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Rupture of the coronary artery fibrous cap is a common cause of myocardial infarction, and bone marrow derived cells could
play a role in preventing plaque rupture. It is currently unknown whether smooth muscle cells within coronary artery fibrous cap
formation are of mature phenotype. Objective. To characterize cells expressing bone marrow stem cells of embryonic type (ESC)
markers in coronary artery fibrous cap formation. Design. New Zealand White rabbits were fed a diet supplemented with 0.5%
cholesterol + 1% methionine + 5% peanut oil for 4 weeks and then a normal diet for 9 weeks. The left main coronary artery was
excised from the heart, processed for paraffin and immunohistochemistry was performed by standard techniques. Results. Oct-4,
SSEA 1, 3, and 4 were all present within in atherosclerotic plaque core, codistributed with RAM-11, and were sparingly found in the
fibrous cap, but TRA-1-60 and TRA-1-81 positive cells were scarce. Core but not fibrous cap smooth muscle (SMC« actin+) cells
also showed codistribution with ESC markers. Conclusions. These results suggest that smooth muscle cells present in the fibrous
cap do not express ESC markers, indicative of a mature cell.

1. Introduction

Rupture of coronary artery fibrous cap is a major cause of
myocardial infarct [1]. Inhibition of the HMG CoA reductase
enzyme and renin angiotensin system have been one of the
most successful therapies in reducing this burden, possibly by
increasing the formation of a stable fibrous cap. Interestingly,
stem cells can be regulated by the same pharmacological
therapy, providing a possible explanation as to the beneficial
effects of treatments [2]. For example, simvastatin has been
shown to normalise endothelial progenitor cells in obese
patients to those observed in nonobese controls [3] and
angiotensin II receptor blockers increased endothelial pro-
genitor cells in diabetic patients [4], and modulation of these
types of cells is also observed with angiotensin converting
enzyme inhibitors [5]. Thus, the characterization of stem cell
populations in coronary artery disease will aid in understand-
ing whether standard pharmacological treatments can affect
the population of such undifferentiated cells. Recent studies
have suggested that the origin of smooth muscle cells in

atherosclerotic fibrous caps might not be from the circulation
[6] as had been enthusiastically embraced but derive from
the local medial SMC layer [7, 8]. Thus, in this study, it was
hypothesised that if smooth muscle cells originated from the
circulation and were of primitive type, then the cells in the
fibrous cap should express markers of primitive cell origin.
Adult bone marrow harbours several population of stem
cells, such as endothelial progenitor cells, mesenchymal
stromal cells, and very small embryonic-like cells which all
express markers of pluripotency [9, 10]. For example, human
very small embryonic-like cells express a range of markers,
including Oct-4, SSEA-4 [9, 10], endothelial progenitor cells
express CD34, CDI133, and the VEGF receptor [11], and
mesenchymal stromal cells extracted from human placenta
express SSEA-1, SSEA-3, SSEA-4, Tra-1-60, Tral-81, and Oct-
4 [12]. We have reported the positive identification of markers
of primitive cell origin and endothelial precursor cells in
human and rabbit atherosclerosis. CD34+ cells [13] and
embryonic stem cell markers, octomer-4 (Oct-4), the SSEA
1, 3, and 4, TRA-1-60, and TRA-1-81 [14] have been identified



in rabbit atherosclerotic vessels and human diseased arteries
[15]. Oct-4 is a transcription factor, and its downregulation is
believed to trigger the differentiation of the undifferentiated
cell [16]. Stage-specific embryonic antigens (SSEAs) are asso-
ciated with cell adhesion, migration, and differentiation and
are often differentially expressed during development [17],
whereas tumor rejector antigens (TRAs) were first developed
for antibody-based treatments for cancer [18].

As the identification and localisation of cells expressing
markers of pluripotency within coronary artery atheroma-
tous plaques have not yet been performed, we sought to use
immunohistochemistry to identify the specific location of
such cells within the fibrous cap and core of the atheroscle-
rotic lesion and to regionally compare this with macrophages
and smooth muscle cells.

2. Methods

Male New Zealand White rabbits at three months of age
were fed a normal rabbit chow diet supplemented with 0.5%
cholesterol plus 1% methionine plus 5% peanut oil for 4
weeks and then a normal chow diet for 9 weeks to induce
fibrous cap formation [19]. The animals were housed in
individual cages and maintained at a constant temperature of
approximately 21°C. Food and water were supplied ad libitum.
The experiments were carried out according to the National
Health and Medical Research Council “Australian Code of
Practice for the Care and Use of Animals for Scientific
Purposes” (6th Edition, 1997). The animals were sacrificed
by an overdose of ketamine and xylazine, the hearts were
removed, and the left main coronary artery was excised,
fixed in 4% paraformaldehyde solution in 1xPBS overnight,
processed for paraftin, and mounted on one paraffin block
[19]. The block was mounted on a microtome (Microm,
HM325, ThermoScientific Australia) and 5 ym ribbons were
collected and placed onto a 48°C hot water bath [14]. Once
sections expanded to normal block size, serial sections were
collected onto microscope slides, labelled, and dried in a
37°C oven overnight. Slides were then stored in an airtight
container.

2.1. Immunohistochemistry. As double labelling techniques
cannot be used in rabbit models, as a mouse and rabbit
primary antibody is necessary, we used serial sections to
identify cells. The use of an anti-rabbit secondary antibody
will lead to high nonspecific binding of IgG present in cells.
Oct-4, SSEA1, SSEA3, SSEA4, TRA-1-60, and TRA-I-
81 monoclonal antibodies were purchased from Millipore
USA [14]. RAM-11 was purchased from DAKO cytomation
and HHF-35 (rabbit SMCea actin) from Millipore, USA.
All primary antibodies were diluted 1:100 and incubated
overnight. For the negative control, a monoclonal antibody to
Aspergillus niger glucose oxidase (DAKO Corporation, USA)
was diluted 1:20 and incubated overnight. Then, immuno-
histochemistry was performed as previously described in our
laboratory [19, 20]. The block was mounted on a microtome
(Microm, HM325, ThermoScientific Australia) and 5um
ribbons were collected and placed onto a 48°C hot water
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bath [14]. Once sections expanded to normal block size, serial
sections were collected onto microscope slides, labelled, and
dried in a 37°C oven overnight. Slides were then stored in an
airtight container.

3. Results

In the left main coronary artery, RAM-11 positive macro-
phages were observed throughout the plaque (Figure 1(a))
and also sporadically within the fibrous cap (magnified
images beneath Figure 1(a)). Oct-4 showed a similar pattern
and codistributed with RAM-11 as observed (Figure 1(b) and
magnified images beneath (b), dashed circles). SMC« actin
positive cells (HHF35) were identified as spindle shaped
cells in the fibrous cap, as well as macrophage-like cells that
coexpressed Oct-4 within cells of the fibrous cap (arrows,
Figure 1(c) and images beneath (c)). Coexpression of SMC«
actin, RAM-11, Oct-4, and SSEA-4 (Figures 1(d) and 2(a)) was
observed in the core (Figures 1(a), 1(b), 1(c), and 1(d)).

Interestingly, the spindle shaped SMC« actin positive
cells within the cap (Figure 1(c) bottom image) did not show
reactivity to Oct-4 or other ESC markers tested (Figures
2(a)-2(g)), although nonspindle shaped SMCex actin positive
cells within the core were immunoreactive with SSEA], 3,
4. In addition, the endothelial layer overlying the fibrous
cap did show positive immunoreactivity Oct-4, SSEA-1, 3,
and 4. This staining was present in specific “endothelial like”
cells overlying the cap (Figures 2(c) and 2(d)) as well as the
endothelial layer (Figures 2(b)-2(f)).

Tra-1-60 (Figure 2(c)) and Tra-1-81 (Figure 2(g)) showed
no positive endothelial staining cells and no positive core
staining cells; however, specific single cells were present
either overlying plaques (Figure 2(c) insert) or just beneath
the endothelium (Figure 2(g)), and these cells codistributed
with RAM-11 (Figure1(a) bottom image), indicative of
macrophages.

Negative control showed no immunoreactivity (Fig-
ure 2(h)).

4. Discussion

The major finding in this investigation is that the fibrous
cap formed in the left main coronary artery of rabbits
contain spindle shaped SMCa actin positive cells that do not
codistribute with ESC markers. However, the core contains
abundant cells positive for ESC markers and SMCa actin
positive cells. Furthermore, Tra-1-81 and 1-60 are scarcely
present in plaques.

The beneficial role of stem cells in atherogenesis remains
unclear. Although clinical studies show a possible beneficial
role for stem cell therapy in cardiac repair [21], the opposite
appears to hold true in animal model studies of atheroscle-
rotic disease. For example, Silvestre and colleagues show
that the injection of bone marrow-derived mononuclear cells
increased aortic sinus atherosclerotic lesions up to 72% [22].
The authors argue that as plaque collagen and smooth muscle
cells also increase, plaque stability was uncompromised. On
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(a) RAM-11
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FIGURE 1: Photomicrographs of serial adjacent sections of the left main coronary artery. Photos are arranged in columns. Macrophage (RAM-
11) positive cells are abundant throughout the plaque ((a), x40, scale bar 250 ym), and also sporadically within the fibrous cap ((a), exploded
view, X400, scale bar 18 um). These results were very similar to Oct-4 staining (b), indicative that macrophages might be primitive cells (arrows
and dashed circles). In addition, SMC« actin positive cells were visible throughout the plaque (c), specifically represented as spindle shaped
cells in the formed cap ((c), exploded view, scale bar 8 ym), as well as overlying the endothelial layer. SSEA-4 positive immunolabled cells
were also present in the endothelial layer and coronary artery core, and this was similar to RAM-11, Oct-4, and SMCu actin positive cells. No
spindle shaped cells were present in the coronary artery fibrous cap that also reacted with any ESC marker.

the other hand, George and colleagues show that endothe-
lial progenitor cell transfer caused increased aortic sinus
atherosclerotic lesion size, as well as decreasing collagen
content, increasing ox-LDL and CD-3 positive lymphocytes,
indicative of a more vulnerable plaque [23]. Thus, novel
animal models are necessary to help elucidate which type
of stem cells is vital for the regression and stabilization
of coronary artery disease. In this regard, we report that
human coronary artery atherosclerotic disease contains cells
expressing ESC markers [15] and now an animal model in
rabbit is developed to help elucidate the role of these cells in
coronary artery disease.

The origin of smooth muscle cells within atherosclerotic
plaques is still unclear. Although initially it was suggested
that plaque remodelling was governed by local proliferating
plaque SMCs [24], further studies suggested these cells were
from the circulation [6]. However, these studies have now
been refuted, and current data have returned the emphasis
on local SMC [7, 8]. Although methodological differences
between these studies are of importance (harsh surgical
manipulation), we have used a gentle dietary manipulation
technique to address this question. In our study, we report
that spindle shaped smooth muscle cells that have formed

in the fibrous cap in the coronary artery do not express
any stem cell markers tested; however, other cells in the
plaque express both smooth muscle alpha actin and stem cell
markers. This data supports the hypothesis that fibrous cap
smooth muscle cells might not originate from the circulation
however, further experiments aimed at tracking blood borne
ESC+ cells will help understand the role of these cells in
atherogenesis.

The ability of cells in the blood vessel to acquire such
markers, upregulate such markers, or downregulate such
markers cannot be discounted. Cell fusion is a process
whereby cells can combine and share genetic material [25]
thus, it would be possible that cells entering from the lumen
could combine with cells present in the wall and express these
markers. In addition, evidence also exists whereby cells can
be stimulated to express embryonic markers [26], or might
be stimulated to switch the phenotype to a “synthetic” cell,
rather than “contractile” [27, 28]. Thus, further experiments
designed at identifying the origin of such cells are warranted.
Moreover, such cells could downregulate the expression of
these markers once the cells have homed into their specific
location, as it is clear that cells loose these makers during
differentiation [29, 30].
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FIGURE 2: Photomicrographs of serial adjacent sections of the left main coronary artery showing codistribution of SSEA-4, Tra-1-60, Oct-4,
SSEA-1, SSEA-3, and Tral-81. SSEA4 positive cells were observed throughout the plaque ((a), scale bar 165 ym) as also shown in Figure 1(d).
Clear endothelial-like cells were present overlying the fibrous cap ((b), exploded view, scale bar 33 ym, exploded view scale bar 15 ym);
however, not all cells that expressed SSEA-4 codistributed with Oct-4 ((c), scale bar 33 yum, exploded view scale bar 15 ym), although the
copresence of endothelial SSEA1/SSEA3 was observed (Figures 2(d) and 2(e), scale bar 33 um, exploded view scale bar 15 ym). Interestingly,
there were no core cells that were positive for Tral-60 (f) nor Tral-81 (g) but were scarcely present either overlying the endothelial layer ((f),
Tral-60 insert, scale bar 33 ym, exploded view scale bar 15 ym) or just present beneath the endothelium ((g), scale bar 33 ym, exploded view
scale bar 15 ym). Negative control shows no positive signal ((h), scale bar 60 ym, exploded view scale bar 20 ym). As is also observed, no ESC

positive spindle shaped cells are present in the fibrous cap.

In these experiments using serial sections cut at five
microns, there is a possibility that the cells which are
identified as staining positive for each specific marker might
not be the identical cells in the serial section, even though the
staining pattern is very similar (dashed circles, Figures 1(a)
and 1(b)). Thus, the results presented here clearly indicate that
further experiments aimed at tracking specific populations
of stem cells and determining their final destination will

offer great insight into the origin of smooth muscle cells in
atherosclerotic plaques.

In summary, we show that cells expressing stem cell
markers are present within coronary artery plaques, which
could be very small embryonic-like cells and mesenchymal
stromal cells. In addition, it is shown that smooth muscle
cell « actin positive cells within the fibrous cap of coronary
artery plaques do not express these stem cell markers,
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although macrophages (RAM-11+) and smooth muscle cells
« actin positive cells within the same plaques do express
these markers. This data indicates that the spindle shaped,
smooth muscle « actin positive cells within fibrous cap
are a mature cell type and are most probably incapable
of further differentiation. In addition, it is suggested that
this animal model could be used to further study the role
of pharmacotherapy in the regulation of such cells, which
might be translatable to human coronary artery fibrous cap
formation and thus prevention of plaque rupture.
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