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Abstract
Objective—Studies in humans support a role for the oral pathogen Porphyromonas gingivalis in
the development of inflammatory atherosclerosis. The goal of this study was to determine if P.
gingivalis infection accelerates inflammation and atherosclerosis in the innominate artery of mice,
an artery which has been reported to exhibit many features of human atherosclerotic disease,
including plaque rupture.

Methods and Results—Apolipoprotein E-deficient (ApoE−/−) mice were orally infected with
P. gingivalis, and Magnetic Resonance Imaging (MRI) was used to monitor the progression of
atherosclerosis in live mice. P. gingivalis infected mice exhibited a statistically significant increase
in atherosclerotic plaque in the innominate artery as compared to uninfected mice. Polarized light
microscopy and immunohistochemistry revealed that the innominate arteries of infected mice had
increased lipids, macrophages and T cells as compared to uninfected mice. Increases in plaque,
total cholesterol esters and cholesterol monohydrate crystals, macrophages, and T cells were
prevented by immunization with heat-killed P. gingivalis prior to pathogen exposure.

Conclusions—These are the first studies to demonstrate progression of inflammatory plaque
accumulation in the innominate arteries by in-vivo MRI analysis following pathogen exposure, and
to document protection from plaque progression in the innominate artery via immunization.
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Atherosclerosis is a chronic inflammatory disease characterized by sub-endothelial
accumulation of inflammatory cells and lipids, which collectively contribute to occlusive
disease or to less occlusive plaques at high risk for disruption. The activation of endothelial
cells at atherosclerotic lesion-prone sites in the arterial tree results in the up-regulation of
cell adhesion molecules and chemokines, which mediate the recruitment of circulating
monocytes. Accumulation of monocytes, monocyte-derived phagocytes and T cells
contribute to chronic inflammation and atherosclerosis [1]. Epidemiological studies in
humans and studies of mouse models of atherosclerosis support a role for infectious agents
in inflammatory atherosclerotic plaque accumulation. Infectious agents can induce cellular
and molecular changes characteristic of inflammatory processes observed in atherosclerosis,
and several studies have implicated the induction of an inflammatory response by infectious
agents as a possible mechanism linking infection to the acceleration of atherosclerosis [2–7].

We previously demonstrated that oral infection with Porphyromonas gingivalis, the
etiological agent of human periodontal disease, accelerates plaque accumulation in the aortic
sinus in an apolipoprotein E (ApoE−/−) mouse model [5,8]. While these studies in the
ApoE−/− mouse model have described atherosclerotic lesions of the aortic sinus by
histological analysis, intra-plaque rupture or signs of plaque disruption at the aortic sinus
have not been reported [9]. In contrast, recent studies have documented the presence of
ruptured plaques in the innominate artery of ApoE−/− mice [10–14]. The innominate artery
has been reported to undergo a high degree of lesion progression, and lesions in this artery
reported to express features characteristic of clinical disease in humans [10,11,15–17].
However, the ability of infectious agents to induce or accelerate inflammatory
atherosclerotic plaque has not been evaluated in the innominate artery.

Recently in vivo mouse Magnetic Resonance Imaging (MRI) has been utilized to document
atherosclerotic plaque in vascular beds and in small vessels such as carotid, innominate, and
subclavian arteries [18]. The objectives of this study were (i) to use serial in vivo MRI to
document the progression of atherosclerotic plaque in the innominate artery following P.
gingivalis exposure in a longitudinal fashion; (ii) to characterize the inflammatory response
in the innominate artery following P. gingivalis exposure, and (iii) to determine if
therapeutic intervention could protect mice from P. gingivalis induced inflammatory
atherosclerosis in the innominate artery.

Methods
Bacterial Challenge and Immunization

Male six-week-old ApoE−/− mice were divided into 4 groups (Table 1). All mice were cared
in accordance with Boston University Institutional Animal Care and Use Committee
procedures and received a high fat diet (0.2% of cholesterol, 21.2% of Fat, 13.7% saturated
fatty acid, 7.3% total unsaturated fatty acid; Harlan Teklad; TD.88137) throughout the
experiment. Mice were challenged with P. gingivalis 381 or PBS in 2% carboxymethyl
cellulose [5,8,19]. Some groups were immunized subcutaneously 2 times per week for 3
weeks with heat-killed P. gingivalis 381 whole-organism preparations without adjuvant
(Supplemental Methods) [8,19,20].
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In vivo Mouse Magnetic Resonance Angiography (MRA) and MRI
In vivo imaging of the innominate artery was performed using a vertical-bore Bruker 11.7-T
Avance spectometer (Bruker; Billerica, MA). Details are described below and in
Supplemental Methods. Data acquisition and reconstruction were performed with
ParaVision software provided by the vendor. Mice were placed headfirst in a supine position
in a vertical 30 mm probe (Micro 2.5). The animals were maintained at room temperature
(23°C) for the imaging experiments. Mice were anesthetized with 0.5–2% inhaled isoflurane
and immobilized using a holder with a bite bar and wrapped with parafilm to reduce motion.
Respiration was monitored with a respiration pillow placed on the abdomen using a small
animal monitoring and gating system (SA Instruments, Wahkesha, WI).

The un-gated 3D gradient echo MRA was acquired as scout images. A fast low-angle shot
(FLASH) sequence was used. Respiration-gated T1-weighted (T1W) black-blood (T1BB)
Magnetic Resonance (MR) images were acquired with a 2D axial gradient echo flow
compensation (GEFC) sequence. Continuous axial images of the innominate artery were
acquired 0.3mm below the branch. A 8 mm saturation band was placed 0.5 mm inferior to
the imaging plane to suppress the blood signal. The total scan time was ~ 20 min.

Image analysis
Visualization of the vasculature was achieved by 3D maximum intensity projections (MIP)
of angiographic images reconstructed using Paravisiontm. Black-blood images were used to
calculate the plaque area. By manually segmenting the lumen and the outer wall boundaries
with Image J (NIH), the outer wall and luminal cross-sectional areas were measured on both
the MR images and the histological sections. Plaque area was calculated from the area of the
outer wall boundary (total area) minus the lumen area. The intra reader reliability was
excellent with interclass correlation coefficient values of 0.87. The maximum plaque
thickness was measured by drawing a line across the thickest region of the vessel wall on the
cross-sectional images. The right subclavian artery was used as an internal anatomical
landmark for registration of MRI images acquired at different imaging sessions and for
histology.

Histology
Cryosections obtained from the innominate artery (obtained from 50% of mice from each
group) were stained with hematoxylin and eosin, and plaque area was quantified from on-
screen images using IPLabs (Scanalytics, Inc, Rockville, MD). Polarized light
photomicrographs were taken at 25°C and polarized light microscopy using unstained
sections was used to detect lipids (cholesterol monohydrate crystals and cholesterol esters)
based on their birefringecfnce [21,22] and Supplemental Methods. The total area of
cholesterol monohydrate crystals and cholesterol esters was calculated using Image J.
Sections obtained from the innominate artery and the spleen were examined by
immunohistochemistry using anti-mouse F4/80 (Serotec, Raleigh, NC), CD3 (abcam,
Cambridge, MA), iNOS (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), Arginase-I
(Arg-I) (BD Transduction Laboratories, Sparks, MD), actin (Sigma-Aldrich, St. Louis, MO)
antibodies, or isotype-matched antibodies. Quantitative immunohistochemistry was
performed as previously described (Supplemental Reference 1). Verhoeff-van Gieson
staining for elastin was performed using the Accustain Elastic Stain kit (Sigma-Aldrich, St.
Louis, MO) according to the manufacturer’s recommendations. Picrosirius red staining was
used for the histological assessment of the total collagen content (Electron Microscopy
Sciences, Hatfield, PA). Collagen Type I and III were visualized in circularly polarized
light, quantified using IPLabs (Scanalytics Inc., Fairfax, VA), and the collagen Type I / III
ratio calculated.
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Statistical analyses
Analyses were performed using SPSS 11.0 (Systat software, Chicago, IL). One-way
ANOVA with Tukey-Kramer multiple-comparisons test was performed to assess the
differences in plaque, lipid, macrophage, and T cell accumulation. Two independent
observers blinded to the histological findings (N.H. and C.H.) analyzed the black-blood
T1W images to calculate the plaque area. The inter-observer variability was assessed by
using the inter-class correlation coefficient (ICC). The data are presented as the mean ±
SEM. Probability values of p <0.05 were considered significant.

Results
P. gingivalis infection accelerates atherosclerosis in the innominate artery and this is
prevented by immunization prior to challenge

To examine atherosclerotic plaque accumulation in the subclavian and innominate arteries
following P. gingivalis infection we first utilized MRA. This analysis of blood flow revealed
that P. gingivalis exposure resulted in the progression of occlusive plaque in the innominate
arteries but not in the subclavian arteries as measured at 27 wks following infection (data not
shown). Based on these results we subsequently designed experiments using MRI to
measure atherosclerotic plaque accumulation in the innominate artery following P.
gingivalis challenge (Supplemental Figure 1). Furthermore, to determine if prevention of P.
gingivalis infection via therapeutic intervention provided protection from plaque progression
in the innominate artery, we included one group of mice immunized with a heat-killed
preparation of P. gingivalis prior to infection (Table 1 and Supplemental Figure 1) [8]. We
have previously determined that immunization prior to P. gingivalis infection prevents P.
gingivalis induced oral inflammatory bone loss and atherosclerosis in the aortic arch region
[5]. MRI analysis revealed that mice infected with P. gingivalis exhibited an increase in
plaque area in the innominate artery at 25 wks after the start of P. gingivalis challenge
(Figure 1 and Table 1). Representative MR images revealed progression of plaque in the
innominate artery at 11wks and 25 wks after the start of P. gingivalis challenge (Figure 1C
and 1D). MRI analysis revealed a statistically significant increase in plaque area in the
innominate arteries of infected mice as compared to uninfected mice as determined at 25
wks after infection (Table 1). Importantly, immunization with a heat-killed preparation of P.
gingivalis prior to infection with live bacteria was found to prevent the increase in plaque
area observed in the innominate arteries of P. gingivalis infected mice (Table 1).

Histological analysis confirms that P. gingivalis infection accelerates plaque accumulation
in the innominate artery

To confirm and expand the results obtained by MRI, mice were sacrificed following the
final MRI analysis for histological analysis of the extracted innominate arteries.
Cryosections were obtained from the region corresponding to the greatest plaque size
(approximately 0.3 mm below the bifurcation) and representative sections stained with
Hematoxylin & Eosin. As shown in Figure 2, the innominate arteries obtained from non-
immunized mice infected with P. gingivalis had increased plaque areas as compared to that
observed in the innominate arteries of non-immunized uninfected mice (p <0.01). However,
in immunized mice we did not observe differences in the plaque area between infected mice
and uninfected mice (Figure 2E). As observed by MRI, immunization with a heat-killed
preparation of P. gingivalis prior to challenge with live bacteria was found to prevent the
increase in plaque area in the innominate arteries of P. gingivalis infected mice (p < 0.01).
Likewise the plaque area in the innominate arteries of uninfected mice was similar to that
observed in immunized mice, indicating that immunization alone did not alter
atherosclerotic plaque area (Figure 2E).
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P. gingivalis infection leads to lipid accumulation in the innominate artery
We next characterized the accumulation of lipids in the innominate artery of infected mice
using polarized light microscopy of unstained histology sections (Figure 3). In the
innominate arteries of non-immunized mice infected with P. gingivalis we observed
increased lipids as compared to non-immunized uninfected mice (p < 0.05) (Figure 3E).
Immunization with a heat-killed preparation of P. gingivalis prior to challenge prevented the
increase in lipid accumulation observed in the innominate arteries of P. gingivalis infected
mice (p < 0.05). Thus the innominate arteries of P. gingivalis infected mice exhibited both
larger atherosclerotic plaque areas and higher levels of lipids. The area of lipids observed in
the innominate arteries of non-immunized uninfected mice was similar to that observed in
immunized uninfected mice, indicating that immunization alone did not alter lipid
accumulation (Figure 3E).

P. gingivalis infection leads to macrophage accumulation in the innominate artery
We next characterized the composition of the inflammatory lesions in the innominate
arteries of P. gingivalis infected mice by immunohistochemistry for detection of
macrophages. The innominate arteries obtained from non-immunized mice infected with P.
gingivalis exhibited increased staining for the macrophage marker F4/80 as compared to
non-immunized uninfected mice (Figure 4). Immunization with a heat-killed preparation of
P. gingivalis prior to challenge with live bacteria was found to prevent the increase in
macrophage specific staining observed in the innominate arteries of P. gingivalis infected
mice (Figure 4). We also observed that the innominate arteries obtained from P. gingivalis
infected mice exhibited enhanced staining for the M1 macrophage marker iNOS as
compared to uninfected mice (Supplemental Figure 2). Immunization with a heat-killed
preparation of P. gingivalis prior to challenge with live bacteria was found to prevent the
increase in iNOS specific staining observed in the innominate arteries of P. gingivalis
infected mice (Supplemental Figure 2). We also observed that immunized uninfected mice
exhibited increased Arginase-I staining in both the innominate artery and spleen samples as
compared to non-immunized uninfected mice. These results suggest that immunization itself
may alter macrophage subtypes, and future studies will examine polarized macrophage
populations in P. gingivalis induced plaque formation and protection by immunization.

P. gingivalis infection enhanced T cell accumulation in the innominate artery
As shown in Figure 5, the innominate arteries obtained from non-immunized P. gingivalis
infected mice exhibited increased staining for the T cell marker CD3 as compared to the
innominate arteries obtained from non-immunized uninfected mice, although this was not
statistically significant. We also observed an increase in T cell specific staining in the
innominate arteries of uninfected mice that were immunized as compared to uninfected
immunized mice (Figure 5). However, T cell specific staining observed in the innominate
arteries of non-immunized uninfected mice was similar to those observed in immunized
uninfected mice, indicating that immunization alone did not alter T cell accumulation
(Figure 5E).

P. gingivalis infection induces inflammatory cell recruitment in spleens
Consistent with results obtained in the innominate arteries of P. gingivalis infected mice, the
accumulation of macrophages and T cells was also observed in spleen samples
(Supplemental Figure 3). We also observed that P. gingivalis infection resulted in an
increased expression of F4/80 and iNOS in spleen samples, and that immunization prior to
infection with P. gingivalis resulted in diminished F4/80 and iNOS as compared to that
observed in non-immunized P. gingivalis infected mice. Likewise, Arg-I positive cells were
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increased in spleen samples of uninfected immunized mice as compared to uninfected non-
immunized mice (Supplemental Figure 3).

P. gingivalis infection also resulted in increased levels of T cells in the spleen samples as
compared to that observed in uninfected mice (p < 0.001; Supplemental Figure 3).
Immunization with a heat-killed preparation of P. gingivalis prior to challenge with live
bacteria prevented the increase in T cell specific staining observed in the spleens of P.
gingivalis infected mice (p < 0.001; Supplemental Figure 3V). The increase in inflammatory
cells in the spleens of infected mice also correlated with increased spleen / body weight
ratios (Supplemental Figure 4). P. gingivalis infection did not alter the serum levels of IL-6,
TNF-α, IL-1α, IL-1β, GM-CSF or IFN-γ (data not shown). However, uninfected immunized
mice exhibited elevated levels of serum IL-6 as compared to uninfected non-immunized
mice (data not shown).

Characterization of collagen deposition and elastic laminae in the innominate arteries of P.
gingivalis infected mice

The area of total collagen was slightly increased in P. gingivalis infected mice as compared
to uninfected mice, although this was not statistically significant (Supplemental Figure 5I).
We did however observe a statistically significant increase in the ratio of collagen type I/III
in P. gingivalis infected immunized mice as compared to non-immunized mice
(Supplemental Figure 5J). These results suggest that immunization is associated with
alterations in collagen deposition in the innominate artery which may be associated with
plaque stability [23]. We also observed some degree of degradation of elastic laminae in all
groups of mice examined (Figure 6). Mice infected with P. gingivalis exhibited larger
discontinuities as compared to uninfected mice. Differences in elastic discontinuities
correlated with smooth muscle cell penetration into the intima in P. gingivalis infected mice.
These observed changes in P. gingivalis infected mice were not observed in mice that were
first immunized prior to P. gingivalis infection (Figure 6E–L).

Discussion
A hallmark of infection with P. gingivalis is the induction of a chronic inflammatory
response [24,25]. P. gingivalis induces a local inflammatory response that results in oral
bone destruction, which is manifested as periodontal disease, an inflammatory disease that
affects approximately 100 million people in the US [25]. In addition to chronic
inflammation at the initial site of infection, mounting evidence has accumulated supporting a
role for P. gingivalis-mediated periodontal disease as a risk factor for systemic diseases
including, diabetes, pre-term birth, stroke, acute cerebrovascular ischemia, and
atherosclerotic cardiovascular disease [24–30]. Case control studies have concluded that
there is correlation between cardiovascular disease and periodontal disease after adjusting
for confounding factors including cholesterol levels, smoking, hypertension, social class,
and body mass index [31,32]. Results from the Oral Infections and Vascular Disease
Epidemiology Study revealed an association between periodontal disease pathogens and
sub-clinical atherosclerosis [33]. P. gingivalis has also been detected in human
atherosclerotic plaque [2,3].

Plaque rupture is the basis for the coronary thrombosis in acute ischemia [34]. In humans
plaques with extensive macrophage accumulation and highly active inflammation have a
greater likelihood of disruption at their luminal surface and formation of a life-threatening
thrombus [34]. In ApoE−/− mice the innominate artery exhibits vessel narrowing
characterized by atrophic media and perivascular inflammation and plaque disruption [10].
It has also been reported that spontaneous plaque rupture may occur in the innominate artery
in ApoE−/− mice [10]. However, the unknown timing of disruption precludes MR imaging
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of characteristics of the plaque just before disruption, as it has been done with a rabbit model
of controlled plaque disruption [35].

In this study, we demonstrate that P. gingivalis infection accelerates atherosclerotic plaque
accumulation in the innominate artery. In vivo MRI imaging revealed that each of the mice
exposed to P. gingivalis exhibited a greater degree of progressive encroachment of
atherosclerotic plaque into the lumen of the innominate arteries as compared to uninfected
mice, with increases in areas of plaques found in these arteries following pathogen challenge
over a 14 week period. Polarized light microscopy and immunohistochemistry revealed that
the innominate arteries and spleens of infected mice had higher levels of total cholesterol
esters and cholesterol monohydrate crystals, macrophages, and T cells as compared to
uninfected mice. Furthermore, increases in mean plaque area, total cholesterol esters and
cholesterol monohydrate crystals, macrophage, and T cell accumulation were prevented by
immunization with a heat-killed preparation of P. gingivalis prior to challenge with live
bacteria. Collectively these results demonstrate that MRI is an effective tool to measure
atherosclerotic plaque accumulation in the innominate arteries in response to P. gingivalis
exposure.

Importantly in the present study, we confirmed that histological analysis in the innominate
artery correlated with plaque area measurements determined by in vivo MRI. The use of an
inferior pre-saturation band together with respiratory-gating sufficiently reduced phase-
ghosting artifacts and decreased intraluminal signal. This approach allowed for the
delineation of the vessel wall and visualization of atherosclerotic plaque in the innominate
artery.

Histological and immunohistochemical analysis of the innominate artery revealed that P.
gingivalis exposure correlated with a higher inflammatory infiltrate with high numbers of
macrophages and T cells, and increases in total cholesterol esters and cholesterol
monohydrate crystals accumulation. Although the presence of T cells in atherosclerotic
lesions is well documented, the presence of T cells or macrophages in the innominate
arteries following P. gingivalis exposure has not previously been demonstrated. We also
confirmed that P. gingivalis infection resulted in enhanced staining for the M1 macrophage
marker iNOS and that this was prevented by immunization. M1 macrophages typically
participate as inducer and effector cells in polarized Th1 responses and mediate resistance
against intracellular parasites [36]. The ability of P. gingivalis to induce iNOS staining in
plaque samples is consistent with the ability of this pathogen to be internalized in various
host cells including macrophages [37] and to previous observations of a Th1 induced
response in the aortic arch [38]. It will be important in future studies to determine if P.
gingivalis infection also modifies levels of Ly-6Chi circulating leukocytes and macrophage
populations, as increased levels of Ly-6Chi cells have been proposed as a proinflammatory
marker associated with atherosclerosis [39]. Finally, P. gingivalis infection was also
demonstrated to increase collagen and smooth muscle cell accumulation in the innominate
arteries. These results suggest that P. gingivalis infection can modify smooth muscle cell
proliferation in the innominate artery [40].

In conclusion, using in vivo MRI analysis together with ex vivo immunohistochemistry, our
studies demonstrate that P. gingivalis exposure results in an increase of atherosclerotic
plaque accumulation in the innominate artery that is associated with the accumulation of
lipids and macrophages. Furthermore, increases in mean plaque area, lipids, and macrophage
accumulation were prevented by immunization with a heat-killed preparation of P.
gingivalis prior to challenge with live bacteria. An important question is whether P.
gingivalis accelerates atherosclerotic plaque formation in the innominate artery leading to
increased numbers of vulnerable plaques, and possibly enhanced plaque rupture. Future
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studies will explore this possibility as well as the testing of new therapeutic strategies to
prevent P. gingivalis-induced atherosclerotic disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Magnetic Resonance Angiography (MRA) and Imaging (MRI) analysis of plaque
progression following P. gingivalis infection
(A) Representative Magnetic Resonance (MR) angiogram of aortic arch and major vessels
of a P. gingivalis infected mouse at 34 weeks of age. (B) Axial MR image from the yellow
line in Figure 1A of the innominate artery of a mouse, 0.3mm below its bifurcation. MRI of
the innominate artery of one mouse at 11wks (C) and 25 wks (D) after the start of bacterial
challenge are shown. Bar represents 500 μm.
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Figure 2. Histological analysis of plaque in the innominate artery following P. gingivalis infection
Representative sections obtained from the region corresponding to greatest plaque size in the
innominate artery (0.3 mm below the bifurcation) of (A) group i: uninfected / non-
immunized, (B) group ii: uninfected / immunized, (C) group iii: P. gingivalis infected / non-
immunized, and (D) group iv: P. gingivalis infected / immunized ApoE−/− mouse. Bar
represents 200 μm. (E) Plaque area was quantified from on-screen images using IPLabs
(Scanalytics, Inc). In non-immunized ApoE−/− mice P. gingivalis infection increased plaque
area compared to uninfected ApoE−/− mice. In infected ApoE−/− mice the plaque area was
significantly decreased in the immunized ApoE−/− mice compared to non-immunized
ApoE−/− mice. ** p < 0.01, One-way ANOVA. NS indicates no significant differences.
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Figure 3. Lipid accumulation in the innominate arteries following P. gingivalis infection
Representative images of birefringence in plaque corresponding to lipids (total cholesterol
esters and cholesterol monohydrate crystals) are shown. (A) group i: uninfected / non-
immunized, (B) group ii: uninfected / immunized, (C) group iii: P. gingivalis infected / non-
immunized, and (D) group iv: P. gingivalis infected / immunized ApoE−/− mouse. Bar
represents 200 μm. (E) Lipid area. In non-immunized ApoE−/− mice P. gingivalis infection
increased lipid area compared to uninfected ApoE−/− mice. In P. gingivalis infected
ApoE−/− mice, the lipid area was significantly decreased in the immunized group compared
to non-immunized group. *p < 0.01, One-way ANOVA. NS indicates no significant
difference.
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Figure 4. Macrophage accumulation in the innominate arteries following P. gingivalis infection
Representative images of plaque sections. The macrophage marker F4/80 (A–I) was
detected immunohistochemically in the innominate artery. (A and F) group i: uninfected /
non-immunized, (B and G) group ii: uninfected / immunized, (C and H) group iii: P.
gingivalis infected / non-immunized, and (D and I) group iv: P. gingivalis infected /
immunized ApoE−/− mouse. (E) Isotype control. F, G, H and I are the magnified image in
the boxes in A, B, C and D respectively. Bar represents 200 μm (A–E) and 50 μm (F–I). (J)
F4/80 area in the innominate artery. In non-immunized ApoE−/− mice P. gingivalis infection
increased macrophage expression compared to uninfected ApoE−/− mice. In P. gingivalis
infected ApoE−/− mice, macrophage accumulation was significantly decreased in
immunized ApoE−/− mice compared to non-immunized ApoE−/− mice. *p < 0.05, One-way
ANOVA. NS indicates no significant differences.
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Figure 5. T cell accumulation in the innominate arteries following P. gingivalis infection
Representative images of plaque sections. The T cell marker CD3 was detected
immunohistochemically in the innominate artery. (A and F) group i: uninfected / non-
immunized, (B and G) group ii: uninfected / immunized, (C and H) group iii: P. gingivalis
infected / non-immunized, (D and I) group iv: P. gingivalis infected / immunized ApoE−/−

mouse, and (E) isotype control. Bar represents 200 μm (A–E) and 50 μm (F–I). F, G, H,
and I are the magnified images in the boxes in A, B, C, and D, respectively. Arrows point
the positive staining of CD3 area in the innominate artery. (J) CD3 area. In non-immunized
ApoE−/− mice P. gingivalis infection increased CD3 expression as compared to uninfected
ApoE−/− mice. In P. gingivalis infected ApoE−/− mice, CD3 expression was decreased in
immunized ApoE−/− mice compared to non-immunized ApoE−/− mice. NS indicates no
significant differences.
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Figure 6. Characterization of elastic laminae in the innominate arteries of P. gingivalis infected
mice
Representative Verhoeff-van Gieson staining for elastin shows elastic laminae (A–H) and α-
actin staining for smooth muscle cells (arrows in I–L) in the innominate artery are shown.
Discontinuities in the elastic lamina were observed (arrows in E–H). α-actin was detected
at the sites of elastin degradation (E–L). (A, E, and I) group i: uninfected / non-immunized,
(B, F, and J) group ii: uninfected / immunized, (C, G, and K) group iii: P. gingivalis
infected / non-immunized, and (D, H, and L) group iv: P. gingivalis infected / immunized
ApoE−/− mouse. Bar represents 200 μm (A–D) and 50 μm (E–L). E and I, F and J, G and
K, H and L are the higher magnification of the framed area in A, B, C, and D, respectively.
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Table 1

Prevention of P. gingivalis infection protects mice from plaque accumulation.

Group Immunization Bacterial Infection Plaque area (mm2)

i − − 0.48 ± 0.03*

ii + − 0.53 ± 0.07

iii − + 0.68 ± 0.10*†

iv + + 0.45 ± 0.13†

Plaque area was measured by MRI at the end of the experimental period (25 wks). Plaque area was manually segmented and calculated as follows:
plaque area = outer boundary – inner boundary.

*
p < 0.05 between group i and iii,

†
p < 0.01 between group iii and iv, and no significant differences between group i and ii by One-way ANOVA. n = 6 in each group.
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