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Diverse ultrastructural landscape of atherosclerotic endothelium 
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A B S T R A C T   

Background and aims: The endothelium plays a major role in atherosclerosis, yet the endothelial plaque surface is 
a largely uncharted territory. Here we hypothesize that atherosclerosis-driven remodeling of the endothelium is a 
dynamic process, involving both damaging and regenerative mechanisms. 
Methods: Using scanning electron microscopy (SEM) and immuno-SEM, we studied endothelial junction ultra
structure, endothelial openings and immune cell-endothelium interactions in eight apoe− /− mice and two human 
carotid plaques. 
Results: The surface of early mouse plaques (n = 11) displayed a broad range of morphological alterations, 
including junctional disruptions and large transcellular endothelial pores with the average diameter between 0.6 
and 3 μm. The shoulder region of advanced atherosclerotic lesions (n = 7) had a more aggravated morphology 
with 8 μm-size paracellular openings at two-fold higher density. In contrast, the central apical surface of 
advanced plaques, i.e., the plaque body (n = 7), displayed endothelial normalization, as shown by a significantly 
higher frequency of intact endothelial junctions and a lower incidence of paracellular pores. This normalized 
endothelial phenotype correlated with low immune cell density (only 5 cells/mm2). 
The human carotid plaque surface (n = 2) displayed both well-organized and disrupted endothelium with similar 
features as described above. In addition, they were accompanied by extensive thrombotic areas. 
Conclusions: Our study unveils the spectrum of endothelial abnormalities associated with the development of 
atherosclerosis. These were highly abundant in early lesions and in the shoulder region of advanced plaques, 
while normalized at the advanced plaque’s body. Similar endothelial features were observed in human 
atherosclerotic plaques, underlining the versatility of endothelial transformations in atherosclerosis.   

1. Introduction 

The arterial endothelium is a key player in atherogenesis and an 
integral cellular component of the atherosclerotic plaque [1,2]. Para
doxically, the endothelial plaque surface is largely unexplored. Our 

current knowledge is derived from fragmentary information provided by 
histopathology and, indirectly, from functional readouts including 
vessel wall permeability [3] and vascular tone [4]. The understanding of 
atherosclerosis-associated endothelial remodeling processes has a high 
clinical relevance since, next to the plaque rupture, surface damage, i.e., 
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‘plaque erosion’, has been identified as one of the leading causes of 
thrombus formation and acute cardiovascular events [5–7]. At present, 
however, we lack a clear definition of endothelial damage and mecha
nistic insights into this process. 

In general, the atherosclerotic plaque surface is considered an 
abnormal endothelial layer and a site of immune cell adhesion and 
transmigration [8,9]. Non-invasive functional imaging has shown 
enhanced permeability of the atherosclerotic vessel wall, indicative of a 
disturbed endothelial barrier [10,11]. However, many studies have 
linked this phenomenon to the neovasculature in plaque and/or 
adventitia rather than to the abnormalities of the primary vascular 
endothelium [12]. Similarly, different vascular pathways and trans
endothelial mechanisms of leukocyte recruitment to the lesion site are 
considered [13,14]. Consequently, an all-encompassing view on 
atherosclerotic plaque endothelium and its involvement in disease 
progression is still evolving. 

Endothelial barrier integrity is regulated by the adherens junction 
proteins and their interactions with the cytoskeleton [15]. Vascular 
endothelial cadherin (VE-cadherin) is a key player in this protein com
plex, supported by intracellular catenins that are anchored to actin fil
aments [16]. Under physiological conditions, VE-cadherin is organized 
into continuous endothelial cell-cell junctions, whereas, upon inflam
matory stimulation, VE-cadherin junctions undergo spatial reorganiza
tion into focal perpendicularly oriented clusters [17,18]. The latter 
phenotype has been associated with the loss of endothelial barrier 
integrity in vitro. However, both the in vivo occurrence and ultrastruc
tural morphology of these remodeling junctions remain to be explored. 

Previously, we have investigated the arterial endothelial structure 
and function in mouse atherosclerotic lesions [19]. By applying en face 
fluorescence microscopy, we found a significantly lower continuity of 
VE-cadherin-based junctions in the plaque surface endothelium 
compared to healthy vasculature. Furthermore, the vascular areas of 
disorganized VE-cadherin junctions were enriched with intravenously 
administered fluorescent nanoparticles, indicating extravasation 
through leaky junctions. Interestingly, advanced plaques displayed a 
more normalized junctional profile and lower levels of extravasated 
nanoparticles compared to early lesions. 

Collectively, our previous findings suggest that the endothelial 
remodeling in atherosclerosis is not a one-directional process but in
volves both aggravation and normalization mechanisms. Driven by this 
hypothesis, we here aim to compare the morphological and ultrastruc
tural characteristics in early and advanced atherosclerotic plaques, with 
a special focus on endothelial junction differences. Furthermore, we 
study the immune cell-endothelial cell interactions to provide functional 
insights into the in vivo mechanism of leukocyte recruitment to the 
atherosclerotic lesion site. Finally, we provide a clinical context, by 
performing ultrastructural analysis of the human carotid plaque surface. 

2. Materials and methods 

2.1. Experimental animals 

For the SEM study, we investigated the early and advanced stage of 
atherosclerosis in eight C57BL6 apoe− /− mice (Charles River Labora
tories, Beerse, Belgium). The included animals where either on a normal 
chow diet and high-fat diet (TD.88137, Envigo, Alconbury Huntington, 
UK). Two 18 week-old mice on chow diet and two 14-week old mice on 
6-week high-fat diet were assigned into the early atherosclerosis group 
(Supplementary Table S1). The advanced atherosclerosis group con
sisted of two 30 weeks-old mice on chow diet and two 20 weeks-old mice 
on 12-week high-fat diet (Supplementary Table S2). For immune-gold 
labeling experiment, we used two additional apoe− /− mice with early 
and advanced plaques. To examine the normal aortic endothelium, we 
used one C57BL6 wild-type mouse (Charles River Laboratories). For 
confocal microscopy experiments, we used one C57BL6 wild-type mouse 
and apoe− /− mice on either 6-week (early atherosclerosis) or 12-week 

high-fat diet (advanced atherosclerosis) (four/group). The animals 
were sacrificed by either chemical anesthetic or carbon dioxide over
dose, and perfused with PBS, containing 1 mM MgCl2 and CaCl2 
(PBS++, room temperature). The aortas were excised and processed 
adequately to the readout method. All mouse experiments were per
formed in accordance with protocols approved by the Animal Experi
ment Committee of the Amsterdam University Medical Center in 
Amsterdam, Netherlands. 

2.2. Human specimens 

Two plaques from the Carotid Plaque Imaging Project (CPIP, Lund 
University) cohort, which consists of patients undergoing carotid end
arterectomy (CEA) at the Vascular Department of Skåne University 
Hospital (Malmö, Sweden), were included. The study was approved by 
the local Regional Ethical Committee (reference number 472/2005) and 
written informed consent was given by the included patient. The study 
fully conforms to the principles of the Declaration of Helsinki. In
dications to surgery were as described previously (Asciutto 2013, PMID: 
23747086) with the degree of stenosis assessed with ultrasound based 
on flow velocities as previously validated (Hansen 1996, PMID: 
8896476). Both patients were males and symptomatic, i.e. had >70% 
carotid artery stenosis associated with ipsilateral symptoms (amaurosis 
fugax, transient ischemia attack or stroke in the 6 months prior to sur
gery) as evaluated by a neurologist (whereas asymptomatic patients are 
defined as having >80% carotid artery stenosis, but have experienced no 
ipsilateral symptoms). The degree of stenosis was >95%. One patient 
had no history of diabetes or hypertension and no prior use of statins. 
The other patient had no history of diabetes, but a prior diagnosis of 
hypertension and had recently started treatment with statins (10 days 
prior). Further clinical characteristics of patients is summarized in 
Supplementary Table S3. The patients received heparin intraoperatively 
(~2500 IU). After clamping of the external, internal and common ca
rotid, the artery was opened and flushed gently with saline to improve 
visibility. Immediately after surgical removal, the following regions 
were dissected from the plaque and placed in McDowell Trump’s Fixa
tive (4% PFA and 1% glutaraldehyde) (Electron Microscopy Sciences, 
Hatfield, PA, USA): 1) Carotis communis, 2) the carotid bulb region; the 
largest stenotic point outside the plaque rupture location, 3) the carotid 
bulb region; the largest stenotic point at the plaque rupture location, 4) 
Carotis interna, 5) Carotis externa, and 6) the 3 flow divider of the ca
rotid bifurcation. Samples were further analyzed by the Department of 
Medical Biochemistry, Amsterdam University Medical Centers 
(Amsterdam, The Netherlands). They were processed for SEM analysis, 
using the same protocol as for mouse specimens, as described below. 

2.3. En face analysis of mouse aorta and human plaques by SEM and 
morphological definitions 

The collected vessels were treated with McDowell Trump’s fixative 
(Electron Microscopy Sciences), which served also as a storage solution. 
The vessel samples were cut-open, pinned to cork rings and dehydrated 
using increasing ethanol concentrations i.e., 50%, 70%, 80%, 90%, 96% 
(20 min incubation in each) and 100% (30 min). To reduce the sample 
surface tension, the samples were immersed in hexamethyldisilizane 
(Sigma-Aldrich) for 30 min and air-dried. Before imaging, tissues were 
mounted on aluminum SEM stubs using Leit-C conductive carbon 
cement (PLANO GmbH, Germany) and sputter-coated with a 4 nm-thick 
platinum-palladium layer using a Leica EM ACE600 sputter coater (Leica 
Microsystems, Illinois, USA). Images were acquired at 2 kV using a Zeiss 
Sigma 300 SEM (Zeiss, Germany) at different magnifications, ranging 
from 50-10,000× . In mouse specimens, early plaques were defined on 
SEM as small, bulging lesions with a diameter of up to 200 μm in 18 
week-old apoe− /− mice on chow diet and in 14 week-old mice that 
received high-fat diet for 6 weeks before the sacrifice. Advanced plaques 
were ~1 mm in diameter in ~30 week-old mice on chow diet and in 20 
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week-old mice that received high-fat diet for 12 weeks before the sac
rifice. Based on the height and surface morphology, we defined two 
areas within advanced plaques: 1) the advanced plaque body (central 
apical surface) and 2) shoulder region, the latter characterized by a high 
immune cell activity and/or the activated endothelium, i.e., the elon
gated cell shape, erected nuclei and bulging cell membranes. In addition 
to the surface analysis, the incidental tissue artefacts, as presented in 
Supplementary Fig. S1, allowed us to confirm e.g. the ‘spongy’ foam cell 
ultrastructure in the plaque interior. The endothelial junction phenotype 
was analyzed semiquantitative, by inspecting multiple plaque areas at 
2,000 × magnification, and using frequency scoring system (-: absence, 
+: low, ++: medium and +++: high frequency). Measurements of para- 
and transcellular openings in endothelial layer were performed by 
placing a linear ROI across the longest dimension of an ultrastructure, 
using Fiji software. Paracellular openings were defined as discontinu
ities in endothelial cell-cell contact, in which smooth membrane edges of 
two neighboring cells were clearly separated. Transcellular openings 
were defined as gaps in the membrane of a single endothelial cell. The 
openings that displayed unclear features were not included in the 
analysis. In mice, endothelial necrotic areas were characterized by cell 
membrane thinning and numerous perforations, as presented in Sup
plementary Fig. S2. In human samples, thrombosis was defined as 
denuded area with one or several following components: fibrin, platelets 
and/or red blood cells. Morphologically different plaque areas were 
measured by manual ROI drawing in Fiji. The diameter of necrosis- 
(mouse) and thrombosis (human) associated openings was measured in 
the same way, as mentioned above. The average density of different 
types of openings was based on count in 3–5 representative images at 
1000× magnification. In total, we have analyzed 819 mouse and 1889 
human endothelial openings. 

2.4. En face analysis of mouse aorta by immuno-SEM 

The immunogold-labeling SEM (immuno-SEM) protocol involved 24 
h incubation in 4% PFA in PHEM buffer. The fixed vessels were cut-open 
and pinned to the silicon-coated dish. They were washed two times with 
0.15 M glycine in PBS, followed by 5 min incubation in 1% BSA in PBS. 
Subsequently, anti-CD11b rat anti-mouse antibody (clone:M1/70.15, 
Invitrogen) was added at 1:50 dilution. After overnight incubation, the 
samples were washed five times, each time by incubating for 3 min in 
0.15 M glycine in PBS, and one time in 0.1% BSA in PBS. Subsequently, 
the samples were incubated with a bridging rabbit anti-rat antibody that 
binds protein A (Jackson ImmunoResearch, AffiniPure Rabbit Anti-Rat 
IgG + IgM (H + L), dilution: 1:200 in 1% BSA in PBS) for 30 min. 
This was followed by washing in 0.15 M glycine in PBS (five times for 3 
min). Next, the vessels were incubated for 2 h with 10-nm protein A-gold 
nanoparticles, kindly provided by the Cell Microscopy Core, Department 
of Cell Biology, UMC Utrecht. Gold nanoparticles were diluted at 1:50 in 
1% BSA in PBS. After three times wash in PBS, the samples were incu
bated for 5 min in 1% glutaraldehyde in PBS and washed another three 
times in PBS. Subsequently, the samples were rinsed in distilled water 
for 10 min and dehydrated by incubating in increasing concentrations of 
ethanol, as described above. Finally, the tissues were incubated for 30 
min in hexamethyldisilizane and air-dried. The processed samples were 
mounted on an aluminum stub with a layer of conductive carbon cement 
(Plano GmbH). A 4 nm-thick carbon layer was evaporated on top of the 
samples using the Leica EM ACE600 sputter coater. SEM images were 
acquired using ZEISS Sigma 300 field emission scanning electron mi
croscope at 5 kV using the back-scatter detector, HDBSD. 

2.5. En face analysis of mouse aorta by confocal microscopy 

For confocal microscopy, the arches were fixed in 4% para
formaldehyde (PFA) in PBS++ (with Mg2+ and Ca2+) for 12 min and, 
subsequently, stored in PBS ++ until staining. The mouse aortic arch 
was cut into two pieces, cut-open and immobilized on the silicon-coated 

Petri dish by means of 0.1 mm-thin pins. The tissue was permeabilized 
with 0.5% Triton X-100 in PBS for 10 min, washed and blocked with 2% 
bovine serum albumin (BSA) in PBS for 30 min. Subsequently, the ves
sels were incubated for 24 h at 4 ◦C with the following primary anti
bodies: polyclonal goat anti-mouse VE-cadherin antibody (Novus 
Biologicals; 1:100 dilution), either rat anti-mouse CD107b antibody (BD 
Pharmingen; clone M3/84; 1:100 6 dilution) or rat anti-mouse CD11b 
(ThermoFisher Scientific; clone M1/70, 1:100 dilution). After washing 
with 0.5% BSA in PBS, the secondary antibodies were added: Alexa 
Fluor 594-conjugated chicken anti-goat and Alexa Fluor 488-conjugated 
donkey anti-rat (both ThermoFisher Scientific; dilution 1:500), for 1 h at 
room temperature. The cell nuclei were stained with 2 μg/mL of 4’,6- 
diamidino-2-phenylindole (DAPI) for 10 min. The stained vessels were 
mounted in a drop of Mowiol on microscope slides, with the endothe
lium facing up. A round glass coverslip was then placed on the top and 
lightly pressed to flatten the surface. Confocal microscopy was per
formed by using Leica TCS SP8 confocal laser scanning microscope 
(Leica Microsystems, Wetzlar, Germany), equipped with CS2 63x/1.40 
oil objective, 470–670 nm Argon lasers and 405 nm UV Diode. The 
localization of atherosclerotic lesions was based on MAC-3/CD11b 
signal. In each vessel, multiple lesions were visualized. Image z-stacks 
were acquired through the endothelium, at x, y- and z-plane resolution 
of 0.2 and 0.5 μm, respectively, and the entire lesion volume at x,y- and 
z-plane resolution of 0.2 and 5 μm, respectively. 

2.6. Statistical analysis 

The frequency scores of mouse endothelial phenotypes were 
compared between different atherosclerotic areas (early plaque, 
advanced plaque body and advanced plaque shoulder) by using non- 
parametric Kruskal-Wallis test and Dunn’s post-hoc analysis. The 
normality of quantitative variables, i.e., the density and largest diameter 
of endothelial openings, and immune cell density, was tested with the 
Shapiro-Wilk test [20]. Since the hypothesis of normal distribution was 
rejected for many test groups, the multi-group comparison was per
formed with non-parametric Kruskal-Wallis test and Dunn’s post-hoc 
test. The same analysis was used for both the mouse (inter-lesion anal
ysis) and human data (intra-lesion analysis). The comparison between 
the para- and transcellular openings’ size and density within the early or 
shoulder region was tested with non-parametric Mann-Whitney test. The 
comparison between the para-, transcellular and necrosis-associated 
openings within the advanced plaque body was performed with 
Kruskal-Wallis and Dunn’s tests. All statistical analyses were performed 
in IBM SPPS Statistics 26. The differences were considered statistically 
relevant at p < 0.05. 

3. Results 

3.1. Endothelial cell-cell junctions in apoe− /− mice 

The understanding of endothelial pathology first requires the eval
uation of normal endothelium. Therefore, we perfused with phosphate 
buffered saline, excised and ex vivo fixed aorta of a wild-type C57BL/6 
mouse, and examined with en face SEM. As presented in Fig. 1A and 
Supplementary Fig. S3A, on low-magnification SEM images, the endo
thelium appeared as a smooth and continuous tissue layer. Endothelial 
cell boundaries were barely visible, an indication of intact cell-cell 
junctions. The identified junctions displayed a diverse morphology 
(Fig. 1A and Supplementary Fig. S3B). 

Representative images of arterial endothelial surface in apoe− /- mice, 
acquired in the aortic arch, are shown in Fig. 1B-E and Supplementary 
Fig. S4–S7. The early and advanced plaques were defined based on the 
mouse diet regimen and lesion size, which we summarize in Tables S1 
and S2. Furthermore, within the advanced plaques, we differentiate two 
morphologically distinct areas: 1) the advanced plaque body (central 
apical surface) and 2) the shoulder region. The lesion-free endothelium 
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Fig. 1. Scanning electron microscopy of endothelial cell-cell junctions in wild-type and apoe− /− mice. 
Representative scanning electron microscopy (SEM) images of the arterial endothelial surface in (A) wild-type and (B–E) apoe− /− C57BL6 mice on either (C) 18-week 
or (B,D,E) 30-week chow diet. In each panel, the same area is displayed at different magnifications. White arrowheads point at endothelial cell-cell contacts, while 
red asterisks define the gaps bigger than 500 nm, exposing subendothelial layer with different morphology compared to endothelial cell membrane. (F) In the upper 
panel, schematic representation of three main junctional morphologies we define in apoe− /− mouse endothelium: (1) intact junctions, which displayed well adherent 
endothelial cell membranes, (2) irregular junctions, characterized by chaotic cell-cell contacts rich in small membrane extensions, (3) disrupted junctions with 
paracellular gaps and exposed subendothelial ultrastructure. In the lower panel, the summary of frequency scores of intact (left), irregular (middle) and disrupted 
(right) endothelial junctions in different atherosclerotic areas, i.e., early plaques, advanced plaques’ body and shoulder regions. The frequency was scored between 
0 (absent) and 3 (high frequency). Bars represent mean±standard deviation (SD). ‘*’ indicates significant difference at p < 0.05, Kruskal-Wallis test with Dunn’s post 
hoc test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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appeared as flat cell layer with thickened cell boundaries and densely 
protruded cell surface (Fig. 1B, Supplementary Figs. S4A and B). The 
atherosclerotic plaques displayed great diversity in the endothelial 
junctional ultrastructure (Fig. 1C-E). We observed three main junctional 
phenotypes: 1) intact, 2) irregular and 3) disrupted junctions (Fig. 1F). 
The intact junctions, displayed well adherent endothelial cell mem
branes as shown in Fig. 1D. The irregular junctions were characterized 
by chaotic small membrane extensions or thin membrane projections 
(microvilli-like) connecting neighboring endothelial cells (Fig. 1C). The 
disrupted junctions included paracellular gaps and exposed sub
endothelial ultrastructure (Fig. 1E). More examples of these endothelial 
cell-cell junction types can be found in Supplementary Fig. S8. 

By employing the frequency scoring system, we compared the 
endothelial junctions of early lesions (n = 11), and the body and 
shoulder region of advanced plaques (n = 7), which is summarized in 
Fig. 1F and Supplementary Table S4. In early lesions, we identified 
highly heterogenous endothelial lining with a high contribution of both 
intact and irregular junctions, and, in seven lesions, we found the dis
rupted junctions. Both the irregular and disrupted phenotypes were rare 
on the advanced plaque body. Intact junctions were however signifi
cantly more prevalent compared to both early plaques (p = 0.021) and 
the shoulder region (p = 0.002). The highest frequency of disrupted 
junctions we report for the advanced plaque shoulder, which was 
significantly higher compared to low scores at the plaque body (p =
0.003). 

To corroborate our SEM data, we studied the VE-cadherin organi
zation by en face fluorescence microscopy. Both the wild-type (Supple
mentary Figs. S3C and D) and lesion-free apoe− /− endothelium 
(Supplementary Figs. S4C and D) displayed continuous, linear and non- 
linear VE-cadherin junctions. Early plaques, which were defined as 
highly MAC-3-positive lesions with a diameter of up to 200 μm, were 
rich in the remodeling endothelial junctions, characterized by numerous 
perpendicular VE-cadherin clusters (Supplementary Figs. S5E and H). 
The advanced lesions, identified by a thin (single-cell) layer of sub
endothelial macrophages and primarily acellular core, were covered by 
elongated endothelial cells with continuous and linear VE-cadherin 
junctions (Supplementary Fig. S6E-H). The shoulder region displayed 
abnormal VE-cadherin organization (Supplementary Fig. S7E-H). In the 
leukocyte-rich areas, we found very elongated endothelial cells and 
nuclei (Supplementary Fig. S7E-G). VE-cadherin junctions were thin or 
‘disappearing’. We also identified areas negative for CD11b staining, 
which displayed a disrupted VE-cadherin architecture (Supplementary 
Fig. S6F). 

3.2. Endothelial openings in apoe− /− mice 

The para- and transcellular endothelial openings have been previ
ously identified in the inflamed vasculature and have been linked to 
both the systemic and local immune cell activity [20–22]. Our SEM data 
show a high incidence of abnormally large pores, i.e., larger than 500 
nm, on the surface of both early and advanced atherosclerotic plaques 
(Fig. 2). In general, the identification of endothelial openings/gaps was 
based on the morphological differences between the endothelial cell 
membrane and subendothelial layers, i.e., smooth versus grainy (Fig. 2A, 
middle image, lower red asterisk), as well as the contrast generated by 
height differences, e.g., hollow openings in the upper image, Fig. 2B. 
The paracellular openings were defined as discontinuities in the endo
thelial cell-cell contact, in which smooth membrane edges of neigh
boring cells were clearly separated. The transcellular openings were 
defined as gaps in the membrane of a single endothelial cell. In necrotic 
endothelial areas, in which cell membranes were thin and heavily 
perforated (Supplementary Fig. S2), the identification of cell-cell junc
tions was frequently not possible. Therefore, we considered the 
necrosis-associated openings as a separate type of endothelial gaps. 

On average, the paracellular openings were between 1 and 8 μm and 
they were relatively frequent in early plaques and the advanced plaque 

shoulder, i.e., 680+/-1100 and 1200+/-1500 gaps/mm2, respectively. 
In contrast, they were rare in advanced plaque body, i.e., 80+/-65 gaps/ 
mm2 (Fig. 2D, left panel). Therefore, in advanced atherosclerosis, the 
shoulder region, 37+/-17% of the total plaque area (Fig. 2E), is a ‘hot- 
spot’ of endothelial permeability. 

The transcellular openings were between 0.6 and 3 μm in diameter 
and localized primarily in the perinuclear cell region and near cell-cell 
junctions. (Fig. 2B and D middle panel). Their density was similar to 
that of paracellular pores but the diameter was significantly smaller in 
all three atherosclerotic areas (Fig. 2D). Notably, they were larger than 
physiological clathrin-coated pits or caveolae. 

Necrosis-associated openings are the third type of endothelial 
openings, which we identify on the advanced plaque body (Fig. 2C and D 
right panel). Endothelial cell necrosis, manifested on SEM as the cell 
membrane perforation and nuclear detachment (Supplementary Fig. S2) 
[23], was found in five out of seven advanced lesions and accounted for 
approximately 5+/-9% of the advanced plaque body (Fig. 2E). The pores 
were circa 3 μm, present at the density of 1800±2500 openings/mm2, 
which was significantly higher compared paracellular openings in the 
plaque body (p = 0.013), but they are confined to relatively small foci. 

3.3. Immune cell-endothelial cell interactions in apoe− /− mice 

Leukocyte adhesion and endothelial transmigration are critical steps 
in the process of leukocyte recruitment to the vessel wall in athero
sclerosis [22,24–26]. We captured these processes by SEM (Fig. 3A-C 
and Supplementary Fig. S9). The majority of immune cells that we 
identified as transmigrating, were located within the opened endothelial 
cell-cell junctions (Fig. 3A, Supplementary Fig. S9C). However, we also 
found some evidence of the transcellular transmigration pathway. As 
shown in the Supplementary Fig. S9D, an immune cell is located in a 
large transcellular opening, which neighbors an intact cell-cell junction. 
We need to stress, that we observed a multitude of immune 
cell-endothelial interactions with complex/unclear morphology, which 
we could not stratify. To verify the myeloid lineage of the 
endothelium-associated immune cells, we performed immuno-gold la
beling of CD11b (Fig. 3D and Supplementary Fig. S10). The average 
immune cell count in 11 early lesions was 140 ± 116/mm2 and included 
both transmigrating and adhered cells. In the advanced plaque body, we 
found only 5 ± 6 immune cells/mm2 (n = 7). The advanced plaque 
shoulder was the most populated by the immune cells with the average 
density of 478 ± 255 immune cells/mm2 (n = 7), which is significantly 
higher compared to both early lesions and the advanced plaque body 
(Fig. 3C). 

3.4. The surface ultrastructure of human advanced carotid plaques 

SEM analysis of two human carotid plaques revealed their highly 
heterogeneous surface morphology (Fig. 4A). In both patients, endo
thelial areas displayed both the disrupted (Fig. 4B) and normalized 
junctional architecture (Supplementary Fig. S11), similar to that 
observed in mouse specimens. In disrupted areas, we find equally 
abundant para- and transcellular openings (Fig. 4B and C), with the 
average size of 2.5 and 1 μm, respectively (Fig. 4F). Furthermore, we 
identify large areas of highly disrupted endothelium with the average 
pore diameter of 6 and 10 μm in patient 1 and 2, respectively (Fig. 4D 
and F). In contrast to the murine model, the human plaque surface was 
rich in thrombosis, namely 80 and 62% in the examined samples. The 
fibrin, one of the key thrombotic components, displayed either tight or 
porous ultrastructure (Supplementary Fig. S12). In the latter case, the 
pores were ~1–2 μm in diameter and significantly denser compared to 
para- and transcellular endothelial openings in patient 2. Immune cells 
were localized both in endothelial and thrombotic areas (Supplementary 
Fig. S13). 

In summary, SEM imaging of aortic endothelium in apoe− /− mice 
demonstrates its dramatic transformations during atherosclerosis 
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Fig. 2. Endothelial openings in apoe− /− mice. 
Representative scanning SEM images of (A) para
cellular, (B) transcellular and (C) necrosis- 
associated endothelial openings in apoe− /− mice. 
White arrowheads point at smaller pores, while red 
asterisks define large openings with exposed sub
endothelial layers. The images were acquired in 
mice on 18- (upper B) and 30-week chow diet 
(upper, middle C, middle and lower B), and 6- 
(lower A) and 12-week high-fat diet (lower C, 
upper and middle A). (D) The average density and 
diameter of paracellular (left panel), transcellular 
(middle panel) and necrosis-associated (right 
panel) endothelial openings in different athero
sclerotic areas. Bars represent mean±standard de
viation (SD). ‘*’ indicates significant difference at 
p < 0.05, Kruskal-Wallis test with Dunn’s post hoc 
test. (E) Representative image of advanced plaque 
with the colored body and shoulder region in green 
and orange, respectively. Pie charts represent the 
average fraction of plaque body and shoulder in 
advanced mouse lesions, and the fraction of 
endothelial cell necrosis. (For interpretation of the 
references to color in this figure legend, the reader 
is referred to the Web version of this article.)   
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development. Early atherosclerotic plaques display junctional abnor
malities and/or large transcellular pores. Intriguingly, when athero
sclerotic plaques progress, the endothelium seems to regenerate, as 
shown by intact cell-cell junction ultrastructure. This junctional 
normalization goes hand in hand with low immune cell adhesion. In 
advanced lesions, the plaque shoulder displays a highly activated 
endothelial phenotype and leukocyte recruitment. Our results reveal a 
highly heterogeneous and dynamic endothelial landscape in the devel
opment of atherosclerosis (Fig. 5), which opens a window of opportunity 
to normalize the endothelium and counteract atherosclerosis. Further
more, our findings in human carotid plaque specimens confirm the co- 
existence of both endothelial patterns in clinically evident and 
advanced atherosclerosis. 

4. Discussion 

The current study gives unique insights into directions of arterial 
endothelial remodeling during atherogenesis. The revealed normaliza
tion of endothelial lining and few signs of leukocyte adhesion in the 
body of the plaque might be a consequence of intimal remodeling, the 
body’s effort to stabilize the atherosclerotic plaque and blood flow 
patterns. The initially proteoglycan-rich extracellular matrix (ECM) is 
transformed into the collagen-rich ECM by proliferating synthetic 
vascular smooth muscle cells (VSMCs) [27]. The collagen microenvi
ronment seems to be more comparable to physiological conditions 
where endothelial cells overlay elastin and VSMC layers. We also 
consider the impact of subendothelial oxLDL, which in an in vitro model, 
has shown to downregulate VE-cadherin in endothelial cell-cell 

Fig. 3. Immune cells on the plaque 
surface of apoe-/- mice. 
(A) Images of an early plaque (18-week 
chow diet) with two transmigrating 
immune cells (white ROIs), which are 
shown at high magnification in the 
lower and middle panel. White arrow
heads indicate the lifted endothelial cell 
edges and asterisks mark the immune 
cells. In (B) and (C) (both 30-week chow 
diet), different magnifications of the 
advanced plaque body and shoulder re
gion are respectively shown, both with 
adhered immune cell(s). (D) SEM image 
of CD11b-positive leukocyte labeled 
with 10 nm gold nanoparticles. (E) The 
immune cell density on the surface of 
different atherosclerotic areas. Bars 
represent mean±standard deviation 
(SD). ‘*’ indicates significant difference 
at p < 0.05, Kruskal-Wallis test with 
Dunn’s post hoc test. (For interpretation 
of the references to color in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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junctions [28], and which is more prevalent in early lesions compared to 
advanced counterparts [29]. The plaque’s body is also the most luminal 
bulging part of the lesion, experiencing relatively higher shear stress 
compared to the lower shoulder region, which possibly contributes to 

the endothelial normalization [30]. This phenomenon occurs in 
conjunction with a significantly lower leukocyte adhesion, being in line 
with the findings of Robbins et al. [31], who previously demonstrated 
that advanced plaques feature less leukocyte recruitment, but more 

Fig. 4. SEM analysis of human carotid plaques. 
(A) Pie charts displaying the percentage of well- 
organized, disputed and heavily-disrupted endo
thelium, and thrombosis in two human carotid 
plaques. (B and C) Example SEM images of 
endothelial openings on the human plaque sur
face: (B) paracellular, (C) transcellular, and (D) 
openings in highly disrupted/damaged endothe
lial areas, where endothelial cell-cell junctions 
cannot be easily identified, and (E) thrombosis- 
associated pores. (F) The average density 
(upper panel) and diameter (lower panel) of 
paracellular, transcellular, and damage- 
associated (in highly disrupted endothelial 
areas) endothelial openings and thrombosis- 
associated pores in two patients. Bars represent 
mean±standard deviation (SD) (n = 5 represen
tative images at 1000× ). ‘*’ indicates significant 
difference at p < 0.05, Kruskal-Wallis test with 
Dunn’s post hoc test.   
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intraplaque macrophage proliferation. Importantly, the preserved 
endothelial areas on human plaques share generally the same charac
teristics as murine specimens. This suggests that our pre-clinical findings 
might have translation to the human plaque progression/expansion 
mechanism. 

Although the endothelium covering the plaque’s body appears 
normalized in advanced disease, the shoulder region displays highly 

disrupted and/or activated endothelial morphology, and abnormal VE- 
cadherin organization (Supplementary Fig. S7E-H). It emerges as a 
critical area of inflammatory cell adhesion with abundance of para- and 
transcellular endothelial openings. Previously, studies on human ath
eromas identified the plaque shoulder as a frequent site of plaque 
rupture [32]. This has been attributed to a relatively thin fibrous cap and 
high inflammatory activity in this region. In apoe− /− mice, spontaneous 

Fig. 5. Schematic summary of SEM finding in 
apoe-/- mice. 
The formation of early atherosclerotic lesions 
leads to the endothelial barrier remodeling and 
disruption (second panel), while the plaque 
maturation processes are associated with both 
the endothelial normalization on the plaque body 
(third panel) and aggravation at the shoulder 
region (fourth panel). The normal mouse arterial 
endothelium is depicted in the first panel. All 
drawn structures are explained in the legend 
below.   
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thrombotic events are rare, therefore, we cannot make similar extrap
olations. Nevertheless, our findings support the established thesis on the 
plaque shoulder as a critical site of immune cell activity in advanced 
atherosclerosis. 

Another relevant feature in advanced mouse atherosclerosis is 
endothelial necrosis, representing few percent of the total plaque surface 
and leading to the endothelial pore formation (Fig. 2C-E). In human 
atherosclerosis, we find highly disrupted endothelial areas, which 
however do not carry necrotic characteristics. Importantly, human 
plaques display extensive surface thrombosis, which porous ultrastruc
ture might mimic the endothelial hyperpermeability and interfere with 
the permeability data interpretation (Fig. 5A and Supplementary Fig. 
S12). Considering our initial SEM findings as well as the previous his
topathological and imaging studies [33,34], the plaque surface throm
bosis seems to be very common in humans. However, its extent and 
maturity might vary greatly between different lesions and subjects. SEM 
is an excellent imaging tool to further improve our knowledge on the 
size, type and spatial distribution of surface thrombosis in different 
patient groups since it enables studying large surface areas at a superb 
spatial resolution of up to ~2 nm. By using SEM, we also find incidental 
endothelial denudations in both types of specimens (Supplementary Fig. 
S14). The relevance of denudation or superficial erosion as a thrombotic 
trigger has recently been highlighted by Libby and colleagues [7]. We 
anticipate that the SEM approach might underestimate endothelial 
denudation since any type of surface deposition, e.g., a thin layer of 
platelets, fibrin or red blood cells would cover the denuded areas. 
Nevertheless, our current findings suggest that the fully exposed, purely 
extracellular matrix-rich denudation is rare. 

The aforementioned findings shed new light on our recent study in 
apoe− /− mice, which revealed significantly lower extravasation of 
nanoparticles to advanced lesions compared to early counterparts [19]. 
By performing SEM analysis, we were able to unveil the ultrastructural 
consequences of VE-cadherin remodeling i.e., a dramatic ultrastructural 
reorganization and normalized phenotype of endothelial cell-cell junc
tions in early and advanced plaque body, respectively (Fig. 1). 
Furthermore, we showed alternative or complementary pathways for 
nanoparticle accumulation in the plaque, i.e., via transcellular and 
necrosis-associated openings, which we were not able to identify with en 
face fluorescence microscopy. 

The past few years brought new scientific evidence on the pheno
typic and epigenetic specialization of endothelial cells in different or
gans [35]. Furthermore, recent single-cell RNA sequencing (scRNA-seq) 
studies have shown heterogeneity of endothelial cell population within 
pathologies, such as in the inflamed chondroid tissue [36] and tumors 
[37–39]. In cardiovascular research, scRNA-seq analyses evolve pre
dominantly, but not exclusively, around immune cells [40,41]. In our 
study, we observe highly versatile atherosclerotic endothelium. Undis
putedly, the entire lining is affected by the disease. However, the cell 
morphology and cell-cell connectivity varied between a relatively 
normal to a highly disturbed. This heterogeneity was observed both on 
the level of a single plaque and entire vessel. It seems therefore highly 
relevant to identify metabolic and epigenetic factors that predispose 
endothelial cells to either plaque stabilization or vulnerability. 

Our results underline the spatial and temporal diversity of athero
sclerotic endothelial landscape. The general term ‘dysfunctional endo
thelium’ or ‘atherosclerotic endothelium’ therefore requires 
reevaluation to underline the versatility of atherosclerosis-associated 
endothelial transformations. The revealed endothelial heterogeneity 
might be a relevant factor in the plaque stability and should be 
considered during the disease evaluation. Furthermore, it is of great 
importance to further characterize and, ultimately, therapeutically 
establish a normalized endothelial phenotype in atherosclerosis. 
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