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We employed in a correlative manner an unconventional combination of methods, com-
prising cathodoluminescence, cryo—scanning electron microscopy (SEM), and cryo—
focused ion beam (FIB)-SEM, to examine the volumes of thousands of cubed micro-
meters from rabbit atherosclerotic tissues, maintained in close-to-native conditions, with
a resolution of tens of nanometers. Data from three different intralesional regions, at the
media—lesion interface, in the core, and toward the lumen, were analyzed following seg-
mentation and volume or surface representation. The media—lesion interface region is
rich in cells and lipid droplets, whereas the core region is markedly richer in crystals and
has lower cell density. In the three regions, thin crystals appear to be associated with
intracellular or extracellular lipid droplets and multilamellar bodies. Large crystals are
independently positioned in the tissue, not associated with specific cellular components.
This extensive evidence strongly supports the idea that the lipid droplet surfaces and the
outer membranes of multilamellar bodies play a role in cholesterol crystal nucleation and
growth and that crystal formation occurs, in part, inside cells. The correlative combina-
tion of methods that allowed the direct examination of cholesterol crystals and lipid
deposits in the atherosclerotic lesions may be similarly used for high-resolution examina-
tion of other tissues containing pathological or physiological cholesterol deposits.
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Cholesterol crystallization plays a significant role in the pathogenesis and the clinical
manifestation of atherosclerosis (1, 2). Cholesterol crystals exert physical damage to the
soft matrix environment, because of their shape and rigidity; they also cause and enhance
inflammation (1, 3-5). Cholesterol crystals, once formed, are very difficult to dissolve
and are thus coresponsible for the deleterious effects of embolism following plaque rup-
ture (6-9). Crystalline cholesterol is mostly associated with advanced atherosclerotic
lesions; however, studies performed in murine models suggest that crystal deposition can
occur also in early stages of lesion formation (4, 5). Atherosclerotic lesions form in the
subendothelial layer of the blood vessel walls, within the tunica intima, and adjacent to
the tunica media (Fig. 1 Aand O).

During the initial stages of atherosclerosis, imbalance between the uptake of low-
density lipoproteins (LDL) and cholesterol efflux leads to the deposition of esterified
cholesterol in the form of lipid droplets inside macrophages, transforming them into the
so-called foam cells (10, 11). After engulfment, LDL are transferred to late endosomes/
lysosomes where lysosomal acid lipase hydrolyzes cholesteryl esters to generate free (unes-
terified) cholesterol. Free cholesterol is then shuttled to the endoplasmic reticulum, rees-
terified by Acetyl-CoA Acetyltransferase 1, and stored in lipid droplets (11). In the lipid
droplets, neutral cholesteryl ester hydrolase hydrolyzes excess cholesteryl esters, generat-
ing, yet again, free cholesterol, which moves to the plasma membrane, where it is taken
up by cholesterol acceptors (10-12). The balance between hydrolysis and esterification
of cholesterol plays a key role in maintaining cellular cholesterol homoeostasis, as free
cholesterol overload may lead to the formation of cholesterol crystals (11, 13). Choles-
terol ester crystals were never detected in atherosclerotic lesions (14).

Cholesterol crystals were observed in the inner compartment of multilamellar bodies
in atherosclerotic lesions of rabbits (15). In macrophage model systems, crystalline cho-
lesterol appeared in locations associated with secondary lysosomal compartments and
cellular membranes (16-19). In cultured hepatocytes as well as in hepatic tissues, cho-
lesterol crystals were reported to be associated with lipid droplets (20, 21). Recently,
Lehti et al. reported cholesterol crystal association with lipid droplets in the extracellu-
lar compartment of a human atherosclerotic lesion (22). In human lesions, cholesterol
crystals appear associated with foam cells both in intra- and in extracellular locations
(11, 23). The lesions grow over decades, with concurrent gradual modifications, and
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Significance

Cholesterol crystallization is
crucial in the development of
atherosclerosis. Cholesterol
crystals contribute to the rupture
of the atherosclerotic plaque,
which can result in myocardial
infarction and stroke. Cholesterol
crystallization is associated with
intralesional macrophages;
however, where and how
crystallization occurs is still
unclear. We developed a
combination of advanced
techniques of scanning electron
microscopy to produce
nanometer-resolution
two-dimensional and
three-dimensional images of
atherosclerotic lesions in rabbits,
with tissue and crystals preserved
in close-to-native conditions. We
bring evidence that cholesterol
crystals nucleate on lipid droplets
and that crystal formation can
occur intracellularly. These
observations, made possible by
observing cryo-fixed unembedded
and unprocessed tissues, advance
our understanding of crystal
formation processes in
atherosclerosis.
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Fig. 1. Cryo-SEM and CL of freeze-fractured tissues of atherosclerotic lesions. (A-D) Schematic representations of lesion locations in the tissue. B and D are
schematic representations of the samples of tissue slices examined in cryo-SEM-CL below. B refers to G and H and D to / and J and S/ Appendix, Fig. S3.
(A and B) Less-severe lesion. (C and D) More-severe lesion. (E and F) Cryo-SEM () and cryo-CL (F) images of the same region from the aorta of a control rab-
bit. Four cells are highlighted with different pseudocolors. e, elastic fibers; N, cell nucleus. (G and H) Cryo-SEM (G) and cryo-CL (H) images from the same
region of a thin atherosclerotic lesion as in A and B, taken from the descending aorta ([b] in S/ Appendix, Fig. S1A) of an affected rabbit. Four foam cells are
highlighted with different pseudocolors. Arrowheads: white, plasma membrane; red, lipid droplet; yellow arrows, cholesterol crystals; N, cell nucleus. (/ and J)
cryo-SEM (/) and cryo-CL (/) images from the same region of a thick lesion as in C and D, taken from the ascending aorta of an affected rabbit ([a] in S/
Appendix, Fig. S1A). Yellow arrows, cholesterol crystals. (Insets) SEM and CL of a synthetic crystal of cholesterol. A-D were created with BioRender.com.

this makes reconstruction of the mechanism(s) of cholesterol
crystal deposition extremely difficult. Rabbit animal models
present one of the best-known models for accelerated athero-
sclerosis, due to a lipid metabolism and lipoprotein profile very
similar to those in humans (24, 25). In rabbits, there is a spon-
taneous development of atherosclerotic lesions following the
administration of a high-cholesterol diet, as occurs in human
subjects over much longer periods of time (6, 24). Human and
rabbit atheromas are characterized by very similar cholesterol
crystal morphologies, as well as by the presence of liquid crys-
tals of cholesteryl esters (26). Rabbit models therefore provide
the opportunity to ask specific questions concerning cholesterol
crystallization in atherosclerosis over relatively short periods.

Conventional electron microscopy techniques provide fine
structural detail of cells and cell organelles. However, due to the
required sample processing, especially dehydration and use of
organic solvents, lipid materials dissolve, such that lipid droplets
and cholesterol crystals appear as voids (9, 11, 23, 27). In fact,
an elongated void in a 70-nm-thick transmission electron micros-
copy (TEM) section may represent a section through a choles-
terol crystal, as well as a section through an elongated vesicle or
lipid droplet or even a discontinuation in the tissue, whether
innate or due to drying,

In order to overcome this challenge, we employed cryo-
preservation techniques to maintain intact cholesterol-related
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structures, hydrated and close to their native state, with mini-
mal processing not involving the use of organic solvents (28,
29). We developed a correlative workflow using cathodolumi-
nescence (CL) in conjunction with cryo—scanning electron
microscopy (cryo-SEM), which allowed the detection of choles-
terol aggregates in the organic tissue at high spatial resolution.
With the support of the correlative workflow, we achieved
three-dimensional (3D) reconstructions of the lesion tissues
using cryo—focused ion beam SEM (cryo-FIB-SEM), an inno-
vative high-resolution imaging technique that allows 3D explo-
ration of large tissue volumes at nanometer resolution (30-32).
The complexity of the procedures does not allow statistical col-
lection of data. Rather, we can derive mechanistic hypotheses
from the observations, because large volumes of tissue are
examined in close-to-original conditions, with all the compo-
nents preserved. Our observations indicate an important role of
intralesional lipid droplets and multilamellar bodies as potential
sites for cholesterol nucleation in the course of atherosclerosis.

Results

Aortic tissues of 12-week-old male New Zealand White rabbits
fed with cholesterol-enriched diet were examined and compared
to the aortic tissues of rabbits fed with a normal chow (for
additional details on all procedures see Materials and Methods).

pnas.org
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Histological comparison of tissues taken from two different
aortic regions (S Appendix, Fig. S1A) of the two rabbit groups
shows that rabbits fed with normal chow diet display a normal
healthy intima, with no apparent lipid deposits in any of the
regions of interest (S/ Appendix, Fig. S1 B and ). Conversely,
tissues from the aorta of rabbits fed with cholesterol diet have a
thickened intima, foam cells, and lipid deposition in the suben-
dothelial regions (SI Appendix, Fig. S1 D and E and Fig. 1 A
and C). Thicker and more substantial lesions were observed in the
ascending aortic region (S Appendix, Fig. S1 A, [a]). These obser-
vations are in good agreement with previous studies (33, 34).

In the next step, chemically fixed tissues of rabbits fed with
cholesterol-enriched diet and of control rabbits were high-pres-
sure-frozen to produce vitrified samples, were freeze-fractured,
and were observed using cryo-SEM and CL (87 Appendix, Fig.
S2 and Fig. 1 E-)). Cryo-SEM allows observation of hydrated
tissues, preserved in conditions close to their native state. CL
allows identification of cholesterol and cholesteryl ester deposits
that, owing to their material properties, emit luminescence
upon excitation with an electron beam (Fig. 1 F, H, and J, Inset
and SI Appendix, Fig. S2 B, D, and F) (35-38).

At low magnifications, the healthy aortic tissue exhibits dis-
tinct tissue borders and clearly distinguished layers in the blood
vessel wall (SI Appendix, Fig. S2A; schematics of the unaffected
region in Fig. 1 A and C). The intima and the adventitia are
easily identified as the inner and outer vessel borders, respec-
tively. The media layer occupies the largest portion of the vessel
wall and has a characteristic striation produced by the presence
of the elastic fibers (Fig. 1E and SI Appendix, Fig. S2A). The
normal tissue has only a basal and negligible CL signal, with no
detectable light-emitting cholesterol and cholesteryl ester deposits
(Fig. 1Fand SI Appendix, Fig. S2B).

The aortic tissues of the rabbit fed with cholesterol diet dis-
played apparent tissue architecture loss, so much so that the dif-
ferent layers of the blood vessel were difficult to detect
(ST Appendix, Fig. S2 C and E; schematics in Fig. 1 4 and O).
The lesion boundaries could not be detected using cryo-SEM
alone, but using CL the lesion and its boundaries were easily
detected (S Appendix, Fig. S2 D and F). The two lesions from
two different aortic regions differed in the extent of the lesion
and in lesion content. Sparse cholesterol deposits were also
observed in the subintimal region, but most of the tunica media
region was clear of cholesterol deposits (SI Appendix, Fig. S2F).

At higher magnification, the control tissue shows distinct
cells with no CL signal altogether (Fig. 1 Eand F). In contrast
to the control tissue, in the least-affected regions of the lesions
abundant foam cells appear (Fig. 1 G and H). The foam cells
have a continuous plasma membrane, clearly defined nuclei,
and are filled with lipid droplets with high CL signal (Fig. 1 G
and H). Crystalline cholesterol with detectable CL is present in
limited amounts, and the few detectable crystals are located in
close proximity to lipid droplets (Fig. 1 G and H, yellow
arrows). Most lipid droplets have round morphology, although
a smaller population of lipid droplets has considerably larger
sizes and distorted morphology. Conversely, the most affected
regions of the lesion display higher level of loss of architecture.
Cell membranes, if at all visible, are not continuous, and cho-
lesterol crystals with high CL signal are abundant, mostly
assembled in stacks (Fig. 1 7and J).

To understand the contextual interplay between crystalline
cholesterol and the different cellular structures, we employed
cryo-FIB-SEM block face serial imaging on an aortic tissue taken
from the ascending thoracic aorta of a rabbit fed with cholesterol-
rich diet (Fig. 2). The technique consists in alternating removal
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of 10-nm thin slices of material with an FIB, and imaging of the
exposed slice with SEM, while all the procedure occurs at cryo-
conditions on high-pressure-frozen tissue (30-32). The resulting
stacks of >1,000 images are used to reconstruct in 3D relatively
large volumes of tissue (tens of micrometers in 3D). The analyzed
tissue was kept through the whole process in close-to-native con-
ditions, without any prior chemical processing, drying, or use of
dyes, apart from chemical fixation (Materials and Methods).

In order to choose the regions of interest for 3D examination,
we developed a correlative approach involving the use of cryo-
SEM combined with CL, prior to the cryo-FIB-SEM procedure.
The lesion (schematic in Fig. 1 Cand D and images in Fig. 1 /
and /) was first examined in the cryo-SEM/CL electron micro-
scope (SI Appendix, Fig. S3 A-D), and the regions where we
wished to perform 3D imaging were identified. The specimens
were then transferred to the FIB-SEM instrument, while main-
taining cryogenic conditions. Trenches were carved and data col-
lection was performed using the FIB-SEM milling and imaging
procedure (S/ Appendix, Fig. S3E). Because of the complexity of
the correlative cryo-SEM, CL, and cryo-FIB-SEM procedure,
only a limited number of regions can be imaged. Therefore, we
adopted the strategy to examine three representative regions in
one atherosclerotic lesion, which allowed comparing between the
characteristics of the different locations. The three regions are L,
the region adjacent to the lumen of the vessel, C, the core of the
lesion, and M, the region at the interface of the lesion with the
tunica media of the blood vessel (S/ Appendix, Fig. S3E). Three
stacks of images were collected, comprising in region L = 1,190
images, in region C = 1,129 images and in region M = 1,407
images, encompassing volumes of 25.38 X 14.32 X 11.9 pma,
41.02 X 16.82 X 11.29 pm?, and 37.42 X 12.13 X 14.07 pm’
in the three regions, respectively. The stacks of images were
aligned and processed for removal of artifacts, after which the
reconstructed planes were examined (Materials and Methods).

Atherosclerotic tissues present a big challenge in data analysis
of cryo-FIB-SEM, due to pronounced artifacts derived from the
pathology of the tissue, loaded with crystals and lipid deposits.
The most frequent problems in cryo-FIB-SEM in general, which
are magnified in these tissues, are curtaining, which produces
vertical periodical lines caused by ion beam milling, and charg-
ing (SI Appendix, Fig. S4, yellow, white, and red arrowheads)
(30-32). Despite the fact that we applied advanced procedures
to eliminate the different artifacts, some data could not be fully
repaired.

Two-dimensional cryo-FIB-SEM representative slices M, C,
and L and volume segmentations M., C,op, and L, of the
three regions of interest are shown in Fig. 2. In cryo-FIB-SEM,
the image contrast derives from differences in surface potential;
consequently, cholesterol crystals, lipid droplets, and mem-
branes that are mainly hydrophobic appear dark because they
absorb electrons, whereas polar, negatively charged regions are
bright because they repel electrons (31). Some lipid droplets
display a bright core, related to either content, density, or struc-
tural core/shell differences (39) (Fig. 2, M, red arrows).

The differences between the three regions are evident. The
media—lesion interface region (Fig. 2, M and M,,)) is rich in
cells with clearly detectable intact nuclei and is rich in lipid
droplets, occupying 12% of the total volume. There are crys-
tals, but not in large amounts (1% of the total volume). The C
region has lower amount of lipid droplets than the M region
(7% of the total volume), and few detectable cell nuclei (Fig. 2,
C and C,,). Packed cholesterol crystals dominate, occupying
16% of the total volume. The L region is intermediate between
the previous two, with large crystals (8% of the total volume),
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Fig. 2. Two-dimensional and 3D representation of the cryo-FIB-SEM stacks from M (region at the interface of the lesion with the tunica media of the blood
vessel), C (core of lesion), and L (region of lesion bordering with the lumen). M, C, and L show representative slices of the three regions viewed in cryo-FIB-
SEM. N, cell nucleus. Red arrows indicate heterogeneity in lipid droplet content. (Scale bar, 2 um for M, C, and L.) My, Cyo, @and Ly Show segmented volume
representations of the three regions presented to scale. N, cell nucleus; CC, cholesterol crystals. Dimensions of the displayed volumes are 25.6 x 10.3 x
3 um?3 for M, 29.7 x 14.2 x 3 ym?® for C, and 26.1 x 13.7 x 3 pm? for L. Compare to volume representations following automatic segmentation in S/ Appendix,

Fig. S5. For further details on image analysis see Materials and Methods.

larger lipid droplets (10% of the total volume), and detectable
cell nuclei (Fig. 2, L and L,,). We then focused on specific
characteristics found in each examined region.

The M Region at the Interface of the Lesion with the Tunica
Media. In the M region (Fig. 3 and Movie S1) there are mainly
thin crystals, and judging from the proximity to intact nuclei and
the partial cell membrane contours that we detect, the thin crystals
are in intracellular locadons (Fig. 34). However, it is very difficult
to determine, using imaging data alone, whether the crystals
formed inside viable cells. For one cell in particular, it was possible
to follow, in individual slices, the whole contour of the plasma
membrane and the crystals inside it (Fig. 3B; compare with S/
Appendix, Fig. S6 A and B), confirming that the crystals are in
intracellular locations. The thin crystals are not enclosed within
lysosomes, raising the possibility that they formed intracellularly.
The M volume is rich in lipid droplets that are intimately
associated with thin crystals, such that it is difficult to distin-
guish between crystal and droplet surface in several locations
(Fig. 3 Cand E). Several thin crystals may be intimately associ-
ated with different surfaces of the same lipid droplet. We also
consistently observed stacks of thin crystals, which still connect
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to the lipid droplet through the innermost crystal of the stack
(Fig. 3E). We assume that each crystal formed on the surface of
a lipid droplet and subsequently detached as a flat platelet from
a curved droplet, making way for the next crystal nucleating on
the same lipid droplet [Fig. 3 E, (1)}~(5)]. Inside the lipid drop-
let, and in close proximity to nucleating crystals, we observed
vacuolar structures, which are hypothesized to be hydrolysis
pits (40), where cholesterol esters are hydrolyzed to cholesterol
(Fig. 3 E, (5), red arrowhead).

The C Region, the Plaque Core. The C region presents the high-
est amount of large plate-like cholesterol crystals that are
independently positioned in the tissue, having no apparent asso-
ciation to lipid droplets or other cellular or extracellular struc-
tures (Fig. 44 and Movie S2). Similar to the M region, however,
thin crystals appeared to be associated with lipid droplets in a
region where lipid droplets appear (Fig. 4 Band (). We infer that
thin crystal stacks could grow into stacks of thick crystals after los-
ing contact with the lipid droplets. Thin crystals also appeared
closely associated to the outermost membranous structures of mul-
tilamellar bodies (Fig. 4 D and E). Many lysosomal structures were
observed, but none contained intralysosomal crystals.
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Fig. 3. Cryo-FIB-SEM images of the media-lesion interface region. (A) Surface representation of the segmented image stack. Lipid droplets yellow, choles-
terol crystals brown, cell nuclei light purple. Volume thickness = 5 pm. (B) One slice, featuring a cell containing intracellular thin crystals (arrows) and lipid
droplets. The plasma membrane can be followed along the whole perimeter of the cell (see raw image in S/ Appendix, Fig. S6A). The cell area is pseudocol-
ored in pink and the cell nucleus in purple. The nucleus of the cell shown in B is in the top left quadrant of the volume in A, but the left side of the cell
containing the crystals is not included in the segmented frame. (C) Individual crystals attached to a lipid droplet. The crystals that are in closest contact with
the lipid droplet surfaces merge with the lipid droplet (arrows). (D) Surface representation of the segmented lipid droplet/crystal complex shown in C. Color
code in D is the same as in A. The apparent striation in the segmented thin crystals derives from the reconstruction/segmentation procedure. [E(7)-(5)]
Progressive slices through the volume of the same object, separated by 100 to 150 nm, demonstrating stacking of thin crystals on a lipid droplet. Red arrowhead
in E£5 indicates one of the vacuolar structures that is referred to as a hydrolysis pit (40).

The L Region Adjacent to the Vessel Lumen. In the L region,
bordering with the vessel lumen, some lipid droplets were excep-
tionally large (up to 6 pm in diameter), a feature that was not
observed in either of the other regions. Similar to the C region,
large crystals were not related to any other cholesterol containing
structures (Fig. 54 and Movie S3). Thin plate-like crystals with
a high aspect ratio existed in this region as well, intimately asso-
ciated with lipid droplets, and the thinnest crystals were observed
inside the clearly membrane-delimited areas of two cells (Fig. 5
Band G compare to SI Appendix, Fig. S6 C-F). As in Fig. 3B,
the thin crystals are not enveloped by lysosomal membranes.
Similar to the C region, multilamellar bodies are abundant and
are occasionally associated with thin cholesterol crystals.

Cholesterol Crystal Morphology. Information on the crystal
growth mechanisms can be derived also from observation of crys-
tal morphologies (Fig. 6). Cholesterol crystals grown synthetically
from water solution are rthomboidal thin plates with well-defined
straight edges (Fig. 1 Z Inses). The thin dimension corresponds
to a direction of slow growth relative to the other directions. As
a rule of thumb, the younger the crystals are, the thinner they
are, in agreement with what we would intuitively expect, namely,
that thin newly formed crystals grow into thicker and larger crys-
tals, maintaining their initial aspect ratio.

Some crystals from the M and from the L regions are so thin
that they curve, wrapping around the lipid droplets from which
they presumably get the cholesterol material for growth (Fig.
6A). The curved crystals may straighten up while thickening.
From a random check of 20 crystals in each region of the cryo-
FIB-SEM reconstructions that we segmented, the crystal
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thicknesses were within a range of 30 to 200 nm in region M,
100 to 1,000 nm in region C, and 30 to 850 nm in region L.
Considering that the resolution is ~20 to 30 nm, the thin crys-
tals may well be even thinner than what we measured. The thin-
nest crystals were thus found in the M region and mostly were
in confirmed intracellular locations.

The crystals in the lesions are for the most part not as regular
as the synthetic crystals. The crystals in Fig. 6B have three
straight edges, whereas the fourth edge is curved and irregular.
This indicates that the crystals most probably grew in an aqueous
medium, such as inside the cell or in the extracellular matrix, in
contact with a curved surface, such as a cell membrane or a lipid
droplet. The crystal in Fig. 6C is thin (<100 nm) but is adding
additional layers to the crystal plate, as detectable from the
stepped new edge on the plate face (indicated by black arrow).
The warped irregular profile of the crystal shows that it grew in
a crowded environment where physical barriers or additives
that adsorbed on the edges retarded growth. The intertwined
crystals in Fig. 6D grew together in a location where a high
local concentration of cholesterol induced rapid nucleation and
growth of several crystals in a limited space. Thus, information
relevant to crystal formation and growth can be derived from
the 3D dataset.

Discussion

We articulate the discussion along two lines, reflecting two differ-
ent areas: the technical advancement in cryo-SEM, especially in
three dimensions, and the consequences thereof within the area
of atherosclerosis. The two subjects will be discussed separately.
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Fig. 4. Cryo-FIB-SEM images of the core region. (A) Surface representation of the segmented image stack. Color code as in Fig. 3. Volume dimensions =
30.92 x 13.58 x 5 um°. (B) One slice, featuring thin crystals attached and merged with two lipid droplets. (C) Surface representation of the segmented lipid
droplet/crystal complex in B. (Inset) Crystal segmentation without the lipid droplets, emphasizing the different orientations of the crystal growth on the sur-
face of the lipid droplet. The apparent striation in the segmented thin crystals derives from the reconstruction/segmentation procedure. (D and E) Lamellar
bodies (yellow arrows) also appear attached to thin crystals (white arrowheads) but are less frequent than the lipid droplets.

High-Resolution Detection of Condensed Cholesterol Deposits
in Tissues: The Technological Advancement. Cholesterol detec-
tion in an organic tissue by electron microscopy is not straightfor-
ward. Cholesterol crystals cannot be detected by backscattering
because the cholesterol molecule contains carbon, oxygen, and
hydrogen atoms only. Having no heavy atoms, it has no atomic
number contrast and thus does not provide a measurable back-
scattering electrons signal. Furthermore, cholesterol crystals and
lipid deposits dissolve during the preparation procedures used for
conventional TEM, involving treatment with acetone and alco-
hol, which dissolve cholesterol and lipids (27, 41). After crystal
dissolution, the TEM detects empty spaces reflecting the loca-
tions where the crystals were, rather than the crystals themselves
(11, 16). Crystal dissolution in fact allows creation of contrast
between the voids and the tissue, which would not exist between

crystals and tissue, because both are composed of organic material
with similar electron density.

In addition, conventional TEM sections undergo staining with
heavy atoms that label specific components, such as cell mem-
branes, which can artificially alter the inspected tissue. Finally,
conventional TEM requires drying of the thin sections, which
inevitably changes the void/tissue ratios. Specifically, drying of the
samples makes it difficult, if not impossible, to evaluate localized
interactions between crystals and lipid droplets, because both dis-
solve during sample preparation. As a consequence of all the
above, cholesterol crystals were only documented in their native
state by SEM in tissue samples that were dried but not treated
with solvents, or after extraction from the tissue (1, 3). One
recent study applied the technique of FIB-SEM block face
sequential imaging to produce 3D images of relatively large

Fig. 5. Cryo-FIB-SEM images of the intimal region bordering with the lumen. (A) Surface representation of the segmented image stack. The large crystals on
the left side of the image appear in the first slice of the imaged box in an oblique cut, which makes them appear thicker than they are. Two thin crystals are
in contact with a lipid droplet (red arrowheads). Color code as in Fig. 3. Volume thickness 3 pm. The apparent striation in the segmented thin crystals derives
from the reconstruction/segmentation procedure. (B and C) Two slices, featuring two cells containing intracellular thin crystals and lipid droplets. The plasma
membrane can be followed along the perimeter of the cells that are visible in the slice (compare with raw images in S/ Appendix, Fig. S6 C and E). Cell areas
are pseudocolored in pink and the cell nuclei in purple. The thin crystals are inside the cells (black arrows).
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Fig. 6. Cryo-FIB-SEM segmented images of representative cholesterol crystals. (A) Crystals segmented from L, M and C regions. (Top and Middle) Thin curved
crystals wrap around lipid droplets. (Bottom) Thicker crystals gradually straighten up. (B-D) Crystals segmented from the core region. (B) Single crystals hav-
ing regions delimited by well-defined crystal faces. (C) Thin crystal displaying growth steps (black arrow). (D) Conglomerate of intergrown crystals. For further

image analysis details see Materials and Methods.

volumes (tens of micrometers wide) from a human atheroma.
The 3D reconstructions and segmentations are impressive and
informative, although the study involved embedding in resin, dry-
ing, and staining of the tissue and thus suffered from the limita-
tions mentioned above (22).

Here we used only cryo-techniques, which have both the
advantages of preserving the cholesterol deposits and of preserving
the tissues hydrated. The absence of contrast between crystals and
tissue was resolved in two different ways: Cholesterol and choles-
teryl esters give rise to strong CL signals, and thus are visible in
the freeze-fractured surface using the CL detector at the SEM
(35-38, 42, 43). We thus developed a correlative workflow that
uses CL and cryo-SEM to detect the lesion regions characterized
by large cholesterol deposits, which could be further examined in
3D at high magnification. We also note that CL light emission
identifies the presence of cholesterol and cholesterol esters, avoid-
ing confusion between cholesterol deposits and calcifications,
which [according to Sarig et al. (36)] have a very faint CL signal,
or no signal at all, while displaying strong backscattering signal.

We obtained two-dimensional (2D) topographic images at
nanometer-scale resolution, as well as 3D volume reconstructions

PNAS 2022 Vol.119 No.34 e2205475119

and segmentations at 20-nm resolution, of intact cholesterol crys-
tals and lipid deposits within hydrated tissues.

The insights that we derived using this combination of cryo-
techniques are discussed below.

Examination of Atherosclerotic Tissues. Using cryo-SEM we
could distinguish between regions in the lesion displaying some
degree of order, with recognizable tissue architecture, and
completely disordered regions including large deposits of crystal-
line cholesterol. The partially ordered regions were characterized
by a substantial intra- and extracellular population of lipid drop-
lets and a limited amount of crystalline cholesterol, consisting of
thin crystals intimately associated with lipid droplets.

Using cryo-FIB-SEM, we observed three regions situated at
the lesion border with the media (M), in the core of the lesion
(O), and in the intimal region bordering with the vessel lumen
(L), respectively. Judging from the presence of intact cells and
close to normal tissue architecture, the M region is the region
least affected by the lesion. Lipid droplets and stacks of very thin
crystalline cholesterol plates appear mostly enclosed within foam
cells, but also in extracellular locations.

https://doi.org/10.1073/pnas.2205475119 7 of 10



As expected (26), in the core there is a large amount of choles-
terol crystals, including both large and thick (200 to 1,000 nm
thick) plate-like crystals and smaller and thin (few tens of
nanometers to 200 nm thick) platy crystals that are intimately
associated with the surfaces of lipid droplets, similar to those
observed in the M region. As far as we could see, there are
fewer cells in the C region, but the thinnest crystals in this
region appear in the same locations as the detectable cell nuclei
and lipid droplets.

Lipid droplets originate in the endoplasmic reticulum of liv-
ing cells, where they function as lipid and cholesterol storage
(11). We see here strong evidence that lipid droplets can induce
nucleation and growth of cholesterol crystals. In support of this
statement, we note that the thinnest crystals (<30 nm thick)
are intimately associated with lipid droplets, often to the point
that they appear fused to the droplet and wrap around it. The
crystal thickness indicates that the crystal is in the first stages of
formation, close to nucleation. As neutral hydrolase in lipid
droplets hydrolyzes cholesteryl ester to generate free cholesterol
(11), it is not surprising that lipid droplet surfaces can provide
active sites for cholesterol crystal nucleation (44). The opposite
process, where cholesterol crystals might be actively solubilized
by esterification on the lipid droplet surface, is not likely, due
to the progressive overload of intracellular cholesterol in the
cells caused by a continuous cholesterol supply (10, 11). Addi-
tionally, pits in the peripheral regions of lipid droplets, similar
to those that we observed close to the forming crystals [Fig. 3 £,
(5)], were attributed to “pockets” where cholesteryl ester hydro-
lysis occurs (40).

There is a widespread belief that cholesterol crystals in ath-
erosclerotic lesions can appear inside cells only if they have
been phagocytosed from the external medium where they
formed (22). While we do not exclude that crystals form extra-
cellularly, we observed in the M region and in the L region
nascent crystals associated to lipid droplets, inside cells enclosed
by a continuous plasma membrane. We suggest that these crys-
tals formed inside the cells because they are extremely thin and,
besides, phagocytosed crystals would appear enclosed in lysoso-
mal compartments. It is worth noting a study showing that
foam cells did not completely lose their ability to process excess
cholesterol, even after accumulating large amounts of lipids and
after considerable time within the lesions (45).

The presence, in all regions, of two different crystalline subpo-
pulations, mature large isolated crystals and thin crystals inti-
mately associated with lipid droplets, can imply either of two
scenarios. The two crystal types can be part of a continuous pro-
cess that starts with nucleation on lipid droplet surfaces and is
followed by progressive growth, until the large crystals form.
The alternative is that two independent routes exist for crystal
formation: The first is nucleation from intracellular or extracellu-
lar lipid droplets, whereas in the second route cholesterol crystals
nucleate and grow from cholesterol coming from extracellular
sources (22). In either case, the ubiquitous presence of crystals in
very early stages of growth indicates that fresh crystals form at all
times in all the regions of the plaque, including the core.

Interestingly, the recent study involving FIB-SEM within
human atherosclerotic lesions showed association between a large
(>1 pm thick) elongated cholesterol crystal and a lipid droplet
and raised the possibility that cholesterol crystals may grow out
from large lipid droplets (22). This may indeed be the case, but
the mature stage of crystal development makes it difficult to
relate the observation to the nucleation event. Rod-like crystals
were extracted in the past from atherosclerotic lesions, together
with plate-like crystals (46). We previously observed that
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elongated crystals form from macrophages cultured with LDL,
and the elongated morphology indicated their original formation
in the monoclinic, metastable polymorph of cholesterol mono-
hydrate crystals (19, 47-49). We did not observe, however, simi-
lar elongated crystals in the present study.

Lamellar bodies, consisting of cholesterol and phospholipids,
are associated with the extracellular matrix of the intima in
early and late regions of atherosclerotic plaques (50). Thin cho-
lesterol crystals also appeared associated with the external mem-
branes of lamellar bodies, especially in the core region, but not
within their inner compartments. Excess cholesterol is solubi-
lized also with the help of the phospholipid layers of multila-
mellar bodies, which could also serve as reservoir of cholesterol
and nucleation sites for further crystallization (15, 17). In sup-
port of this option, we observed in the cultured macrophage
model systems, crystal formation in locations associated with
the plasma membrane and other cell membranes (19, 51).
TEM studies, performed on rabbits fed with high-cholesterol
diet for up to 5 mo, indicated that lysosomes might serve as
storage sites of free and esterified cholesterol. Some lysosomal
lipid inclusions are crystalline, suggesting that they might origi-
nate from cholesterol or cholesteryl esters (15, 52). However,
the possibility that crystalline inclusions in lysosomes and intra-
cellular inclusions in general may have formed in the extracellular
matrix could not be excluded.

The L region is also rich in large cholesterol crystals, similar
to those of the C region, and in smaller thin platy crystals asso-
ciated with lipid droplets as in regions M and C. Additionally,
lipid bodies were found to be heterogeneous in size, in part
considerably larger (up to 6 pm in diameter) than in the M or
C regions. These combined observations might suggest differ-
ent cholesterol processing in this region. LDL delivery occurs
from the intimal site (53). Part of the lipid bodies and crystals
may be relatively mature and may result from translocation of
cholesterol deposits from the endothelial region (54, 55). In
possible agreement with this interpretation is the notion that in
advanced lesions most of the foam cells are found closer to the
core regions (45), while the region proximal to the lumen is
mostly occupied by endothelial cells, which process cholesterol
differently (55). Although endothelial cells are in constant con-
tact with LDL, their LDL processing and its effect on atherogen-
esis remain ambiguous. It is generally assumed that LDL taken
up by endothelial cells is transcytosed through the cell and
deposited into the intima (55, 56). Rambold et al. established
that lipid droplets in starved fibroblasts can be secreted to extra-
cellular locations due to the limited lipid droplet storage capacity
in cells of nonadipose origin (55, 57). In any case, it is likely
that several different processes occur in parallel in the L region.

Concluding Remarks

In rabbit animal models of atherosclerosis, the cholesterol
metabolism and spontaneous lesion development are similar to
the human, but lesion formation occurs in a limited time
(weeks), as opposed to decades of maturation in the atheroscle-
rotic lesion of human patients. This is a great advantage,
because the disease develops under controlled conditions and
can be followed in time. On the other hand, for the same rea-
sons, direct transfer of any hypotheses derived from studies on
rabbits to human lesions must be considered carefully.

With all due caution, our observations lead us to bring for-
ward two concepts: 1) Cholesterol crystal nucleation occurs on
lipid droplets or on multilamellar bodies and 2) cholesterol
crystals do nucleate also inside cells. The two observations are
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part of the same conceptual framework, because lipid droplets
and multilamellar bodies originate inside viable cells. The
mechanism that emerges for crystal formation is, however, not
exclusive; rather, it leaves ample space for additional processes
of crystal nucleation and growth to occur in parallel.

The above findings became possible by virtue of the complex
technical combination of cryo-CL with cryo-SEM and cryo-
FIB-SEM. This combination can be useful in other systems
where cholesterol deposits occur in tissues.

Materials and Methods

Rabbit atherosclerotic lesions were initiated and dissected following an established
protocol (58). Further details are given in SI Appendix, Materials and Methods.

All animal experiments were performed with the approval of the Animal Care
Committee of the University of Yamanashi and conformed to the Guide for the
Care and Use of Laboratory Animals published by the National Institutes of
Health (59).

After undergoing transverse slicing to a thickness of 100 to 200 pm and
0.5- to 1-mm width, the samples were high-pressure-frozen and freeze-fractured
as described (28) prior to observation in the cryo-SEM or cryo-FIB-SEM (S Appendix,
Materials and Methods).

Imaging Techniques. The protocols for all imaging techniques are individually
described in S/ Appendix, Materials and Methods.

Histology was performed following standard procedures.
Cryo-SEM. Tissues were examined in hydrated vitrified conditions as described
(28,29).
ct. Cholesterol CL was documented in the early 1990s (35-38). The sample
is excited with an electron beam in the electron microscope under cryogenic
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plier tube in panchromatic mode.

Cryo-FIB-SEM. High-pressure-frozen and freeze-fractured samples were first
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and is reported in detail in S/ Appendix, Materials and Methods.

Image Analysis. The images were aligned and artifacts were partially removed
as described (29, 32, 60). Data were then segmented automatically (S/
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