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TOPICAL REVIEW

Imaging the vascular wall using confocal microscopy
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Blood vessels are capable of structural changes in a dynamic process called ‘vascular remodelling),
which involves cell growth, death, phenotypic change and migration, as well as extracellular
matrix synthesis and degradation. An integrated view of the interrelationships of the different
elements of the arterial wall is made possible by fluorescence confocal microscopy which enables
collection of serial optical sections of relatively thick specimens without the need to cut them
as with conventional histology. With the aid of image analysis software, these serial sections
can be further reconstructed to obtain 3-D images, where the structures of interest are localized
and quantified. Confocal microscopy can be combined with pressure myography to obtain,
simultaneously, information on vascular function and 3-D structure at near-to-physiological
conditions. There are a vast number of fluorescent compounds useful for imaging vessel structure
and function. Nuclear dyes allow the identification of the different types of vascular cells and the
quantification of their number, shape and orientation. The speed of confocal image acquisition
and processing makes it possible to scan entire intact arteries stained with fluorescent kits or
antibodies to locate infrequent events such as cell apoptosis, proliferation or migration. Confocal
microscopy is not only useful for imaging vascular wall structure, but also to visualize and
quantify, by the intensity of fluorescence, the generation of vascular cell factors such as nitric
oxide or superoxide anion. In conclusion, confocal microscopy and image analysis software
provide insight into vascular wall structure and function and the active process of vascular
remodelling in physiological and pathological situations.
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Vascular wall structure and the process of remodeling

Blood vessels are dynamic structures, capable of structural
changes in a process called vascular remodelling. This
process of vessel restructuring might constitute a physio-
logical adaptation in response to changes in environmental
conditions or tissue demands, as occurs during pregnancy
(Hilgers et al. 2003) or endurance training (Weber, 2000).
However, vascular remodelling also occurs in association
with certain pathological conditions — atherosclerosis,
hypertension, diabetes — where it becomes a reactive
process and actively participates in the development of
cardiovascular accidents (Rizzoni et al. 2003).

Given the importance of vascular remodelling in
cardiovascular pathology, the structural alterations
of blood vessels have been the subject of study with
several methodologies and from different points of
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view: physiological methods (wire or pressure myo-
graphy), classical histology, biochemical and molecular
biology techniques, cell cultures, etc. Each of these
methods has their advantages and pitfalls. Physiological
methods allow measurement of gross vessel structure at
near-to-physiological conditions, but they lack the detail
that can be obtained using histological techniques. As
a disadvantage, histological techniques involve several
processes — embedding, dehydration, sectioning — which
produce a certain degree of distortion, and 3-dimensional
(3-D) visualization of the vascular wall cannot be
achieved. We have developed a method that allows the
study of vascular wall structure in intact vessels under
near-to-physiological conditions, with minimal 3-D
distortion and with a detailed analysis of the different
cellular and extracellular elements. The first problem
we deal with is the need to visualize an intact blood
vessel, because even small arteries are relatively thick
specimens for conventional microscopy. However, this
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difficulty can be overcome with the use of confocal
microscopy, which can produce optical sections
throughout relatively thick tissues without the need for
cutting thin slices. Confocal microscopy also eliminates
blur and flare from out-of-focus planes in an object,
and axial resolution is greatly improved (Pawley, 1989).
We have combined pressure myography with confocal
microscopy to study the vascular wall at the cellular
level in intact arteries maintained at their physiological
shape and level of pressurization (Arribas et al. 1999b).
We named this technique ‘confocal myography. The
technique is straightforward and it involves five main
steps: vessel pressurization, staining, image capturing and
3-D reconstruction and quantification. The simplicity
of vessel processing, the speed of confocal microscopes
for image acquisition and the development of image
analysis software for visualization and quantification,
enables the collection of image data from all the layers of
the vascular wall in a relatively short time (Arribas et al.
2007).

Imaging vascular cells

Blood vessels are composed of different cells, end-
othelial, smooth muscle (SMC), fibroblasts and other, less
characterized, cell types. Each of them is subjected to
different chemical and haemodynamic stimuli and they
have various growth/death rates. Therefore, endothelial,
SMC and adventitial cells are likely to contribute in various
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ways to the process of vascular remodellng. Nuclear dyes
thatintercalate with DNA, such as DAPI, propidium iodide
or Hoescht 33342, are useful in studying the organization
and relationship between the different types of cells in the
vascular wall (Arribas et al. 1999b). With the aid of nuclear
stains and confocal myography we have identified cellular
alterations in number, density, size and shape in intact
resistance arteries from several rat models of hypertension
(Arribas et al. 1997a,b) and in critical limb ischaemia
in humans (Coats et al. 2003). The possibility to study
intact blood vessels without 3-D distortion also enabled
us to determine alterations in cellular orientation in the
X, Y (Arribas et al. 1996, 1999a) and Z axis, which might
represent migratory processes (Arribas et al. 1997b).

Cell death and proliferation are part of the remodelling
process. However, they are not easy to detect as they are
not frequent and occur at discrete time points. Therefore,
these processes have been mostly studied in cells in culture
incubated under certain conditions — growth factors,
serum deprivation, apoptotic stimuli, among others —
rather than in intact blood vessels. The development of
fluorescence kits and antibodies for proliferation (i.e. ‘in
vivo’ Bromodeoxyuridine (BrDu) incorporation; ‘in vitro’
anti-Proliferating cell nuclear antigen (PCNA) antibody)
or death markers (i.e. fluorescent Tunel kits; anti-caspases
antibodies or fluorescence kits), together with confocal
microscopy — which permits the scanning of a large
amount of arterial tissue in a short time — makes possible
the detection of cell death and proliferation events in intact

Figure 1. Detection of apoptosis in intact
resistance arteries

Extended focus reconstruction obtained with
Metamorph image analysis software of serial optical
sections taken with a Leica TCS SP2 confocal
microscope from a rat cerebral artery stained with
propidium iodide (red) and Fluorescein-Tunel (green).

A, low magnification (x20) showing the entire artery.
B, high magnification (x63) showing the different types
of cells in the vascular wall (round nuclei, adventitial
cells; elongated nuclei, smooth muscle cell). The majority
of Tunel-positive cells are located in the adventitial layer.
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arteries. Moreover, with the aid of these tools it is possible
to identify the contribution of the different layers of the
vascular wall to the process of remodelling in terms of cell
proliferation/death. For example, we have found that the
adventitia seems to be the most active layer in terms of
cell turnover. In intact rat cerebral arteries stained with
a fluorescent derivative of Tunel, it was found that the
majority of Tunel-positive cells arelocated in the adventitia
(Fig. 1). (Online Supplemental material shows a video of
a 3-D reconstruction of Fig. 1)

Imaging extracellular matrix

Some elements of the vascular wall have autofluorescent
properties, which can be used for visualization and/or
quantification. For example, the fibrous extracellular
matrix proteins collagen and elastin exhibit auto-
fluorescence in the band 0f 488/515 nm (Wong & Langille,
1996). Collagen-emitted fluorescence is much weaker than
elastin and can only be detected only using a very high
laser intensity profile (Fig. 2). Therefore, to study collagen
distribution, the use of specific antibodies seems more
appropriate. The autofluorescent properties of elastin can,
however, be used to visualize and quantify the organization
of elastic fibre network and lamina in the arterial wall, such
as number and size of fenestrae, fluorescence intensity
levels and wavelength profile (with the aid of spectral
microscopes) (Fig. 2). This approach can be used in both

Figure 2. Imaging and quantification of
extracellular matrix in intact resistance arteries B
A, extended focus reconstruction obtained with
Metamorph image analysis software of serial optical
sections taken from the adventitia of a human artery
(x63; Leica TCS-SP2 spectral microscope). Left panel
shows adventitial cells (round dots) stained with DAPI
and autofluorescent elastic fibres. Right panel shows the
same reconstruction where the images have been
captured at higher laser intensity and brightness
conditions, allowing visualization of collagen bundles.
B, extended focus reconstruction of the internal elastic
lamina of a rat mesenteric resistance artery and the
measurements that can be obtained from the images.
Left panel show the raw extended focus reconstruction
(fenestrae in white) and right panel shows the
segmented image where the number and size of
fenestrae can be quantified. Arrowheads indicate
examples of fenestrae in the raw and segmented
images.
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intact small arteries (Gonzalez et al. 2005) or even in
large vessels cut open and mounted with the endothelial
side facing up (Somoza et al. 2006). The combined
study of vascular mechanical properties, with pressure
myography, and elastic fibre network with confocal
microscopy enabled demonstration of the relationship
between altered elastic fibre organization and density
with increased vessel stiffness in resistance arteries from
spontaneously hypertensive rats (Briones et al. 2003;
Gonzélez et al. 2006). (Online Supplemental material
includes two videos showing the 3-D organization of the
internal elastic lamina of a hypertensive (SHR) and a
normotensive (WKY) rat mesenteric artery.)

Imaging functional processes

Vascular function is tightly regulated by vasoactive factors.
Among others, nitric oxide (NO) and superoxide anion
have a relevant role in the maintenance of a normal
vascular structure and function and the imbalance between
them is at the base of various pathological conditions
(Paravicini & Touyz, 2006). NO and superoxide anion
have usually been measured by indirect methods (vascular
relaxation/contraction, activity or expression of the
enzymatic synthetic machinery, detection of degradation
products in plasma, among others). The development
of dyes that bind to NO, such as DAF2-Diacetate
(DAF2-DA; Kojima et al. 1998) or superoxide anion,
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like dihydroethidium (DHE; Suzuki et al. 1995) and
produce fluorescent compounds, together with confocal
microscopy enable visualization of the bioavailability of
these compounds in the vascular wall and the relationship
between them (Fig. 3). DAF2-DA enters the vascular
cells where it is cleaved by vascular esterases to DAF2
which is then retained in the cell. The combination of
DAF2 with NO, in the presence of oxygen, produces
a highly fluorescent compound detected in the cyto-
plasm with the 488 nm/515 nm band and can be used for
real-time bioimaging of NO with fine temporal and spatial
resolution. On the other hand, DHE permeates the cell
and is directly oxidized by oxygen radicals (being specially
sensitive to superoxide anion) to form ethidium bromide,
which combines with DNA and is trapped in the nucleus,
emitting fluorescence in the 590 nm wavelength (Suzuki
et al. 1995). Obviously DAF2-DA and DHE have to be
incubated in intact, non-fixed blood vessels, but survive
4% paraformaldehyde post-fixation and embedding in
optimum cutting temperature (OCT), compound with
no alteration in their fluorescent properties, even if
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stored for long periods (Fig. 3). Quantification of the
bioavailability of NO can be performed with conventional
image analysis software based on fluorescent intensity
levels of DAF2-DA which increase in proportion to the
amount of NO released by the vascular cells in basal or
stimulated conditions (Fig. 3). The reaction is specific as it
is blocked by the NO synthase inhibitor L.-NAME (Fig. 3).
Superoxide anion availability can be quantified by the
number of stained cells per unit length (Suzuki et al. 1995).
We have observed that under stimulated conditions — as
with the superoxide anion donor pirogallol —the amount of
superoxide produced is so high that fluorescence is located
in all vascular cells and even released in the cytoplasm
(Fig. 3). For quantification purposes, it is important to
establish a profile of laser power, brightness and contrast
for all the experimental groups. It is also advisable to
study, whenever possible, control and experimental groups
simultaneously to avoid variability caused by day-to-day
laser fluctuations of the confocal microscope.

In summary, the use of fluorescent compounds and
confocal microscopy permit visualization of the vascular

Figure 3. Imaging of nitric oxide and superoxide
anion availability in intact resistance arteries
Extended focus reconstructions obtained with
Metamorph image analysis software of serial optical
sections taken from a rat mesenteric resistance artery
stained with DAF2-DA (left panels, x20 air objective) or
dihydroethidium (DHE) (right panels, x63 oil immersion
objective) and fixed after staining. A, DAF2 emitted
fluorescence in non-stimulated conditions (basal NO).
B, DAF2 emitted fluorescence after stimulation with
107 m acetylcholine (stimulated NO). C, DAF2 emitted
fluorescence after pre-incubation with the NO synthase
inhibitor L-NAME (negative control). D, ethidium
bromide emitted fluorescence in non-stimulated
conditions (basal superoxide anion). £, ethidium
bromide emitted fluorescence in an artery stimulated
with 10~ m pyrogallol (stimulated superoxide anion).
F, ethidium bromide emitted fluorescence in an artery
pre-incubated with superoxide dismutase (negative
control).
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wall 3-D organization in intact arteries and the changes
that occur in the cellular and extracellular matrix
components during vascular remodelling. This process
can be performed in vessels maintained at physiological
distending pressures with the aid of pressure myography,
enabling the visualization of the vascular wall in 3-D
and the study of the structure—function relationship. The
ability to scan a large proportion of vessel in a short
time also provides a useful tool to quantify unusual or
scarce events such as apoptosis or migration. In addition
to the information that can be gained from vascular
structure with confocal microscopy, it is also possible
to visualize and quantify with image analysis software
bioavailability of some vascular factors, such as NO and
superoxide anion. The development of new fluorescent
compounds and more sophisticated and specific image
analysis software will broaden the study of the vascular wall
structure and function in physiological and pathological
situations.
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