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Epidemiological studies have established a strong association 
between exposure to particulate air pollution (particles smaller 

than 10 µm in diameter; PM10) and cardiopulmonary morbidity and 
mortality (1-3). Cardiovascular events account for the greatest pro-
portion of these adverse incidents (4,5), particularly in high-risk 
populations with a history of myocardial infarction (4,6) or chronic 
diabetes (7,8). The occurrence of myocardial infarctions (9), strokes 
(10), heart failure exacerbations (5), cardiac arrhythmias (11) and 
sudden deaths (12) increases within hours of the onset of an episode 
of elevated air pollution. In addition, PM10 exposure has been associ-
ated with changes in blood pressure (13), plasma viscosity (14), arte-
rial vasoconstriction (15), fibrinogen levels (16), interleukin (IL)-6 
release (17), coagulation time (17), platelet activation (18), and 
early bone marrow release of neutrophilic polymorphonuclear leuko-
cytes (19) and monocytes (20).

Atherosclerotic plaque disruption and thrombus formation under-
lie the pathogenesis of myocardial infarction, stroke and sudden death 
(21). Vulnerable plaques are characterized by a core of extracellular 
lipid and cellular debris that accounts for approximately 40% of the 
plaque volume (21,22). The fibrous cap covering the lipid core thins 
in association with the accumulation of macrophage-derived foam 
cells, a decrease in the smooth muscle cell (SMC) population and a 
reduction in collagen content (23,24). Plaques with this phenotype 
are vulnerable to rupture leading to occlusion of the lumen by throm-
bus formation or, potentially, distal thromboembolic events (21,23).

PM10 exposure has been shown to produce both a local inflam-
matory response within the lungs and an acute-phase systemic 
inflammatory process characterized by an increase in circulating 
C-reactive protein (25) and a release of premature polymorphonu-
clear neutrophilic leukocytes (band cells) into the circulation (26). 
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BaCKgroUnD: Epidemiological studies have established that cardio-
vascular events account for the greatest number of air pollution-related 
deaths. However, the underlying structural changes are still unknown.
oBJECTivE: To investigate changes in the ultrastructure of atheroscle-
rotic plaques in Watanabe heritable hyperlipidemic (WHHL) rabbits fol-
lowing the instillation of ambient particulate matter air pollution (particles 
smaller than 10 µm in diameter) into the lungs.
METHoDS: WHHL rabbits (n=8) exposed to 5 mg of ambient particles 
(Environmental Health Centre – 1993 [EHC-93]; suspended in saline 
and instilled in the airway) twice per week for four weeks were compared 
with control WHHL rabbits (n=8) treated with saline alone.
rESUlTS: All abdominal aortic plaques were examined using light and 
electron microscopy, which showed the following: increased accumula-
tion of macrophage- derived foam cells immediately below the endothe-
lial plaque surface (P=0.04); increased contact between these foam cells 
and the dense subendothelial extracellular matrix (P<0.005) with reduc-
tion (P<0.0001) and fragmentation (P<0.0001) of this matrix; and emi-
gration of macrophage- derived foam cells from the plaques in exposed 
rabbits. In addition, immunohistochemistry verified the presence of 
type IV collagen in the thickened extracellular matrix material subtend-
ing the endothelium.
ConClUSionS: The ultrastructure of atherosclerotic plaques in 
EHC-93- instilled rabbits differed from the ultrastructure observed in rab-
bits that did not receive EHC-93. These ultrastructural differences are 
consistent with greater endothelial instability in the plaques of 
atherosclerosis- prone rabbits.
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les modifications ultrastructurelles des plaques 
athéroscléreuses après l’instillation de particules 
aéroportées dans les poumons de lapins

HiSToriQUE : Des études épidémiologiques ont établi que les 
événements cardiovasculaires expliquent la plupart des décès liés à la 
pollution de l’air. Cependant, on ne connaît toujours pas les modifications 
structurelles sous-jacentes.
oBJECTiF : Explorer les modifications de l’ultrastructure des plaques 
athéroscléreuses chez des lapins Watanabe ayant une hyperlipidémie à 
transmission héréditaire (WHLH) après l’instillation de particules d’air 
ambiant pollué (particules d’un diamètre inférieur à 10 µm) dans leurs 
poumons. 
MÉTHoDologiE : Les lapins WHLH (n=8) exposés à 5 mg de 
particules d’air ambiant (Environmental Health Centre – 1993 [EHC-93], 
suspendues dans une solution saline puis instillées dans les voies aériennes) 
deux fois par semaine pendant quatre semaines ont été comparés à des 
lapins WLHH (n=8) témoins traités avec une solution saline seulement.
rÉSUlTaTS : Les chercheurs ont examiné toutes les plaques aortiques 
abdominales au moyen des microscopies photonique et électronique qui 
ont révélé une accumulation accrue de cellules spumeuses dérivées des 
macrophages immédiatement sous la surface de la plaque endothéliale 
(P=0,04); un plus grand contact entre ces cellules spumeuses et la matrice 
extracellulaire subendothéliale dense (P<0.005), laquelle était à la fois 
réduite (P<0,0001) et fragmentée (P<0,0001) et la migration des cellules 
spumeuses dérivées des macrophages de la plaque chez les lapins exposés. 
De plus, l’immunohistochimie a corroboré la présence de collagène de type 
IV dans la matrice extracellulaire épaissie sous-tendant l’endothélium.
ConClUSionS : L’ultrastructure des plaques athéroscléreuses de lapins 
à qui on a instillé de l’EHC-93 différait de celle de lapins à qui on n’en 
avait pas instillé. Ces différences ultrastructurelles corroborent la plus 
grande instabilité endothéliale des plaques de lapins enclins à 
l’athérosclérose.
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Suwa et al (26) provided light microscopic evidence that PM10 
exposure leads to increased plaque size, lipid deposition and inflam-
matory cell recruitment into atherosclerotic plaques in Watanabe 
heritable hyperlipidemic (WHHL) rabbits. Sun et al (27,28) used 
an apolipoprotein E knockout (ApoE–/–) mouse model to show that 
long-term exposure to low concentrations of PM2.5 (particles 
smaller than 2.5 µm in diameter) altered vasomotor tone, and 
increased tissue-factor expression, vascular inflammation and ath-
erosclerotic burden in these animals. Research at the Lovelace 
Respiratory Research Institute (New Mexico, USA) in ApoE–/– 
mice has shown vascular remodelling and altered atherosclerotic 
plaque composition following PM10 exposure and diesel emission 
exposure (29-31). The present study was designed to determine 
whether and how PM10 exposure affected the architecture of exist-
ing atherosclerotic plaques and to determine whether the observed 
ultrastructure was consistent with the characteristics of a more 
vulnerable atherosclerotic plaque.

METHoDS
animals
These studies were approved by the Animal Experimentation 
Committee of the University of British Columbia (Vancouver, British 
Columbia). Female WHHL rabbits (n=16) (Covance Research 
Products Inc, USA) weighing a mean (± SD) of 3.5±0.4 kg were fed 
standard rabbit chow. Rabbits were sacrificed at 42 and 46 weeks of age 
at the completion of a four-week exposure protocol. The rabbits used 
in the present study were also used in other investigations to address 
monocyte release from the bone marrow (20) and monocyte recruit-
ment into atherosclerotic plaques (32).

Urban PM10
The urban PM10 (ambient particulates) used in the present study, desig-
nated as Environmental Health Centre – 1993 (EHC-93), were 
obtained from Environment Canada; EHC-93 had been collected from 
the troposphere in Ottawa (Ontario) in 1993 using a single-pass, vide-
lon bag-house filtration system located at the Environmental Health 
Centre. The complete size distribution and composition of EHC-93 was 
described by Vincent et al (33) in 1997 and compared with eight other 
urban particulates. This size analysis of EHC-93 showed a mean diame-
ter of 0.8±0.4 µm, with 99% of the number of particles less than 3.0 µm, 
which is similar to other urban particulate samples (33). The EHC-93 
particles are aged and complex (ie, they contain both organic and inor-
ganic components), and, relative to the other urban particulates, have 
high levels of many transition metals including chromium, manganese, 
nickel, vanadium and zinc (33) – many of which have exposure limits 
set by the WHO (34). It has been suggested that transition metals on 
the surface of airborne particles may have increased toxicity (35).

Exposure protocol
The model used to test the hypothesis of the present study has been 
established in the James Hogg iCAPTURE Research Centre, Providence 
Heart + Lung Institute (Vancouver, British Columbia), and is well char-
acterized with regard to both the local and the systemic response 
(20,26,32,36,37). Briefly, the experimental rabbits (n=8) were lightly 
anesthetized with 5% halo thane while 5 mg of EHC-93, suspended in 
1 mL of sterile saline, was deposited just above the larynx using a blunt 
curved needle twice per week for four weeks. A second group of 
eight similarly anesthetized rabbits that only had 1 mL of sterile saline 
injected above the larynx served as controls. Following the four-week 
exposure period, the rabbits were sacrificed with an overdose of sodium 
pentobarbital (Bimeda-MTC Animal Health Inc, Canada).

Tissue fixation and processing
Two different protocols were used to fix the aorta in situ. In the first 
protocol (control n=3; experimental n=3), the abdominal aorta of the 
rabbit was rapidly exposed following sacrifice. The aorta was fixed 
in situ by adding 4% glutaraldehyde (BDH Inc, Canada) in 0.1 M 

cacodylate buffer (Canemco Inc, Canada) (pH 7.4) into the abdomi-
nal cavity of the rabbit for 10 min. The abdominal aorta was then 
excised and immersion fixed with 2% glutaraldehyde in 0.1 M cacody-
late buffer for 90 min. In the second protocol (control n=5; experi-
mental n=5), the aorta was flushed with Krebs buffer in situ and 
perfusion fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer at 
100 cm of water pressure. The perfusion solutions were infused through 
the right carotid artery, down the aorta and drained from the inferior 
vena cava to perfuse the abdominal aorta in the direction of blood flow 
(38). The abdominal aorta was removed and immersion fixed with 2% 
glutaraldehyde in 0.1 M cacodylate buffer for 90 min. The second 
perfusion protocol was done to permit scanning electron microscopic 
observations of aortic surfaces. No difference in the quality of fixation 
was observed between these two protocols. All segments of the aorta 
that were harvested were processed and analyzed in the present study.

Following immersion fixation, segments of the aorta were ran-
domly chosen for scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). Aortas destined for SEM were cut 
along the longitudinal axis resulting in two C-shaped pieces of aorta 
that varied in length from 0.5 cm to 2.0 cm. Aortas destined for TEM 
were cut into rings approximately 3 mm in width. Each ring was then 
turned onto its cut edge and cut into four to six small pieces suitable 
for TEM. All samples were then processed using standard electron 
microscopy processing (38,39). In brief, the samples were rinsed with 
0.1 M cacodylate buffer and postfixed for 1 h in a solution of 1% OsO4 
(Marivac Inc, Canada) and 1% potassium ferrocyanide (Fisher 
Scientific Co, USA) in 0.1 M cacodylate buffer. Samples were rinsed 
with distilled water before graded acetone dehydration.

Samples for light microscopy (LM) and TEM were infiltrated with 
Epon 812 resin (Electron Microscopy Sciences, USA), and oriented so 
that sectioned tissues were viewed in the vessel cross-section (oriented 
90° to the direction of blood flow) and polymerized overnight at 65°C. 
Blocks were trimmed and sectioned on a Leica EM UC6 Ultramicrotome 
(Leica Microsystems, Canada). LM sections (0.5 µm) were mounted 
on glass slides, stained with toluidine blue O and examined with a 
Nikon Labophot-2 Light Microscope (Nikon Canada Inc). Thin TEM 
sections (60 nm to 80 nm) were picked up on formvar-coated slot 
grids, stained with uranyl acetate and lead citrate, and then imaged 
using a Tecnai 12 TEM (FEI Company, USA) (38,39).

The following inclusion criteria were used in sample selection for 
histological analysis of the atherosclerotic plaques: the plaque thick-
ness was greater than 100 µm; and if a plaque shoulder was present, 
sampling began 250 µm from the shoulder edge (measured along the 
internal elastic lamina).

lM
The mean diameter of 75 randomly selected macrophage- derived foam 
cell profiles observed in section was used to establish a depth of interest 
23 µm below the endothelium, where foam cells were close enough to 
interact with the endothelium and its immediate extracellular matrix 
(ECM) substrate. If more than 50% of a foam cell profile was within this 
depth of interest, it was counted as a subendothelial cell. Subendothelial 
macrophage profiles were counted on 0.5 µm sections cut from 88 differ-
ent TEM blocks from the seven control rabbits and from 74 different 
TEM blocks from the five PM10-exposed rabbits. The unequal numbers 
of rabbits was due to an absence of atherosclerotic plaques in the region 
of the abdominal aortas of one control and three treated rabbits.

Electron microscopy
All of the samples used for the LM analysis were also examined by 
TEM: images were captured in a systematic random fashion at 
×9700 magnification. The first image was acquired two fields of view 
from the edge of the tissue section and five additional images were 
acquired, per block, from control and PM10 blocks, with two fields of 
view separating each image.

Before morphometric analysis, the captured images were rotated in 
Photoshop (Adobe Systems Incorporated, USA) to orient the 
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endothelium horizontally. A cycloid grid mask was placed over the 
reoriented images parallel to the endothelium, and the line-intercept 
method (40,41) was used to quantify the frequency of endothelial 
contacts (15 nm or greater separation) with dense ECM, fragmented 
ECM, macrophages, macrophage-derived foam cells, SMCs, smooth 
muscle foam cells, unknown structures and space (an absence of 
electron-dense material).

Eight serial reconstructions were completed of the reticulum of 
dense ECM subtending the endothelium on the images obtained from 
four control and four PM10-exposed rabbits. Each reconstruction con-
sisted of approximately 20 consecutive 100 nm thick sections of an 
atherosclerotic plaque. These images were captured at ×37,000 magni-
fication, and then manually aligned and traced in Photoshop before 
application of three-dimensional reconstruction software (T3D, 
Research Systems Inc, USA). A similar protocol has been used previ-
ously to reconstruct the alveolar wall (42).
SEM: These samples were chemically dried using hexamethyldisila-
zane (Sigma-Aldrich Inc, USA) in a BioWave Microwave (Pelco 
International, USA) (43). After mounting dried specimens on alumi-
num stubs using adhesive spots, all samples were sputter coated with a 
gold/palladium alloy in a Nanotech SEM-Prep II Sputter Coater 
(Nanotech, United Kingdom). Samples were viewed using a Hitachi 
S4700 Field Emission Gun SEM (Hitachi, Canada). Sputter coating 
and SEM imaging were performed at the University of British 
Columbia BioImaging Facility (Vancouver).

immunohistochemistry
WHHL rabbit aortic tissues that had undergone formalin fixation 
and paraffin embedding were immunostained for type IV collagen 
using the M3F7 antibody (University of Iowa, Hybridoma Bank, 
Iowa, USA) at 1/200 dilution. Slides were treated with pepsin in 
0.5 N glacial acetic acid at 37°C for 3 h before a standard alkaline 
phosphatase method with Naphthol AS-BI phosphate (Sigma-
Aldrich Inc) and New Fuchsin (Sigma-Aldrich Inc) substrate. To 
increase staining intensity, the secondary and tertiary antibody stain-
ing was repeated for 20 min. Positive and negative controls were 
included in each staining experiment. All slides were examined 
using a Nikon Labophot-2 Light Microscope and photographed on 
the Nikon Eclipse 50i.

Statistical analysis
To take into account the multiple samples from multiple rabbits, a 
nested ANOVA was performed for the analysis of the number of foam 
cells. Poisson regression analysis was used to analyze the data concerning 
abluminal endothelial contacts. All values were expressed as mean ± SE, 
with P<0.05 considered to be significant.

rESUlTS
Qualitative LM observations made blinded to the exposure protocol 
showed that in the control rabbits, the atherosclerotic plaques had a 
stratified appearance; lipids were sequestered within macrophage- 
derived foam cells deep in the plaque cores with a dense layer of SMCs 
and ECM between the lipid core and the endothelial surface 
(Figure 1A). In contrast, plaque cores of PM10-exposed rabbits were 
composed mostly of extracellular lipid with an apparent accumulation 
of macrophage-derived foam cells immediately below the endothelium 
(Figure 1B).

The number of profiles of macrophage-derived foam cells found 
within the 23 µm depth of interest was significantly greater 
(P=0.04) in the PM10-exposed rabbits compared with controls 
(Figure 1C, 96 cells/mm of endothelial length [95% CI 80 cells/mm 
to 110 cells/mm] versus 41 cells/mm of endothelial length [95% CI 
35 cells/mm to 48 cells/mm]). These data suggested that macrophage-
 derived foam cells were accumulating under the endothelium of 
plaques from PM10-exposed rabbits.

TEM analysis of control atherosclerotic plaques revealed a reticu-
lum of dense ECM subtending the endothelium (Figures 2A and 2B), 
SMCs with small cytoplasmic lipid accumulations and attendant basal 
laminae (Figure 2B), and only occasional macrophage-derived foam 
cells. The macrophage-derived foam cells were usually separated from 
the endothelial surface by the reticulum of dense ECM and showed 
very little lipid accumulation within the cells (Figure 2C). The analy-
sis of the plaques from PM10-exposed rabbits revealed fragmentation or 
an absence of the reticulum of dense ECM in areas of macrophage-
derived foam cell accumulation beneath the endothelium (Figures 2D 
and 2E). Observed within the macrophage-derived foam cells subtend-
ing the endothelium were large lipid deposits and frequent cholesterol 
crystals (Figure 2F). In adjacent regions without macrophage-derived 
foam cell accumulation, combinations of dense ECM and fragmented 
ECM were observed.

Line-intercept analysis of endothelial substrate contacts showed 
that 66% of the 2791 endothelial intersections in the control rabbits 
were in contact with elements of the reticulum of dense ECM com-
pared with only 21% of the 3297 intersects in the PM10-exposed rab-
bits (P<0.0001; Figure 3). Furthermore, 22% of endothelial cell 
contacts were with fragments of the reticulum ECM in the PM10-
exposed rabbits, compared with 8% of the contacts in control rabbits 
(P<0.0001). The number of endothelial cell contacts with macrophage-
 derived foam cells increased from 13% in the controls to 38% in the 
PM10-exposed rabbits (P=0.0039). Finally, the number of endothelial 
cell contacts with apparent space (an absence of electron-dense mate-
rial) was 8% in controls and 14% in experimental rabbits (P<0.0001). 
The frequency of contact between endothelial cells and macrophages, 

Figure 1) a Macrophage-derived foam cells (*) deep in the core of a control plaque. Below the intact endothelium (arrows) is a thick fibrous cap. The white space 
under the intima is a processing artifact. Scale bar = 50 µm. B Accumulation of macrophage-derived foam cells (*) at the abluminal surface of the intact endothelium 
(arrows) over a necrotic centre of gruel (∆) in a particulate air pollution (particles smaller than 10 µm in diameter; PM10)-exposed rabbit. Scale bar = 50 µm. 
C Macrophage-derived foam cell population in the subendothelial region (mean ± 95% CI); P<0.05
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SMCs, smooth muscle-derived foam cells and unknown structures was 
small with no measurable differences between control and experimen-
tal groups.

The three-dimensional reconstructions confirmed that the dense 
ECM subtending the endothelium in the plaques from control rabbits 
formed a reticulum of basal lamina-like material (Figure 4A). In addi-
tion, topographically, the reconstructed ECM closely matched the 
topography of the endothelial cells such that the shape and surface 
features of the endothelial cells were clearly reflected in the surface of 
the reticulum of dense ECM (Figures 4B and 4C). In contrast, in the 
reconstructions from PM10-exposed rabbits, the endothelium was sub-
tended by small islands of the electron- dense ECM (Figure 4D). When 
the endothelial cell was electronically subtracted from these recon-
structions, the ECM subtending the endothelium in the PM10 recon-
structions did not closely reflect the abluminal surface topography of 
the endothelial cells (Figures 4E and 4F).

Immunohistochemistry verified that the ECM material subtending 
the endothelium and surrounding SMCs contained type IV collagen – 
a molecular species usually confined to the basal lamina (Figure 5).

SEM
The luminal surface of the arterial wall revealed endothelium elon-
gated along the axis of flow in nondiseased areas of both the con-
trol (Figure 6A) and the PM10-exposed (Figure 7A) rabbits. Flat 

interdigitating cytoplasmic extensions reached over the surface of 
neighbouring cells, creating an irregular border at endothelial cell 
margins. The atherosclerotic plaques in both experimental and 

Figure 2) Subendothelial fibrous cap ultrastructure of Watanabe heritable hyperlipidemic rabbit atherosclerotic plaques. a Control rabbit endothelial cells (ECs) 
rest on a reticulum of dense extracellular matrix (ECM) subtended by smooth muscle cells (SMCs) and their ECM. B Reticulum of dense ECM and extracel-
lular lipid droplets from a. C A foam cell (FC) with minimal lipid deposits located below the endothelium. There is a small area of contact between the FC and 
the EC. D Macrophage-derived FCs (MΦFCs) subtending the ECs in particulate air pollution (particles smaller than 10 µm in diameter)-exposed rabbits. E 
Reticulum of dense ECM is absent, leaving the MΦFCs in contact with the ECs (*). F An MΦFC in close proximity to the endothelium loaded with large lipid 
deposits including a cholesterol crystal (arrow). a and D scale bar = 5 µm; B and E scale bar = 1 µm; C and F scale bar = 2 µm

Figure 3) Relative percentage of endothelial cell abluminal membrane contacts 
(15 nm or less) with subtending cells or substrate elements. Particulate air pollu-
tion (particles smaller than 10 µm in diameter; PM10)-exposed rabbits (n=5) 
have significantly less contact with dense extracellular matrix, and significantly 
more contact with fragmented extracellular matrix, macrophage- derived foam 
cells and space than control rabbits (n=7). *P<0.0001; **P<0.005
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control groups were easily identified by their elevated surfaces and 
sloping shoulders (Figure 6B). Endothelial topography over the 
core regions of control rabbit atherosclerotic plaques was more 
irregular than areas of endothelium from the nondiseased arterial 

wall (Figures 6C and 6D), giving the surface of control atheroscle-
rotic plaques an uneven appearance (Figures 6C and 6E). On the 
shoulder regions of the control atherosclerotic plaques, adherent 
and transmigrating leukocytes were observed (Figure 6F).

Figure 4) Serial section three-dimensional reconstructions of reticulum of dense extracellular matrix (ECM), magnification ×37,000. Green indicates dense 
ECM; Orange indicates endothelial cells (EC). a to C Control reconstruction. B Surface of the ECM on which the EC rests (white arrows) closely reflects 
topography of the EC (*). C Abluminal EC surface with ridge (*) that is reflected in dense ECM. D to F Particulate air pollution (particles smaller than 10 µm 
in diameter) reconstruction. E The ECM surface on which the EC rests (white arrows) has holes and only reflects large surface features of the EC topogra-
phy (*). F The abluminal EC surface with the large dip (*) that is reflected in dense ECM

Figure 5) Immunostaining of control atherosclerotic plaques for type IV collagen. a Low magnification shows staining in the upper regions of the plaque; scale 
bar = 50 µm. B High magnification shows staining for type IV collagen (arrows) in the material subtending the endothelium; scale bar = 25 µm. 
C Immunoglobulin G control; scale bar = 25 µm
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Atherosclerotic plaques from PM10-exposed rabbits revealed small 
areas of endothelial desquamation to which platelets with signs of 
activation (ie, flat cells with long, thin cellular extensions) had 
adhered (Figure 7B). The endothelium at the sloping-shoulder regions 
was topographically irregular with adherent amoeboid leukocytes 

(Figures 7C and 7D). In addition, clusters of large leukocytes were 
observed on the endothelium at locations strongly suggesting both 
transcellular (Figures 8A and 8B) and paracellular (Figures 8C 
and 8D) leukocyte transmigration across the endothelium, over the 
plaque surfaces as well as at the plaque shoulders of PM10-exposed 

Figure 6) Atherosclerotic plaque topography from control Watanabe heritable hyperlipidemic rabbits. a Nonplaque endothelial cells with overlapping cytoplas-
mic flaps (arrows). B Plaque at a bifurcation (arrowheads). C Occasional endothelial protrusions (♦) making for irregular core topography. D Intact core 
endothelium with cytoplasmic flaps (arrows). E Macrophage-derived foam cell (*) beneath protruding endothelium (arrows). F Two leukocytes (*) on the 
plaque shoulder
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rabbits. These leukocytes had numerous cytoplasmic flaps and bore 
occasional adherent round or oval (unactivated) platelets (Figure 7F). 
Endothelial filopodia extended up the sides of the transmigrating cells 
to terminate at apparent focal adhesions (Figures 8B and 8D).

TEM of protruding cells revealed that they were macrophage- 
derived foam cells (Figure 9) – some of which carried isolated segments 
of dense ECM reticulum in pockets on their surfaces (Figures 9B and 
9C). The gap in the arterial endothelium through which this foam cell 

Figure 7) Atherosclerotic plaque topography from particulate air pollution (particles smaller than 10 µm in diameter; PM10)-exposed Watanabe heritable hyper-
lipidemic rabbits. a Nondiseased regions with interdigitating overlapping flaps (arrows). B Endothelial erosion with spreading activated platelets (*). C Irregular 
topography of the plaque shoulder with adherent leukocytes. D (Inset from C) The polarized adherent amoeboid leukocyte with anterior lamellipodial front and 
trailing uropod. E A leukocyte cluster over the core of an atherosclerotic plaque from a PM10-exposed rabbit. F (Inset from E) Red blood cells (arrow) and 
platelets (arrowheads) attached to leukocytes
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extended into the vascular lumen is not a mechanical artifact because 
it is delineated by intact plasma membrane (Figure 9C).

DiSCUSSion
The observations presented herein show that macrophage-derived 
foam cells occur in differing areas in the atherosclerotic plaques from 
WHHL rabbits that received repeated instillations of PM10 in the 
lungs, compared with the control rabbits. A complete analysis of our 
data derived from multiple types of microscopy led us to the unex-
pected conclusion that macrophage-derived foam cells emigrate from 
the centres of the atherosclerotic plaque into the circulation. In this 
process of macrophage-derived foam cell emigration, the observational 
data suggest that the endothelial cell to substrate contact was reduced 
through a combination of physical separation from and fragmentation 
of the subendothelial reticulum of dense ECM. Endothelial separation 
from its substrate and the emigration of macrophage-derived foam cells 
may compromise normal endothelial function and contribute to 
plaque instability.

The data that led to this conclusion can be separated into 
three observations. The first observation is the presence of 
macrophage- derived foam cells in the subendothelial region. The 
morphometric analysis of the subendothelial contacts revealed a 
25% increase (from 13% to 38%) in the contacts between 
macrophage- derived foam cells in PM10-exposed rabbits compared 

with control rabbits. TEM analysis further revealed the presence of 
cholesterol crystals in the macrophage-derived foam cells in the 
region immediately below the endothelium of the PM10-exposed rab-
bits. By comparison, in the control rabbits, cholesterol crystals were 
only found in macrophage-derived foam cells deep within the cores 
of atherosclerotic plaques. We suggest that the lipid-filled 
macrophage- derived foam cells immediately below the endothelium 
of PM10-exposed rabbits originated in and migrated from the cores of 
these plaques, rather than having developed from recently immi-
grated monocytes. The frequency of this observation and the pres-
ence of cholesterol crystals within the cells supports this suggestion.

The second observation is the altered ECM subtending the 
endothelial cells. Without an ECM foundation, the stability and 
integrity of the endothelial layer are compromised, resulting in this 
layer becoming a contributor to atherosclerotic plaque instability, 
and a possible precursor to plaque rupture and acute cardiovascular 
events (44,45). The reticulum of dense ECM elements observed 
within the plaques is structurally similar to that reported by 
Nakamura et al (46) in aging rats and differs from the normal basal 
lamina found in nondiseased arteries. Type IV collagen is typically 
located within the endothelial basal lamina in healthy blood vessel 
walls (47). The presence of type IV collagen in the dense ECM sub-
tending the endothelium suggests that the observed thickened 
reticulum subtending the plaque endothelial cells is a modified form 

Figure 8) Protruding leukocytes on the surface of plaques from particulate air pollution (particles smaller than 10 µm in diameter)-exposed rabbits. a Leukocyte 
protruding through apertures in the endothelium. B (Inset from a) Small endothelial filopodia extending up the side of the protruding cell (arrow). C Another 
migrating leukocyte with nonpolarized lamellipodia. D (Inset from C) Paracellular migration at a bicellular junction (black arrows) with three filopodia of 
endothelial cell (EC) 1 extending up the leukocyte (white arrows)
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of the endothelial basal lamina. The three-dimensional reconstruc-
tions performed on the serial electron microscopic sections of 
plaques confirmed that the subendothelial matrix was a porous 
reticulum. When the endothelium was electronically subtracted 
from the reconstructed underlying matrix in the control rabbits, the 
surface topography of the matrix closely reflected the shape of the 
endothelial cells, verifying apposition of these two surfaces. In con-
trast, subtraction of the endothelial layer from the underlying matrix 
in the PM10-exposed rabbits showed no reflection of the shape, size 
or surface topography of the endothelium, suggesting a loss of con-
tact and, presumably, adhesion.

Due to the labour- intensive nature of serial reconstructions and 
the small sample area, the line-intercept technique was used to 
increase the sample size for analysis of the endothelial cell/ECM 
contact surface area. The line-intercept morphometric analysis con-
firmed that the reticulum of dense ECM was fragmented in the 
PM10-exposed rabbits. Macrophages release matrix metalloprotei-
nases (MMPs) that can degrade the ECM (48) and, although we 
were unable to determine the MMPs in the tissue due to the glutar-
aldehyde fixation protocol used, we hypothesized that MMPs 
secreted by the migrating macrophage-derived foam cells that accu-
mulated under the endothelium could be responsible for the observed 

Figure 9) a Protruding leukocyte is a macrophage-derived foam cell (MΦFC). B MΦFC carrying segments of reticulum of dense extracellular matrix 
in surface cavities (♦). C Lamellipodia-covered MΦFC protruding through endothelial aperture (between arrows). MΦFC surface cavity contains seg-
ments of reticulum of dense extracellular matrix that has been fragmented. D MΦFC protrusion has doubled the endothelium back onto itself into the 
lumen. a Scale bar = 5 µm; B to D Scale bar = 2 µm. EC Endothelial cell
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ECM degradation. Several studies in the ApoE–/– mouse have shown 
the transcriptional upregulation of factors associated with vascular 
remodelling including MMP-3, -7 and -9 following PM10 exposure 
(29,30), and MMP-9 following diesel exhaust exposure (31). Future 
work testing for colocalization of these MMPs with migrating foam 
cells in the WHHL rabbit model would be of interest.

The third and final observation was that while monocytes were 
observed apparently immigrating at plaque margins, macrophage-
derived foam cells were observed emigrating from the core regions 
of atherosclerotic plaques of PM10-exposed rabbits. The immigra-
tion of monocytes as observed by SEM along the plaque shoulders 
has been previously reported in atherosclerotic disease (49). In 
addition, increased recruitment of monocytes throughout the 
entire depth of atherosclerotic plaques from WHHL rabbits exposed 
to PM10 (32) and increased trends in macrophage accumulation in 
atherosclerotic plaques from ApoE–/– mice following diesel emis-
sion exposure (31) have been reported. The observations presented 
here of adherent cells over the shoulder regions of the atheroscle-
rotic plaques and over the core regions of the atherosclerotic 
plaques in PM10-exposed rabbits is in agreement with these previ-
ous reports. However, the observation of macrophage-derived foam 
cell emigration out of the core regions of the atherosclerotic 
plaques was unexpected. The observations supporting the conclu-
sion of emigration were the endothelial filopodia extending from 
the endothelial cell edges to terminate at focal adhesions up on the 
luminal surface of macrophage- derived foam cells; and the discov-
ery of segments of fragmented reticulum of dense ECM in pockets 
of the luminal surface of macrophage- derived foam cells. The latter 
observation suggests that the cells were actually carrying compo-
nents of the ECM as they emerged into the vascular lumen 
(Figures 4B and 4C). Gerrity (50) used SEM to show large 
macrophage- derived foam cells distending the endothelial surface 
and hypothesized that the cells were emigrating in an attempt to 
clear accumulated lipid from atherosclerotic plaques; however, no 
electron microscopic images of migration were published.

When taken together, these three observations support 
macrophage- derived foam cell transmigration in response to the 
deposition of PM10 in the lungs. This suggests that particle deposi-
tion is causally associated with the remodelling of existing athero-
sclerotic plaques. If intrapulmonary particle deposition is causally 
related to transmigration and remodelling of plaques, then the 
protocol for particle delivery is relevant. Ideally, to truly mimic 
airway dosage and deposition location, these rabbits would have 
been exposed to PM10 by inhalation rather than intratracheal 
deposition. In choosing the animal model, we tried to avoid an 
atherosclerotic model that required cholesterol feeding (the 
ApoE–/– mouse). However, because the WHHL rabbit is an obligate 
nose-breathing animal, satisfactory airborne inhalation exposures 
are almost impossible to achieve. Previous work with the WHHL 
rabbits has estimated that only 20% of the 5 mg of PM10 deposited 
just above the larynx of the rabbit using our protocol is aspirated 
into the lungs, and only 4% reaches the alveolar surface (36). With 
an estimated 5.9 m2 alveolar surface for a 2.5 kg rabbit, the calcu-
lated alveolar exposure was 4.3 ng/cm2 for each dose or 34.4 ng/cm2 
over the experimental period. This exposure is similar to a human 
exposed to 150 µg/m3 for 20 days. The authors acknowledge that 
while these exposure levels are considered to be high, they are still 
biologically relevant exposure levels (eg, the exposure of humans 
during the Southeast Asian forest fires of 1997 [51]). We also 
acknowledge that this delivery mechanism results in high sporadic 
doses compared with continuous inhalation from the environment; 
however, epidemiologically, the connection between PM10 expo-
sure and increased cardiovascular morbidity and mortality resulted 
from sporadic increases in human exposure to PM10. Therefore, we 
believe that these observations are relevant to the further under-
standing of how PM10 exposure leads to cardiovascular morbidity 
and mortality. These experimental challenges suggest that it would 

be of interest to develop an inhalation model using the WHHL 
rabbit in the future.

Our laboratory has previously shown that when particles are 
deposited in the lung using this instillation protocol, a rapid release 
of polymorphonuclear leukocytes (26) and monocytes (20) into the 
circulation from the bone marrow is induced. Furthermore, this 
response is proportional to the amount of particulate matter phago-
cytosed by alveolar macrophages (20). It has also been observed that 
lung instillation of supernatants from alveolar macrophages exposed 
to these particles in vitro has a similar effect (37). Other studies 
indicate that interactions between macrophages and lung epithelial 
cells enhance the in vitro release of a wide variety of cytokines 
including tumour necrosis factor-alpha, IL-1, granulocyte- macrophage 
colony- stimulating factor, IL-6 and IL-8 – all of which are involved 
in the acute-phase systemic inflammatory response (52). For a more 
detailed discussion of the pulmonary and systemic response to PM10 
exposure, please refer to a recent review by Hogg and van Eeden 
(53). Our working hypothesis is that the cytokines released into the 
circulation lead to a systemic inflammatory response that follows 
PM10 exposure (51) and activates the endothelium covering the 
atherosclerotic plaques (32). This endothelial activation could result 
in the release of the chemotactic stimuli responsible for the emigra-
tion of macrophage-derived foam cells from plaque cores, through 
the fibrous cap, across the endothelium and onto the lumen of the 
aorta. Validation of this hypothesis may shed light on the process of 
atherosclerotic plaque remodelling including lipid redistribution and 
fibrous cap thinning.

The clinical implication of our observations is a greater under-
standing of how and why atherosclerotic plaques may become desta-
bilized following exposure to particulate matter air pollution. The 
authors speculate that air pollution exposure exacerbates existing 
disease; however, the authors further speculate that risk factors such 
as obesity, smoking and a sessile lifestyle probably contribute to ath-
erosclerotic plaque development to a greater extent than air pollu-
tion exposure.

The model used for the present work is the homozygotic WHHL 
rabbit. WHHL rabbits have a spontaneous four amino acid deletion in 
the cysteine-rich ligand-binding domain of the low-density lipopro-
tein (LDL) receptor gene – the same gene associated with human 
familial hypercholesterolemia (54-56). In both humans and rabbits, 
this genetic defect produces a drastic reduction of plasma membrane 
LDL receptors on endothelial cells and leads to the decreased clear-
ance of lipoproteins, resulting in extremely high levels of LDL in the 
circulating blood (55,57). In the WHHL rabbit, which has both 
hypercholesterolemia and hypertriglyceridemia (56), atherosclerosis 
typically develops without the need for cholesterol feeding by 
five months of age, and progresses in both severity and extent of dis-
ease as the animal ages (57). Compared with atherosclerotic animal 
models that require cholesterol feeding for atherosclerotic plaque 
development, the WHHL homozygotic rabbit model develops athero-
sclerotic plaques on a normal diet and the plaques are indistinguish-
able from human atherosclerotic plaques (57). Although this model 
has a genetic defect that affects one in 500 people, it appears to be a 
very good model to study the etiology of atherosclerosis and how air 
pollution may alter the ultrastructure of existing atherosclerotic 
plaques. However, one challenge associated with the inbred WHHL 
rabbit model is the inconsistency of plaque formation compared with 
knockout models such as the ApoE–/– mouse. Furthermore, of the 
regions of the aorta, the thoracic aorta is more prone to atherosclerotic 
plaque formation than the abdominal aorta (56). However, because of 
the need to accommodate multiple investigators, sampling for the 
present study was confined to the abdominal aorta of the WHHL rab-
bits to maximize tissue sample availability. Our finding of variable 
plaque formation in the abdominal aortas of WHHL rabbits is not 
surprising given previous observations in the literature and does not 
preclude plaque existence in the thoracic aortas (56). Future studies 
could focus on the thoracic aorta to maximize the availability of 
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atherosclerotic plaques for investigation and to extend our observa-
tions to the typically more diseased aortic segment.

ConClUSion
Following PM10 deposition into the lungs of the WHHL rabbit, we 
have quantitatively demonstrated architectural changes in atheroscle-
rotic plaques that are consistent with the phenotypic characteristics of 
unstable atherosclerotic plaques. We have further provided evidence 
of the emigration of macrophage-derived foam cells from the athero-
sclerotic plaques back into circulation. Given the existing literature 
on macrophage-derived foam cells, we speculate that migrating foam 
cells could be responsible for the remodelling of the atherosclerotic 

plaques following exposure to particulate matter air pollution in ways 
that could contribute to plaque instability.
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