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Abstract: We have performed multi-photon image reconstructions as well
as polarization state analyses inside an artery wall affected by
atherosclerosis to investigate the changes in collagen structure. Mice, either
healthy or affected by spontaneous atherosclerosis, have been used for this
purpose. A two-photon imaging system has been used to investigate
atherosclerotic lesions in the ascending aorta of mice. Second harmonic
imaging has been performed alternatively on healthy samples and on
affected region. The reconstructed images show that the spatial distribution
of the collagen network seems disorganized by the disease. The polarization
state studies reveal however that the apparent disorganization of the
collagen is related to its spatially diffuse distribution and that the internal
structure of the collagen fibers is not affected by the disease. In addition, a
theoretical simulation of the second harmonic polarization states shows that
they are consistent with the known 3D structure of the collagen network.
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1. Introduction

It is widely known that collagen, the most important structural protein of the animal body, is a
well-structured non-centrosymmetric medium. Its unique triple-helix structure and extremely
high level of crystallinity make it exceptionally efficient in the generation of the second
harmonic from incident light [1]. As a result, second harmonic generation (SHG) microscopy
of collagen produces strong and robust signals, providing an invaluable tool for imaging
biological tissue with submicron resolution [2—4].

In recent years, many SHG experiments have been devoted to the study of collagen
structures in biological tissues [5]. For example, Chu and associates have used SHG
microscopy to determine collagen thicknesses [6] while Brassellet et al. have used the same
setup to determine the influence of birefringence on image reconstruction using rat tail tendon
collagen [7,8]. A possible medical application has been proposed by Su et al. which have used
SHG imaging as a quantitative method for diagnosing dermal pathology [9]. Several authors
used SHG and two photon excitation fluorescence (TPEF) to distinguish collagen from elastin
fibers in artery walls [5,10,11]. Fibrillar collagen is also a well-known element involved in the
formation of atherosclerotic lesions. In an Ossabow pig model, Le et al. and Wang et al.
exploited multimodal non-linear optical applications to image atherosclerosis structure and
stages [12,13]. Finally, Lim et al. applied non-linear systems to detect atherosclerosis in
C57BL6 and ApoE knockout mice [14].

In this letter, we have used SHG polarization resolved imaging to study the evolution of
the collagen structure in atherosclerosis. Indeed, the changes in spatial coherence of collagen
may provide valuable information about the damages caused by the disease. In particular, high
resolution information, such as provided by the SHG process, will prove important in
characterizing the state of the collagen structure during the disease evolution.

2. Specimen and Sample Preparation

All animal care procedures were performed in accordance with the Comité Régional
d’Ethique en matiére d’expérimentation animale of Strasbourg. Forty week-old C57BL/6
mice, bred within our husbandry and 28 week-old apolipoprotein E knockout (ApoE ") mice
on a C57BL/6 background purchased from Taconic (Ejby, Denmark) were used. ApoE "~ mice
develop spontaneous atherosclerosis lesions and are known to be one of the gold standards of
atherosclerosis animal models. Animals were housed within the medicine faculty facilities,
exposed to a 12-hours light / 12-hours dark cycle and maintained on a standard chow. Mice
were anesthetized with an intraperitoneal injection of pentobarbital. The heart and vascular
tree were perfused at 37°C under a pressure of 120 cm of water with PBS via a cannula placed
in the left ventricle. The heart and the aorta were harvested and kept into neutral-buffered
formalin until further process. Only ascending aortas were embedded in OCT (Tissue-Tek),
and snap frozen into isopentane cooled by liquid nitrogen. Ten micrometers cross cryosections
were made. Sections were fixed, dried, mounted on superfrost slides and coverslipped with
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SafeMount (Labonord). Sections are not labeled. Finally, sections are submitted to Two
Photon Laser Scanning Microscope observation.

3. Experimental Setup

The experimental setup is based on a confocal microscope (see Fig. 1(a)). The illumination is
provided by a Spectra Physics Ti:Sapphire laser (Millenium-Tsunami combination) generating
~100 fs pulses with a repetition-rate of 80 MHz and a wavelength in the 700-1000 nm range.
The scanning was performed by a motorized XYZ sample stage. This system is interfaced with
an Olympus IX71 inverted microscope. The polarized state of the incident beam is adjusted
with a half-plate placed on a motorized stage. The backscattered signal is collected in epi-
mode with a dichroic mirror placed directly after the objective back aperture. This output
intensity is collected by a photomultiplier. The signal is recorded as a function of the rotation
angle of a Glan-analyzer placed on a motorized stage. When necessary, a filter (BG18) is
placed in front of the photomultiplier to collect only the SHG signal. In all these experiments,
the focusing objective consists of a Zeiss 60 x 1.3 numerical aperture (N.A.) and the
illumination wavelength is centered at 800 nm.

As shown in Fig. 1(b), the output signal, sent directly to a spectrometer, consists of two
parts: a very narrow peak at 400 nm which corresponds to the SHG signal and a broad band
which spans fluorescence induces by two-photon absorption.
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Fig. 1. Schematic drawing of the experimental setup (left) and representative spectrum
recorded at the spectrometer (right).

4. Experiments on Healthy Mice

The first set of experiments was performed on samples from healthy C57BL/6 mice. The
samples were prepared on microscope glass slides, as described above, and were then placed
on the cell holder above the inverted microscope setup, as shown in Fig. 1.

The images reconstructed after scanning a sample are shown in Fig. 2. Figure 2(a) results
from all the light collected by the photomultiplier, mainly intrinsic TPEF form elastin, while
Fig. 2(b) consists in the collagen SHG signal only. Notice the difference between these two
images. It is highlighted in the superposition of both pictures as displayed in Fig. 2(c) and
3(a). Figure 3(a) clearly reveals that collagen is adjacent to elastin in the media and prevalent
in the adventice.
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Fig. 2. TPEF and SHG cross sectional images of healthy ascending aorta from C57BL/6
mouse. (a) All 2 photon autofluorescence collected, mainly arising from elastin elastic fiber
(green). (b) SHG only, specific from collagen fibers (blue). (c) Merge: TPEF and SHG signals
do not overlap. (P=60 mW, Obj. x60 oil, 1,1mm x 1,1mm, step 5um, integration time 20ms).

To avoid any artifacts caused by birefringence, we have performed the polarization state
studies on the fluorescence signal only, Fig. 3(b) displays the polarization state of the
fluorescence signal when the input beam is polarized at 0° (parallel to the x-axis). Each data
point represented by a cross corresponds to the average intensity coming out of about a 25x25
um? portion of the media. The shape of the curve is in excellent agreement with the one
obtained by Shanne—Klein group [4].

Fig. 3. Healthy C57BL:6 mouse: polarization dependence. (a) Enlarged composite image of
Fig. 2. (c) ; notice the localization of collagen, adjacent to elastin in the media and prevalent in
the adventice. (P=60 mW, Obj. x60 oil, 200pm x 200um, integration time 20ms). (b) Polar
diagram of the polarization state of the fluorescence. (c) Polarization state of the SHG signal
(see text). (For (b) and (c) diagram from selected area in picture 25pum x 25um, step 1um,
integration time 100 ms).

Finally, in Fig. 3(c) we present the polarization states of the SHG signal, arising from the
same 25x25 pm? portion of the aortic media, for two positions of the entrance polarizer, once
along the x-axis, displayed in blue, and once along the y-axis, displayed in red.

5. Experiments on Atherosclerotic Mice

In order to follow the evolution of the disease, the same set of experiments has also been
performed on the affected ApoE ™"~ mice. In accordance with Fig. 3, Fig. 4 shows the image of
same aortic part of the mouse. These two-photon images show that the section of the aorta is
changed by the presence of a prominence inside the vessel lumen signaling atherosclerosis.
Like in healthy aorta, the SHG signal is localized along elastic fibers in the media and in the
adventice but also inside the lesion (white arrow on Fig. 5(a)).
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Fig. 4. TPEF and SHG cross sectional images of atherosclerotic ascending aorta from ApoE~"~
mouse. (a) All 2 photon autofluorescence collected (green). (b) SHG only (blue). (c) Merge:
TPEF and SHG signals do not overlap; the atherosclerotic plaque clearly appears as a
protrusion inside the lumen. (P=60 mW, Obj. x60 oil, integration time 20ms).

Therefore, polarization states studies of the SHG signal were performed in two different
regions each about 25x25 um? of the affected vessel, as indicated in Fig. 5(a)). Areas 1 and 2
correspond to the region of the atherosclerotic plaque core and of the underlying media
respectively. The corresponding polarization curves are represented in Fig. 5(b) and 5(c). In
the media of affected ApoE ™~ mice (Fig. 5(c)), the curves indicate that the polarization states
of SHG signals are not as clearly defined as in the media of healthy C57BL/6 mice (Fig. 3(c)).
For information the study of the polarization state in the region 1 (core of atherosclerotic
plaque) gives an undefined polarization curves (Fig. 5(b)).

Fig. 5. Atherosclerotic ApoE~~ mouse: polarization dependence. (a) Enlarged composite image
of Fig. 4. (c) in the atherosclerotic plaque shoulder region. Notice disruptions of the internal
elastic lamina and that collagen also localizes within the plaque matrix (white arrow). (P=60
mW, Obj. x60 oil, integration time 20ms). (b) Curve of the polarization state of SHG coming
from the atherosclerotic plaque (zone 1). (c) Curve of the polarization state of SHG coming
from the media underlying the plaque (zone 2). (For (b) and (c) diagram from selected area in
picture 25um x 25um, integration time 100 ms).

Comparing the two sets of the experiments one may deduce that disease has disorganized
the structure of the collagen.

We have performed the same experiments by lowering the size of the studied regions to
10x10 um? to select accurately collagen fibers only, for both healthy and unhealthy vessels.
By keeping all other conditions equivalent to Fig. 2(b), 4(b) and Fig. 3(c), 5(c), we obtained
the curves displayed in Fig. 6. Figure 6(a) and 6(b) show that healthy and atherosclerotic mice
exhibit the same behavior. This behavior was observed whatever the collagen fibers from the
same sample throughout the medial concentric elastic fibers (xy variations) or throughout the
sample depth (z variations). It was also observed on the same selected elastic fiber (the most
medial) of different mice samples (n=6 for wild type or affected mice respectively).

#145350 - $15.00 USD Received 4 Apr 2011; revised 30 Jun 2011; accepted 30 Jun 2011; published 21 Jul 2011
(C) 2011 OSA 1 August 2011/ Vol. 19, No. 16 / OPTICS EXPRESS 15066



Our findings show that atherosclerosis affects the superstructure of collagen fibers in the
media, but that the internal structure of the fibers remains unchanged in an optical point of
view.

a)

Fig. 6. Polarization states of the SHG signal precisely coming from collagen fibers of the aortic
media in (a) healthy C57BL/6 and (b) atherosclerotic ApoE™ mice. Healthy and
atherosclerotic mice exhibit the same behavior. (For (a) and (b) diagram from selected area in
picture P=30mW, 10um x 10um, integration time 100 ms).

6. Theoretical Explanation of the Collagen SHG Signal

Having evidenced the unchanged internal structure of the collagen fibers in both healthy and
affected mice aorta, the question is now to understand the origin of the depolarization effect.
We propose that it is related to spatial fiber disorganization.

In order to prove such a hypothesis, the measured SHG data were compared with
calculated one. SHG, observed for acentric media, results from the radiation of a polarization

including contribution p® oscillating at twice the incident laser radiation E frequency
[15,16]:

3
pi(Z) :Z ZﬁijkEjEk'

3
j=1 k=1

where g is the hyperpolarizability tensor and i, j and k refer to an orthogonal coordinate
system.

In the case of collagen fibrils aligned along the y-axis, and for a propagation of the
incident laser radiation along the z-axis, the radiated second-order polarization is given by
[17,18]

P@ = pE? +E?,

P? =2EE,,
with
p - ﬂ_yyy.
ﬂyxx

For an angle a between the plane-polarized incident laser radiation aligned along the y-axis
and the collagen fibril alignment axis, the second harmonic intensities 17 («) and 1] («)are
given by [17,18].

In the present experiment, we sent a plane-polarized incident laser radiation for various
angles o relative to the z-axis and we measured the second harmonic intensity If) (a)

through a polarizer oriented parallel to the y-axis:
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12 (a)=(sin(22))’,

19 () = (peos?(a)+sin2(a)) .

In order to fit the measured polarization state of the SHG signal coming from collagen fibers
of the aortic media (Fig. 6), and for taking into account the fiber disorganization, we used the
above equations to calculate the total SHG signal by summing SHG contributions resulting
from a Gaussian distribution of the collagen fibril alignment axis relatively to the polarization
axis of incident radiation.

Figure 7 displays a comparison between measured and calculated polar plots for
polarization of the incident radiation along the y-axis and the x-axis. We determined a full
width at half maximum of 16.5° for the Gaussian distribution of the fiber disorientation angle
o. A ratio p=2.5 was used to fit the measured data with the calculated one. The latter is larger
than some previous reported values [17,18] but in agreement with the value 2.6 + 0.2 recently
reported by Williams et al. [5] for individual fibril.
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Fig. 7. Measured (blue squares) and calculated (red line) polar plots of polarization state of the
SHG signal coming from collagen fibers of the aortic media (healthy) for polarization of the
incident radiation along (a) the y-axis and (b) the x-axis.

7. Conclusion

In summary, we have studied the evolution of aorta affected by atherosclerosis through a
nonlinear image reconstruction system combined with polarization state detection. Comparing
the nonlinear optical properties of histological preparations from both healthy and affected
mice aortas, we have shown that this disease brings about a structural damage reflected in the
spatial coherence of the collagen. However, very high resolution images reveal that the
internal structure of the triple-helix of collagen is not affect. Our interpretation of the results is
justified by simple theoretical considerations. Our findings contradict therefore the
conclusions drawn from previous studies that the observed depolarization was linked to
collagen denaturation. Instead, we conclude that it is merely the spatial distribution of
collagen in the tissue that becomes disordered.
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