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Abstract We characterized several cellular and structural
features of early stage Type II/III atherosclerotic plaques
in an established model of atherosclerosis—the ApoE-defi-
cient mouse—by using a multimodal, coregistered imaging
system that integrates three nonlinear optical microscopy
(NLOM) contrast mechanisms: coherent anti-Stokes Raman
scattering (CARS), second harmonic generation (SHG), and
two-photon excitation fluorescence (TPEF). Specifically, the
infiltration of lipid-rich macrophages and the structural or-
ganization of collagen and elastin fibers were visualized by
CARS, SHG, and TPEF, respectively, in thick tissue speci-
mens without the use of exogenous labels or dyes. Label-
free CARS imaging of macrophage accumulation was
confirmed by histopathology using CD68 staining. A high-
fat, high-cholesterol Western diet resulted in an approxi-
mate 2-fold increase in intimal plaque area, defined by
CARS signals of lipid-rich macrophages. Additionally, analy-
sis of collagen distribution within lipid-rich plaque regions
revealed nearly a 4-fold decrease in the Western diet—fed
mice, suggesting NLOM sensitivity to increased matrix met-
alloproteinase (MMP) activity and decreased smooth muscle
cell (SMC) accumulation.Bll These imaging results provide
significant insight into the structure and composition of
early stage Type II/III plaque during formation and allow
for quantitative measurements of the impact of diet and
other factors on critical plaque and arterial wall features.
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the impact of diet on macrophage infiltration and lipid ac-
cumulation on plaque formation in ApoE-deficient mice.
J- Lipid Res. 2010. 51: 1729-1737.
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Atherosclerosis is a progressive disease that is character-
ized by the accumulation of lipids, monocytes, fibrous
constituents, and various other inflammatory cells in the
arterial wall. These deposits form vascular lesions known
as atheromatous plaques, which contain necrotic cores
and are separated from the arterial intima by a fibrous cap
made up of collagen and smooth muscle cells (1, 2). As
these plaques grow with time, their fibrous caps become
thin and increasingly susceptible to tearing, thus becom-
ing more vulnerable to rupture. Rupture of these vulner-
able plaques releases the inflammatory elements of the
necrotic core into the artery, causing thrombosis. This leak-
age subsequently leads to obstruction of arterial blood flow
and, possibly, angina and/or myocardial infarction (3).

As the single most important contributor to cardiovas-
cular disease-related deaths, atherosclerosis serves as a sig-
nificant topic for scientific research, specifically in terms
of diagnosis and prevention. Unfortunately, although con-

Abbreviations:  Apo, apolipoprotein; BCA, brachiocephalic; CARS,
coherent anti-Stokes Raman scattering; MMP, matrix metalloprotein-
ase; NLOM, nonlinear optical microscopy; OCT, optical coherence to-
mography; PMT, photomultiplier tube; SHG, second harmonic
generation; SMC, smooth muscle cell; TPEF, two-photon excitation fluo-
rescence.
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siderable efforts have been made to detect atherosclerosis
and characterize vulnerable plaque, it is still difficult to
detect plaque formation at its earliest stages of develop-
ment. This complication is due to its asymptomatic nature,
as vulnerable plaques grow without causing any detrimen-
tal side effects until rupture (1). Current arterial imaging
techniques that are being used in the clinical setting pro-
vide information only at later stages of the disease process
(e.g., stenosis and thrombus formation, by angiography
and angioscopy, respectively) or produce limited informa-
tion about the vessel wall and general tissue structure (e.g.,
intima-media thickness and presence of lipid-rich tissue,
by ultrasound and magnetic resonance imaging, respec-
tively) (4-8). Although these techniques provide insight
into the disease state, they are incapable of cellular-level
resolution and typically require the addition of exogenous
contrast agents (4, 9-12).

To overcome the inherent limitations of these methods,
label-free imaging modalities have been explored and are
currently being developed by several groups. Clinically,
some of these techniques include intravascular optical co-
herence tomography (OCT) and near-infrared reflectance
spectroscopy (9, 13-18). These methods, which provide
significantly improved information about plaque structure
and composition, are currently under investigation in
large-scale clinical studies (19, 20).

Nonlinear multimodal microscopy provides a similarly
label-free strategy for visualizing key tissue components and
biochemical composition, but at submicron resolution and
with highly specific chemical identification (21-23). Using
a multimodal platform, selective imaging of tissue collagen,
elastin, and lipids is achieved with second harmonic genera-
tion (SHG), two-photon excited fluorescence (TPEF), and
coherent anti-Stokes Raman scattering (CARS), respec-
tively. The selective imaging capabilities and high resolu-
tion make nonlinear microscopy an attractive imaging
approach for studying and detecting atherosclerosis, par-
ticularly in small animal models and basic research studies.

In previous work, nonlinear microscopy, using combined
SHG and TPEF imaging, was shown to reveal structural col-
lagen and elastin fibers of the extracellular matrix in the
arterial wall, the site of atherosclerotic plaque development
(4, 12, 24, 25). In addition, Wang et al. demonstrated that
SHG/TPEF/CARS imaging can be used to identify en-
dothelial and smooth muscle cells in the arterial wall (26).
Using an Ossabaw swine model, Le et al. showed that non-
linear microscopy enables a detailed study of atheroscle-
rotic plaques, including the visualization of extra-cellular
lipids and lipid-rich cells associated with plaque lesions (27).
The ability to probe both the structural proteins of the ar-
terial wall and the accumulation of lipid within athero-
sclerotic regions makes nonlinear imaging suitable for
quantitative analysis of disease progression. Wang et al. have
used this quantitative capability to determine lipid concen-
tration levels in various lesions of pathological intima (28).

To take full advantage of the inherent capabilities of
nonlinear optical microscopy, it is important to evaluate
the technique when applied to the apolipoprotein E-defi-
cient (ApoEf/ ) mouse model, an established and versa-
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tile model for atherosclerotic disease (12, 29-32). The
ApoE_/ " model offers many advantages in terms of trans-
genic flexibility. Carotid arteries of ApoEf/ " mice in vivo
have recently been imaged successfully in a nonlinear
optical microscope. Yu et al. resolved elastin autofluores-
cence and collagen SHG of the carotid arterial tissue of
the ApoE7/7 model, and identified lipid and endothelial
cells using fluorescent labels (33).

In this work, we further develop nonlinear multimodal
imaging as an imaging tool for atherosclerotic research.
Whereas lipids in the ApoE™~ model were previously
probed with the aid of fluorescent markers (33), here we
aim to examine the mouse model using CARS contrast for
lipid identification. Using an en face imaging geometry,
complete sections of brachiocephalic arteries are examined,
revealing lipid-rich macrophages in plaque lesions and col-
lagen/elastin fibers in the arterial wall. Having established
these contrast parameters, we study differences in athero-
sclerotic plaques based on diet. Mice were fed either a stan-
dard low-fat diet or a high-fat, high-cholesterol Western diet
to accelerate disease progression. Our imaging results show
a clear diet dependence of atherosclerotic lesions in terms
of lesion size, macrophage and lipid density, and collagen
content. Specifically, in the Western diet group, quantita-
tive arterial imaging reveals an approximate 2-fold increase
in intimal plaque area, defined by lipid-rich macrophage
accumulation, as well as a nearly 4-fold decrease in collagen
distribution within those lipid-rich plaque regions.

MATERIALS AND METHODS

Atherosclerotic ApoE-deficient mouse model

Previous studies have shown that the apolipoprotein E gene
knockout (ApoEf/f) mouse suffers from delayed clearance of li-
poproteins, thus causing the development of fatty streaks and
widespread fibrous plaques at vascular sites that are typically af-
fected in human atherosclerosis (29-32). In this study, male
ApoEfk mice on a C57BL/6 background were received from
Jackson laboratory (Bar Harbor, ME). Mice were fed either a
Western-type diet (TD.07730 containing 21% fat and 0.2% cho-
lesterol) or a control, low-fat diet (TD.07731 containing 4% fat
and 0.02% cholesterol), which were both adjusted in calcium
and magnesium content (1.2% calcium, 0.25% magnesium).
Both diets were obtained from Harlan Teklad, USA. Standard
C57BL/6 (non—ApoEf/f) mice fed the control, low-fat diet and
the Western-type diet were also used as negative controls in our
quantitative studies. Mice were maintained in a clean environ-
ment on a regular light-dark cycle (12 h light, 12 h dark). Before
the initiation of the corresponding diets, mice were kept on a
standard laboratory diet (2018 Teklad Global 18% protein ro-
dent diet) for 1 week. After 19-20 weeks mice were anesthetized
with phenobarbital (100 pl per mouse). Each animal was per-
fused with 10ml 1x PBS by applying heart puncture with a but-
terfly needle (23-gauge 3/4). After the animal was perfused free
of all blood, the tissues were fixed by perfusing with 2% 10-20 ml
freshly prepared PFA (in 1x PBS). The aortas and the brachio-
cephalic arteries (BCA) were postfixed in fresh 2% PFA for 24 h.
Thereafter, the BCA were stored and preserved in 1x PBS sup-
plemented with sodium azide for imaging. Animal experiments
were approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at the University of Colorado, Denver.
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Immunohistochemistry. To confirm the presence of macro-
phage cells within the arterial wall, 5-pm thick sections of the aortic
arch from standard, low-fat diet-fed ApoFf/ ~ mice and Western
diet—fed ApoE_/ "~ mice were processed, cut, and prepared for im-
munohistochemical analysis. Briefly, sections were incubated with
0.5% Triton X-100 for 2 min at room temperature and then washed
twice with PBS. To block nonspecific binding of the primary anti-
body, a 3% BSA dilution in PBS was used for 60 min at room tem-
perature. Sections were incubated with a 1:300 dilution in blocking
solution of rat monoclonal antibody to mouse macrosialin, the
murine homolog of the human macrophage glycoprotein CD68
(MCA1957; AbD Serotec, Raleigh, NC), for 60 min at room tem-
perature. After washing with blocking solution, slides were then in-
cubated with a 1:300 dilution in blocking solution of Alexa Fluor 488
donkey anti-rat immunoglobulins (A-21208; Invitrogen, Carlsbad,
CA) for 60 min at room temperature. Slides were then washed with
PBS, dried, and mounted with Aqua-Mount aqueous mounting me-
dium (13800; Lerner Laboratories, Pittsburgh, PA).

Sample handling. We imaged ~10 mm-long regions of the
brachiocephalic artery (~150 mm®) in ApoE-deficient mice fed
either a standard low-fat diet or a high-fat, high-cholesterol Western
diet, which is known to accelerate the disease process (30, 31). To
visualize the lesions from the arterial intima out toward the adventi-
tia, the aortas were sliced longitudinally and laid out en face onto a
glass coverslip, with the lumenal side face-down and closest to the
objective lens of the inverted microscope (Fig. 1). A second cover-
slip was placed on top of the artery and secured along two opposite
edges with an epoxy resin to prevent motional artifacts and to keep
the lumenal surface in contact with the bottom coverslip. The non-
secured edges allowed for the addition of PBS to keep the tissue
from drying out.

Nonlinear optical imaging. The pump and Stokes beams re-
quired for the CARS process were derived from a synchronously
pumped optical parametric oscillator system. The 1064-nm, 7-ps
pulses of a 76 MHz mode-locked Nd:vanadate laser source (High-Q,
Hohenems, Austria) provided the Stokes radiation. A portion of the
same 1064-nm source was used to pump an optical parametric oscil-
lator (Levante, Berlin, Germany), tunable in the 760-960 nm range,
which delivered the pump beam for the CARS process. The fre-
quency difference between the pump and the Stokes radiation was
set to 2852 cm ™, corresponding to the symmetric CHj vibration of
lipid. For the reported experiments, the pump beam was set to 816.3
nm. In addition, the 816.3 nm radiation also served as the driving
beam for the SHG process. The collinearly overlapped pump and
Stokes beams were passed through a laser scanner (Fluoview 300,
Olympus, Center Valley, PA.) and focused with a 20x UPLAPO ob-
jective (Olympus) into the sample. The average power at the sample
was ~~10 mW for the Stokes beam and 20 mW for the pump beam.

The inverted microscope (IX71 Olympus) is equipped with three
photomultiplier tubes (PMT). In the forward direction, the SHG

and CARS light were captured by a condenser lens (0.55 NA) and
directed to a 760-nm long-wave pass dichroic mirror (z760xrdc,
Chroma, Rockingham, VT). The reflected light was passed on to a
dichoric mirror (FM02, Thorlabs, Newton, NJ) for separating the
SHG and forward (F-) CARS signals. The CARS detector consists of
two 650 + 40 nm bandpass filters (HQ650,/40, Chroma) and a red-
sensitive PMT, while the SHG detector includes a set of two 400 + 40
nm bandpass filters and a PMT photodetector. In the backward
(epi-) direction, TPEF radiation was reflected off a 760 nm long-pass
dichroic mirror, passed through a 550 + 20 nm bandpass filter, and
sent onto a PMT. All nonlinear signals were detected by red-sensitive
PMTs (R3896, Hamamatsu, Hamamatsu City, Japan). Total acquisi-
tion time for each image was 4.96 s per scan, with each image inte-
grated over three averages. Single-plane XY images and multiplane
XYZ image stacks were taken, as well as XZ cross-sectional scans.

Once collected, images were processed using Image] imaging
software for quantitative analysis. For composite arterial images, sev-
eral individual image tiles (512 x 512 pixelsg) were cropped and
manually stitched together (approximately 8 x 10 tiles per full im-
age) to recreate the full view of the artery.

RESULTS

En face multimodal imaging identifies lipid-rich regions
within Type II and III plaque lesions

Representative images of the entire artery for both stan-
dard and Western diets are shown in Figs. 2 and 3. The
TPEF (green) and SHG (blue) channels clearly reveal the
elastin structure throughout the tissue and distinct regions
of collagen fiber accumulation, respectively. The CARS
(red) channel shows significant aggregates of lipid at sev-
eral locations along the artery, indicating atherosclerotic
plaque lesions. Individual tile images and multiplane image
stacks of a second set of arteries, fed the same standard or
Western diet (Fig. 4 and supplementary movies I, IT), as well
as XZ cross-sectional images (Fig. 5 and supplementary
movies III, IV) provide more in-depth views of these lipid-
rich regions, subsequently revealing the organization of
elastin, collagen, and lipids. In these images, specifically in
the XZ cross-sections, the lesions appear to be characterized
by lipid droplets embedded in a network of elastin fibers
closest to the arterial lumen. A distinct layer of collagen sur-
rounds the lipids closer to the adventitial surface.

The plaque lesions observed in both standard diet—fed
and Western diet-fed mice predominantly correspond to
Type II and III early atherosclerotic plaques (Fig. 6). Most
lesions are characterized by intracellular lipid accumula-
tion with very few quantities of thinly dispersed lipid drop-

X il 4

objective

Fig. 1. Schematic of aortic tissue preparation for en face imaging. Tissue samples were cut once along the
length of the artery and laid flat between two glass coverslips. The lumenal side was placed face-down on the stage
of the inverted microscope so that the imaging orientation was consistently directed from the intimal layer out to
the adventitial surface. Total tissue surface area was approximately 150 mm”.
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SHG

3 channels merged

Fig. 2. Representative composite images of the entire descend-
ing aorta in ApoE-deficient mice fed a standard low-fat diet. Images
from three separate channels—TPEF (A), SHG (B), and CARS
(C)—were acquired simultaneously, with all three channels visible
in D. Each image consists of several individual image tiles, cropped
and stitched together (approximately 8 x 10 tiles per composite
image). Scale bar, lower left of each image = 500 pm. CARS, coher-
ent anti-Stokes Raman scattering; SHG, second harmonic genera-
tion; TPEF, two-photon excitation fluorescence.

lets and vesicular particles within the extracellular space,
which is indicative of Type II lesions (34, 35). These obser-
vations are consistent with studies in other laboratory ani-
mals, where Type II lesions are most readily produced.
However, in the Western diet—fed mice, the extracellular
lipid droplets and particles become more prevalent, as
they begin to form small lipid pools which will eventually
become the foundation of the atheromatous lipid core
(35, 36). These observations indicate the early presence of
Type III plaque lesions.

These results confirm that nonlinear multimodal imag-
ing is highly sensitive to several unique features of the
plaque lesion and therefore provides a highly capable
means of plaque detection in the en face geometry.

CARS imaging identifies macrophages

Although the gross surrounding architecture and or-
ganization of components within the lesion are readily
identified with nonlinear multimodal microscopy, more
specific information is attained when examining structures
at the cellular level. During the early stages of atheroscle-
rosis, monocytes are recruited to the arterial endothelium
as part of the body’s natural immune response to the onset
of disease. These monocytes differentiate into macrophage
cells, become filled with fat, lipids, and various inflamma-
tory elements, and eventually grow until rupture, thus
defining the atherosclerotic plaque. High-magnification
CARS images (40x) at various levels of electronic optical
zoom (2-6.5 times the original image) reveal distinct
cellular structures that morphologically resemble mac-
rophage cells, in both standard diet-fed and Western
diet—fed mice (Fig. 7). These structures have well-defined
nuclei and exhibit strong CARS signals, indicating the
abundance of lipids in cytosolic parts of the cells. To con-
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firm identification of these cellular structures as mac-
rophage cells, immunohistochemical analysis was performed
using a primary antibody against mouse macrosialin, the
murine homolog of the human macrophage glycopro-
tein CD68. The coregistered CARS/TPEF immunofluores-
cence images confirm that these structures are macrophages

(Fig. 8).

Plaque lesions exhibit an increase in overall lipid content
in Western diet-fed mice

We performed a quantitative analysis of the images to
acquire insight into the biochemical and structural
changes that occur during disease progression. We specifi-
cally focused on the relative changes in lipid levels between
the standard diet—fed atherosclerotic mice and the West-
ern diet—fed, accelerated disease state mice. To determine
these changes, we measured lipid accumulation within
plaque lesions. Using Image] imaging software, we first de-
fined lipid-rich plaque regions by determining a threshold
based on lipid signal intensity in the CARS channel (histo-
grams not shown) and then measured only the regions
above the threshold value in our analysis of lipid area. To-
tal tissue surface area (~150 me) was measured with the
threshold set to 1 (out of a maximum of 255) to exclude
the background. Total plaque lesion area was then defined
as the ratio of lipid area to total tissue area.

In the standard diet—fed mice, lipid accumulation occu-
pied approximately 11% (11.21 + 2.58) of the entire artery,
on average (n = 4) (Fig. 9). In contrast, the Western diet—
fed mice displayed an average lipid occupation of 22%

3 channels merged

Fig. 3. Representative composite images of the entire descend-
ing aorta in ApoE-deficient mice fed a Western diet. Images from
three separate channels—TPEF (A), SHG (B), and CARS (C)
—uwere acquired simultaneously, with all three channels visible in
D. Each image consists of several individual image tiles, cropped
and stitched together (approximately 8 x 10 tiles per composite
image). Scale bar, lower left of each image = 500 pm. CARS, coher-
ent anti-Stokes Raman scattering; SHG, second harmonic genera-
tion; TPEF, two-photon excitation fluorescence.
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500 pm

Standard diet

Western diet

(22.22 + 3.43), which signifies a roughly 2-fold increase in
overall lipid abundance (and therefore, overall lesion area)
between the two diets. Lipid accumulation was also mea-
sured in both standard dietfed and Western diet-fed
C57BL/6 non-ApoEﬁf mice as negative controls. To en-
sure that the lipid-abundant lesions were similar between
the two diets, we measured the lipid intensity profile based
on the overall lipid signal intensity (Fig. 10). The signal in-
tensity remained relatively constant between the two diets
(94.13 £ 1.80 in standard diet versus 89.36 + 2.95 in Western
diet, on a 0-255 scale), suggesting that there was no differ-
ence in the lipid concentration in the different plaques.

Collagen content decreases within plaque lesions and in
the surrounding structural matrix

In addition to analyzing the biochemical composition of
the plaque lesion, we also quantitatively characterized and
measured the structural changes that occur at lesion sites
and within the surrounding matrix of the vessel wall. Spe-
cifically, we measured the amount of collagen both within
and around the plaque. For our measurements of collagen
distribution within the plaque lesion, we first separated

Fig. 4. CARS composite images of the entire de-
scending aorta in ApoE-deficient mice fed either a
standard low-fat diet or a Western diet, with specific
regions of lipid accumulation highlighted. Enlarged
images (B and D) to the right of composite images (A
and C) represent uncropped, single-image tiles at
full magnification (20x) of the regions highlighted in
A and C. Distinct lipid deposits and collagen fibers
are evident. Corresponding scale bars are located at
the lower right of each image. Apo, apolipoprotein.

100 pm

the signal of the SHG channel from the previously defined
CARS-based images of lipid-rich plaque regions (which we
determined with a CARS-based signal threshold). These
SHG-based images subsequently featured only collagen
within the lipid-rich plaque regions. We measured the col-
lagen with an SHG signal threshold set to 1 (out of a maxi-
mum of 255) to include all collagen within the plaques
and to exclude only the background. Colocalization of col-
lagen and lipids was then defined as the ratio of total col-
lagen content within the lipid-rich plaque regions to the
lipid area determined previously with the CARS-based
threshold value. For our measurements of collagen in the
surrounding matrix structure (i.e., collagen not associated
with lipid-rich plaque regions), we followed an approach
similar to our previous analysis. However, instead of sepa-
rating the SHG signal from the lipid-rich plaque images
that were determined with a CARS-based signal threshold,
we separated the SHG signal from the raw, multichannel
images, thereby maintaining signal from all of the colla-
gen within the tissue. We then subtracted the plaque-
associated collagen signal from the total tissue collagen
signal to obtain only the non-lipid-associated collagen.

Fig. 5. XZ cross-sectional images of lipid-rich region in the standard diet mouse of Figure 4. CARS/SHG
(A) and TPEF/SHG (B) images were taken separately to facilitate visualization of unique structures corre-
sponding to signal origin (i.e., lipid deposits from red CARS, collagen structure from blue SHG, and elastin
fibers from green TPEF). Scale bar, lower right = 200 pm. CARS, coherent anti-Stokes Raman scattering;
SHG, second harmonic generation; TPEF, two-photon excitation fluorescence.
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Standard
diet

Western
diet

Analysis of collagen structure distribution within the
plaque lesions revealed a significant change, as the West-
ern diet—fed mice displayed nearly a 4-fold decrease in the
amount of collagen that colocalized with plaque-associated
lipids (12.76% =+ 6.44 in standard diet versus 3.61% + 0.11 in
Western diet) (Fig. 11). Collagen content in the surround-
ing matrix also decreased in a similar fashion (6.57% + 0.37
in standard diet versus 2.49% + 0.88 in Western diet).
These biochemical and structural changes suggest a strong
correlation between plaque development and dietary con-
ditions, and therefore suggest the potential for such
changes as useful markers for early plaque detection.

DISCUSSION

The goal of this study was to determine the capability of
coregistered nonlinear optical microscopy (NLOM) sig-
nals (CARS, SHG, and TPEF) to detect early stage Type
IT and III plaque formation. Specifically, we were able
to identify and characterize lipid-rich macrophage cells
within the plaque interior and measure the increase in
overall lipid plaque area in the Western diet—fed, acceler-
ated disease state, ApoE-deficient mouse. We also visual-
ized the collagen- and elastin-rich extracellular matrix

40x, zoom 2

40x, zoom 6.5

Fig. 7. Representative CARS images of macrophage-like cellular
structures within plaque lesions, at 40x magnification and two dif-
ferent levels of electronic optical zoom. Clusters of macrophage
cells, defined by dark nuclei, are indicated by arrows. Correspond-
ing scale bars are located at the lower right of each image. CARS,
coherent anti-Stokes Raman scattering.

1734 Journal of Lipid Research Volume 51, 2010

Fig. 6. CARS images of type II and III plaque lesions
within standard diet-fed and Western diet-fed athero-
sclerotic ApoE-deficient mice. Lesions are mostly char-
acterized by intracellular lipid accumulation within
macrophage cells, which is indicative of Type II le-
sions. However, in the Western diet—fed mice, some
small pools of extracellular lipids are also evident
(highlighted with boxes), indicating Type III lesions.
Scale bar, lower right = 100 pm. Apo, apolipoprotein;
CARS, coherent anti-Stokes Raman scattering.

structure of the aortic vessel wall, within and around the
plaque lesions. The covisualization of elastin and lipid in
our CARS images aids in identifying plaque regions. Con-
sequently, we were able to quantitatively measure the de-
crease in overall collagen content in the plaques of the
Western diet—fed mouse.

A major finding of this study is an increase in overall
lipid accumulation within the plaque lesions of the West-
ern diet-fed ApoE-deficient mouse. Previous studies in
other animal models have shown similar trends of in-
creased lipid accumulation within various lesion types of
atherosclerotic plaque (26-28). However, the work pre-
sented here marks the first report of multimodal CARS
imaging of increased lipid accumulation as a function of
dietary conditions (Figs. 2-8). The use of CARS micros-
copy for selective detection of lipids in atherosclerotic tis-
sue presents several significant advantages over existing
optical techniques used for determining lipid content in

TPEF/CARS

CARS - lipids

TPEF - macrophages

Standard
diet

Western
diet

Fig. 8. Images of macrophage cells in atheromatous plaque le-
sions obtained from simultaneously acquired CARS and TPEF sig-
nals. On the left, CARS (red) images of lipids from standard
(upper) and western (lower) diet animals. In the middle, TPEF
(green) images of CD68-stained, immunofluorescent (Alexafluor
488) macrophage cells from standard (upper) and western (lower)
diet animals. On the right, coregistered CARS and TPEF shows
colocation of lipid and CD68, respectively, confirming CARS iden-
tification of macrophage cells in plaques. Scale bar, lower left =
200 pm. CARS, coherent anti-Stokes Raman scattering; TPEF, two-
photon excitation fluorescence.
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Fig. 9. Lipid accumulation in the arterial wall of standard diet—
fed and Western diet—fed ApoE-deficient mice. Total lipid content
is defined as the ratio of lipid area to total tissue area. Normal
C57BL/6 mice (non-ApoE™ ") fed a standard diet and a Western
diet were included as negative controls. Apo, apolipoprotein.

tissues. Compared with infrared spectroscopic approaches,
CARS offers subcellular resolution and optical sectioning,
which enable the identification of individual macrophages
and provide a clear depth-resolved picture of the lesion in
the blood vessel wall. Alternative techniques based on fluo-
rescent stains, such as Oil-Red-O, are unattractive for in
vivo imaging and are known to produce tentative artifacts
that may affect the quantitative analysis (37). Importantly,
the label-free detection of lipids provided by CARS can be
combined with endoscopic probing, opening the door for
in vivo optical examination of intravascular lesions. Re-
cently, significant progress has been made with integrat-
ing nonlinear optical modalities, such as SHG and CARS,
in a fiber-based probe (38), underscoring the potential of
the nonlinear imaging approach for research of cardiovas-
cular disease.

While lipid accumulation increased in the Western diet—
fed mice, the amount of collagen within the plaque lesions
decreased (Fig. 11). Several mechanisms may account for
this observation. Shah et al. demonstrated that mac-
rophages induce collagen breakdown in the fibrous caps
of atherosclerotic plaques, and the addition of a matrix
metalloproteinase (MMP) inhibitor partially blocks this
process (39). Aikawa et al. further reported that lipid low-
ering by diet stabilizes atherosclerotic plaques by reducing

100 -
80
60

40

Pixel Intensity

20 -

Normal ApoE Western ApoE

Fig. 10. General intensity profile of atheromatous plaque lesions
in the arterial wall of standard diet—fed and Western diet—fed ApoE-
deficient mice. Lesion profile is defined by the overall CARS signal
intensity from lipids within the plaque lesion. Apo, apolipoprotein;
CARS, coherent anti-Stokes Raman scattering.

both lipid accumulation and proteolytic enzyme activity,
specifically interstitial collagen degradation by MMP-1,
MMP-2, MMP-3, and MMP-9 (40). These findings directly
suggest a significant role for MMPs in the integrity of the
atherosclerotic plaque and also confirm the dependence
of MMP activity on lipid-based dietary conditions. In a
separate study, Aikawa et al. also showed that dietary lipid
lowering promotes the accumulation of mature smooth
muscle cells (SMC) in atheroma (41). SMCs provide the
cellular source of collagen fibers within the arterial wall,
and therefore, an increase in SMC accumulation would
directly promote collagen formation at plaque lesions.
The decrease in collagen content that we observed in the
Western diet—fed ApoE-deficient mice may therefore be
attributed to a combination of increased MMP activity and
decreased SMC accumulation at lesion sites. Dietary con-
ditions did not, however, produce an impact on elastin
distribution within the tissue. Further investigation into
the specific roles of both MMPs and SMCs in the mainte-
nance of plaque structure is necessary.

CONCLUSION

We employed high-resolution, multimodal nonlinear
optical microscopy (NLOM) for quantitative analysis of
complete brachiocephalic arteries (~150 me) in ApoE-
deficient mice. Specifically, lipid, collagen, and elastin
were detected by CARS, SHG, and TPEF intrinsic signals,
respectively, in thick tissue specimens without the use of
exogenous labels. Our results reveal significant changes
that occur both in the cellular composition of the plaque
lesions and the surrounding structure of the extracellular
matrix. A high-fat, high-cholesterol Western diet resulted
in elevated lipid and macrophage content and reduced
collagen in plaques and the surrounding arterial wall.
These observations are consistent with known mechanisms
of Type 11 /111 atherosclerotic lesion formation, and NLOM
identification of macrophage cells was confirmed by histo-
pathology. Future investigations may involve manipulating
nondietary factors, such as chronic renal failure, which

m Collagen within plaque lesion
20 4 Non-plaque associated collagen

Collagen area (%)
=]

Normal ApoE Western ApoE

Fig. 11. Collagen distribution within plaque lesions and in the
surrounding structural matrix of standard diet-fed and Western
diet—fed ApoE-deficient mice. Colocalization of collagen and lipids
within the plaque lesion (i.e., plaque-associated collagen area) is
defined as the ratio of total collagen content within lipid-rich
plaque regions to the total area of those lipid regions. Nonplaque-
associated collagen is defined as the ratio of nonplaque-associated
collagen area to total tissue area. Apo, apolipoprotein.
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has previously been linked to accelerated atherosclerosis
and arterial calcification and has high clinical relevance
(29, 42, 43). Overall, multimodal NLOM has exceptional
sensitivity to vascular wall structures. It is a promising ap-
proach for quantifying the early appearance and progres-
sion of plaque formation and is expected to become an
important new tool for atherosclerosis research . Hl
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