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TWO-PHOTON MICROSCOPY OF AORTA FIBERS SHOWS PROTEOLYSIS
INDUCED BY LDL HYDROPEROXIDES

TiziaNA PARASASSI,*T WEIMING Yu,T DiaNE DURB|N,i LiANA KUR|A5H|<|NA,§ EnrICO GRATTON,T
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Urbana-Champaign, Urbana, IL, USADepartment of Molecular and Integrative Physiology, University of lllinois at
Urbana-Champaign, Urbana, IL, USIepartment of Pathology, School of Medicine, University of North Carolina, Chapel Hill,
NC, USA; and"Dipartimento di Chimica Biologica, Universita’ di Padova, Padova, Italy

(Received9 February 2000; Revised23 March 2000; Accepted30 March 2000)

Abstract—Oxidatively modified LDL mimics several aspects of atherogenesis. In this disease, degradation of the matrix
proteins’ network also occurs. By a new morphological ex vivo approach, not requiring sample processing, we explored
the relationship between the degradation of matrix protein and oxidatively modified LDL. Two-photon excitation
fluorescence microscopy images of fresh cross-section rings of rat aorta, acquired while the sample was maintained in
a glucose- and oxygen-supplemented buffer, showed straight, parallel, thick, long extracellular matrix proteins.
Traditional microscopic examination, requiring sample fixation and staining, shows smaller and curved fibers. Instead,
we observed curved and broken fibers after a 30-min incubation of aorta with either LDL containing lipid hydroper-
oxides, ortert-butyl-hydroperoxide. The adhesion of LDL to the endothelium and its internalization was directly
visualized by using a lipid fluorophore. The damage to aorta matrix proteins induced by LDltegrulityl-
hydroperoxide was fully prevented by antioxidants, such as ascorbate or Trolox C, or inhibitors of proteases. The image
spectroscopy of the fibers’ autofluorescence (polarization and lifetime) revealed an increased mobility of the fluorescent
cross-link in fibers. Damaged matrix proteins were also imaged in aorta samples from apolipoprotein E knock-out mice.
Our ex vivo images directly visualized the activation of a fast redox-sensitive proteolytic process in the arterial wall
triggered by lipid hydroperoxides in LDL. © 2000 Elsevier Science Inc.

Keywords—Autofluorescence, LAURDAN, Matrix protein, Oxidation, Two-photon microscopy, Free radicals

INTRODUCTION expression of adhesion molecules recruiting macro-
phages, which transmigrate to the subendothelial space
together with LDL. Focus has been directed to the pres-
ence of lipid hydroperoxides or oxysterols in LDL [8,9],
on LDL particle size [6], on a covalent linkage to apo(a)
[5], and on the role of inflammation in promoting gene
activation [7]. Recent reports highlight the participation
of LDL in the proteolysis of vascular extracellular matrix
by inducing (i) a decrease of macrophage-specific tissue
inhibitors of matrix-degrading metalloproteinases
through the modulation of interleukin-8 [10]; (ii) the
upregulation of expression of metalloproteinase-9 in
monocytes, together with the downregulation of the met-
alloproteinase-1 inhibitor [11]; and (iii) the upregulation

Address correspondence to: Tiziana Parasassi, Istituto di Medicina of the expression of the membrane type 1 matrix metal-
Sperimentale, CNR, Viale Marx 15-43, 00137 Roma, Italy; FeR9 | . . dothelial lls 112
(06) 86090.316; Fax:-39 (06) 86090.332: E-Malil: tiziana@biocell.  10Proteinase in endothelial cells [12].

irmkant.rm.cnr.it. Enzymes with elastolytic activity [2,13] have a phys-

Age-dependent degeneration of the arterial wall involves
increased wall thickness, decreased elasticity, disorgani-
zation and fragmentation of elastic fibers, and usually
develops together with the formation of lipid plaque, the
typical hallmark of atherogenesis [1-3]. Aneurysm for-
mation and evolution involves degradation of matrix
proteins [4]. Endothelial dysfunction, eventually evolv-
ing to vascular damage, can be reproduced in vitro by
low-density lipoprotein (LDL), oxidatively modified to
various extents [5—-9]. Endothelial dysfunctions encom-
pass the alteration of the endothelial barrier and the
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iological role in the growth and turnover of elastic fibers

in the vascular system, lungs, and skin, and are modu-

lated by specific inhibitors [14,15]. In the lungs, oxida-
tion of the active site of elastase inhibitor primes the
degradation of the extracellular matrix [14]. Elastase

activity has been suggested to be involved in the patho-

T. RRAsAssI et al.

tion (EBSS) containing 24.6 mmol/l glucose, 26.3
mmol/l NaHCQ,, pH 7.4, saturated with 95%_@nd 5%

CO,. Samples were imaged within a few hours by
mounting in a hanging drop slide in fresh EBSS bulffer.
Human LDL at a protein concentration of 3 mg/ml, or 50
umol/l tert-butyl-hydroperoxide (TBH), were added to

genesis of abdominal aortic aneurysm [4,16] as well as in aorta rings and incubated for 30 min at 37°C. In some

remodeling of the vasculature occurring in aging [2].

In this study, we directly visualized the effect of
minimally-oxidized LDL on the degradation of extracel-
lular proteins in fresh rat aorta by means of two-photon
near-infrared excitation microscopy [17-19]. This mi-

experiments, the incubation medium also contained one
of the following: 0.1 mmol/l ascorbic acid, 0.1 mmol/l
Trolox C, 2.3 g/la-1-antitrypsinase, or 3 g/l of eglin-c.
Unless specified, materials were from Sigma Chemical
Co. (St Louis, MO, USA). The animals used in this study

croscopy does not require sample treatment such aswere maintained, and the tissue was prepared, in agree-

freezing-thawing, inclusion in matrices, fixation or stain-
ing [20-22], which may produce artifacts, e.g., contrac-
tion produced by fixation, which dehydrates the sample.

By its deeper penetration in highly scattering tissues vs.

light of shorter wavelengths, the near-infrared excitation
allows imaging of interior regions of intact tissues, with
a penetration of about 200m [23]. Typical features of
two-photon excitation microscopy include the simulta-
neous absorption of two near-infrared photons with a
total energy equivalent to one photon, at half of the
wavelength. Therefore, absorption in the ultraviolet re-
gion can be achieved by near-infrared excitation with the

ment with institutional and federal guidelines for the
humane treatment of animals.

Preparation of LDL, of minimally oxidized LDL and
measurement of their lipid hydroperoxide content

Human LDL was prepared from healthy fasting vol-
unteers by routine ultracentrifugation [25]. Lipid hy-
droperoxides in LDL were increased by storage of dia-
lyzed LDL at 4°C for 7-15 d. The storage for up to 2—3
months produces the so called “minimally oxidized
LDL”" [26]. We used a rather short storage period, during

advantage of strongly reducing the sample photodamage,,hich only lipid hydroperoxides are reported to increase

and photobleaching, usually associated with UV excita-

[26], virtually without other apparent oxidative damage,

tion. In the absence of exogenous fluorophores, a varietyi_e_, production of aldehydes, consumption of vitamin E,

of autofluorescence signals can be observed [18,23],

arising from molecules absorbing in the UV range (one-
photon absorption). We obtained for the first time high-

modification of apo-B charge.
Lipid hydroperoxide concentration in human LDL
and in mouse plasma was measured using the kinetic test

resolution images of the intense autofluorescence arisingp,sed on the best-fitting of the decay of chemilumines-

from extracellular matrix proteins of a fresh rat aorta.

The matrix proteins’ fluorescence emission was also

characterized by measuring polarization and lifetime,
pixel by pixel, as a function of the LDL-induced damage.

We report clear evidence that lipid hydroperoxides in
LDL activate a redox-sensitive proteolytic system that

degrades vascular matrix proteins. The vascular damage

produced by oxidatively modified LDL is quite similar to
the damage visualized in the aorta of apo-E knock-ou
mice [24], a well-known model of vascular damage and
atherosclerosis.

MATERIALS AND METHODS

Preparation of aorta samples and incubation with LDL

Aorta cross-section rings, about 0.5 mm thick, were
sectioned from the ascending aorta of 6- to 8-week-old

cence emission of luminol in the presence of hemin, as
previously described [27].

Labeling of vascular cells and of LDL

A lipophilic probe, 2-dimethylamino-6-lauroyl-naph-
thalene (LAURDAN) (Molecular Probes Inc., Eugene

t OR, USA) was used to visualize cells in the space

between matrix fibers. Thred of a 2 mmol/l solution of
LAURDAN in dimethylsulfoxide were added to 3 ml of
EBSS, containing the aorta ring and minimally oxidized
LDL, and incubated for 30 min at 37°C. Labeled samples
were then washed and mounted in fresh EBSS medium
for microscopic observations.

Microscopy measurements

Long-Evans male rats, and from ascending or descending The 770 nm beam was from a titanium-sapphire

aorta of apoE—/— [24] or +/+ mice using a tissue

chopper, immediately after the animals were sacrificed.
Samples were maintained in Earle’s balanced salt solu-

laser (Mira 900, Coherent, Palo Alto, CA, USA)
pumped by an argon ion laser (Innova 310, Coherent).
The microscope configuration and scanning routine
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Fig. 1. Composite image of several adjacent frames of deep optical sections showing the autofluorescence intensity of the matrix fibers
in a control sample of a rat aorta cross-section ring from the lumen (right) to the ring exterior (left). The bar correspondmto 10

was previously described [19]. A frame scanning rate RESULTS
of 20 s was used. The average laser power on the

sample was on the order of 3 mW. A quarter-wave A representative image of_ two-phc_)ton excitation
plate was used to change the laser light polarization autofluorescence of deep optical section of rat aorta

from linear to circular. Autofluorescence was collected crpss—;ectlon rings, acquired while the tissue was main-
through a broad band BG39 batrrier filter. Because we tained in gglqcose- anq oxygen-supplemented buff-er-, IS
did not use UV optics, tryptophan and tyrosine fluo- reportgd in Fig. 1. An intense aut.oﬂuorescence arising
rescence did not interfere with the fibers’ autofluores- from fibers was qbserved. Th'.Ck fibers show a regular,
cence. For polarization measurements, a vertically po- parallel organization and are interconnected by a com-

larized two-photon excitation was obtained by plex network of smaller fibrils.

. ) : . Elastin and collagen in matrix fibers show similar
inserting a polarizer after the quarter-wave plate in the - R )

. L emission spectra [30], originating from desmosine and
excitation path. The autofluorescence emission was

collected after an analyzer, inserted into the optical pyridinoline _cro_ss-links, respegtively [22]. The fluores-

' . -~ cence polarization value obtained from aorta autofluo-
path. Images of parallel apd perpendicular emission rescence images and from purified elastin images were
were-usgd to calculate -thellmages of autofluorescencequite similar (0.38= 0.01 and 0.40+ 1, respectively),
polarization. The polarization was not corrected for

he i | f LAURDAN supporting the morphological identification.
the instrument geometry. Images o U “la- In our images, the NAD(P)H autofluorescence [23]

beled samples were acquired using two different op- \ a4 very low in comparison to that arising from fibers,
tical bandpass fllters (Ealmg Electro Optics, New En- and not resolvable from the background.

glander Industrial Park, Holliston, MA, USA) centered To image the vascular tissue, including cells between
in the blue (440 nm) and in the red (490 nm) regions ayix fibers, we used an environment-sensitive li-
of the LAURDAN emlss!on spectrum. The two filters pophilic fluorescent probe (LAURDAN), which labels
were exchanged each time a full frame was scanned. ce|| membranes and lipids in LDL. LAURDAN emission
From the images at the two emissions, the generalized,, 55 analyzed by calculating the GP value [28,29] at each
polarization (GP) [28] image was calculated as previ- pixel, thus producing a pseudo-color GP image. Figure
ously described [29]. The lifetime images were ob- 2A js a pseudo-color representative image of the LAUR-
tained using the microscope configuration described in pAN GP, in the aorta cross-section ring, where red (high
[19] and using the harmonic response technique. The GP) endothelial cells are facing the lumen and yellow-
Ti-Sapphire laser was operated with a repetition rate green (low GP) smooth muscle cells are visible in the
of 80 MHz and a pulse width of 150 fs. The autofluo- space between the matrix fibers. In this figure, extracel-
rescence emission was detected by a gain-modulatedular matrix proteins are seen in blue due to the typical
photomultiplier. The laser source, detection system, low GP value of their autofluorescence in our experi-
and computer comprise a phase-locked loop. The im- mental conditions.

ages of the demodulation and of the phase shift were LAURDAN-labeled LDL was visible in the aorta
used to calculate the modulation lifetimes and the tissue after incubation with 3 mg/ml of minimally oxi-
phase lifetimes images using an image of a fluoresceindized human LDL, containing 15-30 nmoles of lipid
solution in water as the reference, as described in [19]. hydroperoxides/mg of cholesterol, for 30 min at 37°C.
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Fig. 2. Pseudo-color representation of LAURDAN GP values (range
from —0.3 = blue to 0.7= purple) in rat aorta sections. In panel A, a

T. RRAsAssI et al.

Our spectroscopic measurements of LAURDAN-labeled
minimally oxidized LDL gave relatively high GP values,
of about 0.46+ 0.01. In Figs. 2B and 2C, LDL particles
are redder than the endothelial cell membranes. In Fig.
2B, LDL is adhering to the endothelium, while in Fig. 2C

it is compartmentalized in the subendothelial space as
aggregates. Adhering and compartmentalized LDL was
simultaneously present in different areas of all aorta
samples after incubation with LDL. Extracellular fibers
appeared curved and with some fragmentation. The mod-
ification of the morphology of extracellular matrix pro-
teins after a 30 min incubation with minimally oxidized
LDL was also observed by a direct autofluorescence
imaging, without the LAURDAN labeling, and similar to
the image reported in Fig. 1. Curves, invaginations, and
ruptures were produced (Figs. 3A-D), the alterations
being most relevant in fibers facing the lumen. Control
samples, incubated for 30 min at 37°C in the absence of
LDL, did not show any changes in the structure of the
fibers. Similar alterations, although to a more limited
extent, were observed in aorta fibers after incubation
with freshly prepared LDL, still containing about 1-4
nmoles of lipid hydroperoxides/mg of cholesterol (not
shown).

The addition of antioxidants such as ascorbate or
Trolox C, a water soluble analog of Vitamin E, to the
incubation medium fully prevented the degradation of
the matrix network induced by minimally oxidized LDL
(Figs. 3E-F).

The involvement of proteolytic enzymes was inves-
tigated by adding protease inhibitors suchoas-anti-
trypsinase [14] or the specific inhibitor of elastase
eglin-c [31]. Both inhibitors fully prevented alteration
of fibers induced by minimally oxidized LDL (Figs.
3G-H).

Incubation withtert-butyl-hydroperoxide (TBH) also
produced curved, curly and broken fibers (Fig. 4), thus
supporting a specific role of lipid hydroperoxides in
LDL. Antioxidants and protease inhibitors prevented the
damage induced by TBH (not shown).

To better characterize the spectroscopic features of
the fiber autofluorescence associated with degradation,
the polarization and the fluorescence lifetimes were
measured at every pixel of the autofluorescence im-
ages. After incubation with minimally oxidized LDL,
the polarization of matrix protein autofluorescence
decreased from 0.3& 0.01 to 0.29=+ 0.01 (average
values of three images) (Fig. 5). As shown in Fig. 6,
the decrease of the polarization value is related to the
incubation time with LDL. In Fig. 6, the autofluores-

control samples is imaged; in panels B and C the aorta samples were
incubated for 30 min at 37°C with minimally oxidized LDL. In all
panels, the lumen is on the right. The bar corresponds tar0
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Fig. 3. Representative images of autofluorescence intensity of the extracellular matrix proteins in deep optical sections of rat aorta rings,
following treatment with (A—D) minimally oxidized LDL in the presence of (E) 0.1 mmol/l ascorbic acid, (F) 0.1 mmol/l Trolox C,
(G) 2.3 g/l a-1-antitrypsinase, and (H) 3 g/l eglin-c. In all panels, the lumen is on the top. The bar correspondsro 10

cence polarization value of the aorta fibers after incu- aorta matrix network was verified in apolipoprotein
bation with TBH is also reported. Both in controls and E-deficient mice (apoE-/—) [24], a well known and
in treated samples, the autofluorescence lifetimes of suitable model of atherosclerosis. Aorta rings of apoE
fibers was relatively low, centered at about 2 ns, and —/— mice cut at the location of atheromatous plaques
continuously distributed in a range between 0.01 and 6 showed extremely curly and thin fibers (Fig. 7A),
ns. Due to this complex decay, the average lifetime while rings from areas apparently free of plaque
change after treatment was rather small, with an av- showed thicker fibers, although still curved (Fig. 7B).
erage 6% decrease in the center of the lifetime distri- These last images were quite similar to those of aorta
bution (average of three images). rings of control mice after incubation with minimally
The occurrence in vivo of a similar degradation of oxidized LDL (Fig. 7C). Instead, fibers of control

Fig. 4. Representative example of the morphology of aorta matrix fibers after incubatioesidlityl-hydroperoxide (TBH), 50 mM
for 30 min at 37°C. Composite image of several adjacent frames of deep optical sections showing the autofluorescence intensity of the
matrix fibers in the aorta cross-section ring from the lumen (right) to the ring exterior (left). The bar correspondsnto 10
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Fig. 6. Polarization values of the autofluorescence of aorta extracellular
matrix proteins as a function of the incubation time with minimally
oxidized LDL (@) and with 50uM TBH for 30 min (). The points
represent the maximum pixel frequency of the polarization histograms
(obtained as in the legend of Fig. 5) averaged over 3 to 5 different
polarization images.

apoE —/— mice, in addition to hypercholesterolemia
(1.6 £ 0.6 mg/ml vs. 0.4+ 0.1 mg/ml in the control
mice), we measured an even more significant increase
in the concentration of plasma lipid hydroperoxides
(0.6 = 0.3 wmol/l vs. 0.1 = 0.04 pmol/l in the
control).

DISCUSSION

3‘ Two features characterize the most common degen-
- 107 erative process of arterial wall, the focal formation of
Q plague with the related thrombotic outcome, and a dif-
- fuse loss of elastic properties due to thickening of the
U‘O 5t wall and to degradation of matrix fibers, also known as
() N the vasculopathy of aging [1-3]. Degradation of matrix
|= proteins, particularly elastin, is also involved in plaque
e rupture and aneurysm [4,16]. We now present evidence
2 O.0F ) . . for the activation of proteolysis in the vascular matrix
v— network specifically induced by lipid hydroperoxides in
o 0.0 0.2 0.4 ™

P0|ar|zat|on In our sh_ort—te.rm. incubation of frgsh aorta rings, we

used LDL with a limited amount of lipid hydroperoxides,
Fig. 5. Examples of pseudo-color representation of autofluorescence po- = 30 nmol/mg of cholesterol, a concentration 10—20
larization values (ranging from 8 violet to 0.5= red) of matrix fibers in times lower than in copper-oxidized LDL, usually re-

(A) control aorta ring and (B) after incubation with minimally oxidized . i P
LDL. Lumen is on top right. The bar corresponds tod. (C) Normal- ferl’e"d to a§ ox-LDL [32], and in the “minimally oxidized
ized histograms of the pixel frequency vs. autofluorescence polarization LDL” obtained by storage for 2—4 months [26]. Notably,

values were Iobtlfi?ed from fthe hcorresponding images flor the control the level of lipid hydroperoxides in our minimally oxi-
fiff;r)'.t'E‘;%ﬂshibsffgraﬂer)egfgseﬁrt;tﬁec’;‘v;a;gi?tti?ezaimggeegc’ﬁed '®d gdized LDL is below the detection limit of usual analyt-
ical tests, so that unless a chemiluminescence method is
used, they would be considered as native “nonoxidized”
(+/+) mice showed the usual straight and thick fibers LDL. Moreover, also in freshly prepared LDL we de-
(not shown), similar to those of control rats. In tected hydroperoxides, although at a level never exceed-
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Fig. 7. Representative images of autofluorescence intensity of the
extracellular matrix proteins in deep optical sections of mouse aorta
cross-section rings. Rings were sectioned from transgenic apeE
mice aorta (A) at the location of a plaque and (B) in areas apparently
free of plaque. (C) The rings from controt-(+) mice have been
treated with minimally oxidized LDL. In all panels, the lumen is on top.
The bar corresponds to om.

ing 1-4 nmoles/mg cholesterol. In our experiments, even
these fresh LDL damaged the vascular matrix network,

1595

although less massively than the minimally oxidized
LDL.

By using the lipophilic fluorescent probe LAURDAN,
adhesion of LDL particles to the endothelium and its
internalization can be followed with no need of tissue
fixation nor of specific antibodies. The LAURDAN
probe diffuses into tissue lipids and, due to its virtually
complete partitioning into lipids with respect to the aque-
ous environment, its labeling persists while the tissue is
imaged in its buffer. The value of LAURDAN GP allows
the identification of LDL particles in the GP image
because the cholesterol-rich LDL displays a GP value
higher than that of vascular cell membranes [33].

The direct visualization of proteolytic damage in-
duced by minimally oxidized LDL has been made pos-
sible by the use of a technique that minimizes the sample
treatment. We used rat aorta slices, sectioned by a tissue
chopper immediately after the animals were sacrificed,
maintained and observed in a glucose- and oxygen-sup-
plemented buffer. In contrast, images obtained by con-
ventional microscopy are obtained from slices thinner by
at least one order of magnitude and following freezing-
thawing, inclusion in matrices, fixation, and staining,
with the result that thin and curly fibers are also imaged
in control samples [20—22]. Our images show a regular
organization of long, parallel, straight, and thick fibers,
which is lost only after exposure to oxidants in LDL.

Contraction of smooth muscle cells in the vasculature
could also modify the shape of extracellular matrix pro-
teins, producing curved fibers. LDL has been reported to
inhibit the ability of blood vessels to relax [34], to induce
a further contraction in vessels pretreated with contrac-
tile agonists [35], and to make vessels more prone to
vasospasm in response to contractile stimuli [36]. How-
ever, no contraction-inducing agonists were used in this
study, and no apparent contraction was observed upon
addition of LDL. Further, following treatment of the
aorta with minimally oxidized LDL, we did observe a
massive fiber fragmentation, which cannot be accounted
for by an artifactual contraction.

The decreased autofluorescence polarization and the
slightly shorter lifetime measured after treatment with
minimally oxidized LDL or TBH fits the morphological
fragmentation, indicating an increased mobility and a
more hydrophilic environment of the fluorescent cross-
link in fibers. The polarization value seems particularly
appropriate for the quantitative evaluation of the fibers’
proteolysis.

While the protection exerted by antioxidants probed
the oxidative nature of the primary event leading to
proteolysis, the actual role of lipid hydroperoxides is
supported by the following evidences: (i) TBH repro-
duces the effect; (ii) fresh LDL, containing a very low
concentration of hydroperoxides, induces least damage;
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