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H I G H L I G H T S

• Ultrastructural detail of atherosclerotic plaque composition throughout all stages of atherosclerosis in LDL-R null mice.• Documentation of the formation and appearance of cholesterol crystals from the very genesis to advanced atherosclerosis.• The use of a monoclonal antibody against cholesterol microdomain to locate cholesterol crystals in the plaque.
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A B S T R A C T

Backgound and aims: The low-density lipoprotein receptor-deficient (Ldlr−/−) mouse has been utilized by car-
diovascular researchers for more than two decades to study atherosclerosis. However, there has not yet been a
systematic effort to document the ultrastructural changes that accompany the progression of atherosclerotic
plaque in this model.
Methods: Employing several different staining and microscopic techniques, including immunohistochemistry, as
well as electron and polarized microscopy, we analyzed atherosclerotic lesion development in Ldlr−/− mice fed
an atherogenic diet over time.
Results: Lipid-like deposits occurred in the subendothelial space after only one week of atherogenic diet. At two
weeks, cholesterol crystals (CC) formed and increased thereafter. Lipid, CC, vascular smooth muscles cells, and
collagen progressively increased over time, while after 4 weeks, relative macrophage content decreased.
Accelerated accumulation of plate- and needle-shaped CC accompanied plaque core necrosis. Lastly, CC were
surrounded by cholesterol microdomains, which co-localized with CC through all stages of atherosclerosis, in-
dicating that the cholesterol microdomains may be a source of CC.
Conclusions: Here, we have documented, for the first time in a comprehensive way, atherosclerotic plaque
morphology and composition from early to advanced stages in the Ldlr−/− mouse, one of the most commonly
used animal models utilized in atherosclerosis research.
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1. Introduction

Atherosclerosis, the leading cause of cardiovascular diseases (CVD),
was responsible for approximately 32% of the 54 million deaths
worldwide in 2013 [1]. Atherosclerosis is widely recognized as a
chronic inflammatory disease that is accelerated by hyperlipidemia and
involves many aspects of the immune system [2,3]. Over time, complex
plaques develop within the intima of medium and large arteries, which
can rupture, leading to thrombosis and possible heart attack or stroke
[4].
It is generally believed that one of the first steps in atherogenesis is

dysfunction of the endothelial monolayer [5,6], resulting in a cascade
of events that promote white blood cell infiltration into the vessel wall,
and accumulation in the subendothelial space. Macrophages contribute
to atherosclerosis progression in mice and humans [7,8], but can also
be involved in plaque regression depending on their microenvironment
and activation state [9]. Lipid metabolism, cytokine and chemokine
secretion, and production of ECM-degrading matrix metalloproteases
(MMP) are the preeminent functions of macrophages within the
atherosclerotic lesion. These processes have been widely researched to
find treatments aimed at preventing or reducing atherosclerosis de-
velopment [10]. Recently, we have reported that under hyperlipidemic
conditions in the initial stages of atherosclerosis formation, endothelial
cells (EC) produce and secrete cholesterol crystals (CC) into the sub-
endothelial space. EC exposed to hyperlipidemia accompanied by CC
formation leads to increased E-selectin expression, accelerating mono-
cyte adherence and transmigration [11]. Once in the subendothelial
space, macrophages encounter endothelial-derived CC, as well as sub-
endothelial lipids including lipid vesicles, lipid droplets and plasma-
derived lipoproteins [12,13], which results in lipid uptake and macro-
phage foam cell formation.
The effects of CC on macrophages were recently highlighted by

publications reporting that CC present within the atherosclerotic lesion
activate the macrophage NLRP3 inflammasome via Nrf-2, thus accel-
erating the progression of atherosclerosis [14–16]. CC have been re-
ported in human atherosclerosis as early as 1959 [17], and in 1963 and
1976 it was demonstrated using X-ray diffraction that cholesterol
crystalizes in the form of cholesterol monohydrate [18,19]. Recent
studies using techniques such as Raman spectroscopy and second har-
monic generation microscopy have validated these findings [20,21].
The biological origin of CC within cells of the plaque has been re-

latively unexplored, with existing data mainly focused on late stages of
the disease. The identification of CC being formed by EC [11] within
1–2 weeks of initiating a HFD in atherosclerosis-prone mouse models
[11,15] has been reported. Until very recently, CC were thought to be
produced solely by macrophages within the atherosclerotic plaque
under the paradigm that macrophage foam cell death within the ne-
crotic core causes the release of CC into the surroundings [22]. Physical
factors in the necrotic core, including temperature, pH, hydration, and
cholesterol solubilization, may play an important role in CC formation
[23]. Active production of CC in macrophages has been shown utilizing
primary human and mouse macrophages [24,25], as well as a macro-
phage cell line [26,27]. In addition, another important cell type in
plaque formation, vascular smooth muscle cells, were also recently
shown to be capable of CC production and secretion in vitro when
loaded with cholesterol [28]. Advances have been made in under-
standing the origin and pathologic consequences of CC within the
atherosclerotic lesion, including the identification of several cell types
with the capacity to produce CC. However, very little information exists
regarding in vivo CC production and its accumulation within plaques in
early through late stage atherosclerosis development.
We believe that targeting CC formation and deposition could be a

feasible approach for innovative therapies designed to ameliorate
atherosclerosis. Therefore, we aimed to further understand the dy-
namics of CC formation in atherosclerotic lesions. For this purpose, we
employed a variety of microscopic and histological techniques to

analyze atherosclerosis development over time in high fat diet (HFD)-
fed Ldlr−/− mice, one of the most consistent and widely used mouse
models of atherosclerosis. These techniques provide a unique insight
into atherogenesis and the formation of CC in vivo. Furthermore, we
report the close association of cholesterol microdomains with CC in
advanced plaque, and speculate as to the importance of these choles-
terol microdomains for CC formation and disease progression.

2. Materials and methods

2.1. Mouse atherosclerosis study

All animals were handled in accordance with good animal practice
as defined by the Institutional Animal Care and Use Committee (IACUC)
and all other relevant animal welfare bodies. Equal numbers of male
and female Ldlr−/− mice on C57BL/6 background were put on a high-
fat diet (HFD) containing 15.8% (wt/wt) fat and 1.25% cholesterol (diet
94059; Harlan Teklad) for 0, 1, 2, 4, 8, 12, 16, and 36 weeks. 3–5 mice
per time point. At sacrifice, aortas and hearts were used for quantifi-
cation and immunohistological as well as electron microscopy analysis
of atherosclerosis. Hearts of these mice were prepared for frozen serial
sectioning of the aortic root. The extent of atherosclerosis plaque for-
mation was detected in aortic root sections by staining with Oil Red-O.
Plaque areas were measured using ImageJ software as described pre-
viously [29].

2.2. Scanning and transmission electron microscopy

Aortas were thoroughly cleaned from perivascular fat tissue. For
scanning electron microscopy (SEM) the ascending aorta up to the
carotid artery was excised and cut open longitudinally. For transmission
electron microscopy (TEM) the aortic arch between carotid artery and
left subclavian artery was used. Samples were immediately fixed with
4% glutaraldehyde and 2mM calcium chloride in 0.1M sodium caco-
dylate buffer, pH 7.2 for 24 h at room temperature (RT). Sample pre-
paration was performed as described previously [11,29]. For TEM
images were acquired on a Hitachi HT7700 transmission electron mi-
croscope operating at 100 kV with an AMT XR41 4-megapixel camera
(Advanced Microscopy Techniques, Corp.). For SEM, images were ac-
quired with a Hitachi S-4800 field emission scanning electron micro-
scope operating at 5 kV. At least 4 aortas were examined per time point
for both SEM and TEM imaging, with at least 25 pictures taken across
each aorta, allowing a comprehensive analysis of the excised aortas.

2.3. Preparation of aortic root sections

Hearts were fixed using 4% PFA in PBS (pH7.4) for 24 h, embedded
in Tissue Tek and prepared for frozen sectioning. 5 μm serial sections of
the aortic root were collected and subsequently used for further ana-
lysis. Analysis and preparation of aortic root sections and all quantifi-
cations were performed according to the scientific statement from the
American Heart Association [30].

2.4. Immunohistological detection of macrophage and smooth muscle cell
content

Aortic root sections were stained for macrophages (MOMA-2,
ab33451, AbCAM) and smooth muscle cells (SM22α, 10493-1-AP,
ProteinTech). Briefly, aortic root sections were rinsed for 5min in PBS
and trypsin antigen retrieval was performed for 15min at 37 °C [31].
Afterwards, sections were blocked for 30min in 2% BSA/5% normal
goat serum in PBS at room temperature. Primary antibodies (MOMA-2:
5 μg/ml, SM22α: 3 μg/ml) were added simultaneously in 2% BSA/PBS
over night at 4 °C, rinsed 3 times in PBS the following day, and sub-
sequently labeled using cy2/cy3 goat-α-rat/rabbit 1:500 in 2% BSA/
PBS for 1 h at room temperature in the dark. Nuclei were labeled using
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DAPI (4′,6-Diamidine-2′-phenylindole dihydrochloride). Sections were
rinsed thoroughly at the end of the incubation using PBS and mounted
using DAKO Fluorescent mounting media (DAKO/Agilent S3023, USA).
Images were taken with a Zeiss Axiovert Fluorescence microscope and
quantified with ImageJ analysis.

2.5. Detection of cholesterol crystals

The presence of cholesterol crystals (CC) was determined in the
5 μm frozen aortic root sections using a polarized light microscope
(Olympus IX81F-2 with IPlab imaging software) as described previously
[11].

2.6. Quantification of necrotic core area

Routine H&E staining of aortic root frozen sections was performed.
Staining was imaged using the NanoZoomer slide scanner (Hamamatsu,
USA). Necrotic core size (nuclei-free area) was measured using ImageJ
analysis.

2.7. Determination of changes in extracellular matrix components

Picro Sirius Red staining was performed on aortic root sections.
Bright field images were obtained by scanning the slides using the
NanoZoomer (Hamamatsu, USA). Polarized light images were taken
using the Olympus IX81F-2 microscope with a Canon 600D attached to
an eyepiece adapter.

2.8. Immunolabeling of cholesterol microdomains

Frozen paraformaldehyde-fixed aortic tissue sections were placed at
room temperature overnight so that the tissue could dry. Drying before
immunostaining was helpful for maintaining attachment of the tissue
sections during the immunostaining procedure. After drying, sections
were rinsed 3 times for 1min each rinse with 500 μl DPBS without
calcium or magnesium. This rinsing helped remove OCT from the slide.
All subsequent procedures were carried out at room temperature. Next,
tissue sections were incubated 1 h with 5 μg/ml purified IgM fraction of
mouse anti-cholesterol microdomain MAb 58B1 [32] diluted in DPBS
(with Ca2+ and Mg2+ for this and subsequent steps) containing 0.1%
BSA. Control immunolabeling was performed with 5 μg/ml of an irre-
levant purified mouse IgM fraction of anti-Clavibacter michiganense
MAb (clone 9A1) (Agdia, Elkhart, IN) diluted in DPBS and containing
0.1% BSA. Mab IgM fractions were purified as previously described
[33]. Cultures were then rinsed 3 times in DPBS, followed by a 30-min
incubation in 5 μg/ml biotinylated goat anti-mouse IgM diluted in DPBS
containing 0.1% BSA. After 3 rinses in DPBS, cultures were incubated
10min with 10 μg/ml streptavidin Alexa Fluor 488 diluted in DPBS.
After a final 3 rinses with DPBS, slides were mounted in ProLongTM
Gold Antifade mounting medium (P36930, Thermo Fisher Scientific,
Grand Island, NY) containing DAPI nuclear stain. Sections were imaged
with fluorescence and polarization microscopy using an Olympus IX81
microscope (Waltham, MA). Fluorescence of DAPI blue nuclear
staining, Alexa Fluor 488 green cholesterol microdomain staining, and
red autofluorescence staining were obtained with the following ex-
citation and emission filters, respectively: exciter 360/40 and emitter
460/50 for DAPI; exciter 480/40 and emitter 535/50 for Alexa Fluor
488; and exciter 560/55 and emitter 645/75 for autofluorescence.

2.9. Statistical analysis

Statistical comparison between groups was performed using PRISM
7.0 (GraphPad) software. Data are represented as mean ± the standard
error of the mean (SEM). Statistical significance was evaluated using
appropriate statistical tests. All data sets were tested for Gaussian dis-
tribution. Because data were nonparametric and unpaired, comparison

of 2 groups was performed using Mann-Whitney test. In cases of mul-
tiple parameter comparison, a one-way ANOVA statistical test was
done. Significance was established at a p value of p< 0.05. (*p< 0.05,
**p< 0.005, ***p< 0.0005 indicates significance to 0 weeks HFD;
∧p< 0.05, ∧∧p< 0.005, ∧∧∧p< 0.0005 significance between indicated
groups). All experiments were performed with at least an independent
experiment number of n= 3. Exact n-numbers are given in the Fig.
legends.
Univariable or multivariable regression analysis were performed

using STATA 12 (StataCorp., College Station, TX, USA).

3. Results

3.1. Quantitative histologic assessment of plaque progression

Aortic root sections of Ldlr−/− mice fed a HFD from 0 to 36 weeks
were analyzed to identify various cell types and structural character-
istics of atherogenesis. Oil red-O staining of aortic root sections
(Fig. 1A) was used to quantify the size of atherosclerotic plaques
(Supplementary Fig. 1A). Early atherosclerotic lesions were detected
after 2 weeks of HFD (data not shown), increasing in size and com-
plexity with prolonged HFD administration.
Immunofluorescent staining of aortic root sections revealed that

macrophages are present within 2 weeks of HFD (data not shown). The
macrophage content of the aortic root plaque increased dramatically by
4 weeks of HFD (Fig. 1B, green), accounting for more than 60% of the
atherosclerotic plaque area (Supplementary Fig. 1B). Over the fol-
lowing weeks of HFD, the MOMA-2-positive macrophage content per
plaque size steadily declined. Linear regression analysis of macrophage
content compared with plaque size did not reveal any significant cor-
relation.
As the plaque advances with increasing length of HFD, macrophages

produce growth factors that induce the proliferation and migration of
vascular smooth muscle cells (SMC). An important function of SMC
within the atherosclerotic plaque is the production of extracellular
matrix components, especially collagen, which serve to form the fibrous
cap that largely determines plaque stability. Histological staining for
smooth muscle cells (SMC) within aortic root plaques allows visuali-
zation of quiescent SMC found within the aortic wall (arrowheads), as
well as proliferative SMC comprising the fibrous cap (arrows, Fig. 1B).
A thin layer of SMC covering the plaque after 4 weeks of HFD is the first
detectable sign of fibrous cap formation. The SMC content at this point
constitutes less than 1% of the total plaque area and increases steadily
at subsequent time points reaching a maximum of 4% of total plaque
area by 16 weeks of HFD (Supplementary Fig. 1C). We found a strong
correlation between SMC and plaque size (β= 0.525, p< 0.0001).
The area comprising the necrotic core was quantified from nuclei-

free areas using H&E staining (Fig. 1C, Supplementary Fig. 1D). Pro-
minent necrotic core areas within the atherosclerotic plaque began to
appear after 12 weeks of HFD and grew steadily through 36 weeks of
HFD. Increase in necrotic core area was positively correlated with
plaque size as determined by regression analysis (β=0.720,
p< 0.0001).
Notable collagen deposition was observed by Sirius Red staining in

Ldlr−/− mice on HFD for 4 weeks, increasing over time, and reaching a
maximum at 16 weeks (no further increase detectable up to 36 weeks of
HFD) (Fig. 1D and E, Supplementary Figs. 1E and F). This staining used
for collagen visualization under bright light, has the advantage of being
birefringent under polarized light. The emitted color in polarized light
reflects the thickness and type of the collagen fibers along a spectrum
from green to red [34]. Collagen I is shown by yellow, orange and red,
while Collagen III appears in green under polarized light. In Ldlr−/−

mice fed HFD, we observed a reduction the contribution of collagen III
(green) with increasing collagen I content (yellow, orange, and red)
over time. Additionally, we observed thicker collagen I fibers in ad-
vanced compared to early plaques, as determined by the shift from
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yellow to red fibers (Fig. 1E and Supplementary Fig. 1F), revealing
advancing collagen deposition and growth at various stages of ather-
ogenesis.

3.2. HFD-induced changes in aorta assessed by SEM

Scanning electron microscopy (SEM) was used to visualize the lu-
minal surface of mouse aortas from Ldlr−/− mice on a HFD for various
lengths of time (Fig. 2 and Supplementary Fig. 2). EC and the basal

lamina form the inner layer of the blood vessel, which separates blood
and its contents from the surrounding tissue. Control animals fed a
normal chow diet displayed a uniformly contiguous monolayer of en-
dothelial cells, indicated by the presence of inter-endothelial junctions
(yellow arrowheads), covering the underlying tunica media and ad-
ventitia, with no monocytes or macrophages detected on the surface of
the aorta or beneath the endothelium (Fig. 2A). Control animals also
showed normal aorta anatomy with tunica adventitia as the outermost
layer, followed by SMC- and collagen-rich tunica media which are

Fig. 1. Histological analysis of the pathophysiology in the atherosclerotic plaque.
Ldlr−/− mice on HFD for several time points were euthanized and frozen aortic root sections prepared. (A) Oil Red-O staining of aortic root sections was used to
determine atherosclerotic plaque size. (B) Serial sections of the aortic root were stained with the macrophage marker, Moma-2 (green), to determine macrophage
content per plaque size. SM22α was used to stain smooth muscle cells (red). Nuclei shown by DAPI staining in blue. (C) H&E staining of aortic root sections allowed
for the quantification of the necrotic core. (n= 10 for each given time point). (D) Picro Sirius Red staining of aortic root sections allows for visualization and
quantification of total collagen using bright field microscopy, and of collagen type and maturation using polarized light microscopy (E). Under polarized light,
collagen III appears green while collagen I shows in yellow, orange and red in order of increasing thickness. n=3; sections from both upper and lower aortic root
were analyzed; BF, bright field; PL, polarized light.
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separated from the tunica intima by the internal elastic membrane
(Fig. 2A). Within 1 week of HFD the aortic surface is no longer smooth,
and deposits can be seen collecting beneath the endothelium (Fig. 2B,
red arrows). Higher magnifications of these subendothelial areas dis-
play extracellular liposomes, and smooth, round particles resembling
lipid droplets (LD) of various sizes, similar to those previously described
in hyperlipidemic rabbit aortae [12]. These lipid-based structures can
be identified by their smooth surface, as opposed to cells of the aorta
with visible membranous pores (Supplementary Fig. 3). After 2 weeks
of HFD, subendothelial deposits increase in size, and openings on the

aortic surface show the first observed infiltrated immune cells (yellow
arrows). Increasing the duration of HFD to 4 and 8 weeks resulted in
increased disturbance of the aortic surface and increased deposition of
lipids, cellular debris, and infiltration of immune cells in a time-de-
pendent manner (Fig. 2D and E). After 12 weeks of HFD, discrimination
between intact macrophages and cellular debris in the central areas of
the plaque becomes increasingly difficult as the necrotic core con-
tinuous to grow (Fig. 2F).

Fig. 2. Scanning electron microscopy (SEM) to observe atherogenesis.
Ldlr−/− mice were put on HFD for several time points. At the end of each time point, comparable areas of the aortic surface were imaged with SEM. (A) An even
surface is observed in control animals not on HFD. In cracks through the aorta, typical anatomy of alternating extracellular matrix layers and cells can be seen.
Endothelium forms the uppermost layer (roughly 0.5–1 μm thick) towards the lumen with intact interendothelial junctions (arrowheads). (B–F) Extending the
duration of HFD results in increased subendothelial deposition (red arrows) of lipid-based particles. (C–F) Increased complexity of subendothelial deposits and
atherosclerotic plaque characteristics is evidenced by the presence of infiltrated cells like macrophages or foam cells, and a greater degree of lipid-based particles.
Subendothelial depositions grow in number and size with increasing HFD until, from 8 weeks HFD on, mainly large depositions can be seen. C, collagen; E, internal
elastic membrane; EC, endothelial cells; LD, lipid droplet; M, monocyte; NC, necrotic core; t. media, tunica media. Yellow boxes indicate the location of the higher
magnification picture to the right. n=4 individual aortas for each timepoint, with at least 25 pictures taken per aorta.
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3.3. Monocyte adherence and transmigration

As seen by immunofluorescence staining in Fig. 1, the first sub-
endothelial macrophage foam cells were observed after 2 weeks of HFD.
We examined aortas of Ldlr−/−mice at this time point by SEM and TEM
to visually investigate adhesive and chemotactic properties of mono-
cytes and macrophages. Various images show monocytes adherent to
the aortic wall at different stages of transmigration across the en-
dothelial monolayer (Fig. 3A). Large areas within the subendothelial
space are formed within 2 weeks of HFD treatment, at locations where
we also observed adherent monocytes by TEM (Fig. 3A, I/II). Further,
by using SEM, we detected monocytes adherent on aortic surface fis-
sures (Fig. 3A, III/IV), sometimes observed with tethers (Fig. 3A,VII-

VIII). TEM and SEM images show monocytes actively transmigrating
through the endothelium (Fig. 3B). We did not observe transmigration
further into the aortic wall past the elastin layer, and transmigrated
monocytes and macrophages were always observed just beneath the
endothelial monolayer (Fig. 3C), where they encounter the accumu-
lated subendothelial lipid deposits shown in Fig. 2.

3.4. Cholesterol crystals are present in various compartments of the plaque

The presence of cholesterol crystals (CC) has been described in both
human and mouse atherosclerotic plaques. Large CC found in the ne-
crotic core of advanced plaques are thought to contribute to in-
flammation and potentially make the plaque less stable. Recently it was

Fig. 3. CC in atherosclerotic plaques of Ldlr−/− mice at various time points.
(A) Imaging of aortic root sections using polarized light microscopy allows (with subsequent ImageJ quantification) (B) the determination of cholesterol crystal
content per plaque area (n=
10 for each time point; ANOVA statistical test, error bar indicates SEM, significance at p< 0.05, *significance to 0-week HFD, ∧significance between indicated
groups; BF, bright field; PL, polarized light). (C) Display of representative areas of atherosclerotic plaques (red squares) visualized by SEM or TEM at various stages of
HFD being fed to Ldlr−/− mice. (D) Presence of CC in the endothelial layer can be seen as early as 1 week of HFD. CC within EC can be detected at every stage of
atherogenesis. (E) Macrophages with varying degrees of lipid content and CC deposition can be seen in plaques after 2 weeks of HFD. (F) A necrotic core is formed at
8 weeks of HFD and continues to expand with longer duration of HFD. CC are present within the necrotic core. Lipid droplets are located in close proximity to CC and
stacking of CC can be seen as well. CC within the necrotic core can reach sizes of 25 μm. CC, cholesterol crystal, E, internal elastic membrane, ECM, extracellular
matrix; Mac, macrophage/foam cell; Mi, mitochondria; pCC, possible CC. Orange inserts indicate area of magnification to their right, in orange box. Scale bars:
black= 2.5 μm, blue= 10 μm, green= 0.5 μm.
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shown that endothelial cells can produce CC in the context of hyperli-
pidemia, and those CC found in early plaques have been shown to drive
endothelial dysfunction and inflammation. We used polarized light
microscopy to analyze aortic root plaques of Ldlr−/− mice on HFD and
identify cholesterol crystals, which grew more abundant with in-
creasing length of HFD treatment (Fig. 4A and B). Regression analysis
revealed a highly significant positive correlation between plaque size
and CC content (β= 0.815, p< 0.0001). An overview of an advanced

plaque is shown in Fig. 4C, with areas including endothelial cells,
macrophages/foam cells, and necrotic core further analyzed by TEM
(Fig. 4D–F).
In the presence of excess lipid, EC have the ability to metabolize

lipoproteins and produce CC, which can be observed by TEM within
aortic EC after just 1 week of HFD. Early accumulation of lipids and CC
beneath the endothelium are thought to drive plaque development by
inducing an endothelial inflammatory response, attracting monocytes

Fig. 4. Electron microscopy of monocyte adhesion and transmigration in Ldlr−/− mouse aortas after 2 weeks HFD.
Ldlr−/−mice were fed a HFD for 2 weeks and aortas were studied utilizing SEM and TEM. (A) Monocytes adherent to the luminal side of the endothelial lining can be
seen by TEM (A, I-II), especially at sites of underlying subendothelial space. Monocytes adherent to the surface of the endothelium can be seen at various places by
SEM (A, III-VIII). Signs of monocyte tethering (A, VII-VIII, magnified area of VII, arrow) are evident among adherent cells. (B) Monocytes transmigrating through the
endothelial lining were observed using SEM. (C) After presumably transmigrating, undifferentiated monocytes and/or differentiated macrophages can be found
beneath the endothelium. Frames I and II are TEM and frames III and IV are SEM. EC, endothelial cells; E, elastin/internal elastic membrane; SMC, smooth muscle
cells; C, collagen; M, monocyte; M/Mac, monocyte/macrophage; T, tethers; ECM, extracellular matrix. Black scale bar= 2 μm, n=4 individual aortas for each
timepoint with at least 25 pictures taken per aorta.
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to the affected areas. These monocytes transmigrate through the en-
dothelial monolayer and differentiate into macrophages, which then
begin taking up lipids and CC by phagocytosis. TEM analysis of mouse
plaques after 2 weeks of HFD reveals many lipid-laden macrophages,
known as foam cells, with prominent intracellular CC observed. After 8
weeks of HFD, a necrotic core is apparent, containing abundant lipid
droplets, cellular debris, and very large CC, as shown by TEM and SEM
(Fig. 4). The necrotic core area was directly correlated with increases in
plaque size, CC content, and smooth muscle cell content, as determined
by regression analysis (β=0.720, p< 0.0001 and β=0.769,
p< 0.0001, and β= 0.331, p< 0.005, respectively).

3.5. Ultrastructural analysis of atherosclerotic plaque progression by TEM

Through TEM we were able to observe the size, composition, and
location of atherosclerotic plaque formation in Ldlr−/− mice on an
unprecedented ultrastructural level. In control aortas from mice that
were not fed a HFD, EC were continuously in direct contact with the
internal elastic membrane and the subendothelial space was not visible
(Fig. 5A). This is in contrast to animals fed a HFD where the sub-
endothelial space was greatly widened with increasing time on HFD
(Fig. 5B–E). Intra-endothelial lipid droplets were first observed within 1
week of HFD (Fig. 5B,II). At this stage, CC were also present within the
EC, which increased by 2 weeks of HFD, suggesting either endothelium-
derived CC production or formation in the extracellular space and
subsequent uptake by EC (Fig. 5C). EC appeared misshapen, particu-
larly the curved shape of the nuclei as if the cell layer was being lifted
from beneath (Fig. 5B,IV and C,IV). Electron dense material was present
in the widened subendothelial space. After an additional week of HFD
the content of CC within the EC monolayer increased, and lipid droplets
were found fused with crystalline structures (Fig. 5C,II). Furthermore,
the area of expanded subendothelial space appeared to grow more
complicated between 1 week and 2 weeks of HFD, with macrophages
found beneath the endothelium (Fig. 5C,I,II), and an increasing number
of subendothelial CC (Fig. 5C,III). Following 4 weeks of HFD, the first
substantial atherosclerotic plaques could be identified (Fig. 5D). Mac-
rophages with varying degrees of lipid loading could be seen between
the EC and the internal elastic membrane (Fig. 5D,I,IV). At this time
point, CC could be found localized not only within EC (Fig. 5D,III), but
also within macrophages (Fig. 5D,II). After 8 weeks of HFD (Fig. 5E),
plaques became larger in size and morphologically more complex, with
the first acellular areas visible, representative of necrotic core forma-
tion. From 8 to 12 weeks of HFD, the necrotic core, filled with CC as
well as lipid droplets and other cellular remnants, became increasingly
prominant (Fig. 5E,I and F,I). CC within the necrotic core were physi-
cally associated with lipid droplets, in some cases appearing to fuse
with massive lipid droplets up to 10 μm in size. In addition, the elastin
layers (including the internal elastic membrane) were no longer orga-
nized, beginning to show signs of degradation (arrow head in Fig. 5E,I),
allowing SMC to infiltrate into the neointima. At this stage, CC were
observed within EC as well as the subendothelial space, and were in-
creasingly abundant within lipid-loaded macrophages. By 12 weeks of
HFD (Fig. 5F), the plaques were extremely prominent and accompanied
by establishment of mature fibrous caps, formed by SMC and ECM. At
this advanced stage, the plaque is comprised of various cell types, a
necrotic core, lipid deposits, and abundant CC.

3.6. CC are closely associated with cholesterol microdomains

In order to further characterize the CC we observed within various
stages of atherosclerotic plaques, we utilized a unique monoclonal an-
tibody (58B1) that labels crystalline cholesterol deposited in the ex-
tracellular matrix or that form on the plasma membrane when cells
such as macrophages and fibroblasts are enriched with cholesterol
[33,35–38]. We were able to identify cholesterol microdomains in the
extracellular matrix surrounding and closely associated with CC

(Supplementary Fig. 4). However, because the antibody does not label
individual cholesterol molecules [32,39–42], the antibody's recognition
is limited to the structural motif presented by an ordered array of
cholesterol molecules including irregular shaped structures shed from
the macrophage plasma membrane [43] and the narrow side of cho-
lesterol monohydrate plates [44]. Whereas in aortic roots from Ldlr−/−

mice that were not fed HFD there were no cholesterol microdomains or
CC present (Supplementary Fig. 4A), within 2–4 weeks of HFD, early
plaque formation could be seen with CC deposits that were surrounded
by cholesterol microdomains. After 4 and 8 weeks of HFD, the overlay
of CC polarized light signals and the cholesterol microdomain staining
exhibited close proximity of CC and microdomains most notably in
areas of plaque where macrophages had accumulated (Supplementary
Figs. 4B–D). At 12 and 16 weeks of HFD, cholesterol microdomains
were increasingly visible in the tunica media and surrounding cells,
most likely smooth muscle cells (Supplementary Fig. E and F).

4. Discussion

To the best of our knowledge we are the first to chronicle in a
comprehensive way the timeline of atherosclerotic plaque formation in
the Ldlr−/− mouse, one of the most commonly utilized animal models
of atherosclerosis. We implemented various microscopic techniques to
characterize plaque phenotype as a function of structural morphology.
These efforts allowed us to further understand the timeframe of the
appearance of various cell types, changes in plaque morphology, and
CC formation in atherogenesis. The ubiquitous presence of CC in an
advanced plaque is shown in ultrastructural detail, using EM, in the
endothelium, macrophage/foam cells, and the necrotic core (Fig. 4).
Furthermore, we show that CC formation is present throughout all
stages of atherogenesis and directly correlates with various features of
plaque development (Table 1). Lastly, we provide insight into the
possible role of cholesterol microdomains in CC formation and de-
position (Supplementary Fig. 4).
The occurrence of CC in vivo is associated with several diseases and

disease states including atherosclerosis [11,14,15,45] and myocardial
infarction [46], embolism [47], psoriasis-related cardiovascular dis-
eases [25], gall bladder disease [48], skin xanthomas [49,50], and age-
related macular degeneration [51]. Recently, it was demonstrated in
liver cells that CC can be derived from lipid droplets involved in murine
NASH development [52]. Despite its involvement in such wide-ranging
diseases, how and why cholesterol crystallization occurs within cells or
extracellularly is a mystery. Although all 3 major cell types involved in
atherosclerosis, endothelial cells [11], macrophages [24–26], and
smooth muscle cells [28], are capable of CC production and secretion,
macrophages are generally considered to be the main source of CC
within the atherosclerotic lesion. In macrophages, the involvement of
lysosomes in CC formation has been postulated [24]. The presence of
CC in the atherosclerotic plaque is thought to influence inflammasome-
dependent cell death [14–16].
Until recently it was widely accepted that EC mostly transcytose

LDL from the lumen to the subendothelial space, during which some of
the LDL becomes modified and thereby initiates the macrophage-driven
inflammatory event that fuels plaque development [13,53]. We have
shown however, that EC themselves are also capable of actively meta-
bolizing the LDL and generating CC when the cells are overburdened
with cholesterol. It is likely that both transcytosis and lipid metabolism,
including CC formation, occur simultaneously, and contribute to the
recruitment of macrophages into the subendothelial space. Infiltrated
cells subsequently encounter free lipids and early CC, eliciting a cascade
of pro-inflammatory events which ultimately result in atheroma for-
mation and increased CC-induced inflammation [54]. In support of this
notion, our data presented here show that monocytes increasingly ad-
here to the endothelial layer especially at areas with increased sub-
endothelial spaces. This is possibly due to increased endothelial surface
expression of E-selectin [11] following perturbation of the EC by the
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subendotheial deposits, which is known to facilitate endothelial adhe-
sion of circulating monocytes and eventually leads to their transmi-
gration at these specific sites. We believe that hyperlipidemia and
subsequent CC deposition in the endothelium could activate additional
signaling pathways that amplify atherogenesis.
The necrotic core is a highly inflammatory, lipid-rich region within

the atherosclerotic plaque [55]. TEM images depict large lipid droplets

(up to 10 μm), lipid vesicles and multilamellar liposomes, CC, and large
lipid-filled areas that can be over 10 μm in diameter. Regions formed by
cholesterol monohydrate crystals can be seen in large quantities. These
areas visualized with TEM are “clefts”, or essentially empty spaces,
where crystalline structures have been extracted during the preparation
process. Sizes and characteristics of the clefts observed here are com-
parable to what has been reported by Guyton et al., in 1989 [22]. CC

Fig. 5. Visualization of atherogenesis at the ultrastructural level with transmission electron microscopy (TEM).
(A) Aortas of Ldlr−/− mice with no HFD show an EC layer tightly connected to the underlying internal elastic layer. (B) 1 week of HFD induces the emergence of a
subendothelial space. Lipid droplets and CC clefts (spaces where cholesterol crystals have been dissolved during sample preparation) within the EC are also present.
(C and D) With longer durations of HFD (2–4 weeks), increasing size of the subendothelial space can be observed. Monocytes infiltrate the subendothelial space, and
CC within EC are in close contact with LD. (E and F) 8 and 12 weeks of HFD result in complex atherosclerotic plaque formation, infiltrating SMC, ECM deposition,
degradation of the internal elastin layer, and necrotic core formation. C, collagen; CC, cholesterol crystal; E, internal elastic membrane; EC, endothelial cells; ECM,
extracellular matrix; L, lipid; LD, lipid droplet; M, monocyte; Mac, macrophage/foam cell; N, nucleus; NC, necrotic core; pCC, possible CC; SMC, smooth muscle cells;
subEC, subendothelial space. Arrowheads indicate breaks in elastin layer; black scale bar= 2 μm, blue scale bar= 5 μm; n=4 individual aortas for each timepoint
with at least 25 pictures taken per aorta to allow for comprehensive future analysis; orange inserts indicate area of magnification to their right in orange box.
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within the necrotic core not only impact cellular function but also
provide a reactive site for both C-reactive protein (CRP) and the
terminal complement complex [56]. These interactions stimulate in-
flammatory responses and may contribute to accelerating the progres-
sion of atherosclerosis. The C-type lectin receptor Mincle has also been
shown to bind CC, triggering innate immune responses that enhance
inflammation [57]. CC content in advanced lesions appears indicative
of plaque vulnerability in human subjects [58], and may have potential
as a diagnostic marker for evaluating plaque stability and cardiovas-
cular risk.
The earliest pathological effects of CC within atherosclerotic pla-

ques involve NFR2-dependent activation of the NLRP3 inflammasome,
thereby exacerbating atherogenic conditions [14–16]. Within recent
years, reports have been published describing several other pathways
associated with CC. For example, it was shown that Syk- and PI3-ki-
nases in human macrophages and dendritic cells are activated by CC
[59]. Furthermore, exposure to CC induces inflammatory cytokine ex-
pression with subsequent NF-kB activation in human retinal epithelium
[60]. Inhibiting cholesterol crystallization could be a useful therapeutic
intervention that attenuates CC-induced inflammation and its effect on
the progression of atherosclerosis [61]. Interestingly, a study in 1995
demonstrated that CC formation could be inhibited by biliary proteins
[62], suggesting a potential therapeutic approach to inhibit CC for-
mation. Recently, cyclodextrin has been shown to diminish CC-induced
inflammation by altering complement activation [63]. Our recent
findings also suggest that treating EC with cAMP-inducing drugs can
inhibit LDL-induced CC formation by the EC in vitro [64]. Other lit-
erature has emerged discussing how CC released from atheromatous
plaques in the aorta affects embolic events [65] and endothelial func-
tion [66,67]. Although the existence of free CC within the serum is still
somewhat controversial, a more comprehensive understanding of what
impact CC may have on circulating cells is necessary.
It is evident that CC and cholesterol microdomains are closely as-

sociated, and the question of whether the formation of one is required
for the other remains unanswered [41,44]. The fact that all the crystals
are surrounded by cholesterol microdomains but not all of the choles-
terol microdomains are associated with CC indicates that perhaps the
cholesterol enrichment in the microdomains leads to formation of large
CC once a critical cholesterol level has been reached. Because it is
nearly impossible to study the crystallization process in vivo, it is dif-
ficult to determine the levels of cholesterol and other requisite condi-
tions that would lead to CC formation. Although it is known that certain
factors, such as degree of hydration and solubilization of cholesterol, as
well as pH and temperature, can affect cholesterol crystallization [68],
exactly how this process occurs in vivo will require innovative new
studies to elucidate.
We recognize that ethanol-based SEM preparation techniques and

the use of critical point drying might alter appearance of CC and sub-
endothelial lipids. Thus, to preserve the integrity of our findings we
developed two critical axioms: First, only particles with lipid-based
surface characteristics (no cellular membrane pores visible) and layered
in appearance were classified as CC (see Supplementary Fig. 3) espe-
cially in very early stage plaques. Furthermore, the correlation of

various techniques (PLM, TEM and SEM) further strengthens our in-
terpretation of the obtained data.
In this study we found that macrophages are present within the

subendothelial space after just 2 weeks of HFD. We also show with SEM
and TEM that monocytes are adherent to the endothelium and trans-
migrate into the subendothelial space, a process which likely accounts
for the majority of macrophages within the plaque. However, it has
been discussed in recent literature that other sources for plaque mac-
rophages are possible, e.g. tissue resident macrophages [69–71] and
macrophages derived from SMC trans-differentiation [72,73]. We found
that macrophage content per plaque area decreases after 4 weeks of
HFD as cells begin dying and the initial steps of necrotic core formation
occur. Plauqe SMC content, however, continues to increase with in-
creasing during of HFD.
Plaque SMC secrete important matrix components that determine

plaque stability, especially different types of collagens. In this pub-
lication we have used an established staining technique (Sirius Red)
which allows discrimination between collagen I and III when viewed in
polarized light [34]. Collagen I has been described to be with the major
collagen contributor in the atherosclerotic lesion [74], which we have
also confirmed with our analysis. Although Sirius Red staining and PL
microscopy will not allow for identification of all collagens contributing
to the atherosclerotic lesion (collagen I, III, IV, and V) [75], it does
allow a detailed look at both collagen I and III, including the relative
thickness of collagen I fibers.
In our study, we have opted to use Ldlr−/− mice as these athero-

sclerotic prone mice do not show spontaneous plaque formation at a
young age while on chow diet, whereas ApoE−/− mice do.
Interestingly, a study published by Lim et al., in 2011 [20] used hy-
perspectral CARS imaging to determine that the number of cholesterol
crystal structures is increased in ApoE−/−mice as compared to Ldlr−/−

mice. However, both mouse strains were fed a HFD for 16 weeks which
likely resulted in significant differences since ApoE−/− mice develop
atherosclerosis more rapidly than Ldlr−/− mice. Differences between
these two atherosclerosis-prone mouse strains have been reported by
other groups as well, making a direct comparison of findings between
the two strains difficult [76].
Given the significant presence of CC within atherosclerotic plaques

of humans, as well as mouse and rabbit animal models of the disease, it
will be of great importance to determine the exact mechanism of CC
formation. Further investigation of the concequences of CC presence
within the plaque on various cell types will also be neccesary. The role
of cholesterol converting enzymes such as Sterol O-acyltransferase
(ACAT-1) and neutral cholesterol ester hydrolase (NCEH1) will also
likely be important to this objective. It has been speculated that CC
phagocytosed by macrophages can be a source of intracellular free
cholesterol through a mechanism involving ACAT-1 activity. It is pos-
sible that overexpression of ACAT-1 might be a pathway of CC detox-
ification, especially as the inhibition of ACAT-1 has been demonstrated
to increase atheroma formation accompanied by an increase of extra-
cellular crystalline cholesterol [50,77].
Data presented here and in previous studies [11,26,27,52,78] col-

lectively illustrate the formation of CC within cholesterol-enriched
cells. Additionally, CC accumulate in the extracellular space and are
surrounded by cholesterol microdomains suggesting the possibility that
these crystals derive from the cholesterol microdomains. Our findings
indicate that CC formation in various cell types and at all stages of
atherosclerosis is a useful target for future therapies. Continued in-
vestigation of CC formation is imperative in determining the most ef-
fective means to limit buildup of inflammatory CC in tissues such as the
vascular wall.
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Table 1
Univariable regression analysis of mouse atherosclerotic plaque morphology
(unadjusted).

Outcome Exposure Beta (p-value)

Plaque size (mm2) CC content of plaque 0.82 (p< 0.001)
Plaque size (mm2) SMC content of plaque 0.53 (p< 0.001)
Plaque size (mm2) Necrotic core of plaque 0.72 (p< 0.001)
CC content of plaque Necrotic core of plaque 0.77 (p< 0.001)
SMC content of plaque Necrotic core of plaque 0.33 (p=0.005)
SMC content of plaque CC content of plaque 0.58 (p< 0.001)

Data represented as standardized beta co-efficient (p-value).
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