also enzymes such as matrix-
metalloproteinases, collagenases, and elastases are produced that are known
to breakdown the extracellular matrix, thereby weakening the fibrous cap [5,
20, 32-34]. With time, the fibrous cap of advanced atheromas gradually
becomes thinner (and weaker) at the plaque shoulders, and ultimately the
fibrous cap ruptures and the strongly thrombotic content of the necrotic core is
left uncovered for the blood (fig. 2e) [3, 21, 34, 35]. The latter may result in
thrombus formation which can occlude the artery, often causing acute ischemia
in downstream organs, which may result in loss of function, and ultimately in
death [3]. 

Animal  models  of  atherosclerosis
Until recently, atherosclerotic research was mainly performed in animal models
of cholesterol-fed rabbits, pigs, and non-human primates [36, 37]. Nowadays,
the majority of atherosclerotic research is performed in mice (for extensive
reviews see [36-39]). Unlike humans, normal (healthy) mice do not develop
spontaneous atherosclerosis [37]. For that reason, mice were genetically
altered, which resulted in various mouse models that do develop atherosclerosis
within weeks to months after birth (dependent on type of model and type of
diet). Most of these genetic mouse models lack important genes in the lipid
metabolism, such as the low density lipoprotein receptor (LDLr-/-) or
apolipoprotein-E (ApoE-/-) knock out mice. Lack of such genes leads to severe
hypercholesterolemia and results in atherosclerotic plaque formation. 
Plaque formation in these hyperlipidemic mouse models is comparable with the
human atherogenesis [39, 40]. These mice develop human-like advanced
atherosclerotic lesions with similar cellular composition and at similar sites in
the vasculature. However, there are also differences. Mice have a different
arterial geometry and lipid profile in the blood [41]. Furthermore, mouse
models for spontaneous plaque rupture or the end-stage of atherosclerosis in
humans, erosion of plaques, are still not available [36, 39]. There is an
ongoing discussion concerning the interpretation and exact definition of plaque
rupture in mice [42-44]. Due to the differences described above, extrapolation
of mouse data to the human atherosclerosis should be conducted with care.
All studies presented in this thesis (except for chapter 6) were conducted in wild
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type (control) and atherosclerosis-prone ApoE-/- mice, in order to study structure
and function of the healthy and atherosclerotic vascular wall of large arteries.
Although sometimes the preparation procedures were technically challenging,
the small size of mice is beneficial for visualization of the relatively thin wall of
large arteries with Two-Photon Laser Scanning Microscopy (TPLSM).

Imaging  of  large  (diseased)  arteries  
Imaging techniques such as magnetic resonance imaging, computer
tomography, positron emission spectroscopy, or ultrasound, enable non-
invasive visualization of various functional and structural aspects of living
tissues, and have already contributed to the present knowledge of
atherosclerosis [45, 46]. However, the spatial resolution of these imaging
modalities does not allow visualization of subcellular structures. Additionally,
they lack the specificity that is required for visualization of delicate molecular
properties of the (diseased) vasculature. These requirements are met by optical
fluorescence microscopy which combines subcellular resolution with an
exquisite molecular selectivity and sensitivity. In optical fluorescence
microscopy, two basic principles of fluorescence excitation can be
distinguished: single photon excitation and two-photon or multi-photon
excitation. Both will be discussed in the next two paragraphs.

Single-pphoton  fluorescence  microscopy
Nowadays, conventional fluorescence microscopy is the most common mode
of optical light microscopy used in biomedical research because of its great
specificity and ease of use [47]. In fact, the already comprehensive knowledge
of structure and function of the vasculature and vascular diseases such as
atherosclerosis is in a large part based on studies utilizing conventional
fluorescence microscopic techniques. 
Both conventional fluorescence microscopy and confocal laser scanning
microscopy are based on the principle of single-photon excitation (fig. 3). A
fluorescent molecule (fluorophore) in the sample is excited by absorption of a
single photon with a specific wavelength (between 350-650 nm). As a
consequence of the subsequent decay of the molecule from the excited state to
its ground state, fluorescent light of a slightly lower energy (i.e., longer
wavelength; the difference between both wavelengths is called the Stokes shift)
is emitted, allowing high contrast imaging of the distribution of fluorophores in
the sample. 
The process of fluorescence excitation occurs throughout the whole volume that
is illuminated by the excitation light. Therefore, out-of-focus fluorescence light
also contributes to image formation (fig. 4), which reduces contrast and signal-
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to-noise ratio, especially in thick and scattering tissues. Furthermore, bleaching
of the fluorescent molecules not only occurs in the focal plane, but the entire
volume illuminated. In combination with the high flux of excitation light that
may cause cytotoxic effects, tissue viability is hampered in the large
(illuminated) volume of the sample. Finally, single-photon (conventional)
fluorescence microscopy lacks sufficient penetration depth to obtain high-
resolution images beyond the tissue surface due to the high absorption of the
excitation light and the scattering properties of the emission light [47]. 
Confocal Laser Scanning Microscopy (CLSM) images are generated by point-
to-point scanning through the focal plane.In CLSM, pinhole(s) are applied to
block the out-of-focus light originating from the (single-photon) excited volume
outside the focal plane [47-49]. Consequently, only light emitted in the focal
plane contributes to the final image by largely removing the out-of-focus blur.
CLSM allows optical sectioning and imaging inside the sample volume, beyond
the tissue surface (up to 50 μm) [48, 49] and enables 3D image reconstruction
[47, 48]. However, CLSM still suffers from the lack of penetration depth in
(scattering) tissue due to the excitation wavelengths used [47, 49, 50]. Also,
with focus deeper in the tissue, scattered out-of-focus fluorescence may enter the
pinhole thereby reducing contrast and resolution. Moreover, since the pinhole
blocks a large part of the emitted light, imaging in the sample requires
increased intensity of the excitation light (i.e. lasers of 5-50 mW [47]),
Consequently, in thicker scattering tissues CLSM is strongly hampered by
increased out-of-focus bleaching and cytotoxic effects (which still occurs
throughout the whole depth of the sample) [51-53]. 
Microscopic techniques based on single-photon excitation are very useful for
visualization in thin histological samples of large arteries. Preparation of such
histological samples, i.e., fixating or freeze thawing and slicing, results in loss
of viability and loss of functionality, and may lead to structural alterations [54,
55]. As a result, (3D) visualization of the elementary molecular processes in
intact and viable atherosclerosis-prone arteries is compromised with these
conventional microscopic techniques. 
In order to elucidate the molecular processes that underlie the behavior of
vascular cells and structures in their natural environment, and to translate the
results obtained from cell cultures and histology to the situation that exists in
viable intact samples ex vivo (see chapter 3-5) and ultimately in vivo (see
chapter 7), a microscopic technique is required that does enable subcellular
imaging and is capable of penetrating deep into viable, highly scattering
blood vessels. 
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Two-pphoton  (multi-pphoton)  laser  scanning  microscopy
In the early nineties, two-photon laser scanning microscopy (TPLSM) was
developed by the group of Webb and colleagues [56]. Two-photon laser
scanning microscopy (TPLSM) is based on the principle of two-photon excitation
of fluorescent molecules which already was described in 1931 by Maria
Göppert-Mayer [57, 58]. Fluorescent molecules are excited in a single
quantitized event by nearly simultaneous absorption of two photons [56] [59-
62] (Fig. 3). The process of two-photon excitation only occurs when these two
photons reach the fluorophore within attoseconds (10-18 s) of each other.
Moreover, since the energy of photons is inversely proportional to their
wavelength, the photons should have approximately twice the wavelength
(near infrared ? > 800 nm) as is required for single photon excitation (blue-
green ? 350-650 nm) [59]. The resulting emission depends on the square of
the excitation intensity [51, 56, 59, 61, 63]. Furthermore, since the probability
of the two-photon excitation process is very low, the required local photon
density must be very high; approximately 106 times higher than that required
for single-photon excitation [59]. As a consequence, very high (excitation) laser
powers are required in order to yield detectable (two-photon excited)
fluorescence. 
Such high excitation powers are achieved with mode-locked, pulsed lasers
which operate with only a small set of modes. The phase between these modes
is locked so that there is destructive interference of the waves between
propagating frequencies everywhere in the laser cavity, except at the point
where waves add constructively [64]. The latter results in an ultra short (10-15 -
10-12 s), single pulse of light travelling in the cavity with a repetition rate
(? 82 MHz) that is determined by the distance between the end mirrors of the
cavity [65]. Mode-locked lasers are tuneable in the near infrared wavelength
range (700-900 nm). In the TPLSM used in the studies described in this thesis,
the energy of the laser light is concentrated in a pulse with a width of
approximately 140 fs at a wavelength of 790 nm (fig. 5).The resulting high
peak power enables sufficient two-photon excitation while the average power
is relatively low, which is beneficial for preservation of the biological sample.
In TPLSM, the optimum conditions for two-photon excitation only exist in the
very narrow focal volume of the microscope. As a result, fluorescence emission
only occurs in this narrow focal volume (fig. 4), which results in very good
optical sectioning and good signal-to-noise-ratio without the application of
pinholes as required in CLSM. Since fluorescence emission is limited to the
focal volume, detectable fluorescent (emission) light must originate from this
focal volume, even though it might be scattered on its way to the detector. The
use of longer wavelengths (reduced scattering and absorption) and the

~~
~~

~~
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absence of out-of-focus absorption results in an increase in penetration depth.
The maximal depth for good image quality achieved with TPLSM in arteries is
over 100 μm, while the maximum depth with CLSM is limited to 50 μm [50]).
The absence of out-of-focus excitation, and the longer wavelength of the near-
infrared excitation light further reduce photo-damage, photo-toxicity, and
photo-bleaching [53, 60, 66, 67]. As in CLSM, image composition of TPLSM
is based on point-to-point scanning through the optical section. 
The characteristics of TPLSM potentially enable imaging of thick, scattering
samples without compromising viability, and make it superior over single-
photon excitation microscopy such as CLSM [50, 62, 68-70].

In practice, TPLSM has further advantages over conventional fluorescence
microscopy. Since only one excitation wavelength is required to excite multiple
fluorophores, the requirements of blocking filters for the excitation light are
reduced [67]. This simplifies multichannel imaging (i.e., simultaneous
visualization of two or more fluorophores) and provides a broad uninterrupted
emission collection bandwidth [65]. The latter may result in increased contrast
(increased signal-to-noise-ratio). Due to the increased difference between the
wavelength of the excitation laser and the emitted light, leak-through of the
excitation light into the wavelength range (reducing signal-to-noise-ratio) of the
emitted fluorescence is strongly reduced [67]. Since photo-damage, photo-
toxicity, photo-activation, and photo-bleaching are reduced, imaging times can
be extended without compromising the viability of the sample, which may result
in better quality of the obtained images.

However, TPLSM has also some drawbacks. (1) TPLSM is an expensive
technique [59] and not yet routinely used for biological studies since it requires
specific expertise for effective application [59, 65]. (2) Due to the longer
wavelengths used for excitation light [59], the spatial resolution in TPLSM is
somewhat reduced when compared with CLSM. However, this only holds for
imaging at shallow depths in the sample. Indeed, the size of the excited focal
volume in TPLSM does increase with increasing depths (due to scattering and
the consequent increase of the excitation light intensity), but the resolution of
TPLSM deteriorates far less with increasing depth than that of CLSM [50]. (3)
Although photo-damage and photo-toxic effects are reduced, TPLSM can have
negative consequences for the viability of biological samples [71, 72]. Two-
photon excitation may cause heating of the sample, impaired cellular
reproduction, oxidative stress, or apoptosis-like cell death. In order to avoid
these effects, non-destructive imaging of live samples is limited to an optical
window, dependent on the applied fluorophores, laser intensity, detector
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sensitivity, and the sample [71]. (4) TPLSM does not allow image acquisition at
video rate (20-100 Hz) since image composition is based on the point-point
scanning instead of collecting the full field of view at once (as in conventional
fluorescence microscopy). This complicates (in vivo) imaging of motional
structures or cells. 

Fluorescence  probes  to  identify  structures,  cells  and  functionality
Fluorescent probes suitable for structural imaging in viable thick arteries with
TPLSM must meet at least 4 requirements.
(1) The applied fluorophore (either alone or coupled to a specific antibody or
peptide) must be two-photon excitable. Theoretically, all fluorophores that can
be excited with single photon excitation should be excitable by two-photons of
each half the energy and thus double the wavelength. However, the probability
of two-photon absorption of the fluorophore (two-photon action cross section)
can differ from this simple assumption, resulting in an optimal two-photon
excitation wavelength that strongly deviates from the normally applied
excitation wavelength (between 750-900 nm) [65, 70]. Although the optimum
wavelength of such fluorophores might be available by tuning the excitation
laser, this severely hampers the use of such fluorophores in combination with
other fluorophores with a different optimal two-photon excitation wavelength.
In practice, characterization of the fluorophore prior to application may give
insight in the practicability of the probe alone or in combination with other
probes. Many fluorophores have a strong enough emission to be excited at a
non-optimal wavelength. 
(2) The fluorescent probe is assumed to specifically home to the imaging target
under consideration. Some of the available fluorescent probes home directly to
a specific vascular or cellular target. In other cases, to achieve specificity of the
probe, the fluorescent molecule has to be linked to an antibody or peptide
tailor-made to be specific for the imaging target. 
(3) In either case, the complete particle must be able to penetrate deep into the
intact and mostly viable tissue in order to reach all structures within the sample.
In that respect peptides often are preferable above antibodies, due to their
smaller size. The permeability of the endothelium or internal elastic lamina in
various vascular beds or organs is often an important determinant for the
penetration of various fluorescent probes (chapter 3-5). Note that sometimes
lack of permeability can be used advantageously to discriminate healthy from
diseased tissue (chapter 4, 5). This property may be used to target structures of
cells exclusively within the atherosclerotic lesion by application of specific
contrast enhancing agents. This may enable plaque detection or molecular
imaging (chapter 4, 5). 
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(4) For intracellular targeting, an additional requirement is that the vehicle must
be able to penetrate into viable cells with an intact and fully functional cell
membrane (unlike fixed cells that have a compromised membrane).

For functional experiments some additional properties are required. Of course
the probe must be specific, sensitive, non-toxic, and should not influence
functionality. Furthermore a significant change in fluorescent properties (e.g.,
spectral, intensity) must arise upon changes in functional characteristics. A
color shift of the probe instead of an increase in intensity of the emitted
fluorescence is preferred, since this is independent of external factors such as
laser intensity (chapter 6). 

In this thesis we have characterized novel probes for the detection of the
extracellular matrix protein collagen and nitric oxide (NO) production.
Collagen in the wall of blood vessels can be directly visualized using its second
harmonic generation (SHG), a non-linear scattering process resulting from the
TPLSM pulsed laser exitation [50, 73-75]. However, detection of SHG in large
arteries is rather difficult and only applicable for visualization of collagen in the
tunica adventitia (chapter 3). In order to visualize collagen in all tunicae of the
arterial wall, a novel collagen probe [76] was evaluated and utilized in
(diseased) large arteries (chapter 4, 5).
NO production is a functional and very dynamic process. In the vasculature,
NO is an important endothelium-derived vasodilator that has been implicated
with various diseases such as atherosclerosis [27-29]. Most currently available
NO-probes shift from non-fluorescent to fluorescent in the presence of down-
stream derivatives of NO. Consequently, these probes often lack specificity for
NO. Therefore, the properties of a relatively new NO-probe [77] that displays
a spectral shift in the presence of NO were evaluated (chapter 6).

Current  status  of  two-pphoton  microscopy  of  large  arteries
In recent years, TPLSM has already been employed in various studies in intact
and viable tissues ex vivo and in relatively immobile tissues in vivo such as
brain [78-80], kidney [70, 81-84], lymphatics [85-88], and tumors [89]. Up till
now, TPLSM was only rarely used in studies of large arteries, although these
vessels are eminently involved in several cardiovascular diseases. In all these
studies, large arteries were isolated and imaged under non-physiological
circumstances (i.e. non-viable [74, 90], sliced or cut open [91, 92], in the
absence of pressure and longitudinal tension and with shortened longitudinal
length [50, 93]). The method of arterial preparation in these studies often
resulted in total loss of functionality and structural deformations of the arterial
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wall such as the typical wave-like appearance of the internal elastic laminae,
which is caused by longitudinal shortening and lack of transmural pressure
[92]. Consequently, the preparation procedures in these studies do not allow
simultaneous imaging of structural and functional properties of the arterial
vessel wall. 

Perfusion chamber in which arteries are cannulated and mounted on thin
micropipettes, are routinely used for perfusion myography studies [94, 95].
This mounting procedure can also be applied for TPLSM imaging and has
several advantages over imaging of non-mounted arteries (chapter 3). (1)
Structural deformations of the vascular wall of isolated arteries as occurred in
all previous TPLSM studies in large arteries, can be avoided by application of
transmural pressure and correction of longitudinal shortening of the artery [6,
92, 96]. (2) The viability of arteries mounted in perfusion chambers is
maintained for several hours and (3) combined with easy application of
fluorescent markers luminally and abluminally, it may allow combined structural
and functional imaging under physiological circumstances. (4) Application of
flow is possible, potentially enabling visualization of functional-structural
remodeling processes relating to flow [97]. The present thesis presents results
of TPLSM imaging obtained in isolated (diseased) large arteries that were
cannulated and mounted in perfusion chambers (chapter 3-5) [98, 99]. 

The ultimate goal in vascular imaging is visualization of large arteries in vivo,
at a subcellular level. Van Zandvoort and colleagues showed the feasibility of
in vivo TPLSM imaging of large arteries [50]. However, images were severely
hampered by strong motional disturbances that resulted from cardiac and
respiratory activity. Triggering of the image acquisition on the cardiac- and
respiration cycles (combined with accelerated acquisition speeds) may result in
a reduction of the motional artifacts. First results of triggered in vivo TPLSM
imaging of large arteries are presented in chapter 7.
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Simplified Jablonski energy diagrams of fluorescent molecules presenting single photon excitation

(left), and two-photon excitation (right).

Figure  1

Simplified model of an arterial vessel wall. The number of vascular smooth muscle cell layers and

intermediate elastic laminae is dependent on type of artery and species. Note the fenestrations

(white) in the internal elastic layer.
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Impression of the most important features and cell types involved in atherosclerotic lesion
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Figure  4

Single photon versus two-photon excitation; with single photon excitation fluorophores are

excited throughout the complete beam path, resulting in emission above and below the focal

spot. With two-photon excitation, fluorescence emission is restricted to the focal spot.
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Figure  5

Continuous versus pulsed excitation lasers. Temporal compression of photons into short pulses

achieves a high enough local density of photon to enhance the probability of two-photon

absorption process, allowing two-photon excitation. The average power of such pulsed laser is

comparable with a continuous laser, as used for single photon excitation.
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Abstract

Understanding vascular pathologies requires insight in structure and function,
and, hence, an imaging technique combining subcellular resolution, large
penetration depth, and optical sectioning. We evaluated applicability of two-
photon microscopy (TPLSM) in large elastic and small muscular arteries under
physiological conditions. 
Elastic (carotid) and muscular (uterine, mesenteric) arteries of C57BL/6 mice
were mounted in a perfusion chamber. TPLSM was used to assess viability of
arteries and to visualize structural components elastin, collagen, nuclei, and
endothelial glycocalyx. Functionality was determined using diameter changes
in response to noradrenaline and acetylcholine. 
Viability and functionality were maintained up to 4 hours, enabling assessment
of structure-function relationships. Structural vessel wall components differed
between elastic and muscular arteries: size (1.3 vs. 2.1 μm) and density
(0.045 vs. 0.57 per (100 μm)2) of internal elastic lamina fenestrae, smooth
muscle cell density (3.50 vs. 1.53 per (100 μm)3), number of elastic laminae
(3 vs. 2), and adventitial collagen structure (tortuous vs. straight). Endothelial
glycocalyx in elastic arteries was 4.5 μm thick, covering 66 % of endothelial
surface.
TPLSM enables visualization and quantification of subcellular structures in vital
and functional elastic and muscular murine arteries, allowing unraveling of
structure-function relationships in healthy and diseased arteries.
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Introduction

Alterations of structural and functional properties of the arterial wall may lead
to vascular diseases such as atherosclerosis in the case of elastic arteries, and
hypertension in the case of small resistance-sized arteries. The understanding
of vascular diseases would benefit greatly when such structural and functional
properties could be studied simultaneously. Functional studies (investigating
diameter changes and force development during control and intervention) are
routinely done in isolated vessels mounted on two pipettes in a perfusion
chamber (perfusion myography) [1, 2] or in a wire myograph [3]. To combine
structural data with functional information, an imaging technique is required
which enables imaging in intact and viable vessels ex-vivo. 
The combination of simultaneously performed structural and functional studies
excludes (immuno) histology. Required is a microscopy method that allows for
optical sectioning (to obtain 3D reconstructions of the tissue) and has a
subcellular resolution and penetration depth (more than 100 μm). Confocal
laser scanning microscopy (CLSM) offers optical sectioning and 3D
reconstruction, but has a limited penetration depth (< 50 μm in murine carotid
artery) and its resolution deteriorates with depth [4]. Furthermore, photo-
bleaching, photo-toxicity, and photo-damage caused by the (single photon)
excitation light are substantial, which also limits the application of CLSM for
functional imaging.
In 1990, two-photon laser-scanning microscopy (TPLSM) was developed by the
group of Webb et al. [5, 6]. TPLSM is based on the principle of two-photon
excitation [6], where simultaneous absorption of two near-infrared photons
(total energy is equivalent to that of one photon at half the wavelength) leads
to the excited state of fluorescent molecules. The probability of two-photon
absorption depends on the square of the intensity of the excitation light, and
only takes place in a very narrow volume at the focal position of the
microscope. Because out of focus absorption and fluorescence are absent, the
detected emission light always originates from the focal position independent
of scattering. Typical features of TPLSM are enhanced depth penetration
(dependent on sample characteristics, up to 250 μm in rat aortas [7]), good
optical sectioning, and good resolution (maximum resolution approximately
0.3 μm in XY and 0.9 μm in Z direction, dependent on the wavelength of the
excitation light [8]). In addition, photo-bleaching, photo-damage and photo-
toxicity are drastically reduced [8], enabling imaging of delicate structures in
viable tissue. Recently, TPLSM was established as a valuable tool for imaging
of blood vessels [4, 9-11], skeletal muscle arterioles [12], and microvasculature
of the human uterus [13]. However, the blood vessels were very small [12], still
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treated with a fixative, freeze-thawed and sliced, or casted in hot (> 40 °C)
agarose gel, resulting in structural alterations and loss of functionality [14].
In the present study, our aim was to demonstrate that TPLSM is a useful tool for
imaging of fresh intact arteries mounted in a perfusion chamber. Together with
appropriate fluorescent markers, this should allow exploration of the actual
vessel wall properties at a sub-cellular level in three dimensions. The utility of
our method is illustrated with examples of both structural and functional
imaging of cell nuclei, elastin layers and collagen. Elastin is a major
component of the extracellular matrix. In the arterial wall, elastic fibers
assemble to form elastic layers, important for the elasticity of arteries.
Alterations in elastin structure and content are linked with vascular diseases,
arterial remodeling, and vascular smooth muscle cell proliferation [15-17].
Another major substance of the extracellular matrix of arteries is collagen.
Collagen is the fundamental component of basement membranes and is a
major determinant for maintaining vascular integrity (tensile strength) [18]. The
endothelial glycocalyx (EG), a very delicate layer covering endothelial cells,
was studied in elastic arteries. Recently, interest in the EG has increased
because of its possible role in hemodynamics [19], blood cell-vessel wall
interactions [20, 21], and atherosclerosis [22]. 
Structural and functional integrity of mounted arteries was tested by assessing
cell membrane integrity on the one hand and vasomotor responses to a
vasodilating and a vasoconstricting substance on the other hand. Experiments
were performed in both elastic arteries (carotid arteries) and muscular arteries
(uterine arteries and first-order mesenteric artery side branches) of mice.

Methods

Animals
Experiments were approved by the local ethics committee on the use of
laboratory animals. Procedures were in accordance with institutional
guidelines. Carotid and first-order mesenteric arteries were derived from 12-20
weeks old C57BL/6J mice (Charles River, Maastricht, the Netherlands), that
were anesthetized by subcutaneous administration of a mixture of xylazine
(Xylazin®, Ceva Sante Animale BV, Naaldwijk, the Netherlands; 15 mg/kg
body weigth b.w.) and ketamine (Nimatek®, Eurovet, Cuijk, the Netherlands;
75 mg/kg b.w.). After euthanasia the carotid arteries and the mesentery were
isolated. Uterine arteries of non-pregnant mice were isolated from uterine tissue
obtained from female C57BL/6J mice (12-16 weeks of age, Charles River)
after euthanasia by CO2.
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Tissue  preparation
Elastic  arteries:  carotid  arteries
Segments of common carotid arteries (length ? 6-8 mm) were freed of adipose
and connective tissue and carefully handled, only at their outer ends without
stretching them, to keep them viable. To avoid contact with air, they were kept
moist during the whole preparation procedure. Until further processing, arteries
were stored (maximum 30 minutes) at 4 °C in Hanks Balanced Salt Solution
(HBSS, pH 7.4), containing in mM: NaCl 144, HEPES 14.9, glucose 5.5, KCl
4.7, CaCl2 2.5, KH2PO4 1.2, and MgSO4 1.2. 

Muscular  arteries:  first-oorder  mesenteric  arteries  and  uterine  arteries
After dissection, the mesentery or uterus was pinned out on a Petri dish (coated
with silicon) and kept moist with HBSS. Adipose and connective tissue were
carefully removed. One segment (? 3 mm) of a first-order mesenteric artery
without side branches or one segment (? 3 mm) of the uterine artery at midpoint
of the arterial arcade was isolated and stored in HBSS at 4 °C. 

Mounting  procedure
After storage, each vessel was mounted in a home-built perfusion chamber
(fig. 1 A; IDEE BV, Maastricht, the Netherlands) filled with 10 ml HBSS (37 °C).
The artery was mounted on two glass micropipettes (tip diameters 120-150 μm
for elastic arteries, 80-100 μm for muscular arteries) and residual luminal blood
was carefully removed by gently flushing with HBSS. To correct for the
shortening of the artery during isolation [23], a transmural pressure of
100 mmHg was applied (using a modified Big Ben sphygmomanometer,
Riester, Germany) and the distance between the two pipettes was adjusted until
the mounted artery was straight. After this length adjustment, transmural
pressure was set at 80 mmHg in order to mimic physiological conditions [24].
All experiments were performed at 37 °C (Linkam scientific instruments MC60
heating stage, UK) in the absence of luminal flow. Imaging was performed in
vessels at a transmural pressure of 80 mmHg and was restricted to the central
portion of the vessel segment. 

Staining  procedures
Nuclei of viable cells were labeled with the viable cell membrane permeable
DNA / RNA markers SYTO41 (λmax emission = 480 nm) or SYTO13 
(λmax emission = 510 nm) (Molecular Probes, Leiden, the Netherlands).
Propidium iodide (PI, λmax emission = 620 nm; Molecular Probes) was used to
assess cell membrane integrity. Although elastin displays an autofluorescence
signal [25], the autofluorescence is weak when compared to the fluorescence

~~

~~
~~
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of added probes. Therefore, we have used eosin (λmax emission = 545 nm;
Molecular Probes) as a specific, strongly fluorescent elastin marker. Eosin
allows us to visualize elastin in more detail and in combination with other dyes
[4]. Collagen was visualized by second harmonic generation (a nonlinear
scattering process which results in the emission of photons at exactly half the
wavelength of the excitation light (λexcitation = 840 nm) [4, 25-27]. The
endothelial glycocalyx was visualized with fluorescein isothiocyanate labeled
wheat germ agglutinin (WGA-FITC, λmax emission = 515 nm, Sigma-Aldrich,
Zwijndrecht, the Netherlands) [28]. Wheat germ agglutinin is a lectin from
Triticum Vulgaris, which targets N-acetylated glucosamine residues in
hyaluronic acid and heparan sulfates. All fluorescent probes were dissolved in
HBSS except for WGA-FITC which was dissolved in Phosphate Buffered Saline
(PBS, pH 7.4) in order to prevent any interactions of the probe with glucose
residues present in HBSS. Labeling was performed in the perfusion chamber
and fluorescent probes were added 30 minutes prior to the start of image
acquisition. Fluorescent labels were not washed from the preparation during
measurements.
Final probe concentrations were: SYTO41 1.5 μM, SYTO13 1.5 μM, PI 1.5
μM, Eosin 0.25 μM, and WGA-FITC 2.6 μM. All probes were applied both
intra- and extraluminally, with the exception of WGA-FITC that was perfused at
1 ml/hr (carotid arteries) or 0.3 ml/hr (mesenteric artery) for 30 minutes.
When WGA-FITC is applied intra- and extraluminally, it also labels
glycosaminoglycans in the tunica media and adventitia (unpublished data). To
verify the specificity of WGA-FITC for the endothelial glycocalyx, arteries were
flushed with hyaluronidase (2.6 μM, type IV-S, Sigma Aldrich) for 60 minutes
(1 ml/h at 37 °C) after WGA-FITC labeling. This enzyme is known to break
down the glycocalyx in vivo [29]. 

Viability  /  functionality  of  mounted  arteries
To illustrate the viability of arteries in our experimental setup, mounted carotid
arteries were stained with a mixture of SYTO41 and PI. Images were recorded
15 minutes and 4 hours after the start of the incubation, in various segments of
the common carotid artery. In between imaging, the mounted artery was kept
at 80 mmHg transmural pressure and 37 °C.
Functionality of the endothelial cells and smooth muscle cells of mounted
muscular (mesenteric) arteries was evaluated by testing the acute vasomotor
responses (change in luminal diameter) to the vasodilator acetylcholine (1 μM,
Sigma-Aldrich, Zwijndrecht, the Netherlands) during noradrenaline (1 μM,
Sigma-Aldrich) induced vasoconstriction [1]. Both were administered
extraluminally. Luminal diameters were measured in yz-scans recorded prior to
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and during stimulation (after stabilization of the vessel diameter). All
functionality experiments were performed in arteries that were stained with
SYTO41 and PI.

Imaging
The perfusion chamber was positioned on a Nikon E600FN microscope (Nikon
Corporation, Tokyo, Japan), coupled to a standard Biorad 2100MP
multiphoton system (Biorad, Hemel Hempstead, GB). The excitation source was
a 140 femtosecond pulsed Ti: sapphire laser (Spectra Physics Tsunami,
Mountain View, USA) tuned and mode-locked at either 840 nm (to visualize
collagen by second harmonic generation) or 800 nm (for visualization of
fluorescent probes). Laser light reached the sample through the microscope
objective (60 X water dipping, numerical aperture 1.0, working distance 2
mm; 40 X water dipping, numerical aperture 0.8, working distance 2 mm).
Maximum field of view was 206 * 206 μm for the 60 X objective and 309 *
309 μm for the 40 X objective. When necessary, further magnification (and
thus higher pixel resolution) was achieved by optical zoom in the scan head. 
Three photo multiplier tubes (PMTs) were used to detect the emitted fluorescent
signals. For imaging of each of the fluorescent markers, PMTs were tuned
corresponding to parts of the emission spectra of the fluorescent markers used:
SYTO41, 470-480 nm (PMT 1); SYTO13, 500-540 nm (PMT 2); WGA-FITC
500-550 nm (PMT 2); Eosin, 530-560 nm (PMT 2) and / or 560-590 nm (PMT
3); PI, 560-600 nm (PMT 3). Second harmonic generation signal was collected
at 400-450 nm in PMT 1 for excitation at 840 nm. For simultaneous imaging
of a combination of fluorescent markers, each PMT was tuned for minimal
bleed-through of the fluorescent markers used. To prevent photochemical and
thermal damage to the arteries, laser power was kept as low as possible.
Frame rate was 0.1 Hz with a pixel dwell time of 39 μs, or 0.3 Hz with a pixel
dwell time of 12 μs combined with Kalman filtering (n = 3 cycles) for noise
reduction. From each PMT, separate images of 512 * 512 pixels were
obtained and combined into a single image. Images were recorded in the xy-
plane. Inaccurate alignment of the pipettes in the perfusion chamber usually
caused imaging of the artery in a slightly oblique plane. Series of xy-images at
successive depths (z-stack) were collected for reconstruction of 3D-images (fig.
1 B). Luminal diameters were obtained from yz-images. To obtain yz-images
with square pixels, z-step distance was equal to the pixel dimensions in xy-
direction.

Image  analysis
Image processing was performed using Image-Pro Plus 6.0 (Media Cybernetics
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Inc., Silver Spring, USA). The 3D-constructor 5.1 software (Media Cybernetics)
was used for 3D-reconstructions. Image analysis was performed by two
independent observers. 
Six elastic (carotid) arteries and six muscular (uterine) arteries were used for
quantitative analyses of cell nuclei and elastin. Vascular smooth muscle cell
(vSMC) density was expressed as mean number of cells per (100 μm)3 vessel
wall tissue. The overall vessel wall volume was estimated in each z-stack by
application of an iso-surface on the 3D-reconstruction. Iso-surface rendering
yields a smoothed surface around all voxels above a chosen threshold. The
applied iso-surface was based on the signal of cell nuclei (SYTO41). This is a
good measure for total vessel wall volume since it includes all structures from
the endothelial cells in the tunica intima to fibroblasts, which are widespread
in the tunica adventitia. However, it excludes endothelial glycocalyx volume.
The iso-surface threshold was based on the averaged full width at half
maximum value of three randomly selected line profiles (in the xz-plane) of
each z-stack. The endothelial cell (EC) density is expressed as mean number of
cells per (100 μm)2 luminal surface area. 
Glycocalyx thickness and glycocalyx coverage (ratio of glycocalyx covered
surface area and total surface area) were assessed in five carotid arteries.
Analyses were performed by quantification of the glycocalyx volume and
luminal surface area (as described in the previous paragraph). Mean thickness
of glycocalyx was calculated by dividing the glycocalyx volume by the
glycocalyx coverage. 
Vasomotor responses, i.e. functionality of arteries, were determined in three
mesenteric arteries and measured as changes in luminal diameter in yz-scans
of the vessel. 

Statistics
Results are presented as mean±standard deviation and were tested for
significance using the Mann-Whitney test (non-parametric test for two
independent groups). A value of p<0.05 was considered to be statistically
significant. Inter-observer reliability for cell counting was estimated by a "two-
way mixed consistency intra-class correlation coefficient". All statistical
analyses were performed using SPSS 13.0 software (SPSS inc. USA).

Results

Characteristics  of  the  method
Geometric  deformations
Fig. 2 displays images of a carotid artery stained for elastin (red) and nuclei
(blue). Fig. 2 A-B shows geometric deformations caused by dissection and lack
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of transmural pressure. Dissection induced longitudinal shortening of the artery
in the absence of transmural pressure and length adjustment. The three elastic
laminae were difficult to identify, appeared to be inconsistent and partially
collapsed. Vessel wall thickness was 57±6 μm. In contrast, when the artery was
straightened and a transmural pressure of 80 mmHg was applied in order to
mimic physiological conditions (fig. 2 C-D), vessel wall thickness was reduced
to 33±4 μm. Furthermore, the elastic laminae appeared to be homogeneous
and unfolded. 

Viability/  vitality  of  vessels
Mounted arteries (n=3) were stained with SYTO41 and PI to assess the viability
of arteries. Images were recorded 15 minutes and 4 hours after the start of the
incubation, in various segments of the arteries (fig. 3). After 15 minutes, 31 %
of the cell nuclei in the adventitial layer were PI-positive. Only 2 % of the
vSMCs was PI-positive and no PI-positive ECs were detectable. After 4 hours
(fig. 3 A), the number of PI-positive nuclei in the 3 tunicae was unaltered, which
indicates that vital cells in the artery remained vital. Intraluminal air bubbles
(fig. 3 B) caused a shift from PI-negative to PI-positive labeling of 95 % of ECs
within 10 minutes. The number of PI-positive vSMCs and nuclei located in the
adventitia was unaltered by intraluminal air bubbles. In contrast, after a single
pinch with a forceps, the number of PI-positive smooth muscle cells and
adventitial cells in the visualized part of the vessel increased to 33.3 % and
47.5 % respectively.  Parts of the EC layer at the site of pinching were
denuded. Residual ECs at the pinching site were all PI-positive. 
The functionality of three mounted arteries was assessed by measuring the
luminal diameter change in mesenteric arteries during noradrenalin constriction
(fig. 4). The average luminal diameter prior to stimulation was 246±21 μm.
During noradrenaline administration the average luminal diameter declined to
182±3 μm. Subsequent administration of acetylcholine induced a
vasodilatation; luminal diameter increased to 231±6 μm.

Structural  imaging
Elastin
Fig. 5 B-E shows xy-slices of an elastic (carotid) artery, recorded at 4 z-positions
(fig. 5 A) with z=0 μm being the outside of the artery. Fig. 6 B-E are xy-slices
of a muscular (uterine) artery, recorded at comparable positions in the arterial
wall (fig. 6 A). The external elastic lamina was clearly visible in both types of
arteries. The structure of the external elastic layer in elastic carotid arteries was
more compact (fig. 5 C), whereas in the muscular uterine arteries, a mesh-like
structure was observed (fig. 6 C). Clearly visible in all carotid arteries under
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investigation, was the appearance of an intermediate elastic layer (red) in the
tunica media (fig. 5 D). This third elastic layer was not present in the
investigated muscular arteries (fig. 6 C, D). The internal elastic lamina (IEL) was
clearly distinguishable in muscular (uterine and mesenteric) arteries (fig. 6 D)
but less apparent in carotid arteries (fig. 5 D). Fenestrae, non-fluorescent
cylindrical patches in the internal elastic lamina [15], were visible in the
internal elastic lamina. Their mean diameter was significantly larger in
muscular arteries (diameter of 2.1±0.2 μm) compared to that in elastic arteries
(1.3±0.4 μm in elastic arteries, p=0.02). Furthermore, the density of fenestrae
was significantly higher (57.4±9.9 per (100 μm)2 in muscular vs. 4.5±3.9 per
(100 μm)2 in elastic arteries, p=0.02).

Nuclei
Cell nuclei in the arterial vessel wall were labeled with SYTO13 (fig. 5 and 6).
Based on their morphology, orientation and position relative to the elastin
bands, nuclei can either be distinguished as endothelial cell nuclei (EC) in the
tunica intima, vascular smooth muscle cell nuclei (vSMC) in the tunica media,
or as fibroblast-like cell nuclei in the tunica adventitia (FB) [30]. EC density was
not significantly different between elastic and muscular arteries (11.8±2.2 in
elastic vs. 12.4±3.8 in muscular arteries, per (100 μm)2 surface area). VSMC
density appeared to be significantly higher in elastic arteries (350±52 per
(100 μm)3) than in muscular arteries (153±31 per (100 μm)3, p=0.004). Intra-
class correlation for inter-observer reliability was 0.997.

Collagen
Collagen was visualized in elastic and muscular arteries (fig. 7) with second
harmonic generation (SHG) using backwards propagated light [4]. Since SHG
is dependent on the peak laser intensity [31], the SHG-signal in arteries
weakened with increasing depth and was only visible in the tunica adventitia
of both elastic and muscular arteries at relatively high laser power (>30 mW).
The shape of the collagen fibers in mounted elastic arteries (which were
corrected for geometrical deformations) appeared to be tortuous (fig. 7 A)
whereas in similarly mounted muscular arteries (fig. 7 B) the collagen fibers
appeared to be more stretched out. Furthermore, in muscular arteries the SHG-
signal was weaker and required higher laser power (>60 mW).

Endothelial  glycocalyx
The endothelial glycocalyx was visualized in both muscular (fig. 8 A) and
elastic (fig. 8 B) arteries. Mean thickness of the glycocalyx in carotid arteries
was 4.5±1.0 μm; mean glycocalyx coverage of the endothelium was 66±6 %.
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To verify the specificity of the WGA-FITC labeling, the glycocalyx layer in
carotid arteries was degraded enzymatically by hyaluronidase perfusion.
Hyaluronidase treatment reduced the glycocalyx coverage to 25±2 % (fig. 8
C) but did not affect the number of PI-positive (i.e. viable) endothelial cells. 

Discussion

In this study we demonstrated that the combination of TPLSM and arteries
mounted in a perfusion chamber is a valuable tool for simultaneous imaging of
structure and function of elastic and muscular arteries. We have shown that
TPLSM is a very suitable microscopic technique for detailed imaging of intact
and vital arteries in three dimensions, mainly because of its combination of a
large penetration depth with good spatial resolution and optical sectioning.
Furthermore, it allows quantification of delicate structures in the vessel wall, as
illustrated by the visualization of the endothelial glycocalyx through the vessel
wall. Until now, this thin layer, situated on the luminal site of the tunica intima,
was difficult to visualize. Mounting of arteries on micropipettes is an
established method that allows studying of functional properties of arteries [1,
2]. When combined with TPLSM, it enabled detailed imaging of arterial
structures in physiological conditions. Furthermore, we have shown that the
combination of both techniques allows functional imaging of large arteries.
Therefore, this experimental setup can contribute to unraveling structure-
function relationships in healthy and diseased arteries.  

TPLSM imaging of vital and mounted arteries has a number of advantages over
existing methods for arterial imaging. (1) The viability of mounted arteries is
maintained. This was illustrated by a vasoconstriction-vasodilatation protocol
resulting in changes in arterial diameter (visualized in xz-images). In addition,
this demonstrates the feasibility of imaging structural-functional relationships of
large arteries, similar to those already performed in skeletal muscle arterioles
[12]. Staining and frequent TPLSM image acquisition of mounted arteries did
not affect viability (up to 4 hours after mounting), which is essential for
prolonged imaging of functional processes. (2) The ability to control transmural
pressure and luminal flow in mounted arteries will also enable exploration of
pressure or flow-mediated structure-function relationships of arteries with
subcellular resolution. (3) Structural deformation due to isolation of arteries can
be resolved. The wave-like appearance of the vessel wall, typical for
unmounted arteries [10] and histological sections, disappeared when pressure
was applied and arterial length was adjusted. Therefore, the data presented in
our study are more representative for the in vivo situation. (4) It enables extra-
and intraluminal labeling, the latter being virtually impossible in non-mounted
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arteries, which improves structure-specific labeling and simplifies labeling of
structures in the tunica intima. For example, WGA-FITC is only specific for the
endothelial glycocalyx when administered intraluminally. 

Despite all these advantages, TPLSM imaging of mounted arteries also has its
limitations. Even though it's good theoretical spatial (xy  0.3 μm) and axial 
(z  0.9 μm) resolution, TPLSM suffers from image deterioration in the axial
direction. Especially at larger depths structures appear somewhat blurred due
to a relatively large point spread function (PSF). Therefore, deconvolution of
image stacks may enhance contrast, axial resolution and the signal-to-noise
ratio. However, it is difficult to determine the (true) PSF inside the vessel wall in
large arteries (which is a prerequisite for appropriate deconvolution).
Additionally, according to the Nyquist criterium, the necessary pixel resolution
needed for appropriate deconvolution must approach the maximal resolution
(1024 * 1024 pixels, step size<0.3 μm). This maximal pixel resolution in
TPLSM however, is often limited by practical causes. Imaging of large arteries
at maximum pixel resolution is time-consuming, results in large data stacks
which are difficult to handle (especially during image analysis and restoration),
and increase radiation load to the tissue. In practice, a resolution of xy  0.6
μm, z  1.5 μm in large arteries is more realistic. 

The present study shows that our method enables identification of biologically
interesting variations between different vessel categories. We have visualized
several structural differences between elastic (carotid) and muscular (uterine
and mesenteric) arteries. In the large elastic arteries an extra elastic layer was
present in the tunica media, the structure of the external elastic lamina was
more compact and the internal elastic lamina (IEL) contained significantly fewer
and smaller fenestrae. IEL fenestrae have been implicated in electrical coupling
between the endothelium and the underlying vSMCs [32, 33]. One
consequence of this coupling, endothelium-dependent vasodilatation through
vSMC hyperpolarization, is more prominent in small muscular arteries than in
large elastic arteries [34]. The vSMC density was significantly higher in elastic
arteries. Apparently, vSMCs are smaller in elastic arteries. Endothelial cell
density was comparable. Collagen fibers in the tunica adventitia of elastic
arteries have an undulating pattern, even when corrected for geometric
deformations, whereas in muscular arteries the fibers have a straight
appearance. Collagen in the tunica adventitia was visualized using its second
harmonic generation (SHG). However, we were unable to detect SHG of
collagen in other parts of the vessel wall, in contrast to result by Zoumi and
colleagues. They established the existence of SHG signal in the tunica media

~~
~~

~~
~~
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in transversal sections of porcine coronary arteries [25]. In our setup, lack of
SHG signal in the tunica media and intima limits the applicability of SHG as a
contrast agent for collagen. A newly developed collagen probe
(CNA35/OG488) may be advantageous for studying collagen structures in
the tunica media and tunica intima [35].

Existing methods to visualize and quantify the glycocalyx in blood vessels often
depend on electron microscopy, which implies extensive tissue processing and
sectioning [22, 36, 37], and excludes combination with functional studies. In
the microcirculation, the glycocalyx can be visualized in vivo using
fluorescently labeled lectins, proteoglycan-binding proteins or specific
antibodies [21, 38]. However, the intravital microscopic techniques used in
these models cannot be used in larger arteries due to limited penetration of the
excitation light. A combination of TPLSM imaging and mounting of arteries
proves to be a good approach to visualize the endothelial glycocalyx in larger
arteries in three dimensions. Since mounted arteries maintain their viability and
functionality and can be kept under more physiological conditions, the
observed glycocalyx is probably representative of the in vivo situation. The
mean thickness of the endothelial glycocalyx in carotid arteries in this study
(4.5±1.0 μm) is comparable with observations described in literature (2.6±0.5
μm, in mesenteric arteries with a luminal diameter of approximately 150 μm)
[39]. Mean endothelial glycocalyx coverage of the endothelial cell layer in
common carotid arteries is 66 %. This incomplete coverage of the endothelial
cell layer by glycocalyx may be caused by several factors. First, WGA-FITC
may only label part of the heterogeneously distributed components [40, 41] of
the glycocalyx, causing areas of the glycocalyx to be unlabeled. Second,
weakly stained areas of glycocalyx did not contribute to the total area when
the glycocalyx also contained areas with a much stronger labeling. This is a
consequence of the applied image analysis procedure based on the full width
at half maximum of the intensity signal of WGA-FITC, averaged over the total
endothelial area within each image stack. Third, although mounted arteries
were handled with care and were still viable, it cannot be excluded that some
areas of the very delicate glycocalyx were damaged due to the isolation (the
lumen of arteries occasionally collapsed during isolation) and mounting
procedure. 

In conclusion, the described method for imaging of viable arteries is a significant
step forward in the field of vascular research, potentially enabling investigation
of structure-function relationships in healthy and diseased blood vessels.
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Figures

A B

Figure 1

A: Schematic representation of a vessel perfusion chamber used to mount isolated arteries. The

distance between the two pipettes is adjustable for correction of the arterial length after dissection.

Fluid capacity is 10 ml. Inset: mouse uterine artery (external diameter ? 250 μm, length ? 3000

μm) mounted on two glass pipettes with sutures, length-adjusted, and pressurized to 80 mmHg. B:

3D-reconstruction (size of arterial section = 309 * 309 * 315 μm) of a uterine artery stained for

elastin and nuclei with superimposed coordinate system and a z-stack of optical xy-slices.

~~ ~~

A B C D

Figure 2

Carotid artery labeled for elastin (Eosin, red) and nuclei (SYTO41, blue) imaged at approximately the

same z-position near transition of tunica media and tunica intima (A, C) and y-position (B, D). A and

B are obtained in the absence of transmural pressure and length adjustment. Elastin bands appear to

be folded, and have a wave-like appearance. Furthermore, the internal elastic layer (green dashed

line) and the intermediate elastic layer (pink dashed line in yz-reconstruction) and external elastic layer

(yellow dashed lines) are difficult to distinguish from each other. VSMC nuclei (blue arrow) are visible

in blue. The yz-reconstruction (B) clearly establishes the elastic laminae to be folded. 

C and D display the same artery in the presence of transmural pressure (80 mmHg) and length

adjustment. All three elastic laminae (external elastic lamina, yellow dashed line; intermediate elastic

lamina, pink dashed line; internal elastic lamina, green dashed line) are clearly recognizable and

relatively straight. Smooth muscle cell nuclei (blue arrow) are homogeneously distributed and their

(mean) orientation is perpendicular to the longitudinal axis of the artery. Furthermore, a few

endothelial cell nuclei (pink arrow) are visible (due to a slightly oblique imaging plane). The yz-

reconstruction (D), reconstructed from a stack of xy-sections, demonstrates that the vessel wall is tight

and contains three elastic laminae.
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A B C

Figure  3
A: SYTO41 (vital, blue) and PI (cells with a compromised cell membrane, red) positive cells in
3D-reconstruction (approximate size 206 * 206 * 40 μm) of the central portion of a mounted
mesenteric artery imaged 4 hours after start of the incubation. Only few PI-positive smooth
muscle cells are visible (green arrow). ECs are only faintly labeled with SYTO41 and, hence,
hardly visible. After application of intraluminal air (B), most endothelial cell nuclei became PI-
positive (red). A single pinch with a forceps (C) caused a local shift from SYTO41 to PI-positive
nuclei of smooth muscle cells (green arrow) and endothelial cells (white arrow) within 10
minutes. 

Figure  4
Typical yz-scans of a mesenteric artery in the abscence (A) and
presence of noradrenaline alone (B), and both noradrenaline and
acetylcholine (C). Nuclei of cells were labeled with SYTO41
(pseudo-colored green), collagen was visualized with second
harmonic generation (SHG, blue). A Gaussian filter was applied to
reduce noise. Note that signal (especially the SHG) is weakened at
the lower parts of the yz-scans. 

A

B

C
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Figure  5
A: Schematic view of the
arterial wall representing the
positions of the xy-sections
shown in B-E. Figure B-E:
optical xy-sections (206 *206
μm) of a common carotid
artery, recorded at four z-
positions in the vessel wall (z
= 0 μm on the outside of the
vessel). Fig. B, z = 12 μm; fig.
C, z = 27 μm; fig. D, z = 45
μm; fig. E, z = 57 μm. White
bars represent 20 μm. B
shows the tunica adventitia
with collagen (second
harmonic generation of
collagen, blue), and several
thin elastin fibers (red).
Furthermore, fibroblast-like
cell nuclei (white arrow)

populate the tunica adventitia (B and C). C and D represent the
tunica media, where elastin forms the external elastic lamina
(EEL, red), which is compact of structure and completely
surrounds the "cigar-shaped" vSMC nuclei (blue arrow). In D
the external elastic lamina (yellow dotted lines) and
intermediate elastic lamina (IMEL, more intense red bands, pink
dotted lines) are visible. E represents the tunica intima in the
centre and shows the external elastic lamina (marked by yellow
dotted lines), the intermediate elastic lamina (marked by pink

dotted lines) which separates two layers of vSMCs, the internal elastic lamina (IEL, surrounded by
blue dotted line), vSMCs (cigar shaped nuclei), and a monolayer of (elliptical) endothelial cell
nuclei (pink arrow). F is a 3D-reconstruction (size: 206 * 206 * 59 μm) of the same stack of images
representing the intimal side of the vessel. All three elastic laminae (IEL, IMEL, EEL) are visible at
the transversal edges of the object. Endothelial cell nuclei (pink arrow) are positioned on top of the
(uniformly shaped) internal elastic lamina (IEL, red), vSMCs (blue arrow) are visible at the edges of
the reconstruction. A small part of the tunica adventitia visible at the bottom of the reconstruction
shows collagen (blue) and fibroblasts.

A

B

D

F

C

E

EEL
IMEL

IEL

Intimal side

a.  carotid
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B C

ED

F
EEL

IEL

Intimal side

Figure  6:
A: schematic view of the
arterial wall representing the
positions of the xy-sections
shown as 6 B-E. Figures 6 B-E:
optical xy-sections (137 *
137 μm) of a mounted
muscular (uterine) artery,
recorded at four z-positions in
the artery (z=0 μm on the
outside of the vessel). B, z=8
μm; C, z=15 μm; D, z=20 μm;
E, z=30 μm. White bar
represents 10 μm. B represents
the tunica adventitia with
collagen (SHG, blue), nuclei
of fibroblast-like cells (white
arrow), and thin elastin fibers
(red). C represents the start of
the tunica media. The external
elastic lamina (EEL) is clearly
visible in red and has a mesh-

like structure with a single layer of "cigar-shaped" vSMC nuclei
(blue arrow) positioned directly underneath. The outside of the
artery shows collagen (blue) and fibroblast-like cells. D is a
section made deeper in the tunica media, which also contains
part of the internal elastic lamina (IEL, surrounded by blue dotted
line). In the tunica media, vSMC nuclei are surrounded by
elastin fibers (yellow arrow) which are connected to the external
(marked by yellow dotted lines) and internal elastic lamina,
visible in the center. The IEL is uniformly shaped and contains
several fenestrations (red arrow) with underneath, a monolayer

of (elliptical) endothelial cell nuclei (pink arrow). E contains part of the tunica intima and the lumen.
Endothelial cell nuclei (pink arrow) are visible on the luminal side and vSMC nuclei on the
subluminal side of the internal elastic lamina (marked by blue dotted lines). F is a 3D-reconstruction
(displayed artery size 137 * 137 * 23 μm) of the z-stack exposing the intimal side of the muscular
artery. Both elastic layers (EEL and IEL), vSMC nuclei (blue arrow), and endothelial cell nuclei (pink
arrow) can be distinguished at the transversal edges of the reconstruction. Endothelial cell nuclei
are clearly visible on top of the internal elastic layer (red). Furthermore, vSMC nuclei weakly shine
through the IEL (due to large difference in intensity between the IEL and vSMCs) and are visible
when viewed from the luminal site. 

a.  uterine
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A

B

A

B

C

Figure  7
A-B: Second harmonic generation (SHG, blue) of
collagen in xy-sections at comparable z-position in the
tunica adventitia of an elastic (carotid) artery (A) and a
muscular (uterine) artery (B), both pressurized and length-
adjusted. In the carotid artery (A), thin undulating
collagen fibers (white arrow) rearrange into form thicker
clustered collagen fibers (green arrow). In the muscular
artery (B), fibers are less undulated and more difficult to
distinguish (SHG-signal is weak when compared with the
SHG-signal originating from the carotid artery). Bars
represent 20 μm.

Figure  8  
Examples of the glycocalyx in a mesenteric artery (A)
and a carotid artery (B), labeled with WGA-FITC (green),
SYTO41 (nuclei, blue) and PI (nuclei of cells with a
compromised cell membrane, red). B-C; glycocalyx of a
carotid artery labeled with WGA-FITC (green), SYTO41
(nuclei of vital cells, blue) and PI before (B) and after (C)
treatment with hyaluronidase. The coverage of the
endothelial cell layer by glycocalyx is drastically reduced
after treatment with hyaluronidase. 

Intimal side
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Abstract

We evaluated CNA35 as collagen marker in healthy and atherosclerotic
arteries of mice both after ex vivo and in vivo administration and as molecular
imaging agent for detection of atherosclerosis. 
CNA35 conjugated with fluorescent Oregon Green 488 (CNA35/OG488)
was administered ex vivo to mounted viable muscular (uterine), elastic (carotid)
and atherosclerotic (carotid) arteries and fresh arterial rings. Two-photon
microscopy was used for imaging. CNA35/OG488 labeling in healthy elastic
arteries was compared with collagen type I, III, and IV antibody labeling in
histological sections. For in vivo labeling experiments CNA35/OG488 was
injected intravenously in C57BL6/J and ApoE-/- mice. 
Ex vivo CNA35/OG488 strongly labeled collagen in tunica adventitia, media,
and intima of muscular arteries. In healthy elastic arteries, tunica adventitia
was strongly labeled but labeling in tunica media and intima was prevented by
endothelium and elastic laminae. Histology confirmed affinity of CNA35 for
type I, III, and IV collagen in arteries. Strong CNA35/OG488 labeling was
found in atherosclerotic plaques. In vivo applied CNA35/OG488 minimally
labeled tunica intima of healthy carotid arteries. Atherosclerotic plaques in
ApoE-/- mice exhibited large uptake. CNA35/OG488 imaging in organs
revealed endothelium as limiting barrier for in vivo uptake. Conclusion:
CNA35/OG488 is a good molecular imaging agent for atherosclerosis.
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Introduction

Collagen is a major constituent of the extracellular matrix in vasculature and is
important for maintaining vascular integrity and stability [1-3]. In advanced
atherosclerosis, collagen content is considered a major determinant for plaque
stability [2-5]. Furthermore, collagen is one of the structural determinants for
arterial stiffness [1, 6, 7], which is associated with ageing [6, 7], hypertension
[8], and diabetes [9]. Insight in vascular collagen structure, distribution,
function, and content may lead to a better understanding of the pathogenesis
of these vascular diseases. Therefore, a method to visualize collagen
architecture in viable intact arteries is essential.

Imaging of vascular collagen in viable arteries excludes (immuno)
histochemistry because this requires fixation or freeze-thawing to obtain arterial
sections. Moreover, routinely used histological collagen stains such as
Picrosirius Red or antibodies against specific types of collagen have limited
applicability for viable samples due to staining procedures required or limited
depth penetration into thick tissues. Required are thus both fluorescent marker
that specifically labels collagen in viable arteries and a microscopy method
that combines large penetration depth with optical sectioning. This combination
will allow detailed imaging of structures deep in arterial tissue and 
3-dimensional reconstructions.
Two-photon laser scanning microscopy (TPLSM) is established as an imaging
modality which allows structural and functional imaging of viable intact arteries
at cellular level with good penetration depth and optical sectioning [10-14].
Arterial wall collagen can directly be visualized using its Second Harmonic
Generation (SHG) resulting from the TPLSM pulsed laser excitation [10, 12, 15-
17]. However, in contrast to small arteries [17], detection of SHG signal
originating from collagen in the tunica media and intima in viable large
arteries of mice is rather difficult [10]. Recently, Krahn and colleagues
developed a collagen-specific fluorescent probe based on CNA35 [18]. CNA
is a collagen binding adhesion protein found in Staphylococcus aureus and
involved in wound infection caused by these pathogenic bacteria [19, 20]. The
collagen binding part of this transmembrane protein is called CNA35 and
consists of the first two soluble domains, N1 and N2. Multiple binding sites
have previously been observed for binding of CNA35 to both type I and type
II collagens [19, 21]. Apparent Kd's (dissociation constant) ranging from 20
nM to 30 μM have been reported, depending on the specific type of collagen
[18-22]. Based on the recently determined X-ray structure of CNA35 in the
presence of a short collagen triple helix, the so-called "collagen hug model"
has been proposed [22]. According to this model binding of collagen is
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initiated by a low-affinity interaction between the collagen triple helix and a
complementary trench located on the N2 domain. The N1 domain is not yet
involved at this stage. The next step is reorientation and stabilization of the N1
domain as a result of which CNA35 is wrapping around the bound collagen.
Finally, a C-terminal extension of the N2 domain stretches towards the N1
domain forming a β strand that complements one of the β sheets of the N1
domain.
As a collagen marker, CNA35 has several potential advantages over existing
collagen markers [18]: (1) CNA35 can be applied to both viable and freeze-
thawed tissues; (2) Anti-bodies are more expensive. This excludes in vivo
experiments which require large amounts of antibody; (3) collagen antibodies
mostly are specific for one type of collagen. While this may be advantageous
for histology, it is a serious drawback for the detection of overall collagen
content; (4) CNA35 is known to bind reversibly to its target, which is important
for a vital staining to avoid functional effects; (5) CNA35 conjugated with
Oregon Green 488 (CNA35/OG488) yields a much stronger signal than
SHG, allowing visualization of much smaller, newly formed fibrils; (6) CNA35
is approximately five times smaller than antibodies against collagen, which
could be beneficial for penetration into thick viable samples; (7) CNA35 can
easily be conjugated with contrast agents making it suitable for a range of
imaging techniques. 
The feasibility of collagen labeling with CNA35 conjugated with fluorescent
Oregon Green 488 (CNA35/OG488) has already been shown in cell cultures
and native tissues by Krahn et al. [18]. Furthermore, they verified that CNA35
has a high affinity for type I, III, and IV collagen [18], but not for other types
of collagen or other extracellular matrix proteins, such as elastin, fibrin and
laminin. Collagen types I, III, and IV are the most abundant collagens in the
vessel wall [23] which are also associated with atherosclerosis and plaque
progression [2, 5]. Type I and III collagen are fibrilar collagens [2] mainly
located in the tunica adventitia and media [23]. Type IV collagen, a basement
membrane associated type of collagen [2], is mainly located in the tunica
media, surrounding the vascular smooth muscle cells (vSMCs) and in the tunica
intima where it forms the general scaffold of the basement membrane [2].

Goal of this study is to determine the ex vivo and in vivo applicability of
CNA35/OG488 for imaging of collagen in viable mounted arteries using
TPLSM. To this purpose, we have applied CNA35/OG488 ex vivo to fresh
transversal arterial rings and mounted healthy muscular (uterine), elastic
(carotid) arteries, and atherosclerotic (carotid) arteries. Finally,
CNA35/OG488 was administered in vivo in order to investigate
CNA35/OG488 uptake in healthy and atherosclerotic arteries (and organs)
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and to determine its feasibility as a molecular imaging agent for detection of
atherosclerosis.

Methods

Animals
All experiments were permitted by the local ethics committee on use of
laboratory animals. Procedures were in accordance with institutional
guidelines. For ex vivo experiments, euthanasia was performed by a mixture of
CO2 and O2, after which arteries were isolated. Carotid artery segments
(common part and bifurcation) were excised from 20-22 weeks old C57BL6/J
(n=6) and ApoE-/- (n=6) mice (Charles River, Maastricht, the Netherlands).
C57BL6/J mice were fed a chow diet; ApoE-/- mice were fed a western diet for
14 weeks (Western Diet 4021.06, Hope Farms, Woerden, the Netherlands).
Uterine (mid-section, n=3) arteries were obtained from 12-16 weeks old non-
pregnant female C57BL6/J mice (Charles River) on a chow diet. 
For in vivo labeling experiments, two C57BL6/J (fed a chow diet) and five
ApoE-/- (fed a western diet) mice (20-22 weeks) were anesthetized by
subcutaneous administration of a mixture of xylazine (Xylazin®, Ceva Sante
Animale BV, Naaldwijk, the Netherlands; 15 mg/kg body weigth b.w.) and
ketamine (Nimatek®, Eurovet, Cuijk, the Netherlands; 75 mg/kg b.w.). After
CNA35/OG488 infusion, animals were euthanized (overdose of Ketamin/
Xylazin), blood was withdrawn, and carotid arteries, kidneys, liver, spleen,
lungs, and the heart were isolated.

Preparation  and  staining  procedures

CNA35/OG488  administration  ex  vivo  
Fresh  transversal  arterial  rings
To test whether CNA35/OG488 has affinity for collagens in all tunicae of
arteries, 1 mm thick rings were cut off from isolated common carotid arteries
(n=3). These rings were incubated for 60 minutes with 1.5 μM
CNA35/OG488 in Hanks Balanced Salt Solution (HBSS, pH 7.4) containing
in mM: NaCl 144, HEPES 14.9, glucose 5.5, KCl 4.7, CaCl2 2.5, KH2PO4
1.2, and MgSO4 1.2. Nuclei in one arterial ring were labeled with the
DNA/RNA marker SYTO41 (λmax emission = 480 nm, final concentration 1.5
μM; Molecular Probes, Leiden, the Netherlands). After incubation the rings
were embedded in 1.5 % agarose gel dissolved in HBBS (Gibco BRL 15510-
027; Invitrogen, Breda, the Netherlands) for stabilization during imaging [12].
In these rings, elastic bands were visualized using autofluorescence properties
of elastin [17].
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Whole  mount  arteries
To explore the characteristics of CNA35/OG488 in structurally intact and
viable arteries, muscular (uterine) and elastic (carotid) arteries were mounted
in a perfusion chamber, as described previously [10, 24]. Briefly, isolated
arteries were mounted on two glass micropipettes in a perfusion chamber
(volume 10 ml; IDEE BV, Maastricht, the Netherlands). The whole system was
filled with HBSS. Correction for vascular shortening due to isolation was
performed at a transmural pressure of 100 mmHg by stretching the vessel until
its bends were removed. Subsequently, vessels were imaged at a transmural
pressure of 80 mmHg in order to mimic physiological conditions. Viability was
maintained for up to 4 hours [10]. All ex vivo experiments were performed at
room temperature. In case of carotid artery bifurcations the mounting
procedure was to a large extent similar to the one used for common carotid
arteries, except that the internal branch was mounted on a glass micropipette
in the perfusion chamber, while the external branch and other side branches of
the bifurcation were ligated after which intraluminal pressure was applied (40-
80 mm Hg, depending on the maximum pressure the ligations of the side
branches could withstand) and length was corrected. TPLSM imaging was
restricted to the central portion of the mounted vessel segment, which included
the bifurcation.
For specific labeling of vascular structures and cells and to verify arterial
viability, several fluorescent markers were applied: CNA35 conjugated with
Oregon Green 488 (OG 488, λmax emission = 510 nm) was used as a collagen
marker (final concentration 1.5 μM; kindly provided by Technische Universiteit
Eindhoven, Eindhoven, the Netherlands) [18]. CNA35/OG488 contains
approximately three OG488 labels per CNA35 protein [18]. Final
CNA35/OG488 concentration was optimized by testing a range of
concentrations from 1.0 to 5.0 μM in elastic arteries. Nuclei of cells with an
intact cell membrane were labeled with the viable cell membrane permeable
DNA / RNA marker SYTO41 (final concentration 2.5 μM). Propidium Iodide
(PI, λmax emission = 620 nm, final concentration 1.5 μM, Molecular Probes) was
used to assess cell membrane integrity and, hence, cell viability in mounted
arteries. Elastin was labeled with eosin (λmax emission = 545 nm, final
concentration 0.5 μM, Molecular Probes) [12]. All labels were applied both
intra- and extraluminally. Fluorescent probes were diluted in HBSS and added
30 minutes prior to start of image acquisition. To avoid additional
manipulations of the artery, fluorescent probes remained present during image
acquisition. Presence of the probes did not alter their labeling characteristics,
the viability of the arteries, or reduce the image quality.
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Vascular  damage
To further investigate CNA35/OG488 penetration in the arterial wall,
mounted elastic arteries were mechanically damaged (n=2) by pinching the
artery (two pinches, 3 seconds per pinch) at one position using a fine forceps
(FST #5, biology tip, FST, Vancouver, Canada). CNA35/OG488 was applied
intraluminally in both arteries; labels remained present during and after
pinching. Nuclei of cells with an intact cell membrane were labeled with the
DNA / RNA marker SYTO41 (final concentration 2.5 μM); nuclei of cells with
lost membrane integrity were labeled with PI. One artery was additionally
labeled with eosin for visualization of elastin. Images were recorded both
immediately and 30 minutes after pinching.

Histology
At the end of the ex vivo experiments, arteries were fixed luminally and
abluminally with formalin (10 % in HBSS) at a transmural pressure of 80 mmHg
for 24 hours. Following fixation, arteries were embedded in paraffin [25] after
which 5 μm thick longitudinal and transversal sections were cut. Before the start
of histological staining procedures, sections were deparaffinized in xylene and
rehydrated in ethanol. Endogenous peroxidase activity was blocked by
incubation with methanol plus 3 % hydrogen peroxide for 15 minutes. Sections
were washed with Tris-Buffered Saline (TBS) containing in mmol/l: NaCl
136.9, Trizma base 5.0, 1 % BSA, and 0.1 % Tween 20, pH 7.6) and treated
with 0.1 % pepsin in 0.01 M HCL for 30 minutes. After washing, sections were
incubated with CNA35/OG488 (1 μM), primary rabbit anti-human polyclonal
antibodies against collagen type I or III (both 1:10, Biogenesis, Kingston, NH,
USA), or anti-human monoclonal antibody against collagen type IV (1:400,
[25]) for 60 minutes at room temperature. Antibodies and CNA35/OG488
were dissolved in TBS. The human antibodies were shown to stain mouse
collagens as well with similar specificity (unpublished data). After washing with
TBS, CNA35/OG488 treated sections were coverslipped using Entellan
(Merck, Darmstadt, Germany). Sections treated with a primary antibody were
washed after which secondary biotin-labeled swine anti-rabbit antibody was
applied (1:1000; DAKO, Glostrup, Denmark). Subsequently after washing,
sections were incubated with Streptavidin-ABC-HRP (1:500; DAKO) for 30
minutes at room temperature. DAB (DAKO) treatment (10 minutes at room
temperature) was used for chromogenic development. Sections were
coverslipped using Entellan. 

CNA35/OG488  administration  in  vivo  
CNA35/OG488 was diluted in a standard physiological salt infusion fluid
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(Braun AG, Melsungen, Germany) to a final concentration of 19 μM or 38 μM.
Dependent on the desired concentration, one or two boluses of 200 μl each
were infused via the tail vein of the anaesthetized mice. Several concentrations
were tested: Several administration doses were tested: 200 μl at 19 μM (n=2;
one C57BL6/J, one ApoE-/-); 200 μl at 38 μM (n=1; ApoE-/-); 2 * 200 μl at 38
μM (n=4; one C57BL6/J, three ApoE-/-). In the latter, CNA35/OG488 was
infused in two boluses of 200 μl each (instead of one bolus of 400 μl) in order
to enhance the total circulation time of the probe. Moreover, a volume of 400
μl is too high a volume load for a single infusion in mice. Since 38 μM was the
maximal concentration of the available stock solution, further increase of the
concentration required an increase of the total infusion volume above 400 μl
and was therefore not used. Incubation time per infusion was 45 minutes; total
incubation time was 90 minutes. To exclude labeling effects of
CNA35/OG488 after euthanasia, contact of the two carotid arteries with
spoiled blood was avoided. Both carotid arteries were mounted as described
above. After mounting, anti-CD31 conjugated with Phycoerythrin (PE) was
diluted in HBSS and applied intraluminally as a marker for endothelial cells
(λmax emission = 570 nm, final concentration 8 μg/ml; BD Biosciences, Alphen
aan den Rijn, the Netherlands). CNA35 content in the blood was studied in
blood smears. Kidneys, liver, spleen, lungs, and heart were washed in HBSS
and embedded in agarose gel (1.5 % dissolved in HBBS).

Imaging
The microscope setup used for imaging of viable arteries (and organs) has
been described previously [10, 12]. In short, a Biorad 2100MP TPLSM was
used (Biorad, Hemel Hempstead, UK), coupled to a Nikon E600FN
microscope (Nikon Corporation, Tokyo, Japan). The excitation source was a
pulsed (140 femtoseconds) Ti:sapphire laser (Spectra Physics Tsunami,
Mountain View, USA), tuned and mode-locked at 800 nm. Laser light reached
the sample through a 60 X, NA 1.0 water dipping objective (working distance
2 mm, maximum field of view 206 μm * 206 μm). When required, resolution
was enhanced by optical zoom (consequently, the field of view is reduced). To
avoid thermal and photochemical damage to the sample, intensity of the
excitation laser was kept as low as possible [26].
For simultaneous imaging of up to three different fluorescent markers, filters
were used to split the emitted fluorescence light into three different wavelength
ranges. Each wavelength range corresponded to (part) of the emission
spectrum of the fluorophores used and was collected by one of three Photo
Multiplier Tubes (PMT): SHG 400-420 nm (PMT I); SYTO41, 460-480 nm (PMT
I); CNA35/OG488, 520-550 nm (PMT II); eosin, 530-560 nm (PMT III); PI,
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570-610 nm (PMT III); CD31/PE, 570-610 nm (PMT III). For simultaneous
imaging of a combination of fluorescent markers, each PMT was tuned for
minimal bleed-through of fluorescent signal of the used markers.
From each PMT, separate images of 512 * 512 pixels were obtained, saved,
and combined into an RGB-image. Frame rate was 0.1 Hz with a pixel dwell
time of 39 μs, or 0.3 Hz with a pixel dwell time of 0.12 μs combined with
Kalman filtering for noise reduction (n=3 cycles). Optical sections were
collected in the xy-direction; series of xy-sections at successive depth positions
(z-stack) were collected for reconstruction of 3D-images [10]. Incorrect
alignment of the micropipettes in the perfusion chamber occasionally caused
imaging of the arteries in a slightly oblique plane. Atherosclerotic plaque
detection in the mounted vessel segments was performed by the use of bright
field microscopy where plaques show up as dark and less translucent regions
on a bright background (of healthy vessel segments). This initial detection was
further supported by the 3D-capability of TPLSM which allows plaques to be
identified as a deviation from the staining pattern as visible in the vessel wall
of healthy carotid arteries. 

Histological sections were imaged using a Leica DM 5000B microscope (Leica
Microsystems GmbH, Wetzlar, Germany) coupled to a Leica DC 300FX digital
camera. A 100 X oil objective (NA=1.4) was used. 
Images of histological sections were analyzed using Qwin morphometry
software (Leica, Cambridge, UK). Image analysis of TPLSM data was
performed with the Image-Pro Plus 6.0 software (Media Cybernetics, Silver
Spring, USA). 3D-reconstructions were performed using the 3D-constructor 5.1
package for Image-Pro Plus (Media Cybernetics).

Results

Histology
In order to verify the location of the three main types of collagen in large
arteries of mice, histological sections of elastic arteries were prepared and
labeled with collagen type I, III, or IV antibodies. As an example, a histological
section specifically stained for type IV collagen is shown in figure 1a. Type IV
collagen (brown stain) is clearly present in the tunica media between the EEL
and intermediate elastic lamina (IMEL) and surrounding the vSMCs (green
arrow). A thin sheet of type IV collagen (red arrow) is present at the luminal site
of the tunica intima which corresponds with the endothelial basement
membrane. No type IV collagen is visible in the tunica adventitia. The
distribution of type I, III, and IV collagen as detected in these histological
sections is illustrated schematically in figure 1b. Type I and III collagens were
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exclusively observed in the tunicae adventitia and media whereas type IV
collagen was present in the tunicae media and intima but not in the tunica
adventitia. Application of CNA35/OG488 on histological sections of elastic
arteries revealed that CNA35 labeled collagen in all tunicae (fig. 1c) and
demonstrated its potential as a collagen label in fixed arteries. The elastic
laminae (blue) were not labeled by CNA35/OG488.

Ex  vivo CNA35/OG488  labeling  in  healthy  arteries:  where  does
CNA35/OG488  go  to?
Mounted  muscular  and  elastic  arteries
To establish the labeling characteristics of CNA35/OG488 in viable and
structurally intact arteries, we show three xy-sections of a z-stack at comparable
positions in the arterial wall of mounted, viable muscular (uterine, fig. 2a, c, e)
and elastic (carotid, fig. 2b, d, f) arteries. 3D-reconstructions of both z-stacks
are shown in figure 2g-h. Arteries were labeled for collagen (green,
CNA35/OG488), elastin (red, eosin), and nuclei (blue, SYTO41). Note that
in both arterial types the elastin structures do not exhibit any CNA35/OG488
labeling. The tunica adventitia is a layer which contains large amounts of type
I and III collagen (fig. 1b) [23]. Figure 2a-b display collagen (green), several
thin elastin fibers (red), and fibroblast-like cell nuclei (red arrow). In both
muscular and elastic arteries (fig. 2a-b), collagen is clearly visible in the tunica
adventitia, but in elastic arteries (fig. 2b) the adventitial collagen layer is thicker
and the density of collagen fibers is higher, as already shown by SHG [10].
Also in the tunica media (fig. 2c, d), collagen labeling of elastic and muscular
arteries differed significantly. In the muscular artery (fig. 2c), collagen fibers
are clearly distinguishable between the "cigar-shaped" vSMC nuclei (green
arrow), while in the elastic artery collagen labeling is completely absent in the
tunica media (fig. 2d). Elastin (red) in the muscular arteries has a mesh-like
structure in the EEL and in between the single layer of vSMCs (green arrow),
long elastic fibers are visible. In the tunica media of the elastic artery (fig. 2d),
collagen labeling is completely absent. The structure of elastin (red) is more
compact and completely surrounds the two layers of vSMCs (green arrow).
Finally, in the tunica intima of muscular arteries (fig. 2e) CNA35 labeling
visualizes a (barely visible) hazy layer of collagen on the luminal side of the
uniformly shaped internal elastic layer (IEL), with few small sites with increased
intensity (pink arrow). These sites are located in and around fenestrae present
in the IEL. Furthermore, endothelial cell nuclei (white arrow) and part of the
lumen are noticable. In the tunica intima of an elastic artery (fig. 2f) endothelial
cells are clearly observable. The IEL (red) is also uniformly shaped but contains
less fenestrations. No hazy layer of collagen is observable. Furthermore, only
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few CNA35/OG488 labeled sites (encircled by white dotted lines) are visible
between the vascular endothelial cells and IEL. Figure 3 shows that
CNA35/OG488 labeled sites in the tunica intima of elastic arteries are
mainly, but not exclusively, found in close proximity of (damaged) PI-positive
endothelial cells (pink arrow). Also areas behind SYTO41 positive endothelial
cells (green arrow) sometimes contain CNA35/OG488 (white arrow). PI-
staining is indicative of loss of cell integrity and occasionally occurs as a
consequence of the preparation and mounting procedure [10]. However, in the
present setup the number of PI-positive cells in mounted and stained arteries
remained low and stable for up to 4 hours after CNA35/OG488 incubation. 
Final CNA35/OG488 concentration, ranging from 1.0 μM to 5.0 μM, did not
influence labeling intensity and pattern in the tunica media and intima of either
vessel type. By contrast, mechanically induced damage (pinching with a
forceps) of elastic arteries resulted in a large increase of collagen labeling in
the tunica intima. A bright collagen layer became visible at the damaged site,
whereas in the undamaged area, such a collagen layer cannot be
distinguished (fig. 4a). Furthermore, vSMCs (red arrow) and endothelial cells
(white arrow) are only detectable in the undamaged area; the tunica media
remained unlabeled by CNA35/OG488 in the damaged area (fig. 4a).
Pinching with a forceps did not damage the elastin layers of the artery, as is
illustrated in figure 4b. The IEL (homogeneous orange layer) in the damaged
and undamaged area is comparable while the vSMCs (red arrow) are again
only observable in the undamaged part of the artery (as in figure 4a).
Adventitial collagen was unaltered at damaged sites (not shown).

CNA35/OG488  labeling  in  fresh  arterial  rings  
Since in viable mounted elastic arteries CNA35/OG488 did not label
collagen in the tunica media, we tested whether the internal and external
elastic laminae limit the penetration of CNA35/OG488 into the tunica media
of fresh arteries. To that end we labeled fresh rings of elastic arteries with
CNA35/OG488. Indeed, CNA35/OG488 appeared to label collagen in the
tunica media of these arterial rings. As shown in figure 5, CNA35/OG488
was observed adjacent to the elastic laminae (fig. 5a) and in between vSMCs
(red arrow) in the tunica media (fig. 5b), which is in agreement with data from
our histochemical experiments (fig. 1b) and from literature [23]. As in mounted
arteries, the tunica adventitia of fresh arterial rings also showed large uptake
of CNA35/OG488 (fig. 5a). The tunica intima (fig. 5a) exhibited collagen
labeling at the luminal site of the IEL, the location of the basement membrane
which contains type IV collagen [2]. The three elastic laminae were not labeled
with CNA35/OG488 but were visible in blue due to autofluorescence (fig. 5a).
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Ex  vivo labeling  of  atherosclerotic  plaques
In order to test the uptake of CNA35/OG488 in atherosclerotic plaques, we
have applied CNA35/OG488 to mounted carotid arteries of ApoE-/- mice. Ex
vivo administered CNA35/OG488 labeled all atherosclerotic plaques in the
carotid arteries under investigation. Atherosclerotic plaques were typically
located in the thickened tunica intima of the bifurcation and exhibited large
uptake of CNA35/OG488. Figure 6a is an example of an optical section of
an atherosclerotic plaque in the tunica intima. Collagen in the plaques had a
matrix-like structure with an inhomogeneous intensity. Many disorderly
arranged cells (red arrow) were present between the collagen network.
Furthermore, large amounts of strongly labeled collagen were found in the
shoulder of plaques which is marked by a red dotted line in figure 6b (3D-
reconstruction of the shoulder area of an atherosclerotic plaque stained with
CNA35/OG488). Interestingly, CNA35/OG488 labeling was also strongly
increased in the tunica intima adjacent to the plaque, up to a distance of 150
μm from the edge of the atherosclerotic plaque (lower right part of the 3D-
reconstruction in figure 6b). In healthy arteries, labeling in the tunica intima
was almost absent (fig. 2f).

In  vivo labeling  of  healthy  arteries  and  atherosclerotic  plaques
Concentration  of  in  vivo  administered  CNA35/OG488  
All tested doses obtained similar results in healthy and atherosclerotic arteries
(and organs), but with differences in signal intensity. Compared with both
applied lower doses (single bolus of 200 μl at 19 μM or 38 μM each, data not
shown), infusion of two boluses of 200 μl at 38 μM CNA35/OG488 resulted
in the strongest signal intensity.

Healthy  elastic  arteries
In vivo administration of CNA35/OG488 did not result in collagen labeling in
the tunica adventitia and tunica media in any section of the carotid artery of
wildtype mice. In the tunica intima only very little CNA35/OG488 (green)
uptake was detectable (fig. 7a). The blue signal is caused by autofluorescence
from the elastic layers. This minimal uptake was located between the
endothelial cells (red) and the IEL (inner thin blue layer) as is indicated by a
white arrow in figure 7b; transversal view of a 3D-reconstruction of the same
artery after subsequent labeling of the endothelial cells with anti-CD31/PE. 

Atherosclerotic  plaques
As in wildtype mice, intravenous administration of CNA35/OG488 did not
result in collagen labeling in the tunica adventitia and media in elastic arteries
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of ApoE-/- mice (not shown). This is indicative of the inability of the luminally
present probe to enter this medial layer in vivo in both healthy and
atherosclerotic arteries. However, in ApoE-/- mice in vivo administration of
CNA35/OG488 resulted in widespread labeling of collagen in the
atherosclerotic plaques and the tunica intima immediately adjacent to the
plaques (fig. 7c), which is clearly different from the limited CNA35/OG488
labeling in healthy arteries (fig. 7a). The detected collagen in the plaque region
again had a network-like shape and the plaque shoulder (red dotted line)
exhibited intense CNA35/OG488 labeling (fig. 7c), as was the case in the ex
vivo labeled atherosclerotic plaques. In vivo administered CNA35/OG488
stained all atherosclerotic plaques in the examined carotid arteries.

Organs  with  different  endothelial  phenotypes
In order to determine the role of the endothelium as a limiting barrier for
CNA35/OG488 uptake, several organs of wildtype and ApoE-/- mice with
different endothelial phenotypes were checked for presence of
CNA35/OG488 after in vivo (intravenous) administration. Organs with
fenestrated or discontinuous endothelium, such as spleen, liver, and kidneys,
contained large amounts of CNA35/OG488, mostly localized in the vascular
network. Figure 7d displays a nephron which exhibits strong labeling in the
glomeruli (I), Bowmans capsules (red arrow), and proximal tubuli (II). This
probably results from filtration of CNA35/OG488 through the relative
permeable endothelial layer. In contrast, organs with continuous endothelium
like heart and lungs, no CNA35/OG488 uptake in the vessel wall was
observed. Figure 7e displays (healthy) heart tissue in which CNA35/OG488
labeling was absent in the vasculature (yellow arrow) and in between myocytes
(green arrow). CNA35/OG488 was only sporadically detected in full blood
smears 45 minutes after in vivo administration. 

Discussion

In this study we have visualized collagen in viable large arteries of control
(C57BL6/J) and atherosclerotic (ApoE-/-) mice using the fluorescent collagen
marker CNA35/OG488. TPLSM was applied ex vivo to visualize the
distribution of this marker in mounted elastic (carotid) and muscular (uterine)
arteries. The route of CNA35/OG488 administration, either ex vivo
(intraluminal and extraluminal) or in vivo (intraluminal), strongly influences
labeling patterns. After ex vivo administration, muscular arteries (uterine) of
C57BL6/J mice exhibited labeling in all layers, while in elastic (carotid)
arteries the tunica media remained unlabeled. Interestingly, in 22 weeks old
ApoE-/- mice fed a western diet, all atherosclerotic lesions and immediately
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adjacent regions in the carotid artery contained large amounts of
CNA35/OG488 labeled collagen. In vivo infusion of CNA35/OG488 in
control mice resulted in almost complete absence of labeling in carotid artery,
while in the ApoE-/- mice exclusively the atherosclerotic lesions contained large
amounts of CNA35/OG488 labeled collagen. These observations establish
CNA35/OG488 as a potential molecular imaging agent for atherosclerotic
lesions.

We have confirmed the presence of type I, III, and IV collagen in elastic arteries
of mice. Both type I and III collagen (fibrilar collagens [2, 5, 27]) were found
to be present in the tunicae adventitia and media, while type IV collagen
(basement membrane component [2, 25]) was present in the tunicae media
and intima. Both histological sections and fresh transversal rings displayed
uptake of CNA35/OG488 at collagen-containing sites in the arterial wall. The
elastic laminae were not labeled with CNA35/OG488 and clearly detectable
by their autofluorescence signal. This further demonstrates the low affinity of
CNA35 for elastin, the other major component of the extra cellular matrix in
arteries [23] confirming earlier findings of Krahn and colleagues in solid-phase
binding assays [18]. These labeling characteristics together with the ease of
application of CNA35 in both viable and non-viable arterial sections and the
possibility to conjugate CNA35 with other (non)fluorescent contrast agents,
might favor CNA35 as a routine label for collagen in arteries. 

Ex vivo (intra- and extraluminal) administration of CNA35/OG488 to both
mounted elastic and muscular arteries strongly labeled collagen in the tunica
adventitia. Compared with a previous study using SHG [10], visualization of
collagen in the tunica adventitia based on CNA35/OG488 labeling provides
much better contrast.
Only weak spots of CNA35/OG488 were observed in the tunica intima of
elastic arteries, which were mostly located behind PI-positive, non-viable cells.
Therefore these spots in the tunica intima are probably an artifact of mounting
procedure. In contrast, in muscular arteries a hazy CNA35/OG488 layer in
the tunica intima was accompanied by few intense spots. The combination of
the presence of subendothelial collagen labeling in figure 1a (histology, type
IV collagen antibody), figure 1c (fresh arterial ring, CNA35/OG488 localized
immediately on the luminal side of the IEL), figure 4a (mounted artery after
pinching with a forceps shows enhanced uptake of CNA35/OG488 in exactly
that layer) and figure 7b (after in vivo administration, CNA35/OG488 uptake
is clearly visible behind the anti-CD31 stained endothelial cells) demonstrate
that the diffuse layer in figures 2e and 2f is subendothelial collagen. It is known
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that endothelial cells are not the same throughout the cardiovascular system
[28]. This may result in variations in permeability [28] which may account for
the differences in intimal CNA35/OG488 uptake between elastic and
muscular arteries. This hypothesis of endothelial cells as a barrier for probe
uptake is supported by 2 findings: (1) the subendothelial collagen layer is
strongly labeled after mechanical damage of a carotid artery, which results in
a loss of endothelial cell integrity while leaving the IEL visually intact (fig. 4b)
and (2) after in vivo administration of CNA35/OG488, organs with either
discontinuous endothelial vascular coverage (liver, spleen) or fenestrated
endothelium (kidney) exhibit labeling of collagen in subendothelial layers of
blood vessels; in organs with continuous endothelium (heart, lungs [23, 29]) no
such labeling was observed. One should realize that the endothelial barrier is
important especially after intravenous administration in vivo. In contrast to ex
vivo labeling, the probe is present at relevant concentrations only during a
narrow time window. It circulates in the blood only for a limited time and with
fast decaying concentration, as demonstrated by the fact that already 30
minutes after probe administration, CNA35/OG488 is no longer detectable in
full blood. 
The tunica media of muscular arteries contained CNA35/OG488 near the IEL
and EEL, and in between vSMCs. In contrast, the tunica media in elastic
arteries was not labeled by ex vivo administered CNA35/OG488,
independent of the applied labeling concentration. It can be excluded that
CNA35/OG488 is not sensitive for collagen in the tunica media. Indeed, the
tunica media of fresh transversal rings and fixed histological sections of elastic
arteries contained CNA35/OG488 labeled collagen. More likely, the absence
of CNA35/OG488 uptake in the tunica media is caused by barriers the probe
meets on diffusion through the artery. As indicated above, one of the probable
barriers is the endothelial cell layer. However, while subendothelial intimal
labeling by CNA35/OG488 was increased adjacent to areas with PI-positive
endothelial cells (i.e., cells with a compromised membrane) the tunica media
showed no increased labeling in those regions. Furthermore, vascular damage
induced an increased uptake of CNA35/OG488 in the tunica intima, but not
in the tunicae media or adventitia. These results indicate that although (viable)
endothelial cells are determinants for ex vivo CNA35/OG488 labeling in the
tunica intima, they are not the only barrier for uptake in the tunica media. More
probably, the geometry and high density of elastin in elastic arteries as
compared to muscular arteries [10] explains the differences in medial labeling
between these vessels. Elastin is a known barrier for movement of water and
solutes through the vessel wall [30]. Compared with muscular arteries, the
geometry of the IEL and EEL in the thick elastic arteries is much more compact
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and the number and size of fenestrae is smaller (fig. 2) [10]. Indeed, in
muscular arteries, CNA35/OG488 labeling in the tunica media seems to be
in close proximity with fenestrae in the IEL. Furthermore, after mechanical
damage of the carotid artery, the elastin layer seems to be unaffected with
unaltered medial collagen staining (fig. 4b).  

In contrast to healthy arteries, a large amount of CNA35/OG488 uptake was
observed in all atherosclerotic lesions in ex vivo labeled mounted arteries of
20-22 weeks old ApoE-/- mice (fed a western diet). The borders (shoulders) of
atherosclerotic plaques contained large amounts of collagen. Inside the
plaque, a matrix-like network of collagen was detected. No CNA35/OG488
uptake was detected inside the lipid core. Although only little collagen is
expected in the lipid core of advanced plaques [31], it cannot be excluded that
lipids limit the penetration depth of CNA35/OG488. Furthermore, lipids also
restrict the penetration depth of TPLSM. The IEL, which appeared to limit
CNA35/OG488 uptake in the tunica media of ex vivo labeled control elastic
arteries, cannot be the limiting factor of penetration depth in plaques, since
plaques are mainly located in the tunica intima. Remarkably, an increase of
CNA35/OG488 labeling in the tunica intima was detected in the arterial wall
adjacent to a plaque. This suggests an increase in collagen content in these
areas. It is indeed known that collagen content increases in parallel with
progression of atherosclerosis [3, 5, 32]. However, increased permeability of
endothelial cells in plaque regions [31, 33] may also cause stronger
CNA35/OG488 labeling of the generally present collagen in the tunica intima
in the area adjacent to atherosclerotic plaques.

In vivo administration (systemic infusion) of CNA35/OG488 in control mice
resulted in barely any uptake in the healthy elastic (carotid) arteries. The tunica
intima exhibited only very little uptake of CNA35/OG488, while the tunica
media was unlabeled. Also collagen in the tunica adventitia was not labeled,
which is a consequence of both the absence of extraluminal CNA35/OG488
labeling after in vivo administration and the inability of CNA35/OG488 to
reach the tunica adventitia from the luminal side. In contrast, in vivo
administration in atherosclerotic mice resulted in a massive CNA35/OG488
labeling of all atherosclerotic plaques. This result was very much alike to
findings after ex vivo labeling, suggesting the absence of diffusion barriers. In
both situations, the matrix-like network of the collagen in the plaques was
visualized and increase of CNA35/OG488 uptake was detected in the
arterial wall adjacent to the plaque. 
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The minimal uptake of CNA35/OG488 in healthy elastic arteries and the high
uptake in atherosclerotic arteries after in vivo administration allow
differentiation between healthy and atherosclerotic sites and demonstrate the
feasibility of CNA35 as a molecular imaging agent for atherosclerosis
(although the exact pharmacokinetics of CNA35/OG488 are still unknown).
Since collagen content and endothelial permeability are both determinants for
plaque stability, the total CNA35 uptake may provide information about both
indicators of plaque stability [4, 5, 31, 33, 34]. However, quantification of
CNA35 uptake in fluorescence imaging is tedious. Conjugation of CNA35
with e.g. SPECT probes may allow such quantification. Also, conjugation of
CNA35 with other (multimodal) contrast agents will enable utilization of
imaging modalities such as MRI and PET, allowing both invasive and non-
invasive functional and structural imaging. This further establishes the potential
of CNA35 as a molecular imaging agent, both of early and late stages of
atherosclerosis. However, CNA35/OG488 does not allow for detection of all
vulnerable plaques, such as eroded plaques or plaques with mild or moderate
calcification (plaque morphologies associated with acute coronary thrombi)
[35]. Since vulnerability for plaque rupture potentially is a plural process,
unequivocally detection of all vulnerable plaques would require multi-targeted
probes. The in vivo labeling characteristics of CNA35/OG488 in kidneys,
heart, and liver underline its potential as a molecular agent in other tissues as
well. Therefore, CNA35/OG488 may also be a valuable tool for studying
diseases such as heart failure, wound healing, or diabetes, where alterations
of collagen content or the intactness of endothelium may be of importance. 
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Figure  1

(A) Example of a fixed histological section of an elastic

artery stained for type IV collagen (bar indicates 10 μm).

(B) Schematic cross section representing the distribution of

type I, III, and IV collagen in wall of a mouse carotid

(elastic) artery. (C) Example of fixed histological section of

an elastic artery labeled with CNA35/OG488 (bar

indicates 10 μm). Collagen (green) is clearly visible in all

tunicae, surrounding the cells (red), the EEL, IMEL, and IEL

(blue, auto fluorescence signal). 

Figures
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Figure  2

Optical xy-sections of a mounted

muscular uterine (A, C, E) and a

mounted elastic carotid (B, D, F)

artery, ex vivo labeled with

CNA35/OG488 (collagen,

green), eosin (elastin, red), and

SYTO41 (nuclei, blue). Bars

indicate 20 μm; drawing (on top of

the optical sections) indicates the

positions of the displayed xy-

sections in the arterial wall. (a)

And (B) show the tunica adventitia

of a muscular and elastic artery,

respectively. Note the differences

in collagen structure and content in

the tunica adventitia of both

arteries. In the tunica media of a

muscular artery (C), collagen

fibers (green) are clearly

distinguishable between the

vascular smooth muscle cells

(vSMCs, green arrow). Elastin has

a mesh-like structure. The tunica

media of an elastic artery (D)

contains no CNA35/OG488

labeled collagen. The structure of

elastin (red) is more compact and

completely surrounds vSMC nuclei

(green arrow). (E) Represents the

tunica intima of a muscular artery

with the IEL (red), endothelial cell

nuclei (white arrow) and part of

the lumen. A strong collagen

signal (pink arrow) is visualized

near several fenestrae in the IEL.

Furthermore, a hazy layer of

collagen is present on the luminal

site of the IEL. The tunica intima of

an elastic artery (F) contains endothelial cells (white arrow), a less fenestrated IEL (red) and lacks the

hazy layer of collagen at the luminal site of the IEL. Only few CNA35/OG488 labeled sites (white

dotted lines) are present between the endothelial cells and the IEL. (G) and (H) Show 3D-reconstructions

of both z-stacks of the muscular and elastic artery, respectively. Note the difference in arterial wall

thickness between both arterial types.

A

C

E

G

B

D

F

H
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Figure  4
Drawing indicates the position of the
displayed optical sections in the artery, bars
indicate 20 μm. (A) optical section of a
damaged elastic (carotid) artery labeled
with CNA35/OG488 (collagen, green) and
SYTO41 (cell nuclei, blue). A collagen layer
is visible in the tunica intima of the damaged
area (B) Comparable optical section of a
damaged elastic artery, additionally labeled
for elastin (eosin, orange). The IEL
(homogeneous orange layer) is unaltered in
the damaged area.

A

B

Figure  3

Optical section of an elastic (carotid) artery labeled

ex vivo with CNA35/OG488 (collagen, green),

SYTO41 (nuclei of cells with an intact membrane,

blue) and PI (nuclei of cells with lost membrane

integrity, red). Drawing indicates the position of the

displayed optical section in the arterial wall. Part of

the collagen (green) in the tunica adventitia is visible

in the right side of the figure. Furthermore, vSMCs

("cigar-shaped" cell nuclei) located in the tunica

media, and endothelial cells (green arrow) in the

tunica intima can be clearly identified.

CNA35/OG488 uptake in the tunica intima is

increased in areas near PI-positive endothelial cells

(pink arrow). However, not all CNA35/OG488

labeled areas in the tunica intima are in close

proximity of PI-positive endothelial cells (white arrow).

Bar indicates 20 μm.
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Figure  6

Example of an ex vivo labeled atherosclerotic plaque region in an elastic (carotid) artery stained

for collagen (CNA35/OG488, green) and cell nuclei (SYTO41, blue). Bar indicates 10 μm. (A)

Optical section of an atherosclerotic plaque in the intima (see drawing for the position in the

arterial wall). Collagen exhibits a network-like pattern (green). Cell nuclei (red arrow) are

disorderly arranged between collagen network. (B) 3-dimensional reconstruction of atherosclerotic

plaque shoulder (green, indicated by red dotted line). White arrow indicates direction of flow.

Arterial wall adjacent to plaque (lower right part of the reconstruction) also contains

CNA35/OG488 signal (green).

A

B

Figure  5
(A) xy-section of fresh arterial rings of an elastic
artery, labeled with CNA35/OG488 (bar
indicates 10 μm). Collagen (green) is clearly
visible in all tunicae, surrounding the EEL, IMEL,
and IEL (blue, auto fluorescence signal). (B) Part
of a xy-section at slightly higher magnification
labeled with CNA35/OG488 (collagen) and
SYTO41 (cell nuclei, blue) displaying collagen
surrounding several vSMCs (red arrow)
between the IMEL and IEL in the tunica media
(bar indicates 10 μm).

A

B
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Figure  7
In vivo administration of CNA35/OG488. Bars indicate 10μm. (A) 3D-reconstruction of a healthy
carotid artery (white arrow indicates direction of flow). Blue is autofluorescence signal from the three
elastic layers (EEL, IMEL, IEL). Only little uptake of CNA35/OG488 (green spots) is detectable. (B)
Transversal view of a 3D-reconstruction of the same artery after ex vivo labeling with anti-CD31/PE
(endothelial cells, red). The three elastic layers are distinguishable. The weak CNA35/OG488 signal
(white arrow) is noticeable between IEL (inner blue layer) and endothelial cells (red). (C) Optical
section of an atherosclerotic plaque in a carotid artery of an ApoE-/- mouse. Shoulder of plaque
(indicated by red dotted line) is visible in detail and exhibits a strong CNA35/OG488 collagen
signal. In the plaque area a collagen network is visible in detail. (D) Optical section of a part of a
kidney of a C57BL6/J mouse. The glomerulus (I), Bowmans capsule (red arrow), and proximal tubulus
(II) are strongly labeled with CNA35/OG488. Other parts of tubuli (III) exhibit no CNA35/OG488
labeling (blue, autofluorescence). (E) Optical section of a healthy heart of a C57BL6/J mouse after in
vivo infusion of CNA35/OG488. After dissection, myocytes (green arrow), nuclei of myocytes (red
arrow), and nuclei of the endothelial cells in the vasculature (yellow arrow) were stained with
SYTO41, (blue, nuclei and cytoplasm).

A

B

D E

C
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Abstract

Objective: atherogenesis involves structural and cellular changes in the vessel
wall of large arteries. We used two-photon laser scanning microscopy (TPLSM)
to visualize atherogenesis in intact, viable carotid arteries of mice. 
Methods: isolated carotid arteries of ApoE-/- mice, aged 15 or 21 weeks, after
7 and 13 weeks on a western diet, were mounted in a perfusion chamber,
pressurized, and labeled with specific fluorescent markers for cell nuclei,
inflammatory cells, collagen, and lipids. Data were compared with C57BL6/J
control mice fed a chow diet.
Results: control vessels had intact endothelium without adhering blood cells or
significant intimal collagen labeling. In contrast, in ApoE-/- mice already at 15
weeks inflammatory cells adhered to the endothelium and increased labeling
of collagen was observed in the tunica intima both at lesion-prone and non-
lesion-prone sites, indicating endothelium activation. In plaques, located
exclusively in carotid bifurcations of ApoE-/- mice, internalized inflammatory cell
density increased with age and plaque progression. Interestingly, this was
observed both in the tunicae adventitia and intima, while in the tunica media
no inflammatory cells were detected at both ages. In the whole plaque, aging
or plaque progression did not alter the direct relation between inflammatory
cells and collagen. However, within the fibrous caps specifically, direct contact
between inflammatory cells and collagen increased with age. 
Conclusion: this study on viable and structurally intact arteries provides new
and detailed information regarding the complex relationship between
inflammatory cells and collagen in fibrous caps and whole plaques during
atherogenesis and suggests involvement of the tunica adventitia in
atherogenesis.
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Introduction

Vulnerable plaques are the major cause of acute clinical complications of
atherosclerosis [1]. Vulnerable plaques can rupture and cause a thrombotic
reaction that can occlude the (downstream) artery which may result in stroke or
myocardial infarction [2]. Major determinants of vulnerability of human
atherosclerotic plaques are extracellular matrix content and extent of
inflammation [1, 3, 4]. Stable plaques have a large collagen content and are
mostly surrounded by a thick, collagen-rich fibrous cap [5]. Loss of collagen
reduces tensile strength of the fibrous cap and increases probability of rupture
[6, 7]. Atherosclerotic plaques also contain inflammatory cells such as
macrophages that are known to produce enzymes like matrix
metalloproteinases that break down extracellular matrix proteins such as
collagen and inhibit collagen synthesis by smooth muscle cells [4, 8, 9]. It is
generally accepted that as a result, stability of atherosclerotic plaques may be
affected [2, 10]. Indeed, histological studies revealed that collagen-poor and
inflammation-rich plaques are more likely to rupture [10].
Mouse models of atherosclerosis, such as apolipoprotein E knockout mice
(ApoE-/-), are advantageous for studying the (chronic) process of atherogenesis.
However, most of present knowledge on atherosclerosis in such models is still
obtained by histological studies using sliced, fixated non-viable arteries. Only
little is known of the 3-dimensional organization of the arterial wall in intact
and viable large arteries containing atherosclerotic plaques. Such data will
provide new insight into plaque structure and the relation and mutual influence
between inflammatory cells and collagen in plaques throughout their
development. 

Two-photon laser-scanning microscopy (TPLSM) is a technique combining large
penetration depth with subcellular resolution, also in deeper layers [11]. Its
good optical sectioning properties, good sensitivity, and high (fluorescent)
contrast, enabled 3-dimensional imaging at subcellular level of large mouse
arteries mounted and pressurized in a perfusion chamber, maintaining their
physiological structure, viability, and functionality for several hours [12, 13] or
in a non-mounted setting [14-17].
In this study TPLSM was applied on mounted arteries labeled with specific, vital
fluorescent markers for collagen [13, 18], inflammatory cells, cell nuclei, and
lipids to gain insight in the distribution of collagen and its association with
inflammatory cells during atherogenesis.
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Materials  and  Methods

Animals
Experiments and procedures were approved by the local ethics committee on
use of laboratory animals. Experimental groups consisted of C57BL6/J control
mice (14-16 weeks (n=7); 20-22 weeks (n=7)), and atherosclerosis-prone
ApoE-/- mice (14-16 weeks (n=7); 20-22 weeks (n=6)). Mice were obtained
from Charles River, Maastricht, the Netherlands. ApoE-/- mice were fed a
western diet starting at the age of 8 weeks (WD4021.06; Hope Farms,
Woerden, the Netherlands), while C57BL6/J controls were fed a chow diet
(SSNIFF; Bioservices, Uden, the Netherlands). Mice were euthanized by a
mixture of CO2 and O2, after which carotid artery segments (common part and
bifurcation) were excised.

Tissue  preparation  and  staining
Excised carotid arteries, including bifurcation, were mounted in a perfusion
chamber [12, 13]. Side branches were ligated. The system was filled with
Hanks Balanced Salt Solution (HBSS, pH 7.4) containing in mmol/l: NaCl
144, HEPES 14.9, glucose 5.5, KCl 4.7, CaCl2 2.5, KH2PO4 1.2, and
MgSO4 1.2. On average, intraluminal pressure was 50 mmHg (dependent on
maximum pressure ligations could endure). All fluorescent markers were
dissolved in HBSS and administered both intra- and extraluminally. Incubation
started 30 minutes prior to start of image acquisition. Probes remained present
during image acquisition, since this did not alter their labeling characteristics,
viability of arteries, nor reduce image quality.
DNA/RNA markers SYTO41 (λmax emission = 480 nm) and SYTO13 
(λmax emission = 520 nm) were used for labeling cell nuclei (final concentration
2.0 μmol/l; Invitrogen, Breda, the Netherlands). Phycoerythrin (PE, λmax

emission = 570 nm) conjugated rat anti-mouse CD11b (MAC-1α or CD18) was
applied as marker for inflammatory cells such as mature macrophages [19],
monocytes, and granulocytes (final concentration 8 μg/ml; BD Biosciences,
Alphen aan den Rijn, the Netherlands). Oregon Green 488 conjugated
CNA35 (CNA35/OG488, λmax emission = 510 nm) was used for staining of
collagen [13, 18] (final concentration 1.5 μmol/l).
Two mounted and visualized arteries (ApoE-/- mice, 21 weeks) were also
studied for lipid content. They were incubated overnight at 7 ºC with the lipid
marker oil red O (ORO, λmax emission = 560 nm; Fluka Chemie, Buchs,
Switzerland) dissolved in 3.7 % formaldehyde solution (Merck, Darmstadt,
Germany) to final concentration of 12 μmol/l [14, 20]. ORO staining resulted
in significant reduction of fluorescence of previously applied labels and loss of
cell viability. Furthermore, arterial rings (approximately 1mm long) from 3
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isolated and previously mounted arteries (ApoE-/- mice, 21 weeks) were labeled
with ORO and transversally imaged for visualization of lipid content of
plaques. After overnight incubation, arterial rings were labeled with SYTO13
(2.0 μmol/l, 30 minutes) and rings were casted in agarose gel (1.5 %
dissolved in HBSS, Gibco BRL 15510-027; Invitrogen Breda, the Netherlands)
as previously described [14].

Imaging
The TPLSM [12, 14] consisted of a Biorad 2100MP TPLSM (Biorad, Hemel
Hempstead, UK) with a pulsed (80-100 fs) and mode-locked (800 nm)
Ti:sapphire laser as excitation source (Spectra Physics Tsunami, Mountain View,
USA) connected to a Nikon E600FN microscope (60 X, NA=1.0 water
dipping objective; Nikon Corporation, Tokyo, Japan). Damage to the sample
was avoided by keeping excitation laser power as low as possible [21]. On
average, laserpower of the excitation light was set at 15 mW for imaging in
the tunica adventitia, 22 mW for imaging in the tunica media, and 30 mW for
imaging in the tunica intima. In atherosclerotic lesions, laserpower was
maximized to 60 mW for imaging of plaque cores. Imaging rate was either
0.1 Hz with a pixel dwell time of 39 μs, or 0.3 Hz with a pixel dwell time of
0.12 μs combined with Kalman filtering for noise reduction (n=3 cycles).
Fluorescent signals were detected by three photomultiplier tubes (PMTs):
SYTO41, 460-480 nm (PMT I); CNA35/OG488, 520-550 nm (PMT II);
CD11b/PE, 570-610 nm (PMT III); ORO, 540-610 nm, (PMT III). From each
PMT, separate images of 512 * 512 pixels were obtained, saved, and
combined into a single RGB-image. Filter setting for each PMT was tuned for
minimal bleedthrough of fluorescent signal of the markers. Furthermore, PMT
gain was set to 100 % in order to limit the required laserpowers, while
obtaining maximal signal intensity in deeper layers and atherosclerotic lesions
of the arterial vessel wall. 
Stacks of optical sections were collected for 3D-reconstructions to screen for
plaques in the entire mounted vessel; staining patterns in plaques differed from
those of healthy carotid arteries. Plaque detection was checked using bright
field microscopy where plaques showed up as dark and less translucent
regions on a bright background.
Image analysis was performed using Image-Pro Plus 6.0 and 3D-reconstructor
5.1 software package (Media Cybernetics Inc., Silver spring, USA). 

Relationship  between  CNA35/OG488  and  CD11b/PE-ppositive  cells
To explore the relationship between collagen and inflammatory cells in initial,
mild, and advanced plaques [22], we assessed (a) number of inflammatory
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(CD11b/PE-positive) cells per (100 μm)3 plaque volume and (b) contact ratio,
being the relative number of inflammatory cells in contact with collagen. Plaque
volumes were estimated using optical section thickness and surface area,
excluding areas without fluorescent signal. The relation between collagen
(CNA35/OG488 labeled structures) and inflammatory (CD11b/PE-positive)
cells in fibrous caps of mild and advanced lesions of ApoE-/- mice of both ages
(n=14, only plaques with clearly visible fibrous cap) was scored: (0) < 33 %;
(1) 33-67 %; (2) > 67 % of inflammatory cells in contact with CNA35/OG488
labeled collagen.

Cells  in  tunica  adventitia
Inflammatory (CD11b/PE-positive) cells and CD11b/PE-negative cells were
counted in the tunica adventitia of atherosclerotic (n=9) and control (n=12)
areas in the arterial wall. The ratio of inflammatory cells was assessed per total
number of cells per (100 μm)3 volume. 

Histology
Histological sections were prepared to validate penetration depth of TPLSM in
plaques in mounted arteries. Subsequent to imaging of mounted arteries ex
vivo, arteries (two C57BL6/J mice; two ApoE-/-; all 21 weeks) were perfusion-
fixated and processed to 5 μm thick histological sections and stained for
collagen with Picrosirius Red [23] (0.1 %, Klinipath, Duiven, the Netherlands).
Histological sections were imaged using a Leica DM 5000B microscope (60 X
oil objective; NA=1.4) and a Leica DC300FX digital camera (Leica
Microsystems GmbH, Wetzlar, Germany).

Statistics
Data are presented as medians (M) with interquartile ranges (IQR): M [IQR].
Results were tested for significance using the Mann-Whitney test. A value of
p<0.05 was considered statistically significant. SPSS 13.0 software package
(SPSS Inc., Chicago, USA) was used for statistical analysis.
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Results

Carotid  arteries  of  C57BL6/J  mice  
Carotid arteries of C57BL6/J mice contained no lesions (table 1); vessel wall
structure was normal [12]. The tunica adventitia consisted of cells (SYTO41)
embedded in collagen (CNA35/OG488). The vSMCs in the tunica media
were homogeneously distributed and arranged perpendicular to flow direction.
Endothelial cell nuclei were homogeneously distributed covering the tunica
intima (fig. 1A). No inflammatory (CD11b/PE-positive) cells were present in or
adhering to the arterial wall. Labeled collagen was only sparsely observed in
the tunica intima and not at all in the tunica media (see also [13]). Hence, the
endothelial cells appear non-activated and non-permeable for small molecules.
The barrier function of internal elastic layer (IEL) and external elastic layer (EEL)
appear intact, as deduced from the non-permeability for the collagen probe [13].

Table  1 Mouse characteristics and presence of atherosclerotic lesions in C57BL6/J and ApoE-/-

mice of 15 and 21 weeks

Common  carotid  arteries  of  ApoE-//- mice
In the common carotid artery of both 15 and 21 weeks old ApoE-/- mice no
atherosclerotic lesions were found; tunica adventitia and media were
undisturbed. However, a thin sheet of collagen (fig. 1B) was observed between
endothelium and IEL of the tunica intima at both ages. In addition, inflammatory
cells adhering to the luminal side of the endothelium were found in mice of both
ages (fig. 1C). Number of cells adhering to the endothelium increased with age
from 0.2 [0-0.6] cells per (100 μm)2 at 15 weeks to 0.6 [0.3-1.2] at 21 weeks
(p<0.05). No inflammatory cells were present inside the arterial wall. These

C57  (15wks) C57  (21wks) ApoE-//- (15wks) ApoE-//- (21wks)

# mice (#carotids) 7(13) 7(12) 7(13) 6(11)

weight (g) 

(avg ± SD)

26.5 ± 1.9 29.2 ± 2 27.8 ± 2.6 30.2 ± 2.4

# mice with plaque 

(#carotids with plaques)

0(0) 0(0) 5(9) 6(11)

Total # plaques in 

analyzed segments

- - 12 21

class 1 plaques (%) - - 7(58) 4(19)

class 2 plaques (%) - - 5(42) 5(24)

class 3 plaques (%) - - 0(0) 12(57)
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data suggests that endothelial cells were activated and permeable for the
collagen probe, while IEL and EEL were still intact.

Morphology  of  lesion  development  in  the  carotid  bifurcation  of  ApoE-//- mice
In the carotid bifurcation of most ApoE-/- mice of both 15 and 21 weeks,
atherosclerotic lesions were detected exhibiting strong collagen and cellular
staining. In all phases of lesion development, a thin sheet of collagen was
present in the tunica intima adjacent to the plaque area between endothelial
cells and IEL. This indicates increased CNA35/OG488 permeability of
endothelial cells in these regions, and possibly reflects increased collagen
content in this layer. In young mice, plaques were of initial (class 1) or mild
(class 2) type. No advanced (class 3) plaques were found. In contrast, in mice
of 21 weeks the majority of plaques were class 3 (table 1). 

In the initial phase of plaque development (class 1, see fig. 1D), inflammatory
cells were accumulated in the tunica intima underneath the endothelial cells.
Furthermore, collagen in the lesions formed a thin sheet or local spots. In the
tunica media underneath these initial plaques, orientation and distribution of
vSMCs was unaltered. No collagen or inflammatory cells were observed. 

During further lesion progression, mild plaques developed (class 2). First signs
of a fibrous collagen-rich cap structure could be observed at 15 weeks (fig. 2A,
class 2). In addition, infiltrated inflammatory cells were present in the tunica
intima. In class 2 plaques at 21 weeks (fig. 2B) the area of arterial wall
affected by the atherosclerotic process appeared to be larger. Often, collagen
surrounded areas containing a combination of inflammatory cells (e.g. foam
cells) or poorly fluorescent areas without visible structures (i.e., lesion cores)
(fig. 2B).  The tunica media underneath class 2 plaques was free of
inflammatory cells. Furthermore, vSMCs were homogeneously distributed and
their orientation seemed unaffected. Collagen between vSMCs was not
labeled.

Progression of a substantial number of lesions towards an advanced phase of
atherosclerosis was only observed in 21 weeks aged ApoE-/- mice (class 3;
table 1). A number of advanced plaques (fig. 3A-D) consisted of strongly
labeled collagen with a network-like appearance. Inside the collagen network,
large lesion core(s) were present which contained only little fluorescent signal.
Infiltrated inflammatory cells were predominantly positioned at the edges
between lesion cores and collagen network (fig.3A). Shoulders of class 3
plaques often contained strongly labeled collagen (fig. 3B). In some shoulder
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areas of these plaques, strongly labeled collagen seemed to protrude beyond
the edges of the lesion towards the healthy arterial wall (fig. 3B).
Other class 3 plaques manifested as interconnected groups of smaller lesions
with less evident plaque borders (fig. 3C). Such lesions often consisted of many
small lesion cores with weak fluorescent signal surrounded by large amounts of
labeled collagen with a less defined network-like appearance. Many
inflammatory cells of various size and shape were observed throughout the
lesion. 
Application of a lipid stain (ORO) in mounted arteries with class 3 lesions
revealed that the dark lesion cores inside plaques had a lipid-rich content (fig.
4A). Imaging of the content of the cores in fresh (but not viable) arterial rings
labeled with ORO (fig. 4B-C) demonstrated that part of the lipids was situated
inside (foam) cells as small droplets.

In some of the large class 3 lesions the fluorescent signal intensity drastically
decreased towards the lumen (fig. 5A). As a result, we were unable to visualize
the complete lesion area in depth (fig. 5B); no fibrous cap or endothelial cell
lining was visible using TPLSM. However, histological longitudinal sections
stained for collagen revealed that such lesions do contain fibrous caps with
endothelial cells (fig. 5C).

In all class 3 plaques the tunica media was affected. Although no inflammatory
cells were detected in this layer, the vSMC layer was disrupted and orientation
of vSMCs was altered (fig. 3D). Sometimes, collagen between vSMCs in these
plaques was labeled, indicative of local disruption of IEL. The tunica adventitia
of carotid arteries in both non-plaque regions (in ApoE-/- and wild type mice;
fig. 6A) and plaque regions (in ApoE-/- mice; fig. 6B) contained large amounts
of collagen with a typical wave-like appearance. No apparent changes in
collagen structure were found between plaque regions and non-plaque
regions. Furthermore, the tunica adventitia contained numerous inflammatory
cells and non-inflammatory cells in both plaque and non-plaque regions.

Inflammatory  cell  density
During lesion development, inflammatory cell density in plaques increased
significantly with age (p<0.05) and with plaque progression (p<0.01; table 2).
The tunica media in plaque regions did not contain any inflammatory cells.
In the tunica adventitia, total cell density tended to be higher in plaque regions
than in non-plaque regions in mice of both ages (23.6) {31.1-17.8} cells per
(100 μm)3 vs. 17.6 {23.6-13.3} (p=0.07). The relative number of inflammatory
cells in the tunica adventitia in mice of both ages was increased in plaque
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regions (0.58 {0.63-0.51}) as compared to non-plaque regions (0.24 {0.36-
0.18}; p<0.001). 

Relation  between  collagen  and  inflammatory  cells  in  developing  plaques
In plaques as a whole, the percentage of inflammatory cells in direct contact
with collagen did not change significantly with age or plaque progression
(table 2). In fibrous caps, the median score of the association between collagen
and inflammatory cells was significantly higher at 21 weeks (1.0 {2-1}) than at
15 weeks (0.5 {1-0}; p<0.05). Note that fibrous caps were present only in
class 2 and class 3 plaques. Moreover, class 3 plaques were only present in
21 weeks aged ApoE-/-.

Table  2 Intraplaque inflammatory cell density and association between inflammatory cells and

collagen (medians with interquartile ranges). 

Discussion

Intact, viable, and mounted carotid arteries of control C57BL6/J and
atherosclerotic ApoE-/- mice were visualized in three dimensions at subcellular
level. Control vessels had intact endothelium without adhering blood cells. In
ApoE-/- mice, the endothelium was activated, even at non-atherosclerosis prone
sites, as indicated by the presence of adhering inflammatory cells and the
increase of labeled collagen in the tunica intima. In plaques, located
exclusively in the carotid bifurcation of ApoE-/- mice, inflammatory cell density
increased with age and plaque progression. In fibrous caps, direct contact
between inflammatory cells and collagen increased with age. However, in
plaques as a whole, aging or plaque progression did not alter the direct
relation between inflammatory cells and collagen. The increased number of
inflammatory cells in the tunica adventitia of lesions is remarkable since
inflammatory cells were absent in the tunica media of these lesions.

ApoE-//-

15wks

ApoE-//-

21wks

Plaques

class  1

Plaques

class  2

Plaques  

class  3

# inflammatory

cells/(100 μm)3

15[11-18.7] 20[14.5-35]* 12[3-17] 18[11-24.3]§ 27.5[19.5-41.3]§ †

Ratio 0.64

[0.55-0.67]

0.56

[0.46-0.64]

0.64

[0.63-0.67]

0.57

[0.51-0.65]

0.52

[0.39-0.64]£

Ratio is # inflammatory cells with collagen contact divided by total # inflammatory cells.
* p<0.05 compared with 15 weeks ApoE-/-; § p<0.05 compared with class 1 plaques;
† p<0.05 compared with class 2 plaques. £ p<0.05 compared with class 1 plaques.
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In contrast to control mice, endothelial cells appeared to be activated in carotid
arteries of ApoE-/- mice, both in and outside the lesion area, and also in the
common carotid artery. It is unlikely that this activation resulted from the
mounting procedure since it was not observed in similarly treated control
vessels. 
The adhering cells (that remained present even after intraluminal flushing) were
most probably monocytes since adhesion of these cells is an early response to
hypercholesterolemia [7]. Indeed, their morphology as detected in this study
(fig. 1) corresponds to that of monocytes (cells with large nucleus) [24]. The
observation that the number of adhering cells was higher at 21 than at 15
weeks implies that the level of endothelial activation depends on increased
duration of western diet and/or age. Besides increased cell adhesion,
increased collagen labeling was observed in the tunica intima of common
carotid arteries in ApoE-/- mice at both ages. This is in line with previous
findings on properties of the collagen label CNA35/OG488 in
(atherosclerotic) arteries [13], implying that this is most probably caused by
increased permeability of the endothelium as a consequence of factors like
hypercholesteremia [25]. However, it cannot be excluded that intimal collagen
content itself increased as well. The combination of increased collagen labeling
in the tunica intima and adhesion of inflammatory cells to the endothelium at
sites where no lesions are formed or present, suggests that all endothelial cells
in carotid arteries of ApoE-/- mice on a western diet are activated. 

Inflammatory cell density in plaques (carotid bifurcation) significantly increased
with age and plaque progression. Simultaneously, a prominent network-like
collagen structure inside the plaques and a collagen rich fibrous cap
developed, in line with literature stating that extracellular matrix components
accumulate in the atherosclerotic vessel wall [4, 6]. The contact ratio of
inflammatory cell content and collagen in the entire plaque remained the same
throughout plaque development. This is indicative of development of stable
plaques [1, 6]. 
In the largest (class 3) plaques, collagen between vSMCs in the tunica media
was labeled, indicating local disruption of IEL [13] as a consequence of plaque
progression. In cores of such advanced lesions, co-localization of inflammatory
cells and collagen could not be assessed in mounted arteries due to a lack of
fluorescent signal. Observations in fresh arterial rings with additional labeling
revealed that these cores contain large numbers of inflammatory cells (such as
foam cells with many fat droplets) and only little collagen (fig. 3-4) [26]. This
implies that especially in larger advanced plaques (which contain larger lesion
cores) co-localization between inflammatory cells and collagen in the whole
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plaque may have been overestimated. In contrast to lesion cores, fibrous caps
were found to be densely packed with collagen and little inflammatory cells,
but co-localization of inflammatory cells and collagen did increase with age.
This indicates that fibrous caps provide strength to the plaque while the cores
become more and more unstable, suggesting that plaque destabilization is
initiated from the core(s) of the plaque and progresses towards the outside
borders such as the fibrous cap or the plaque shoulder. Yet, it is important to
realize that presence of inflammatory cells alone does not provide any
information regarding activation state of such cells and, hence, presence of
active enzymes that can break down extracellular matrix components.

In the tunica adventitia, the relative number of inflammatory cells was
significantly higher at lesion sites, indicating a local increase in inflammation.
Adventitial accumulation of inflammatory cells has been described previously
in non-viable murine atherosclerotic aortas and human arteries [17, 27, 28],
and suggests that the inflammatory reaction involved in atherosclerosis does
not only occur in the tunica intima but also in the tunica adventitia. Unlike
observations by others [17], we did not detect any inflammatory cells in the
tunica media. Since we know that anti-CD11b/PE can penetrate into the tunica
media (own observation), lack of inflammatory cells in the tunica media in our
study is not caused by a labeling artifact. The increase of inflammatory cells in
the tunica adventitia at lesion sites is therefore not caused by migration of cells
originating from the intimal lesion, but through another pathway. Vasa vasorum
has been suggested to be responsible for the increase of adventitial
inflammatory cells with plaque progression in aortas of aged mice [29].
However, in young mice, including the ages used in this study, the relatively
thin walled carotid arteries lack vasa vasorum (own observations) [29, 30],
suggesting that the increase of inflammatory cells might be caused by a local
inflammatory process that attracts inflammatory cells from surrounding tissues.

The two-photon microscope setup used in this study did not allow complete
visualization of the largest lesions (fig. 6). Loss of signal deeper in these
plaques caused that both fibrous cap(s) and endothelial cell lining bordering
the lumen could not be visualized. As a result, we were not able to quantify cell
and collagen content in the largest lesion cores in mounted arteries. This loss
of signal is most likely due to the lipid rich content of these lesion cores in
advanced plaques (fig. 4). Enhancing penetration depth of two-photon laser
excitation light by narrowing pulse width, and thus increasing probability of
two-photon excitation, may enable imaging of entire intact advanced plaques
[31], provided that the cores are actually stained with the fluorochromes.
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In conclusion, this study is the first to visualize and describe the association of
collagen and inflammatory cells during plaque development in intact still viable
mounted carotid arteries of ApoE-/- mice at subcellular level. Visualization of
mounted arteries with TPLSM enables further study of various aspects of
atherosclerosis in a physiologically relevant environment. 
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Figure  1

Optical sections of tunica intima in a healthy

common carotid segment of C57BL6/J (A) and

ApoE-/- mouse (B-D) (each 21 weeks). Arteries

were stained for cell nuclei (SYTO41; blue),

CNA35/OG488 (collagen, green) and anti-

CD11b/PE (inflammatory cells, red). Section (C)

was stained with SYTO41 and anti-CD11b/PE.

Bars: 20 μm. Drawing at top indicates position

of displayed sections. (A) Cell nuclei of vSMCs

(pink arrow) and endothelial cells (yellow arrow)

are clearly visible. Collagen (green) is only

sporadically labeled (encircled by white dotted

line) and inflammatory cells (red) are absent. At

comparable sites in common carotid segments of

ApoE-/- mice (B), the tunica intima contains a

stronger collagen signal (green) between

endothelial cells (yellow arrow) and vSMCs

(pink arrow). (C) Inflammatory cells (red) were

detected adhering to endothelial cells (yellow

arrow). (D) Typical example of a class 1 plaque

present in carotid bifurcation of ApoE-/- mice of

both ages. Several inflammatory cells (red) are

clearly distinguishable in the distorted tunica

intima underneath the endothelial cells (yellow

arrow). Furthermore, a CD11b/PE-positive foam

cell (I) and a CD11b/PE-negative foam cell (II)

are visible. Local collagen spots (surrounded by

white dotted lines) are noticeable in lesion area.

No collagen or inflammatory cells visible

between vSMCs (pink arrow) in tunica media.

Distribution and orientation of vSMCs in the

tunica media is unaltered. 

A

B

C

Figures
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A

B

Figure  2

Optical sections of typical mild plaques (class

2) as observed in tunica intima of ApoE-/- mice

of 15 (A) and 21 weeks (B). Arteries were

labeled for nuclei (SYTO41; blue), collagen

(CNA35/OG488; green), and inflammatory

cells (anti-CD11b/PE; red). Drawing at top

indicates position of both sections; bars: 20

μm. (A) Class 2 plaque in the carotid

bifurcation of a young ApoE-/- containing

several inflammatory cells and large amounts

of collagen. Collagen has fibrous cap-like

structure (blue arrow) with a small and weakly

fluorescent area (I) inside that contains no

collagen and only few inflammatory cells, both

typical properties of a small (necrotic) core. In

the surrounding arterial wall strongly labeled

collagen without a bulb-like structure is

observable.

(B) Part of a typical class 2 plaque in carotid

bifurcation of ApoE-/- (21 weeks), containing

CD11b/PE-positive foam cells (green arrow)

and round cells. Collagen is abundant forming

a fibrous cap (blue arrow) at the edge of the

plaque. Adjacent to the plaque area,

endothelial cells are observable (yellow arrow).

In the tunica media vSMCs (pink arrow) are

homogeneously distributed; their orientation is

unaffected. No inflammatory cells or collagen

are present in the tunica media. 
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Figure  3

Optical sections of advanced plaques (class 3) in tunica intima (A, B, C) and tunica media (D) of

carotid bifurcations in ApoE-/- mice aged 21 weeks. Arterial segments (A-D) were stained for nuclei

(SYTO41; blue), collagen (CNA35/OG488; green), and inflammatory cells (anti-CD11b/PE; red).

Segment (B) was stained for collagen only (CNA35/OG488). Bars: 20 μm; drawing at top

indicates position of sections. (A) Advanced plaque with a network-like collagen structure, several

lesion cores with weak fluorescent signal (I) and many inflammatory cells (green arrow) and non-

inflammatory cells (white arrow). (B) Plaque shoulder (red dotted line) containing large amounts of

collagen which protrude into area adjacent to the plaque (lower part of the section). Blue is

autofluorescence of elastic laminae. Class 3 plaques also appear as an interconnected group of

smaller lesions with numerous inflammatory cells, and several lesion cores (C). Plaque borders and

lesion cores (I) are less evident; collagen is abundant with less defined appearance. (D) The tunica

media flanking advanced plaques contains areas with disrupted vSMCs layer (encircled by red

dotted lines) and vSMCs with altered orientation (green arrow).

A

C

B

D
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A

B

C

A

B

C

collagen in the fibrous cap (white arrow), and vSMCs in tunica media (red arrow). (B, C) Optical

sections of fresh arterial rings stained with ORO and SYTO13 (nuclei, green) further demonstrate that

lipids (red) are mainly situated as small droplets inside cells in the lesion cores. 

Figure  4

(A) Mounted artery of

21 weeks aged 

ApoE-/-, containing a

class 3 plaque in the

bifurcation, labeled

for nuclei (SYTO41;

blue), collagen

(CNA354/OG488;

green), and lipids

(ORO; red). Bars: 10

μm. Note lipid content

in core of the lesion,

Figure  5

Optical section (A) and 3D-reconstruction (B) obtained in the

tunica intima of class 3 plaque in a 21 weeks aged ApoE-/-.

Drawing at top indicates position of section; bars: 20 μm. Artery

was stained for collagen (CNA35/OG488; green), nuclei

(SYTO41; blue), and lipids (ORO; red). (A) Lesion contains

several lipid rich lesion cores (I); collagen has a network-like

appearance. (B) The plaque lacks a fibrous cap. Unlike TPLSM

images, histological sections of equivalent class 3 plaques (C)

stained with picrosirius red (collagen, red) do contain a fibrous

cap (green arrow) that consists of collagen. As in TPLSM images,

lesion cores (I) are abundant.
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Figure  6

Optical sections in normal tunica adventitia of a C57BL6/J (A) and tunica adventitia (B) of a

plaque in an ApoE-/-, both aged 21 weeks. Drawings on top indicate position of sections, bars: 20

μm. Arteries were stained for collagen (CNA35/OG488, green), nuclei (SYTO41, blue), and

inflammatory cells (anti-CD11b/PE, red). In both sections, thin undulating collagen fibers rearrange

into thicker wave-like bundles of collagen. In between collagen, nuclei of cells are visible. In the

healthy artery (A), only few inflammatory cells (white arrow) are present; in the plaque (B), the

number of inflammatory cells (white arrow) is much higher.
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Abstract

We characterized and applied a Fluorescent Nitric-oxide Cheletropic Trap
(FNOCT) for sensitive NO detection using two-photon microscopy. Under
physiological conditions the membrane-permeable ester FNOCT-5 neither
significantly inhibits enzymatic NO production, nor acts as superoxide
scavenger. Although FNOCT-5 inhibited eNOS and iNOS in a dose-dependent
manner (IC50 = 86 μM vs. 163 μM), addition of albumin (10 mg/ml) abolished
this effect. We applied FNOCT-5 (50 μM) to sprouting and non-sprouting
HUVECs on beads in fibrin matrix. Intracellular enzymes transform FNOCT-5
into its accumulating dicarboxylate FNOCT-4. On binding NO, FNOCT-4
fluorescence undergoes a red to blue shift. We used the ratio of blue to red
fluorescence (R) as measure of NO production. Sprouting and non-sprouting
cells not additionally stimulated did not produce detectable amounts of NO
(R=1.12±0.12 vs. 0.95±0.15). However, in the same cell culture, sprouting
cells showed significantly higher NO production than their non-sprouting
counterparts when stimulated by calcium ionophore (R=1.56±0.10 vs.
R=0.81±0.12). Stimulus with acetylcholine gave even larger differences
(R=6.1±2.1 vs. R=0.8±0.2). These data show for the first time that microscopy
of cheletropic traps allows detection of local variations in NO production with
subcellular resolution in physiologically relevant 3D-systems. 
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Introduction

Nitric Oxide (NO) is an important messenger molecule in a variety of
physiological actions in the peripheral tissue as well as the central nervous
system [1, 2]. The free radical NO is synthesized via the conversion of L-
arginine to L-citrulline by a family of enzymes called "NO synthases" (NOS)
[3]. In tissues, the lifetime of NO is in the order of seconds. Its zero electric
charge allows NO to diffuse rapidly into adjacent cells. NO does not seem to
be essential for vascular development in embryos, but it is directly implicated
in pathological angiogenesis, atherogenesis, revascularization of ischemic
tissue, and re-endothelialization of damaged vessel walls [4-7].  To study the
role of NO in these disease processes, direct detection of NO in living cells is
a crucial step.

Basal levels of NO in viable tissues are of the order of 10-100 nM [8], but may
rise to micromolar levels under conditions of ischemia, septic shock, or allograft
rejection.  The nanomolar concentrations usually encountered require sensitive
detection of NO production with spatial resolution on a cellular scale with NO
sensitive probes. A number of fluorescent traps for NO are available [9] but all
but one suffer from toxicity or a lack of specificity for NO due to the necessity
of prior transformation of NO radical into more reactive nitrogen species
and/or  unwanted reactions with other reactive species which act as impostors
for NO radical [10-17]. FNOCTs (Fluorescent Nitric Oxide Cheletropic Traps)
have been shown to be efficient and highly selective fluorescent spin traps for
the detection of NO [18]. FNOCTs incorporate NO without prior
transformation to higher nitrogen oxides, and thereby achieve high specificity
for NO in its radical state [19]. 

A good fluorescent NO probe should satisfy six basic requirements: (1) a
significant change in fluorescence characteristics (e.g. emission spectral shift
like in the case of FNOCTs) on trapping NO; (2) the probe should not be toxic
and enable visualization in living cells; (3) the light used for excitation of the
probe should not induce a change in the relevant fluorescent characteristics; (4)
high selectivity for NO only; (5) the probe and its reaction product with NO
should be insensitive to reactive oxygen species like superoxide or hydrogen
peroxide; (6) the probe should not affect the enzymatic activity of the NO
synthases. FNOCTs are known to fulfill the first three requirements. In this first
part of this paper, we show that the FNOCT-5 / FNOCT-4 system also satisfies
the latter three requirements. Subsequently, we apply it to an established in
vitro model for the sprouting stage of early angiogenesis. 
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In this model, human umbilical vein endothelial cells (HUVECs) are grown on
beads in a fibrin matrix. VEGF is used to induce the process of sprouting and
the fibrin matrix provides effective scaffolding for the development of
endothelial sprouts [20]. The model used in this study differs from the model
used by Meineke and colleagues [18] in that it is a three dimensional model
with cells in various (sprouting and non-sprouting) stages. Imaging in such a
3D-model requires a microscopic technique that combines 3D-imaging with
penetration depth and cellular resolution. Two-photon laser scanning
microscopy (TPLSM) [21-23] is such a technique and allows simultaneous
excitation at 800 nm of FNOCT-4 (red emission) and its NO-reacted product
FNOCT-4-NOH (blue emission). Therefore, the ratio of blue to red fluorescence
of FNOCT is used to image the cellular production of NO. NO production is
stimulated by the addition of acetylcholine or calcium ionophore, well-known
assays to challenge maximal NOS-capacity. This study demonstrates the
potential of FNOCT in combination with TPLSM to differentially image
stimulated NO production in sprouting and non-sprouting cells.

Methods

Chemicals
The diacetoxymethylester FNOCT-5 was synthesized as described previously
[24] and stored under argon at -80° C until use. Fluorescence spectroscopy
showed that the batch of FNOCT-5 (λmax emission = 600 nm) used in this study
contained a small contamination (<1 %) of the blue fluorescent (λmax emission =
430 nm) precursor ketone from which FNOCT-5 is generated by photolysis.
SYTO13 (λmax emission = 515 nm, green)was purchased from Molecular Probes
(Leiden, the Netherlands). eNOS and iNOS were from Cayman (Ann Arbor,
MI, U.S.A.)3. H-Arginine was obtained from Amersham Pharmacia Biotech
(Roosendaal, the Netherlands). Fibrinogen and plasminogen were obtained
from Kordia (Leiden, The Netherlands). Endothelial Cell Basal Medium (EBM)
and EGM-2 SingleQuots were obtained from Clonetics (Baltimore, U.S.A.).
Penicillin and streptomycin were obtained from Life Technologies (Breda, The
Netherlands). All other chemicals were from Sigma (St. Louis, MO, U.S.A.).
Cell culture materials and RPMI-1640 medium were from Gibco (Paisley, U.K.).
The dextrane Cytodex-3 beads were purchased from Amersham Biosciences.

Determination  of  NO  production  by  NOS:  Radiolabeled  citrulline  assay
NOS activity was determined by quantifying the conversion of L-[2,3,4,5-3H]
arginine into L-[2,3,4,5-3H]citrulline, mainly as described previously [25].
Briefly, for the determination of the effect of FNOCT-5 on the enzymatic activity
of NOS, 42 μg eNOS (or 57 μg iNOS) was incubated for 60 minutes at 37
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°C in 100 μL 10 mM Tris buffer (pH 7.4) containing (in mmol/L) dithiothreïtol
(0.1), CaCl2 (0.1) (or in the case of iNOS Mg-acetate (1.0)), L-arginine (0.5)
and NADPH (0.5); (in μmol/L) flavin mononucleotide (FMN)(1.0), flavin adenin
dinlucleotide (FAD)(1.0), gluthathione (100), tetrahydrobiopterin (BH4) (10),
calmodulin (20 μg/mL); Bovine Serum Albumin (BSA) 100 μg/mL; and L-
[2,3,4,5-3H]arginine (3.7 KBq). For the comparison between the fluorescence
assay and the conversion assay, the conditions were chosen similar to the
fluorescence assay. Stock solutions of FNOCT-5 were freshly prepared in
DMSO and care was taken that the final DMSO concentration in all
experiments was equal. All measurements were performed in duplo except
were stated otherwise. The NOS activity was calculated from the percentage
conversion of [3H]arginine into [3H]citrulline. 

Determination  of  superoxide  trapping  rates:  EPR  spectroscopy  using
competitive  superoxide  trapping
The reaction rate between superoxide and FNOCT-5 was determined at 37 °C
by comparison with the known reaction rate of superoxide with the spin trap
DMPO*. In a xanthine oxidase (XO) solution (Phosphate Buffered Saline, PBS
buffer, pH 7.4), excess hypoxanthine substrate induces a steady and constant
rate of superoxide production. The highly mobile superoxide molecules can
react with DMPO to give paramagnetic radical adducts which are detected
and quantified by means of EPR spectroscopy. In presence of FNOCT-5, the
possible reaction between FNOCT-5 and superoxide should manifest itself as a
reduction in the yield of DMPO-OOH radical adducts. 
The EPR spectra were recorded at 37 °C on a modified Bruker ESP300
spectrometer (Bruker, Karlsruhe, Germany) operating near 9.4 GHz. The
samples consisted of 30 μL aqueous solution drawn by syringe into a quartz
capillary (1 mm i.d.). The capillary was placed inside a quartz tube (length 15
cm, 3 mm i.d.) and located in the center of a Bruker ST1 resonator (operating
in the TE102 mode with an unloaded Q=3800). The sample temperature was
kept at 37 ±1 °C by a nitrogen gas flow from a Bruker ER4111VT temperature
controller. 
The experiments were performed in PBS buffer (pH 7.4, 37 °C) containing 100
mM DMPO in a total volume of 100 μL. Superoxide radicals were generated
by 50 mU ml-1 Xanthine Oxidase (XO, EC1.1.3.22) in the presence of excess
hypoxanthine (HX) (0.5 mM). The formation of DMPO-OOH adducts could be
suppressed by addition of superoxide dismutase (SOD). 

Cell  culture  on  beads
HUVECs were freshly isolated from human umbilical cord veins as described
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previously [26]. The cells were cultured in RPMI-1640 medium containing 20
% (v/v) heat-inactivated human serum and 200 μg ml-1 penicillin and
streptomycin. Endothelial cells of the second passage or third passage were
used in the bead assay. It involved two stages of cell growth followed by a final
sprouting stage. In the first growth stage, the cells were grown at 37 °C to a
confluent monolayer on the bottom of a 75 cm2 culture-flasks under a controlled
atmosphere of 20 % oxygen, 5 % carbon dioxide, and 75 % nitrogen. In this
first stage, confluence was obtained after 5-7 days. The confluent cultures were
washed with PBS buffer and trypsinized. For the second growth stage, the cells
were transferred to a flask containing dextrane microcarrier beads in
endothelial basal medium EBM. The medium was supplemented with EGM-2
SingleQuots, which contains growth factors and cytokines to promote growth
and proliferation of the endothelial cells. The dextrane beads had an average
diameter of ca 200 μm and were coated with porcine gelatin for good
adherence of the endothelial cells. The HUVECs were cultured to confluence on
the beads under continuous but slow stirring at 37 °C under a controlled
atmosphere of 20 % oxygen, 5 % carbon dioxide, and 75 % nitrogen. In this
second growth stage, confluence was obtained after 2-3 days. For the final
sprouting stage the suspended beads were removed from the growth flask by
pipette and embedded in a transparent fibrin matrix that allows diffusive
transport of nutrients, oxygen and metabolites while immobilizing the beads for
microscopic investigation. This fibrin matrix was prepared by adding 0.1 U ml-1

thrombin to a mixture of 2 mg(ml)-1 fibrinogen, 2 mg ml-1 sodium citrate, 14 mM
NaCl, 3 μg ml-1 plasminogen in RPMI-1640 medium. This low-viscosity mixture
was poured into 6-wells plates, the beads being mixed in immediately after.
The mixture became gelatinic by polymerization on a timescale of several
minutes. Before the induction of sprouting, the thrombin in the medium was
inactivated by washing with RPMI-1640 containing 10 % human serum and 10
% Fetal Calf Serum (FCS) for 2 hours. As a final step, the liquids in the fibrin
matrix were replaced with EBM medium supplemented with EGM-2
SingleQuots to promote sprouting of the endothelial cells. This medium was free
of phenol-red to avoid interference with fluorescence microscopy, and was
refreshed every two days. The sprouting stage developed at 37 °C under a
controlled atmosphere of 20 % oxygen, 5 % carbon dioxide, and 75 %
nitrogen. Prominent growth of capillary sprouts into the fibrin matrix could be
observed microscopically after 4 days. 

NO  detection.
For NO detection, the sprouting samples were labeled with the cheletropic trap
FNOCT-5 [18]. FNOCT-5 is an uncharged acetoxymethylester and readily
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penetrates cell membranes. The trap accumulates in cells because the cellular
esterases transform the acetoxymethylester into the dicarboxylate of the
dicarboxylic acid FNOCT-derivative FNOCT-4, which due to its negative
charges cannot leave the cell [18]. FNOCT-4 is the actual intracellular NO trap
and shows weak red fluorescence (λmax emission = 600 nm). 
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When FNOCT-4 binds to NO radicals, a new nitroxide radical is produced
(FNOCT-4NO). This intermediate is not fluorescent and in biological systems
rapidly hydroxylates to the strongly blue fluorescent FNOCT-4NOH (λmax

emission = 460 nm, with a tenfold increase in fluorescence intensity [18]) It
should be noted that FNOCT-5 and FNOCT-5NOH show identical fluorescence
characteristics as their counterparts FNOCT-4 and FNOCT-4NOH, respectively
[24]. 
FNOCT-5 was dissolved to a 5 mM stock solution in DMSO supplemented with
10% Pluronic F127 to improve solubility. The fibrin gel was loaded with a
solution of 50 μM FNOCT-5 in PBS. Two-photon microscopy confirmed that
FNOCT-5 slowly diffused through the gel matrix. The diffusion speed of FNOCT
in the fibrin gel was determined to be 200±20 μm per hour at 37 °C. After
reaching an endothelial cell, the FNOCT-4 dianions were accumulated within
30 minutes. Where visualization of cell nucleus was desired, SYTO13 was
added to the samples to reach a final concentration of approximately 0.5 μM.
At these low concentrations SYTO13 only labels the cell nucleus.
During microscopy, the gel samples were exposed to ambient temperature and
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atmosphere. HUVECs were stimulated to generate nitric oxide by addition of
either acetylcholine (50 μM, Sigma, St. Louis, MO, USA) or calcium ionophore
A23187 (5 μM, Calbiochem, La Jolla, CA, USA). Two-photon microscopy
showed that calcium ionophore reached and stimulated the first cells within half
an hour. Acetylcholine diffused through the fibrin gel at a much slower rate and
only after 6 hours the first cells were reached and stimulation was observed.

Microscopy  set-uup
A standard Biorad Multiphoton System Radiance 2100 (Biorad, Hemel
Hempstead, United Kingdom) was used in TPLSM mode. The excitation source
was a Spectra-Physics Tsunami Ti:Saphire laser (Spectra-Physics, Mountain
view, CA, USA). The laser is tuned and mode-locked using a prism sequence
and a slit. The position of the slit tunes the output wavelength, while the width
of the slit changes the temporal width of the pulses. For most experiments the
laser was tuned and mode-locked at 800 nm, producing light pulses with
duration of about 140 fs (repetition rate 82 MHz). The pulses reached the
sample through the microscope objective (60 X, water dipping, numerical
aperture 1.0, working distance 2 mm), connected to an upright Nikon E600FN
microscope (Nikon Corporation, Tokyo, Japan). An optical zoom in the scan
head achieved further magnification. When desirable the fluorescence is
detected by three independent photomultipliers for the blue, green and red
wavelength regions (430-470 nm; 508-523 nm and above 570 nm
respectively). For visualization, the so-obtained three separate images (coded
blue, green and red, respectively), were combined into a single image.
However, the intensities in the three separate channels remain available and
are used for quantification purposes (see microscopy data analysis). The
excitation wavelength of 800 nm was chosen since we found that at this
wavelength both traps and adducts were effectively excited and background
cellular autofluorescence is minimalized and undetectable. No additional
image processing was performed. For imaging of the endothelial cells on the
beads, an imaging speed of 0.1 Hz was used to improve signal-to-noise ratio.
Images were analyzed using acquisition software (Laser sharp 3.0, Biorad,
Hemel Hempstead, United Kingdom), and Image-Pro Plus 6.0 (quantitative
image analysis software, Media Cybernetics Inc, Silver Spring, USA). 3D-
reconstructions were created with the 3D-reconstructor 5.1 software package
for Image-Pro Plus, from z-stack series (interplane distances of 0.6 μm;
approximate slice thickness 1.5 μm) using Maximum Intensity Projection. 

Microscopic  data  analysis.
From a z-stack of cells on beads (e.g., from figures 3 and 4) the ratio of blue
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and red fluorescence (R) of a single cell was determined by determining the
ratio of blue to red fluorescence for 5 independent line profiles (using Image-
Pro Plus 6.0). Care was taken to avoid the crossing of selected lines with
nuclear regions that did not take up the probe. The values of R (R±SE) indicated
in the text are then the averages of a number (m) of single cell values in a
number (n) of independent experiments (no intervention, sprouting: n=2,
m=17; no intervention, non-sprouting: n=2, m=10; acetylcholine, sprouting:
n=3, m=35; acetylcholine, non-sprouting: n=3, m=10; calcium ionophore,
sprouting: n=3, m=20; calcium ionophore, non-sprouting: n=3, m=10).
Sprouting and non-sprouting cells were discriminated on the basis of the
presence of cellular extrusions in 3D-stacks of beads. All relevant settings for
intensities (laser power, filter choice, gain, offset) were equal, so that values of
R for the used images can be compared. Since cellular autofluorescence was
virtually absent (less then 1 % of the lowest red FNOCT intensity in unstimulated
cells), no autofluorescence correction was needed for the R value. However, the
value of R cannot directly be related to concentrations, since that would require
tedious calibration procedures for the specific settings used. This was beyond
the scope of this study. Differences in ratios were tested for significance using
one way ANOVA with a Bonferroni correction. The first test involved the groups
of calcium ionophore intervention and no intervention. The second test
compared the acetylcholine intervention with the no intervention. A value of
p≤0.05 was considered to be statistically significant. The SPSS 13.0 software
package (SPSS Inc., Chicago, USA) was used for statistical analysis.

Results

FNOCT-55  does  not  affect  enzymatic  activity  of  eNOS  and  iNOS  under
physiological  conditions
The influence of FNOCT-5 ester on the enzymatic activity of eNOS and iNOS
was established by the 3H-Arginine      3H-Citrulline conversion assay. In
absence of FNOCT-5, the NO production of eNOS and iNOS was found as
92±10 nmol (min mg)-1 and 150±14 nmol (min mg)-1 respectively. These values
are in reasonable agreement with production rates published previously [27,
28]. The half maximum inhibiting concentration (IC50) is determined by dose
dependent inhibition of the conversion by FNOCT-5. FNOCT-5 inhibited both
eNOS and iNOS in a dose dependent manner with an IC50 of 86±14 M and
163±63 M respectively (fig. 1). These IC50 values are higher than the volume-
averaged [FNOCT-5] concentration (? 50 μM) used in applications, but it
should be kept in mind that the intracellular FNOCT-5 concentrations are
usually higher due to the intracellular accumulation process. The inhibition
capacity of FNOCT-5 is related to its modest solubility in water, since its

~~
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hydrophobic character gives the FNOCT-5 a preference for the cellular lipid
and protein compartments [24]. Therefore, in the absence of other low-polarity
compartments in the buffer solution, the solubility characteristics will result in
artificially high concentrations of FNOCT-5 ester on NOS proteins, thus
overestimating the effect of FNOCT-5 on enzymatic activity of iNOS and
eNOS. 
We therefore repeated the inhibition experiment in the presence of
physiological quantities of bovine serum albumin (BSA). An excess FNOCT-5
concentration of 320 μM is strongly inhibiting both eNOS and iNOS in the
absence of BSA.  However, the presence of 10 mg ml-1 BSA restores eNOS and
iNOS activity to 91 % and 82 %, respectively, of maximum value. 

FNOCT-55  does  not  scavenge  superoxide
The scavenging capacity for the reaction of FNOCT-5 with superoxide (pH 7.4,
37 °C) was investigated by competitive spin trapping with DMPO using
XO/HX as a superoxide producing system. By EPR, we observed that the
presence of FNOCT-5 in concentrations up to 1.25 mM did not affect the
formation of DMPO adducts. At the same time, exposure of 50 μM FNOCT-5
to superoxide radicals did not reduce the intensity or spectral shape of its red
fluorescence. Apparently, the presence of FNOCT-5 does not inhibit the
enzymatic activity of Xanthine Oxidase. Also, FNOCT-5 does not react
significantly with superoxide even when used at high concentrations. The
limited sensitivity of EPR implies that we can only determine an upper limit for
the reaction rate of FNOCT-5 with superoxide: k<102 (Ms)-1. The true value may
well be far smaller than this upper limit, or even essentially zero. This should
be compared with the value for the reaction rate of FNOCT-5 in buffer with NO
(160 M-1s-1) as found before [29].
Similarly, in vitro steady-state fluorescence spectroscopy showed that the blue-
fluorescent FNOCT-NOH adducts do not react with superoxide radicals from
the addition of excess potassium superoxide. Similarly, the fluorescence of
FNOCT-4-NOH was stable against addition of excess hydrogen peroxide (data
not shown). 

Sprouting  endothelial  cells  have  higher  NO  production  after  stimulation
The production of NO by endothelial cells growing on beads was investigated
using FNOCT-5 in combination with two-photon fluorescence microscopy.
HUVECs in this system grow from the beads into the fibrin matrix in
characteristic capillary structures called 'sprouts'. Scanning of the z-stacks and
the 3D-reconstructions obtained by TPLSM allows easy discrimination of
sprouting and non-sprouting cells. Figure 2 represents a 3D-reconstruction of a
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bead coated with many cells. The cells were exposed to FNOCT-5 for several
hours. The probe is internalized and converted to FNOCT-4. No fluorescence
above noise level was detected outside the cells, indicating that FNOCT-5 is
completely taken up by the cells, where it is converted into FNOCT-4. Both
longer sprout networks (S1) as cells with individual sprouts (S2) are visible due
to the labeling with FNOCT-4. The cell nucleus (CN) does not contain FNOCT-
4, as deduced from the absence of signal above noise level. Figure 3a shows
a typical image of 1 non-sprouting cell and various sprouting cells on the same
bead, imaged five hours (in view of the slow diffusion speed of FNOCT-5
through the gel, see materials and methods) after loading with FNOCT-4 traps.
Absolute blue and red intensities in sprouting and non-sprouting cells were
similar, demonstrating that both types of cell have comparable capacity to
accumulate and convert the FNOCT-5 ester to the FNOCT-4 acid form, which
represents the actual intracellular NO trap. Five hours after the initiation of
cellular loading both blue and red fluorescence intensity remained constant,
indicating that at that time accumulation of the probe has saturated.
Apparently, basal NO production of both sprouting and non-sprouting cells is
below detection level, nor are cells exposed to any other stimulus for NO
production. Finally, this observation also shows that the laser illumination at our
wavelength and power level does not cause artefactual blue emission due to
photo degradation of the probe molecules. The cells were not further stimulated
to produce NO. Cells show a strong red fluorescence and a slightly weaker
blue fluorescence, resulting in an overall purple color. The ratio of blue to red
fluorescence (R, see materials and methods for procedure) was found to be
1.12±0.12 for sprouting and 0.95±0.15 for non-sprouting cells. According to
the statistical testing these values are not significantly different (p>0.05). We
note that the cells show some residual blue fluorescence due to the
aforementioned contamination with the synthetic precursor (see materials and
methods) of FNOCT-5. This contamination results in values of R   1 and attests
to the high but not perfect efficiency of the photolysis used to convert the parent
ketone to FNOCT-5. It limits the sensitivity of the FNOCT traps, as the blue
fluorescence from true NOH-adducts must approach that of the ketone
contamination to be detectable. 
Since basal NO production was below our detection limit in both sprouting and
non-sprouting cells, we stimulated NO production of the cells with calcium
ionophore or acetylcholine, two established actors on eNOS through changes
in cellular calcium concentrations. As a typical example fig. 3b shows the result
for the same cells as in figure 3a, but now half an hour after the addition of
calcium ionophore to the medium surrounding the gel. Again, no fluorescence
is detectable outside the cells. Non-sprouting cell have maintained their mainly

~~
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purple overall color (R=0.81±0.12, not significantly different from the value in
the non-sprouting, unstimulated cells, p>0.05). In contrast, sprouting cells have
turned bluer, due to a slight decrease of red fluorescence and a significant
increase in blue fluorescence. Although this change is optically only subtle, it is
clearly reflected in a significant increase in value of R to 1.56±0.10 (p<0.01
when compared to both sprouting, no intervention and non-sprouting, with
calcium ionophore). This value distinguished the stimulated sprouting cells from
their non-sprouting brethren. 
Then, cells on beads (different samples) were imaged both before and after
stimulation with acetylcholine (50 μM). The incubation time was chosen much
longer for acetylcholine as this stimulant diffuses through the gel at much slower
speed than calcium ionophore (see materials and methods). Additionally,
SYTO13 (λmax emission = 515 nm, green, probe attaches firmly to DNA [30])
was added at low concentration to image the cell nucleus. This did not interfere
with the calculation of R, since SYTO13 at such low concentrations was only
present in the cell nucleus and only in the green channel. As before with
calcium ionophore, two-photon microscopy reveals that no fluorescence is
detected outside the cells. Non-sprouting cells have maintained their overall
purple color, R=0.8±0.2, while in sprouting cells a stronger blue fluorescence
from the NO adduct FNOCT-4-NOH is observed and the original red
fluorescence of FNOCT-4 has diminished. This is expressed in a value of R that
has increased to 6.1±2.1 (p<0.01 when compared to both sprouting cells, no
intervention and to non-sprouting cells, with acetylcholine). The large error is
caused by an apparent dependence of the value of R on time after stimulus and
individual cells. Figure 4 shows a typical 3D-reconstruction of an individual
sprouting cells (zoom factor 3), clearly showing the homogeneous blue
fluorescence of the cytoplasm, including the sprouts, of this cell (for this specific
cell R=4.0±0.1). In a separate experiment, the transition to blue fluorescence
could be abolished (R=0.9±0.2) by preincubation with 500 μM of the NOS
inhibitor N-nitro-L-arginine. This observation supports the proposition that the
change in fluorescence emission is due to trapping of NO from NOS activity
only. 

Discussion

The  properties  of  FNOCT-55
In experiments with isolated enzyme, FNOCT-5 inhibits both eNOS and iNOS
activity with an IC50 of 86 μM and 163 μM, respectively. These values are
comparable to the FNOCT concentrations (optimal concentration for the
labeling solution was 50 μM, according to [18],[24] ) used in experiments.



Imaging NO levels in Cultured Endothelial Cells

119

Therefore, this result seems to imply that FNOCT-5 should be unsuitable to
detect NO in biological systems, especially in view of the fact that the actual
intracellular concentration of FNOCT-4 will be higher due to the esterase
activity of living cells. However, these in vitro inhibition experiments should be
interpreted with care for 2 reasons: (1) given that  FNOCT-5 ester has a far
higher solubility in low-polarity lipids and protein compartments than in
aqueous buffers, in the in vitro experiments FNOCT-5 will preferentially
concentrate on NOS proteins in the absence of other low-polarity
compartments. This will consequently result in an overestimation of the effect of
FNOCT-5 on NOS activity. Indeed, the addition of a small amount of protein
(in our case 10 mg ml-1 BSA) almost completely restores the NO producing
capacity of the enzyme, demonstrating that FNOCT-5 does not act as a specific
inhibitor of NOS isoforms. In real biological systems, the protein concentration
is generally high (e.g., 75 mg/ml in human plasma [31], and 200 mg/ml
intracellularly [32]). Therefore, the high protein and lipid content of living cells
and tissues provide NOS with good protection against FNOCT inhibition, even
at the high intracellular concentrations that can be reached. (2) FNOCT-4 is
present intracellularly at much higher concentrations, but is an acid that
preferentially localizes in the aqueous phase, away from NOS. Therefore, the
effect observed for FNOCT-5 in vitro will apply to a lesser extent for FNOCT-4
intracellularly.

Our EPR experiments have shown that the FNOCT traps do not react
significantly with superoxide radicals, and do not inhibit Xanthine oxidase
(XO). This finding is significant since Galley et al. have shown [33] that the
normal physiology of NOS may be affected by the XO activity in cell cultures.
XO is involved in the metabolism of uric acid and produces large quantities of
superoxide when up regulated as a result of ischemia-reperfusion injury or
inflammation as occurs in transplant rejection or stimulation with lipopoly
saccharide [34-36]. Oxidative stress in general and superoxide radicals in
particular are important mediators in NO metabolism and this may have strong
implications in pathophysiology [37]. NO rapidly reacts with superoxide with
a rate constant of circa 6.7 * 109-1.9 * 1010 (Ms)-1 [38-40] to form the potent
oxidant peroxynitrite [41, 42]. We have shown previously [43] that
peroxynitrite may react with FNOCT-5 but that the reaction product is non-
fluorescent. As such, peroxynitrite cannot act as an impostor for true NO in our
assay. However, it indicates that what we measure is not the total NO
production, but the produced NO that actually survives and is available for
direct actions. The present work has shown that FNOCT-5 does not significantly
interfere with the enzymatic activity of NOS and xanthine oxidase.
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NO  detection  in  sprouting  cells
Cheletropic traps have been proven to be non-toxic for cultured endothelial
cells [18, 24]. Their main advantage over other fluorescent NO traps is their
specificity for NO, since the nitric oxide radical is the only known pathway
leading to the blue-fluorescent adduct. One might argue that the formation of
this FNOCT4-NOH is via the hydroxylation of an intermediate FNOCT-4NO
and thus its intensity also depends on intracellular reduction of unknown
pathways. Indeed, the intermediate product FNOCT-4NO is non-fluorescent
and remains unobserved with fluorescence microscopy. However, previous EPR
experiments in cell cultures have shown that this nitroxide population remains
below detection limit as the hydroxylation of the intermediate to FNOCT-4NOH
is facile in biological systems [18] 
We applied FNOCT-5 to an in vitro model for the initial sprouting stage of
angiogenesis. The endothelium is critical for angiogenesis to occur. Several
reports in the literature implicate that endothelium-derived NO plays a role in
the pro-angiogenic endothelial capillary formation. Clinical and experimental
observations have identified several pathological conditions where deficient
angiogenesis is directly linked to deficiency in the NO synthase pathway.
Widespread examples are diabetes [44], hyperhomocystenemia [45], or
hypercholesterolemia [46, 47]. The link between angiogenesis and NO is
reinforced by observations that suppletion of L-arginine promotes angiogenesis,
while inhibition of NO synthase delays the angiogenic process [48, 49].
Therefore, it was proposed that NO itself could be a direct modulator of
angiogenesis. We restricted ourselves to a model for the sprouting stage of
incipient angiogenesis, using two-photon fluorescence microscopy in
combination with FNOCT-5/FNOCT-4 to detect the intracellular synthesis of
NO. The kinetics of the conversion from red to blue fluorescence, i.e. the rate
of NO production, was not yet studied. However, the microscopic resolution
allowed morphological identification of sprouting cells, while simultaneously
discriminating NO production in sprouting and non-sprouting cells. Under
basal, non-stimulated, conditions the NO production remains below the level of
detection for sprouting as well as non-sprouting cells. This is not surprising since
NO is not essential for the sprouting process. To test whether NO production
capacity is different in sprouting when compared to non-sprouting cells, we
applied a NOS agonist to stimulate the synthesis of NO by the cultured cells.
After acetylcholine stimulation, blue fluorescent FNOCT-NOH adducts are
formed. Inhibition of this adduct formation by N-nitro-L-arginine shows that
NOS is the source of the NO detected. 
Previous studies on FNOCTs [24] have shown that in vitro in a closed vessel a
tenfold excess of FNOCT leads to a complete trapping of produced NO. This
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poses the question as to the influence of FNOCTs on the physiological role of
NO in cells, since it suggests that NO produced by cells up to 5 μM is
completely scavenged. In cell cultures, however, many competing NO-
consuming reactions are present. Since the FNOCT-NO reaction is rather slow,
in such a system physiological NO sinks, e.g. reactions with heme compounds,
are much faster and compete strongly. Thus, only a fraction of produced NO
will be trapped by FNOCT, not influencing physiological function of NO. This
has been discussed previously [24]. 
The three-dimensional spatial resolution afforded by scanning two-photon
fluorescence microscopy was used to distinguish stimulated sprouting cells from
non-sprouting cells in the same culture. The former have significantly higher
levels of NO adducts than non-sprouting cells, even if both cell types exist as
close neighbors in the same cell culture and even on the same bead. Our
experiments show that sprouting endothelial cells have a higher capacity to
produce NO then their non-sprouting counterparts in the same cell culture.
There exists an intricate relationship between NO and angiogenic growth
factors [5]. On the one hand, NO itself was recognized as one of the agents
to stimulate angiogenesis in vitro [7, 50, 51], on the other hand VEGF-derived
angiogenesis shows upregulation of endothelial NOS (eNOS) [52] and
enhanced NO production [4]. Inhibitors of NO synthase inhibit the angiogenic
property of VEGF [53, 54] and bFGF [50] in vitro. These findings have been
confirmed in a rabbit cornea model for angiogenesis [55] and by impaired
angiogenesis [56] in eNOS knockout mice. Additionally, angiogenic effect of
statins [4, 57] has been attributed to eNOS activation. The above body of data
suggests that, although NO is not crucial for angiogenesis, it reinforces
angiogenesis by a positive feedback loop [58]. The results of this study are in
line with this suggestion. 
This study furthermore shows that highly specific and localized imaging of NO
production in cells in vitro is feasible, although quantification of intracellular
NO concentration was not performed. This would require tedious, preferably
cellular, calibration procedures and goes beyond the scope of this study. It
confirms the capacity of FNOCT to detect NO production with cellular
resolution, demonstrated before using traditional, 2D-fluorescence microscopy
in LPS-stimulated rat alveolar macrophages [29].  Apparently, the NO is
trapped before it can leave the cell by diffusion. This point deserves further
consideration. In our cultures, the average FNOCT concentrations used for
labeling were 50 μM, but the action of the cellular esterases accumulate the
intracellular FNOCT-4 concentration to an estimated 20 mM. The reaction rate
of 160 M-1s-1 with free NO radicals gives an upper limit of the NO lifetime of
around 0.3 s, but due to additional decay channels besides FNOCT, the actual
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lifetime of NO will certainly be significantly shorter. From the known diffusion
rate for NO in cells of 3300 μm2s-1 [59] one can calculate the upper limit in
diffusion distance to be 30 μm. Such a value thus indeed strongly supports our
assertion that the presented method allows the detection of intracellular NO
production of individual cells. This opens avenues for imaging the regulatory
pathways involved in the complex interplay between NO and angiogenesis or
atherosclerosis (e.g. effect of oxLDL on NO production at lesion prone sites
[60]). An intriguing question is whether imaging of NO in more complex, intact
tissues (e.g. mouse arteries, aortic rings, heart tissue, kidneys) will be possible
using this probe in combination with TPLSM. This is subject of ongoing study. 
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*  Footnote

There is considerable uncertainty in the literature with regard to the absolute
value of the rate constant for superoxide trapping by DMPO. Certainly, the
protonated form, HO2., is trapped by DMPO with a far higher rate than
superoxide itself, so that pH is a very important parameter. At pH 7.4 we
consider the DMPO trapping rate of 26 (Ms)-1 at 25 °C to be the most reliable
[61]. As a 12 degree temperature increase will increase the rate by a further
factor of 2, we estimate kdmpo = 50 Ms-1 for the trapping of superoxide by
DMPO at pH = 7.4. In the literature there exist a controversy on which radical
species is produced by the NO synthases at 37 °C. It is common experience
that attack of DMPO by different radicals may induce formation of spin trap
adducts which are identical or indistinguishable by EPR. This feature seriously
complicates the identification of the actually produced radical by DMPO. As in
our case the adduct formation could be completely abolished by addition of
SOD, it is proven that superoxide radicals have been trapped. The primary
superoxide-DMPO adducts (DMPO-OO- / DMPO-OOH) are quite unstable and
spontaneously convert into the hydroxyl-DMPO adduct (DMPO-OH) on a
timescale of about half a minute (depending on pH and temperature). Our
method therefore quantifies the number of this secondary adduct in the assay.
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This method is based on the usual and reasonable assumption that the yield of
secondary adducts is proportional to the number of primary superoxide
radicals formed.

Figure  1

A) Effect of FNOCT-5 on the enzymatic activity of 42 μg eNOS in 100 μl Tris buffer (10 mM, pH

7.4, 37 °C). The squares show the inhibition of eNOS by FNOCT-5 in absence of albumin.

Addition of 100 μg ml-1 albumin (triangles) suppresses the inhibition.
B) Effect of FNOCT-5 on the enzymatic activity of 57 μg iNOS in 100 μl Tris buffer (10 mM, pH
7.4, 37 ºC). The squares show the inhibition of iNOS by FNOCT-5 in absence of albumin.
Addition of albumin (triangles) cancels the inhibition.
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Figure  2

3D-reconstruction of a typical bead covered with HUVEC's. Image is 300 * 300 *200 μm (x, y,

z). Clearly visible are the many sprouting cells, either forming vessel-like structures (S1) of single

sprouts (S2) pertruding in the fibrin matrix. The FNOCT NO probe is only taken up by cell

cytoplasm since the cell nuclei (CN) remain unstained. The probe is not detectable outside the cells.
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Figure  3

Typical XY scan (1.5 μm thick slice of 300 * 300 μm) from a Z-stack image of cultured HUVECs

attached to a bead. Visible is a non-sprouting cell, surrounded by sprouting cells growing into the

fibrin matrix. Sprouting cells may be distinguished from non-sprouting cells by the prominent

tentacular protrusions into the surrounding fibrin matrix.  Shown are the fluorescence of a single

non-sprouting and various sprouting cells prior to (A) and after (B) calcium ionophore stimulation.

Without stimulation, formation of the blue fluorescent FNOCT-4-NOH adduct remained below the

detection limit, even 5 hours after accumulation;  cell color in a)  is the superposition of red

fluorescence from accumulated FNOCT-4 traps, and some background blue fluorescence from

contamination by the ketone precursor of the FNOCT. After stimulation, the non-sprouting cell

maintains its overall purple color, indicative for the absence of NO production, while the NO levels

in the sprouting cells increase, as seen from the enhanced blue fluorescence in B) and the increase

in R value.

Figure  4

Typical microscopic 3D-reconstruction of

cultured HUVEC attached to a bead, with

sprouts growing into the fibrin matrix. Image is

100 * 100 μm over a depth of 20 μm. Image

was taken several hours after stimulation with

acetylcholine (50 μm). The intensity of the blue

fluorescence shows that significant amount of

the FNOCT-4-NOH adduct has formed in this

cell, R=4. The blue fluorescence is

homogeneously distributed inside the cell. The

cell nucleus appears green after addition of

SYTO13 at low concentration.

A B
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Abstract

In vivo imaging of especially large arteries using two-photon laser scanning
microscopy (TPLSM) results in images (optical sections) that severely suffer from
motional artifacts within each image and between subsequent images. We
applied TPLSM image acquisition triggered on cardiac and respiratory cycle,
and accelerated image acquisition in order to reduce the impact of motion
between subsequent images and within each image. 
Carotid arteries of anesthetized C57BL6/J mice (n=4) and renal arteries of
anesthetized WKY-rats (n=6) were surgically exposed, labeled with specific
fluorescent markers for cell nuclei and cytoplasm, and imaged using TPLSM.
Blood pressure and respiratory signals were recorded and fed into a trigger
unit. The trigger unit generated a trigger pulse at a stable moment in the
cardiac and respiration cycle which was used to acquire single images. Image
acquisition was accelerated by reducing the number of scanned pixels or
reduction of pixel dwell times (or a combination of both). Spatial resolution and
signal-to-noise (S/N) ratio are reduced at higher image acquisition speeds.
Therefore, filtering in the Fourier domain was examined to improve overall
image quality. 
In both mice and rats, timing of the trigger moment at the diastolic phase in the
cardiac cycle combined with acquisition rates of 4 Hz or higher, resulted in
stable images with reduced motional artifacts. Moreover, subsequently
acquired images contained a similar and stable image of the artery.
Application of the Fourier transformation further improved overall image
quality. 
We have shown the feasibility of stable imaging of large arteries using TPLSM
triggered on cardiac and respiratory cycle. The presented method creates new
opportunities for in vivo studying of various structural and functional properties
of the (diseased or damaged) arterial wall at subcellular level.
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Introduction

Recently, we have performed ex vivo imaging at cellular level inside the vessel
wall of large murine arteries in isolated vessels mounted in a perfusion
chamber [1, 2]. Fluorescent dyes were used to highlight structural or functional
aspects of interest using two-photon laser scanning microscopy (TPLSM). This
setup allows for application of physiological transmural pressure and
perfusion. In vivo imaging of such arteries at cellular level, using TPLSM, is
hampered by motional artifacts caused by heartbeat (up to 600 beats per
minute in anesthetized mice, causing local tissue motion, and pulsation of the
artery) and respiration. Such motional disturbances strongly reduce image
quality and therefore have to be overcome. 

In conventional fluorescence microscopy, the whole field of view is illuminated
and instantaneously imaged at video rate and higher (50-500 Hz), with a
limited depth of field (1-10 μm) [3]. Fluorescently labeled structures, however,
may be visible even if they are more than 10 μm out of focus. When focusing
on the luminal endothelial cell layer of a blood vessel, this technique is
therefore particularly suitable for visualization of blood cell-vessel wall
interactions [4, 5] and hemodynamic parameters [6] especially in thin
transparent tissues where detection of fluorescent blood cells is possible at a
depth up to 100 μm. Although it has been demonstrated that conventional
intravital fluorescence microscopy allows for detection of fluorescently labeled
blood cells that interact with the vessel wall in large (atherosclerotic) arteries [7-
9], its applicability for imaging of structures in the vessel wall of such arteries
at a subcellular level is limited. Image quality is hampered by contributions
from out-of-focus fluorescence and rapidly decreases at deeper layers due to
scattering. These strong scattering properties of the wall of larger arteries
preclude the use of conventional intravital fluorescence microscopy to visualize
subcellular structures.

Confocal laser scanning microscopy (CLSM) limits the contribution of out-of-
focus fluorescence light and offers excellent images of vascular structures in thin
and transparent tissues [3, 10]. However, when imaging in thicker, scattering
tissues, such as the wall of large arteries, scattering of the emission light
strongly increases with depth and as a consequence, the spatial resolution
deep in the sample is reduced [11].
Two-photon laser scanning microscopy (TPLSM) does allow ex vivo imaging of
large arteries at high spatial resolutions [1, 2, 11-14] and in vivo visualization
of various relatively stationary tissues and structures such as brain [15], kidney
[16-18], microvasculature [19], and lymphatics [20]. 
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Since two-photon excitation of fluorescent molecules only occurs in a small
volume element (voxel) in the focal plane, scattering of the emission light in the
tissue does not affect the spatial resolution. Indeed, any light reaching the
detector can originate only from the excited voxel. In TPLSM the wavelength of
the excitation light is almost double of that in conventional microscopy. While
this limits the resolution, especially at low depths in the tissue, this effect is
counterbalanced at higher depth by significantly reduced scattering of longer
wavelengths. Conclusively, TPLSM combines large penetration depth, good
optical sectioning, and subcellular resolution.
Unfortunately, TPLSM does not allow image acquisition at video rate since
image composition is based on point-by-point scanning through the optical
section, as in all laser scanning microscopes. Therefore, imaging of large
arteries in vivo is complicated since the acquired images will suffer from
motional artifacts (introduced by the cardiac and respiratory cycle of the living
animal) within single images and between subsequent images. 
Motional artifacts may be minimized by making several adaptations to the
acquisition mode: (1) Acquisition of each separate image in a time sequence
should start at a specific, fixed moment in the cardiac- and respiration cycle.
This potentially results in a series of images that contain a similar part of the
(still moving) arterial wall. (2) Acceleration of image acquisition will decrease
motional artifacts within each separate image. This can be achieved by
reducing the number of pixels, or the pixel dwell times (or a combination of
both). Unfortunately, accelerated image acquisition also results in a reduction
of either in spatial resolution or signal-to-noise (S/N) ratio. 
(3) When all acquisition parameters are optimal, application of specific image
analysis tools might increase overall image quality and might allow removal of
remaining motional artifacts within each image. 

In the pilot study described in this chapter, we tested the effects of image
acquisition triggered on heart rate (arterial blood pressure) and respiration in
combination with accelerating sampling rates for in vivo TPLSM imaging at a
subcellular level. Furthermore, image analysis routines were utilized to enhance
image quality and to correct for errors that occurred as a consequence of
accelerated image acquisition. Imaging was performed in surgically exposed
carotid arteries of C57BL6/J mice and renal arteries of WKY rats. Arteries
were stained with vital and specific fluorescent markers for elastin bands and
cell nuclei. Collagen in the tunica adventitia was visualized by using the non-
linear scattering process second harmonic generation (SHG) [11, 21-23].
Additionally, cytoplasm of (blood) cells and blood platelets were fluorescently
labeled to visualize their interaction with the vessel wall. The advantages and
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disadvantages of the method will be discussed and criteria for timing of the
trigger pulse will be provided. 

Materials  and Methods

Animals
All experiments were in line with institutional guidelines and approved by the
local ethics committee on the use of laboratory animals. Mice (C57BL6/J; n=4)
were anesthetized using subcutaneous administration of a mixture of 75 mg/kg
ketamin (Nimatek, Eurovet, Cuijck, the Netherlands) and 15 mg/kg xylazin
(Xylazin, Ceva Sante Animale BV, Naaldwijk, the Netherlands) in a volume of
3 ml/kg. Anesthesia was maintained by subcutaneous injection of 0.88 ml/kg
of the same xylazin-ketamin mixture every 30 minutes. Rats (WKY; n=6) were
anesthetized by a single intraperitoneal injection of urethane (1.7 mg/kg). All
anesthetics were dissolved in saline (0.9 % NaCl solution; Braun Melsungen
AG, Melsungen, Germany). Body temperature was monitored using a rectal
probe (Watlow, PT100 sensor, UK) and maintained at approximately 37 ºC by
a heating platform (TH60-SMZ, Linkam Scientific Instruments, England). 

Tissue  preparation  and  instrumentation
Animals were placed in supine position on the heating platform mounted on the
microscope stage. In mice, the right common carotid artery was surgically
exposed up to the bifurcation [7]. In rats, the abdominal region was surgically
opened and the left renal artery exposed. In order to simplify discrimination
between artery and surrounding tissues, a thin black plastic sheet was placed
underneath artery segments in both preparations. All exposed areas were kept
moist during the remainder of the experiment by dripping natriumchloride 0.9
% (Braun Melsungen AG, Melsungen, Germany) on it.
For administration of fluorescent dyes, in both species the left jugular vein was
cannulated with a catheter made of polyethylene PE 10 tubing. Blood pressure
was measured using a catheter (PE 10) in the left femoral artery linked to two
blood pressure sensors (Baxter uniflow, Baxter B.V., Utrecht, the Netherlands);
the first was used to monitor absolute blood pressure and, hence, the condition
of the animal. The second blood pressure signal was used as input in the
trigger unit which only uses the first derivative, i.e. changes in blood pressure
signal. All catheters and blood pressure probes were filled with a mixture of
saline and heparin (1 μl/ml). 
In order to stabilize respiration, the trachea of the mice was intubated using a
blunt needle (1.2 * 40 mm) (in rats using PE 200 tubing) and ventilated with
normal air using a ventilator (mouse: respiration rate 4 Hz,  Minivent 845,
Hugo Sachs Electronic GmbH, Germany; rat: respiration rate 2 Hz, Harvard
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rodent respirator, Harvard Apparatus, Massachusetts, USA). A respiration
sensor (Graseby, Wicklow, Ireland) was placed on top of the chest in order to
obtain a (relative) respiration signal for the trigger unit. 

Triggering
The respiration sensor and one of the blood pressure sensors was connected to
the trigger unit (Rapid Biomedical, Würzburg, Germany), originally designed
for NMR tomography. The output trigger signal was coupled to the
trigger/synchronizer input of the instrumentation control unit of the TPLSM
system. The trigger unit displayed both the respiration signal and the relative
blood pressure signal. By setting thresholds for both signals, a stable time
window in the cardiac and respiration cycle could be defined. The blood
pressure signal was the primary determinant for the trigger moment. Note that
the stability of the obtained blood pressure signals was occasionally hampered
by leakage of the fluid filled blood pressure sensors. Since blood pressure is
known to vary with respiration, the respiration signal was used to find the time
window in which blood pressure pulses were optimally stable. At the start of
such a (selected) time window, a trigger pulse started the acquisition of a single
optical section. A trigger delay for both blood pressure and respiration could
be set in order to simplify the search for an optimum trigger moment in the
cardiac and respiration cycle without the need for adjustment of the actual
blood pressure signal, respiration signal, or trigger thresholds. As a result, a
series of triggered optical sections in time was obtained that contained similar
parts of the (moving) sample. 

For analyses of the triggering and acquisition timing, the trigger pulse, blood
pressure signal, and respiration signal originating from the trigger unit, and
absolute blood pressure signal (originating from the first sensor) were digitally
recorded using a programmable acquisition system M-PAQ in combination with
the programmable acquisition software package IDEEQ (IDEE, Maastricht, the
Netherlands). Sampling rate was 1000 Hz. Total frame time, start time of each
subsequent image, and time gap between two subsequent optical sections
(frames) were recorded using the TPLSM acquisition software (Biorad/ Zeiss
Lasersharp 6.0;  Hemel Hempstead, GB).

Fluorescent  staining
Nuclei of viable cells were labeled with the viable cell membrane permeable
DNA / RNA marker SYTO13 (2.0 μM; λmax emission = 510 nm) (Molecular
Probes, Leiden, the Netherlands). Although elastin displays an
autofluorescence signal [23], the autofluorescence is weak when compared to
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the fluorescence of the probes. Therefore, eosin (0.5 μM; λmax emission = 545
nm; Molecular Probes) was used as a specific and strongly fluorescent elastin
marker [24]. SYTO13 and eosin were dissolved in saline and administered
topically on the artery. In four rats, SYTO13 was infused intravenously (0.1 ml
of a 4.0 μM solution in saline) in order to more specifically stain the endothelial
cell nuclei and blood cells. Circulating blood platelets, cytoplasm of leukocytes,
and cells in the arterial wall were labeled fluorescently by intravenous
administration of acridin red (AR; Chroma-Gesellschaft Schmid GmbH,
Germany); 0.03 ml in mice or 0.1 ml in rats of a 2.0 mg/ml solution in saline
with 5 % ethanol. Collagen was visualized by second harmonic generation or
SHG (λexcitation = 840 nm, λmax emission = 420 nm). 

Image  acquisition
Microscope
To accommodate the animal preparations, the workspace between the
microscope stage and objective lenses of our Nikon E600FN microscope
(Nikon Corporation, Tokyo, Japan) had to be increased: the standard stage
(2.9 cm thick) was replaced by a home-built microscope stage (0.8 cm thick,
IDEE, Maastricht, the Netherlands). Adjustment of the xy-position of the in vivo
stage was performed with a micromanipulator (Leitz micromanipulator M,
Wetzlar, Germany). The heating stage was mounted on top of the microscope
stage.
A Nikon E600FN microscope (Nikon Corporation, Tokyo, Japan) was
connected to a Biorad 2100MP multiphoton system (Biorad, Hemel
Hempstead, GB). The excitation source was a 140 femtosecond pulsed Ti:
sapphire laser (Spectra Physics Tsunami, Mountain View, USA) tuned and
mode-locked at either 800 nm (for visualization of fluorescent probes) or 840
nm (to visualize collagen by second harmonic generation). Laser light reached
the sample through the microscope objective (60 X water dipping, numerical
aperture 1.0, working distance 2 mm; 40 X water dipping, numerical aperture
0.8, working distance 2 mm; 20 X water dipping, numerical aperture 0.5,
working distance 2 mm). 
Three photo multiplier tubes (PMTs) were used to detect the emitted fluorescent
signals. For imaging of each of the fluorescent markers, PMTs were tuned
corresponding to parts of the emission spectra of the fluorescent markers used:
SYTO13, 500-540 nm (PMT 2); Eosin, 530-560 nm (PMT 2) and / or 560-590
nm (PMT 3); AR, 560-600 nm (PMT 3); SHG, 400-450 nm (PMT 1). For
simultaneous imaging of a combination of fluorescent markers, each PMT was
tuned for minimal bleed-through of the fluorescent markers used. To prevent
photochemical and thermal damage, laser power was kept as low as possible [25].
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From each PMT, separate images of 256 * 256 pixels were obtained and
combined into one RGB-image. Series of 20-100 subsequent xy-images were
recorded (time-series). Acquisition of each separate image was started by the
trigger pulse derived from the trigger unit. Optimal frame rate was determined
empirically by adjusting the line speed until the image contained only little
motional disturbances. Frame rates varied from 2.3 Hz to 9.4 Hz, dependent
on matrix size, pixel dwell time, and line speed. Note that the mentioned frame
rates account for acquisition of one single image. Acquisition of a series of
subsequent images can only be performed at a maximum acquisition time of
approximately 1 frame per second (due to a delay within the hardware of the
microscope system and triggering on respiration). The high frame rates which
are necessary for in vivo imaging automatically apply additional optical zoom
in order to reduce total scan area, and hence, total acquisition time (table 1).
As an advantage, spatial resolution is increased.  
For the initial detection of the artery, the 20 X water dipping objective was used
in combination with a 20 W halogen cold light source (Schott KL 200, Schott
AG, Mainz, Germany). 

Table  1 image acquisition characteristics; line scan rate (lines per second; lps) in relation to

maximum size of the field of view (f.o.v.).

Normal  scan

rate

2X  scan  rate 4X  scan  rate Automatically

applied  zoom

Max

f.o.v.(μm2)

Line scan rate(lps) 25

50

166

500

600

750

1200

1500

1800

50

100

332

1000

1200

1500

2400

3000

3600

100

200

664

2000

2400

3000

4800

6000

7200

1.0

1.0

1.0

1.0

1.2

1.5

1.5

1.5

1.64

2062

2062

2062

2062

1722

1372

1372

1372

1262

Protocol No interlacing interlacing interlacing

Image  processing
Image reconstructions were performed using the Image-Pro Plus 6.0 software
(Media Cybernetics Inc., Silver spring, USA). Image processing was performed
using a software tool which uses the Mathematica 5.1 software package with
"Digital Image Processing", "Front-end Vision" and "Mathvision tools" plugins
(Wolfram Research Inc., Champaign, IL, USA) as a platform. This tool was
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developed in collaboration with the department of Biomedical Engineering
Eindhoven, the Netherlands, for motion correction and to improve image
quality by application of correction of interlacing inaccuracy and filtering in the
frequency domain (Fourier transformation and analysis).

Results  and  Discussion

Non-ttriggered  imaging
Ex vivo imaging of (non-moving) large arteries mounted in a perfusion
chamber, is typically performed with an acquisition rate of 0.1 Hz and a matrix
size of 512 * 512 pixels [1, 2]. The resulting optical sections have a good
S/N-ratio and high spatial resolution (up to 0.3 * 0.3 * 1.2 μm, dependent on
optical settings). During in vivo imaging, however, images should be acquired
well within one cardiac cycle. In mice anesthetized with ketamin-xylazin
mixture, the mean duration of one cardiac cycle was 0.24 s (4.2 Hz). This
fairly low cardiac cycle for mice is a consequence of the applied anesthetic
agents ketamin-xylazin which cause a strong depression of the heart rate in
mice (< 55 %) [26]. In rats, anesthetized with urethane (which only has minor
effects on heart rate), the average cardiac cycle duration was 0.17 s (5.9 Hz).
In order to limit motional distortions, imaging frequencies should therefore be
higher than 4 Hz. Such high frame rates can be achieved either by increasing
the line scan rate or decreasing the number of lines per image (matrix size).
The first method, however, decreases the pixel dwell time at the cost of a lower
S/N-ratio and, at higher rates, is accompanied by an automatic optical zoom
with consequently a smaller field of view. The second method results in lower
pixel resolution, which can only be resolved by using an equivalent optical
zoom.

Comparison of several acquisition rates for imaging of an ex vivo mounted
artery revealed that imaging at a rate of 3.0 Hz yielded optical sections with
a sufficient large field of view (no optical zoom is induced) and relatively good
overall image quality. However, this frequency was not high enough for in vivo
imaging since acquisition time exceeded a complete cardiac cycle and
therefore all motions within this cycle were captured in the image (fig. 1). The
largest movements of the vessel wall occur during the systolic phase of the
cardiac cycle. 
An in vivo acquisition rate of approximately 9 Hz further reduced the S/N-ratio
and field of view. The overall image quality was still acceptable. When
acquiring a series of subsequent images, the tissue visualized within each
optical section was different since the start of acquisition occurred randomly
within the cardiac cycle (fig. 2). Most optical sections were of low quality due
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to movements of the sample, loss of focus on the sample, or even complete
disappearance from the field of view. However, some of the optical sections of
such series of subsequent images contained tissue with relatively little motional
disturbances. Indeed, the advantage of such relatively high acquisition rates is
the possibility of acquiring an image well within one cardiac cycle. This implies
that some of the optical sections may be fully acquired within the duration of
the diastolic phase where movement of the artery is limited. This removes large
motional artifacts from at least some of the optical sections (fig. 2c, d) and is
indicative of the fact that proper timing of the start of image acquisition may
lead to relatively stable and repeatable images.

Triggered  in  vivo  imaging  
Controlled triggered image acquisition of each optical section (in a series of
20-100 subsequent images) resulted in subsequent images that all display the
same part of the artery during the same phase of movement and are, thus,
better comparable. 
Triggered imaging at higher acquisition rates (fig. 3-4; acquisition rate 6-7 Hz,)
yielded better results than at rates in the order of one cardiac cycle (fig. 5;
acquisition rate 4 Hz). In the former case, the image could be acquired in a
shorter part of the cardiac cycle and, therefore, a more stable period could be
found. 
The importance of exact timing of the trigger moment was tested empirically at
various moments in the cardiac cycle. Signal analysis (in mice) revealed that
series of subsequent optical sections with smallest impact of motional
disturbances were obtained when the trigger moment was set approximately
60-70 ms before the end-diastolic value of the pressure wave. Since the total
delay between generation of the trigger pulse and start of image acquisition in
our setup was constant and approximately 200 ms, image acquisition actually
started at peak pressure (i.e. the beginning of the diastolic phase). In rats,
triggered imaging often resulted in more stable images and smaller motional
disturbances than in mice, probably because of the somewhat lower motional
effects in the renal artery (further away from the heart). Timing of image
acquisition in (part of) the systolic phase of the heart cycle resulted in images
with large motional artifacts and strong deformations of the tissue, even at
higher imaging rates. 

We have shown the feasibility of in vivo imaging of several structures in the
arterial wall, and even detection of some blood cells adhering to or slowly
moving past the endothelium. However, in vivo imaging of large arteries using
TPLSM triggered on blood pressure and respiration still has an important
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limitation. Accurate tracking of (slowly) moving cells, as visible in figure 4, is
not possible because time intervals between two images are relatively long
(approximately 1.0 s) and more importantly, rather variable, due to the
stroboscopic-like acquisition subsequent images in a triggered series. This
stroboscopic-like acquisition (caused by the delay of the microscope hardware
and triggering on respiration) is a major limitation for determination of
functional properties such as imaging of calcium or nitric oxide dynamics or
tracking of moving objects such as blood cells rolling along the endothelium. 

The presented results of in vivo imaging may be improved in two ways: (1) the
used TPLSM setup only has a useful acquisition rate of 10 Hz and total
acquisition time (temporal resolution) of approximately 1 Hz, and does not
allow imaging at video rates (50-100 Hz). High speed two-photon microscopes
[19, 27] that enable image acquisition at video rates may be better suited for
in vivo imaging of strongly moving objects. Furthermore, narrowing the pulse-
width of the excitation light will enhance the probability of the two-photon
excitation [28]. As a consequence, signal strength and, thus, S/N-ratio
increases. Thus is beneficial for the image quality of accelerated image
acquisition. (2) Application of the more sophisticated solid state pressure
transducer catheter (Miller transducer without fluid column, as applied in [29])
yields more stable and accurate blood pressure signals and may enhance the
precision of triggering and, thus, provide more accurate timing of image
acquisition. 

Image  analysis
Overall image quality suffers from fast acquisition rates that affect the S/N-
ratio, due to short pixel dwell times (fig. 7a). Moreover, fast image acquisition
at doubled or quadrupled line scan rates (table 1) resulted in images that
appeared to be stretched in horizontal direction. This error is a consequence
of inaccurate build-up of the images at higher acquisition speeds due to a
change in the scanning protocol. In order to reduce total acquisition time, odd
scan lines of the matrix are scanned from left to right and even scan lines are
scanned from right to left, instead of scanning each horizontal line from left to
right (as is standard scanning mode with lower acquisition rates). Image
analysis of such images revealed that in comparison with the odd scan lines,
the even scan lines of the image matrix were shifted three pixels in horizontal
direction, causing the smeared look of the images. Correction of this
inaccuracy resulted in images that appear sharper (fig. 7b).
In order to further improve overall image quality of these corrected images,
Fourier transformation was performed to discriminate the original image
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frequencies (that lie around the origin, i.e. in the corners of the periodic
spectrum plot) from higher noise and interlacing frequencies. The undesirable
higher frequencies were then filtered out by multiplying the Fourier-spectra with
a mask based on a 2D-Gaussian weighted function. As a result, S/N-ratio is
improved (fig. 7c).

Conclusion

The presented method creates new opportunities for in vivo studying of various
structural and functional properties of the (diseased or damaged) arterial wall
at a subcellular level. It holds potential for in vivo visualization of the
relationship between various structures and their functions in changing
situations. Furthermore, three dimensional imaging of the arterial wall might be
possible in the near future, especially when more sophisticated solid-state blood
pressure transducers will be used yielding a more stable blood pressure signal.
In addition, it may provide an important tool for in vivo testing and validation
of novel molecular agents such as CNA35/OG488 [2] or targeted quantum
dots [30], as it provides detailed information regarding the behavior of such
agents in large arteries in vivo.
In the near future, triggered TPLSM imaging will be applied for in vivo
visualization of various properties of the arterial wall such as nitric oxide
production, the relation between adhesion molecules and adhering of blood
cells to the endothelium or diapedesis of blood cells into the diseased arterial
wall.
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Figure  1

Three subsequent optical sections (A-C) of a left carotid artery of a C57Bl6/J mouse obtained in

vivo without application of external triggering. Frame rate was 2.3 Hz (1200 lps; line scan rate 1

X, matrix size 512 * 512 pixels). Drawing indicates the position of the optical sections in the vessel

wall; bars indicate 20 μm. Cell nuclei (SYTO13, green) and collagen (SHG, blue/purple) are

visible. All sections are disturbed by motional artifacts which cause the arterial wall (blue arrow)

to appear as a curved-like structure. Moreover, every optical section contains different parts of the

(moving) vessel wall. The vSMC nuclei (green), with their typical morphology and orientation, are

hardly recognizable; the position of the lumen is unclear. 

Figure  2

Five successive optical sections of a left carotid artery of a C57BL6/J mouse in vivo without

triggering at a frame rate of 9.4 Hz (2400 lps; line scan rate 2 X; 256 * 256 pixels). Note the

reduced image size as a consequence of the high frame rate. Drawing indicates the position of the

optical sections; bar = 20 μm. Cell nuclei (SYTO13, green) and collagen (SHG, blue) in the arterial

wall are visible. Due to motion, the visualized part of the artery is different in every subsequent

image. Some optical sections (C, D) contain recognizable parts of the arterial wall and, thus,

appear to be imaged in a stable moment of the heart cycle. However, in some regions (white

arrow), motional disturbances cause alteration of vSMCs morphology which appear to be stretched

(A, B). Luminal and abluminal side of the artery are recognizable due to the clearly observable

collagen (blue) in the tunica adventitia.

Figures
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Figure  3

Five subsequent optical sections (A-E) of the left renal artery of a WKY-rat in vivo obtained with

triggered acquisition at a single depth. Frame rate was 7 Hz (1800 lps; line scan rate 1 X; 256

* 256 pixels). Bars indicate 20 μm; drawing displays the position of the optical sections.

Cytoplasm of the vSMCs (Acridin Red, orange) is clearly distinguishable on both sides of the lumen.

Every optical section displays similar parts of the artery, indicative of stable image acquisition.

Overall image quality suffers from high frame rates. Note the somewhat reduced quality of the

images.

Figure  4

Five successive optical sections (A-E) of the left renal artery of a WKY-rat in vivo obtained by

triggered acquisition at a frame rate of 5.9 Hz (1500 lps; line scan rate 1 X; 256 * 256 pixels).

Drawing displays the position of the optical sections; bars indicate 20 μm. Artery was labeled

topically for cell nuclei (SYTO13, green) and systemically for cytoplasm of (blood) cells and

platelets (acridin red, orange). The successive optical sections contain the same part of the artery.

In the tunica adventitia, collagen (SHG, blue) and nuclei (yellow arrow) are visible; vSMC nuclei

(white arrow) are observable in the tunica media. Moreover, an adhesive blood cell (encircled by

white dotted line) is visible against the vessel wall in several (> 10) successive images. The lumen

appears orange due to circulating unbound acridin red.
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Figure  5

Optical section of the left carotid artery of a C57BL6/J mouse obtained in vivo by application of

triggered image acquisition at a frame rate of 3.9 Hz (1000 lps; line scan rate 1 X; 256 * 256

pixels). Cell nuclei were stained topically and systemically with SYTO13 (green). (A) Nuclei of

vSMCs (white arrow) and several cells with lobbed nuclei (pink arrow) are distinguishable in the

lumen. However, part of the optical section is disturbed by motion. At the bottom of the image,

the artery has moved out of the focal plane. (B) This motional artifact can be removed by

cropping the optical section. (C-F) Series of successive cropped images. The cells with lobbed

nuclei (pink arrow) are slowly moving in the lumen. The optical sections were obtained at the

end of the experiment, where the blood pressure of the mouse had dropped below 50 mmHg;

heart rate was unaltered (4.3 Hz). 

Figure  6

Effects of image analysis displayed on one of the optical sections of the series of images as shown

in figure 4 (for extended information, see fig. 4). (A) Raw image of the data file as (partially) shown

in fig. 4; image appears fuzzy. The vSMC nuclei (white arrow) are hardly recognizable as

separate structures. (B) Same optical section after correction for inaccurate line positioning. The

image already appears sharper; vSMC nuclei (white arrow) appear separated and a (slowly)

moving rolling blood cell (encircled by white dotted line) is more clearly visible. Filtering in the

Fourier domain (C) further improves S/N-ratio of the image. Nuclei of vSMCs (white arrow) are

even more apparent. 
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The studies presented in this thesis demonstrate that Two-Photon Laser Scanning
Microscopy (TPLSM) enables subcellular imaging of viable and intact large
arteries of mice and rats in an ex vivo or in vivo environment. 
Application of a model of mounted arteries combined with appropriate
fluorescent probes, enabled visualization of various structural properties of
both healthy and atherosclerotic arteries. Detailed insight was provided into
differences in arterial vessel wall structure of elastic and muscular arteries.
Furthermore, we assessed that the activation of the vascular endothelium in
atherosclerosis-prone mice is not limited to the atherosclerosis prone sites.
Moreover, we demonstrated the association between collagen and
inflammation within atherosclerotic lesions. The feasibility of functional imaging
was explored and two novel fluorescent probes, for collagen and for nitric
oxide, were evaluated. Finally, we have shown the feasibility of stable in vivo
imaging of large arteries by triggering at a fixed moment in the cardiac and
respiratory cycle. 

For ex vivo imaging, large arteries were mounted and fluorescently labeled in
a perfusion chamber containing physiological buffer at 37 ºC. Mounting of
arteries is a preparation method that is generally used for perfusion myography
and pharmacological evaluation of arteries [1, 2]. As described in this thesis,
this model has several advantages over existing preparation procedures like
histology and en-face imaging. One of the main advantages is the possibility
to mimic physiological conditions by maintaining physiological transmural
pressure and length, resulting in structurally undisturbed arteries. For example,
in chapter 3 it was shown that the elastic laminae appear straight without the
wave-like appearance as seen in dissected arteries or histological slices.
Removal of transmural pressure and length adjustment in our set-up resulted in
appearance of wave-like elastin. This wave-like appearance is often interpreted
as the normal morphology [3], but it appears to be an artifact of preparation.
Another advantage is that the viability of all types of cells in the arterial vessel
wall can be maintained for at least four hours (chapter 3). Indeed, we reported
that, using a vasodilatation-vasoconstriction protocol, the functionality of
endothelium and vascular smooth muscle cells in mounted arterial segments is
preserved (chapter 3).  In the future this allows the combination of imaging and
functional studies (functional imaging).  Perfusion of mounted arterial segments
will enable visualization of structural consequences of flow dependent
remodeling, blood cell-vessel wall interactions, thrombus formation, or
leukocyte diapedesis. In chapter 4 we observed that the permeability of the
arterial vessel wall is not influenced in this mounting model and that the
endothelial cell lining remains intact, as derived from imaging patterns using a
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combination of nuclear (SYTO41) and collagen (CNA35/OG488) staining.
Moreover, since no leukocytes (or platelets) adhered to the endothelium of
healthy arteries after the dissection procedure (chapters 3 and 5), isolation of
the arteries appears to have no immediate effect on the activation state of the
vascular endothelium. Finally, the presence of the very delicate endothelial
glycocalyx in mounted arteries is indicative of the undamaged condition of
mounted large arteries, and proves that for physiological circumstances are
being mimicked (chapter 3). 

A crucial advantage of the application of TPLSM in the mounted geometry is
the ability to explore the complete artery for detailed structural characteristics
with high sensitivity. Applications are numerous, amongst others; further
characterization of the role of the endothelial glycocalyx in atherosclerosis
(thickness, distribution), the detection of angiogenesis in atherosclerotic
plaques, and the visualization of the expression of growth factors, chemo- and
cytokines as well as the presence of specific cell types (for example dendritic
cells, progenitor cells) in (diseased) arteries. However, a prerequisite for this to
be achieved is the existence of suitable probes for each of these imaging
targets. When fulfilled, TPLSM imaging of mounted healthy and diseased
arteries opens avenues for a wide range of studies on structural-functional
relationships in the vessel wall. As a proof of concept for such studies, we have
visualized the differences in morphology of elastic (carotid) and muscular (first-
order mesenteric and uterine) large arteries (chapter 3). Subtle dissimilarities,
such as a higher number and larger diameter of fenestrae in the internal elastic
lamina of muscular arteries, were assessed. Fenestrae in the internal elastic
lamina have been associated with electrical coupling between vascular smooth
muscle cells and endothelial cells [4-6] which indeed is more prominent in
muscular than in elastic arteries [7]. Other dissimilarities detected between
these arteries were a different vascular smooth muscle cell density (and, hence,
a different size), a third intermediate elastic lamina in elastic arteries, and the
morphology of collagen in the tunica adventitia (using second harmonic
generation). 

Collagen in the other tunicae of the arterial vessel wall could not be visualized
using its second harmonic generation. Therefore, CNA35 labeled with
fluorescent Oregon Green (CNA35/OG488) [8] was implemented as a
collagen marker for (at least) type  I, III, and IV collagen in healthy and
diseased large arteries (chapter 4, 5). 
Both after ex vivo and in vivo administration, we detected that in healthy and
viable elastic arteries this probe was only able to highlight collagenic structures
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in the adventitia, due to limited penetration of the probe through the intact
endothelial cell barrier and the elastic laminae. In contrast, in arteries of
atherosclerosis-prone (hyperlipidemic) ApoE-/- mice fed a western diet,
CNA35/OG488 labeled the collagen network inside atherosclerotic lesions,
both in the plaque and in the shoulder region. Furthermore, the collagen in the
basal membrane of the tunica intima was labeled at both plaque and non-
plaque sites. This indicates the barrier function of the endothelial cell lining to
be hampered, probably as a consequence of endothelial activation. The latter
was confirmed by the presence of inflammatory cells (probably monocytes)
adhering to the endothelium, mainly at sites of atherosclerotic plaques but also
at sites that are not prone to atherosclerosis. These findings suggest that in
atherosclerosis endothelial activation is generalized and occurs throughout the
larger vessels. The capability of CNA35/OG488 to label plaques in vivo
suggests that CNA35/OG488 is a good molecular imaging agent for
atherosclerosis. A requirement for (clinical) molecular imaging is the
application of non-invasive techniques, such as magnetic resonance imaging
(MRI) or positron emission tomography (PET). To investigate whether CNA35
can be used with these techniques, we are currently characterizing CNA35
conjugated to strongly fluorescent quantum dots (QDs). The use of QDs as a
vehicle for molecular imaging was recently demonstrated in a study where we
developed a multimodal optical-MRI probe for apoptosis detection [9]. Annexin
V was conjugated to QDs to detect apoptosis optically, while MRI detection
was enabled by loading the QD with Gadolinium wedges. The strength of the
combination of TPLSM and MRI is evident. While MRI is non-invasive, it lacks
resolution and sensitivity; this gap can be bridged by combining it with optical
techniques such as TPLSM. Interestingly, CNA35/OG488 labeling may also
be a measure of plaque stability, since collagen in atherosclerotic lesions is a
major determinant for this. However, since plaque stability is undoubtedly a
plural process, unequivocal detection of vulnerable plaques will require multi-
targeted probes.

Beside an increase in cell permeability [10], atherosclerotic endothelial cells
are also characterized by altered nitric oxide (NO) production [11]. NO is
important for many functional processes in the arterial vessel wall such as
(endothelium-derived) vasodilatation [12, 13] and anti-inflammation [11].
Decreased NO-production due to endothelial dysfunction is linked to various
diseases such as atherosclerosis [13-15]. However, up to now, NO production
and NO signaling were mainly studied indirectly, due to a lack of suitable NO-
probes. In our hands, the currently available NO-probes such as
Diaminofluoresceins (DAF) [16], appeared not to be suitable for NO-imaging
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due to non-specificity and photo-activation, as has also been described in
literature [17, 18]. In chapter 6, we evaluated a member of the family of
Fluorescent Nitric Oxide Chelotropic Traps (FNOCT-5/FNOCT-4 [19]) in an in
vitro model for angiogenesis.  In these cultured endothelial cells, the highly
selective FNOCT was used for the detection of NO production in sprouting but
not in (neighboring) non-sprouting cells, demonstrating that FNOCT allows
localized detection of NO. At present, further characterization of the properties
of FNOCT is ongoing by investigating its potential for penetration into intact,
viable mounted arteries (and other tissues) ex vivo and its response to stimuli of
vasodilatation and vasoconstriction. This might enable translation of results
obtained in vitro to intact large arteries. Thus, application of FNOCT in
mounted arteries holds promise for future visualization of NO production in
intact large arteries, again an avenue for functional imaging as described
before.

Although the present study showed that TPLSM clearly enhances the possibilities
to study e.g. structural and functional changes in the arterial wall during
atherogenesis (chapter 5), limitations of this technique became evident as well.
Due to the accumulation of fat in the necrotic core, we were not able to
visualize the advanced plaque at its full depth. Enhancing penetration depth of
TPLSM by narrowing the pulse width of the excitation beam from 140
femtoseconds (fs) to around 30 fs will increase the possibility of two-photon
excitation deeper in the plaque. It is reported that this may result in increases
of penetration depth by a factor 2 to 4 [20]. We are currently establishing this
change in our TPLSM set-up. 

In vivo application of (untriggered) TPLSM imaging to especially the larger
arteries (chapter 7) is severely hampered by motional disturbances due to
heartbeat and respiration. Most images from a series of subsequent images
were of poor quality due to movement of the sample and consequent loss of
focus. Increasing acquisition rates led to series of comparable images with
relatively limited motional disturbances. However, most images were still of
poor quality and contained different parts of the sample. Moreover, image
quality is reduced by increased acquisition rates, due to a reduced signal-to-
noise ratio, although image analysis may be used to improve this. Application
of a new imaging mode that uses triggered acquisition of each image on the
cardiac and respiratory cycle resulted in series of subsequent images that all
display the same part of the artery during the same phase of movement. When
this triggered image acquisition was performed with increased acquisition
rates, motional disturbances within the image could be reduced even further.
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Optimal timing of the trigger pulse was determined empirically and proved to
be at the start of the diastolic phase of the cardiac cycle. The presented method
holds potential for the visualization of the relationship between various
structural and functional properties in healthy and diseased arteries in vivo.
Although we have shown the feasibility of in vivo imaging of large arteries
using TPLSM, application still has some important limitations. Accurate tracking
of (slowly) moving cells or quantification of functional properties of the vessel
wall such as NO production is virtually impossible due to variable and
relatively long time intervals between two subsequent images. This problem can
only be circumvented by applying the triggering method in higher speed two-
photon microscopy. Interesting developments are currently ongoing, amongst
others the incorporation of resonant scanning mirrors and multiple laser beams
[21, 22]. Moreover, the shortening of laser pulse width, as referred to
previously [20], might be advantageous for in vivo imaging since the
probability for two-photon excitation results in an increase of the signal-to-noise
ratio.

Future research with TPLSM on alterations that occur during atherosclerosis or
other vascular diseases may lead to better understanding of the disease
processes and thereby to better diagnosis and treatment.
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Summary
The circulation is a complex system consisting of different types of blood
vessels. It is now recognized that these vessels are part of a subtle regulatory
system with differential properties along the vascular tree. Alterations in the
vessel wall may lead to various diseases such as atherosclerosis. Current
knowledge of such vascular alterations is mostly based on histological studies
of isolated samples that have lost viability. Functional properties of various
compounds in the atherosclerotic vessel wall are still largely unknown. Better
understanding of the functionality of the atherosclerotic arterial wall, and, thus,
increased insight in (development of) atherosclerotic lesions requires studying
of these properties in vivo or in viable arteries ex vivo. This thesis focuses on
the vessel wall of large murine arteries and cultured cell systems using two-
photon laser scanning microscopy (TPLSM) as an imaging tool for studying
alterations in vessel wall properties during atherogenesis and their functional
consequences.

In chapter  2, a brief literature survey is given of the biology of large arteries,
the process of atherosclerosis, and animal models that can be used to study
atherosclerosis. Then, the basic principles of conventional (single-photon)
microscopy and TPLSM are discussed and compared. In addition, a short
overview is dedicated to the fluorescent labeling of vascular structures and the
current status of the applications of TPLSM for visualization of various aspects
of larger arteries is discussed.

In chapter  3 we evaluated applicability of TPLSM in large elastic and small
muscular arteries under physiological conditions. To this purpose we developed
a perfusion chamber model in which the arteries were mounted. Their viability
was assessed and structural components such as elastin, collagen, nuclei, and
endothelial glycocalyx were visualized. Moreover, functionality of the arteries
was determined using diameter changes in response to noradrenaline and
acetylcholine. We conclude that TPLSM enables visualization and
quantification of subcellular structures in vital and functional elastic and
muscular murine arteries, allowing unraveling of structure-function relationships
in healthy and diseased arteries.

Atherogenesis involves structural and cellular changes in the vessel wall of
large arteries. In advanced atherosclerosis, collagen content is considered to
be a major determinant for plaque stability. In chapter  4, the novel fluorescent
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collagen marker CNA35/OG488 was used to assess the distribution of
collagen in mounted viable large arteries of control (C57BL6/J) and
atherosclerotic (ApoE-/-) mice. The labeling characteristics of CNA35/OG488
were evaluated and compared with histology. Furthermore, the mounting
method was adapted to visualize atherosclerotic lesions in the carotid artery
bifurcation. The luminal uptake of CNA35/OG488 in mounted healthy arteries
appeared to be limited by an intact endothelial layer and elastic laminae.
However, in mounted atherosclerotic arteries, CNA35/OG488 did penetrate
into the vessel wall and labeled the collagen structure in atherosclerotic lesions,
indicative of alterations in endothelium and elastic laminae. Intravenous
administration of CNA35/OG488 in living mice revealed that
CNA35/OG488 might have potential as a molecular imaging marker for
atherogenesis. 

In chapter  5 we visualized early and advanced atherosclerotic lesions in the
carotid artery bifurcation as well as the direct relationship between collagen
and inflammatory cells in intact viable mounted carotid arteries of control and
atherosclerotic mice, at subcellular level. Isolated carotid arteries of ApoE-/-

mice, aged 15 or 21 weeks, after 7 and 13 weeks on a western diet, and of
C57BL6/J control mice fed a chow diet were mounted in a perfusion chamber,
pressurized, and labeled with specific fluorescent markers for cell nuclei,
inflammatory cells, collagen, and lipids. Special attention was paid to the
fibrous cap regions and the various vessel wall layers. Control vessels had
intact endothelium without adhering blood cells or significant intimal collagen
labeling. In contrast, in ApoE-/- mice already at 15 weeks inflammatory cells
adhered to the endothelium, while at the same time increased labeling of
collagen was observed in the tunica intima both at lesion-prone and non-lesion-
prone sites, both indicating endothelial activation. In plaques, located
exclusively in carotid bifurcations of ApoE-/- mice, internalized inflammatory cell
density increased with age and plaque progression. Interestingly, this was
observed both in the tunica adventitia and in the tunica intima, while in the
tunica media no inflammatory cells were detected at both ages. In the whole
plaque, aging or plaque progression did not alter the direct relation between
inflammatory cells and collagen. However, within the fibrous caps specifically,
direct contact between inflammatory cells and collagen increased with age.
Altogether, this study indicated that visualization of viable and structurally intact
arteries provides new and detailed insight in the complex relationship between
inflammatory cells and collagen in fibrous caps and whole plaques during
atherogenesis and suggests involvement of the tunica adventitia in
atherogenesis.
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To further illustrate the applicability of TPLSM to functional studies on blood
vessels, we studied nitric oxide (NO) production. Up till now most knowledge
concerning the role of NO in arteries is based on indirect measurements. The
importance of NO was never directly established in viable arteries by
visualizing NO production in the vessel wall. To this end, a fluorescent probe
is needed which relates changes in the presence of NO with changes in
fluorescent signal. Furthermore, since NO exist for only very short periods of
time such probe must be highly sensitive. In chapter  6 we characterized and
applied a Fluorescent Nitric-oxide Cheletropic Trap (FNOCT) for sensitive NO
detection using TPLSM. Under physiological conditions the membrane-
permeable ester FNOCT-5 neither significantly inhibits enzymatic NO
production, nor acts as superoxide scavenger. We applied FNOCT-5 to
sprouting and non-sprouting HUVECs cultured on beads in fibrin matrix.
Intracellular enzymes transform FNOCT-5 into its accumulating dicarboxylate
FNOCT-4. On binding NO, FNOCT-4 fluorescence undergoes a red to blue
shift. We used the ratio of blue to red fluorescence as measure of NO
production. Sprouting and non-sprouting cells that were not additionally
stimulated did not produce detectable amounts of NO. However, in the same
cell culture, sprouting cells showed significantly higher NO production than
their non-sprouting counterparts when stimulated by calcium ionophore.
Stimulation with acetylcholine resulted in even larger differences.  These data
show that visualization of cheletropic traps allows detection of local variations
in NO production with subcellular resolution in physiologically relevant three
dimensional systems and holds potential for application in viable arteries. 

In vivo imaging of especially large arteries using TPLSM results in images
(optical sections) that severely suffer from motional artifacts within each image
and between subsequent images. In chapter  7 we applied TPLSM image
acquisition in vivo, triggered on cardiac and respiratory cycle; in addition
image acquisition was accelerated in order to reduce the impact of motion
between subsequent images and within each image. Carotid arteries of
anesthetized C57BL6/J mice and renal arteries of anesthetized WKY-rats were
surgically exposed, labeled with specific fluorescent markers for cell nuclei and
cytoplasm, and imaged using TPLSM. Blood pressure and respiratory signals
were recorded as triggering signals for (accelerated) image acquisition.
Filtering in the Fourier domain was explored to improve overall image quality.
In both mice and rats, timing of the trigger moment at the diastolic phase in the
cardiac cycle combined with acquisition rates of 4 Hz or higher, resulted in
stable images with reduced motional artifacts. Moreover, subsequently
acquired images contained a similar and stable image of the artery.
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Application of the Fourier transformation further improved overall image
quality. 
We have shown the feasibility of stable imaging of large arteries in vivo using
TPLSM triggered on cardiac and respiratory cycle. The presented method
creates new opportunities for in vivo studying of various structural and
functional properties of the (diseased or damaged) arterial wall at subcellular
level.

As described in the general discussion (chapter  8), the studies presented in this
thesis demonstrate that TPLSM enables subcellular imaging of viable and intact
large arteries of mice and rats in an ex vivo or in vivo environment. Application
of our model of mounted arteries combined with appropriate fluorescent probes
enables visualization of various structural properties of both healthy and
atherosclerotic arteries. Detailed insight was provided into differences in vessel
wall structure of elastic and muscular arteries. Furthermore, we assessed that
the activation of the vascular endothelium in atherosclerosis-prone mice is not
limited to the atherosclerosis prone sites and we demonstrated the association
between collagen and inflammation within atherosclerotic lesions. The
feasibility of functional imaging was explored and two novel fluorescent
probes, for collagen and for nitric oxide, were evaluated. Finally, we have
shown the feasibility of stable in vivo imaging of large arteries by triggering at
a fixed moment in the cardiac and respiratory cycle. 

We conclude that the described techniques offer a new and different view on
healthy and diseased arteries which provides new insight in various structural
and functional properties of atherogenesis. Further development of these
techniques holds potential for future applications in both a scientific and clinical
environment.



Samenvatting

163

Samenvatting
De circulatie van bloed in het menselijk lichaam gaat door een complex
systeem dat bestaat uit arteriële (aanvoerende) en veneuze (afvoerende)
bloedvaten, met daartussenin de microcirculatie met de capillairen
(haarvaten). De vaatwandstructuur en ook de functies van de diverse typen
bloedvaten zijn verschillend. Veranderingen in eigenschappen van de arteriële
vaatwand kunnen leiden tot ziekten zoals atherosclerose (aderverkalking).
Atherosclerose is een systemische ziekte van de grote arteriën en kan ernstige
klinische complicaties tot gevolg hebben zoals hartfalen en herseninfarcten.
Atherosclerose is de onderliggende oorzaak voor 50 % van alle sterftegevallen
in de westerse wereld.
De huidige kennis over de veranderingen in de arteriële vaatwand tijdens
atherosclerose is voornamelijk gebaseerd op histologische studies die zijn
uitgevoerd in geïsoleerd, niet vitaal weefsel. Ondanks de grote bijdrage van
histologische studies aan onze huidige kennis over bloedvaten, zijn de
mogelijkheden tot het bestuderen van de functionele eigenschappen van
structuren in de vaatwand zeer beperkt. Een verbeterd inzicht in de combinatie
van structurele en functionele eigenschappen van de vaatwand kan mogelijk
leiden tot meer kennis over (de ontwikkeling van) atherosclerotische laesies.
Hiertoe dient gebruik gemaakt te worden van intacte en vitale bloedvaten,
waarvan de vaatwand bestudeerd moet worden met nieuwe optische
technieken met voldoende penetratiediepte. Een voorbeeld van zo'n techniek
is fluorescentie microscopie gebaseerd op twee-foton excitatie. 
Dit proefschrift is gericht op het toepassen van twee-foton laser scanning
microscopie (TPLSM) voor het visualiseren van zowel structurele als functionele
veranderingen in de vaatwand ten gevolge van atherosclerose.

Hoofstuk  2 betreft een literatuur overzicht waarin de biologie van de grotere
arteriën en de ontwikkeling van atherosclerose wordt beschreven. Er wordt
ingegaan op de verschillende diermodellen om atherosclerose te bestuderen,
en daarnaast worden de basisbeginselen van conventionele en twee-foton
fluorescentie microscopie beschreven. Ook worden diverse fluorescente
markers die geschikt zijn voor het aankleuren van vaatwandstructuren in intacte
en vitale bloedvaten gepresenteerd. Tenslotte is een overzicht gegeven van
recent gepubliceerde toepassingen van twee-foton microscopie voor
visualisatie van bloedvaten.

In  hoofdstuk  3 wordt de toepasbaarheid van twee-foton microscopie voor het
visualiseren van vitale intacte elastische en musculaire arteriën van muizen
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beschreven. Om dit mogelijk te maken is een perfusiekamer ontwikkeld waarin
de vitaliteit en structuur van deze bloedvaten wordt bestudeerd. Componenten
van de vaatwand van de in de perfusiekamer opgespannen arteriën, zoals
elastine, diverse soorten cellen en de endotheliale glycocalyx, zijn
gevisualiseerd. Bovendien is de functionaliteit van de opgespannen arteriën
geëvalueerd door bepaling van diameter veranderingen ten gevolge van
noradrenaline en acetylcholine stimulatie. Uit de resultaten blijkt dat TPLSM in
combinatie met het perfusiekamer model het mogelijk maakt om structurele en
functionele verschillen tussen diverse typen bloedvaten te bestuderen en
zodoende een bijdrage kan leveren aan de kennis over de vaatwand en
diverse (vasculaire) ziekten. 

De veranderingen in de vaatwand ten gevolge van atherosclerose hebben
betrekking op zowel cellulaire als structurele vaatwandcomponenten. In
vergevorderde stadia van atherosclerotische laesies wordt de aanwezigheid
van collageen en zijn structuur gezien als een belangrijke determinant voor de
stabiliteit van deze laesies. In hoofdstuk  4  is de distributie van collageen in
opgespannen intacte en vitale arteriën van muizen bestudeerd door gebruik te
maken van een nieuw specifiek label voor collageen, genaamd
CNA35/OG488. Voor deze studie is tevens het perfusiekamer model, zoals
beschreven in hoofdstuk 3, aangepast zodat ook de bifurcatie (splitsing) van
de arteria carotis (halsslagader) kan worden opgespannen en gevisualiseerd.
De labelingskarakteristieken van CNA35/OG488 in vitale gezonde en
atherosclerotische arteriën zijn geëvalueerd en vergeleken met histologische
gegevens. 
De resultaten laten zien dat de opname van CNA35/OG488 in de gezonde
vaatwand zeer beperkt is. Echter, in atherosclerotische carotiden blijkt
CNA35/OG488 wel  in de vaatwand door te dringen en collageen structuren
in atherosclerotische laesies te labelen. Intraveneuze toediening van
CNA35/OG488 in levende muizen laat verder zien dat CNA35/OG488
mogelijk potentie heeft als een moleculaire marker voor detectie van
atherosclerotische laesies in vivo.

In de studie beschreven in hoofdstuk  5 zijn de atherosclerotische laesies in de
bifurcatie van de carotiden van atherosclerotische muizen (met een leeftijd van
15 en 21 weken) gevisualiseerd tot op subcellulair niveau (<1 μm). De
ontwikkeling van atherosclerotische laesies is gevisualiseerd vanaf het initiële
stadium tot aan de vergevorderde stadia. Daarnaast hebben we de relatie
tussen collageen structuren en ontstekingscellen (inflammatoire cellen) in drie
stadia van atherosclerose bestudeerd en gekwantificeerd.
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In gezonde (controle) arteriën zijn geen aan het endotheel hechtende
bloedcellen waargenomen. Ook is er geen significante collageen kleuring
zichtbaar in de vaatwand. Dit is in tegenstelling tot arteriën van
atherosclerotische muizen. Al in atherosclerotische muizen van 15 weken oud
zijn er aan de endotheellaag hechtende bloedcellen zichtbaar. Ook is de
hoeveelheid collageen kleuring in de intimale en mediale vaatwandlagen
verhoogd, zowel op plaque-gevoelige locaties (bifurcatie) als op plaque-
ongevoelige locaties in de arteriën. Dit is een aanwijzing voor het feit dat in
deze muizen de arteriële endotheelcellen geactiveerd zijn. 
In de atherosclerotische laesies, die alleen in de bifurcatie van de carotiden
waargenomen zijn, neemt de hoeveelheid geïnternaliseerde/geïnfiltreerde
inflammatoire cellen toe met leeftijd en plaque progressie. Deze toename is
gevonden in de binnenste (tunica intima) en de buitenste (tunica adventitia)
laag van vaatwand. In de middelste laag (tunica media) zijn geen
inflammatoire cellen waargenomen. Wanneer een atherosclerotische laesie als
één geheel wordt beschouwd zijn er geen effecten van leeftijd en plaque
progressie gevonden op de relatie tussen collageen en inflammatoire cellen. In
de fibreuze kappen van plaques, echter, blijkt het aantal inflammatoire cellen
in direct contact met collageen wel toe te nemen met leeftijd.
Deze studie toont aan dat visualisatie van vitale en structureel intacte arteriën
nieuwe en gedetailleerde inzichten kan verschaffen in de complexe relatie
tussen inflammatoire cellen en collageen tijdens de ontwikkeling van
atherosclerose (atherogenese). Bovendien laten de resultaten zien dat ook
veranderingen optreden in de tunica adventitia tijdens de ontwikkeling en
progressie van atherosclerotische plaques.

Ter illustratie van de bruikbaarheid van TPLSM om functionele eigenschappen
van bloedvaten te bestuderen, is endotheliale stikstof oxide (NO) productie
bestudeerd. De meeste kennis met betrekking tot de rol van NO in grote
bloedvaten is gebaseerd op indirecte metingen en niet op directe
waarnemingen in nog intacte en levende bloedvaten. Om dit mogelijk te
maken is een functionele fluorescerende marker nodig die een verandering in
de aanwezigheid van NO koppelt aan een verandering in fluorescent signaal.
Bovendien moet een NO marker zeer gevoelig zijn omdat die slechts voor zeer
korte periodes in het weefsel aanwezig is.
In hoofdstuk  6 hebben wij als potentiële NO-marker het "fluorescent nitric
oxide chelotropic trap" oftewel FNOCT gekarakteriseerd en toegepast voor
NO-detectie met behulp van TPLSM. De membraan-permeabele ester FNOCT-
5 blijkt onder fysiologische condities niet op superoxides te reageren  en de
NO-productie niet te beïnvloeden. 
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De bruikbaarheid van FNOCT-5 werd getest in een in vitro setup met
gekweekte  sproutende en niet-sproutende endotheelcellen. FNOCT-5 wordt
door intracellulaire enzymen omgevormd tot de NO-sensitieve en sterk
accumulerende sub-vorm dicarboxylate FNOCT-4, die onder invloed van NO-
binding een kleurverschuiving van het emissielicht ondergaat (van rode naar
blauwe golflengte). Met behulp van FNOCT-5 is het verschil in NO-productie
tussen gestimuleerde (acetylcholine en calcium-ionofoor) sproutende en niet-
sproutende endotheelcellen in beeld gebracht. Deze resultaten tonen aan dat
FNOCT in combinatie met TPLSM het mogelijk maakt om lokale verschillen in
NO-productie te visualiseren onder fysiologisch relevante omstandigheden en
in 3 dimensies. Bovendien tonen de resultaten de potentie voor NO-detectie in
vitale en structureel intacte bloedvaten aan.

Het afbeelden van met name de grotere bloedvaten in levende proefdieren (in
vivo microscopie) leidt tot optische afbeeldingen die sterk lijden onder
bewegingsartefacten. Deze bewegingsartefacten zijn waar te nemen in zowel
de optische afbeeldingen zelf als tussen de achtereenvolgende optische
afbeeldingen behorend bij een (tijd)serie van opnames. In hoofdstuk  7 is
TPLSM in combinatie met getriggerde beeldacquisitie toegepast om deze in
vivo bewegingsartefacten te verminderen. Bij getriggerde beeldacquisitie
wordt het startmoment van beeldacquisitie bepaald door een extern start
signaal, in dit geval een combinatie van bloeddruk- en ademhalingsignalen die
zijn afgeleid van het proefdier. Naast getriggerde beeldacquisitie is tevens de
acquisitiesnelheid verhoogd. Deze methode is toegepast voor het bestuderen
van vrijgeprepareerde carotiden van C57BL6/J muizen en WKY ratten.
Fluorescente kleuringen zijn gebruikt voor het specifiek aankleuren van
cytoplasma en celkernen. Na acquisitie is filtering van de opnames in het
Fourier domein toegepast om de algehele beeldkwaliteit verder te verbeteren. 
In zowel muizen als ratten blijkt dat beeldacquisitie, getriggerd op de diastole
hartfase van de hartcyclus en gecombineerd met een acquisitiesnelheid van
4Hz of meer, resulteert in stabiele opnames waarin bewegingsartefacten sterk
gereduceerd zijn. Bovendien blijkt dat achtereenvolgende opnames binnen
een tijdserie van opnames een vergelijkbaar deel van de halsslagader
bevatten. Toepassing van Fourier transformatie leidde tot een verdere
verbetering van de beeldkwaliteit.
Deze resultaten tonen aan dat het haalbaar is om grote arteriën in vivo te
visualiseren op een subcellulair niveau door toepassing van TPLSM door
middel van beeldacquisitie getriggerd op bloeddruk en ademhaling. Deze
methode creëert nieuwe mogelijkheden voor het in vivo afbeelden van
functionele en structurele eigenschappen van (zieke of beschadigde) grote
bloedvaten. 
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Zoals beschreven in de Algehele Discussie in hoofdstuk  8, demonstreren de in
dit proefschrift beschreven studies dat twee-foton laser scanning microscopie
(TPLSM) een krachtige techniek is om intacte grote bloedvaten van muizen en
ratten te visualiseren op een subcellulair niveau. Toepassing van het
perfusiekamer model in combinatie met specifieke fluorescerende kleurstoffen
maakt het mogelijk diverse structurele eigenschappen van zowel gezonde als
atherosclerotische bloedvaten af te beelden. Een gedetailleerd inzicht is
gegeven in verschillen in vaatwandstructuur tussen elastische en musculaire
arteriën. Uit de studies in atherosclerotische arteriën is gebleken dat activatie
van het vasculaire endotheel niet is beperkt tot plekken waar atherosclerotische
laesies veel voorkomen (met name bifurcaties). Bovendien hebben we de
locatie van collageen in relatie tot de aanwezigheid van ontstekingscellen
bepaald in atherosclerotische laesies. De haalbaarheid van het afbeelden van
functionele eigenschappen van de vaatwand is aangetoond en twee nieuwe
fluorescente kleuringen, voor collageen en NO, zijn toegepast en geëvalueerd.
Ten slotte is de haalbaarheid van het in vivo afbeelden van de vaatwand van
grote arteriën aangetoond door middel van beeldacquisitie getriggerd op een
vast moment in de hart- en ademhalingscyclus.

Hieruit kan worden geconcludeerd dat de beschreven technieken en methodes
nieuwe mogelijkheden creëren om (gezonde en zieke) bloedvaten te
bestuderen en nieuwe inzichten kunnen verschaffen in de structurele en
functionele eigenschappen van ziektebeelden zoals atherosclerose. De verdere
ontwikkeling van deze technieken kan mogelijk leiden tot nieuwe
toepassingsgebieden voor zowel experimenteel als klinisch onderzoek.
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