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Abstract
Background and Purpose—Atrial fibrillation is the most important risk factor for
cardioembolic stroke. Thrombi form in the left atrial appendage rather than in the right. The
causes of this different thrombogenicity are not well understood. The goal herein was to compare
the activation of the anticoagulant protein C as well as the thrombomodulin and endothelial
protein C/activated protein C receptor (EPCR) expression on the endocardium between right and
left atria.

Methods—We harvested the atria of six monkeys (Macaca fascicularis) and quantified their
ability to activate protein C ex vivo and we measured the thrombomodulin and EPCR expression
by immunofluorescence.

Results—We found the ability to activate protein C decreased by half (P= 0.028), and there was
lower expression of thrombomodulin in the left atrial endocardium than the right (52.5±19.9 and
72.1±18.8 arbitrary intensity units, mean ± standard deviation, P= 0.028). No differences were
detected in EPCR expression.

Conclusions—Impaired protein C activation on the left atrial endocardium, due to low
thrombomodulin expression may explain its higher thrombogenicity and play a role in
cardioembolic stroke.
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Atrial fibrillation (AF) is the most commonly sustained cardiac arrhythmia and the most
important risk factor for cardioembolic stroke.1 The left atrium, particularly the left atrial
appendage (LAA), is the most frequent location of the embolic thrombi even when the right
atrium undergoes the same pathological process.2 The blood stasis at the LAA and the right
atrial appendage (RAA) is similar3 and so this cannot explain the higher propensity of
thrombi to be formed in the LAA. In the search for additional factors to explain the
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difference between the two atria in thrombogenicity, study of their endothelial phenotypes
deserves consideration. Attention has recently focused on the functional consequences of
endothelial heterogeneity among different vascular beds.4 Endothelium has been classically
considered a thromboresistent surface due to the presence of receptors involved in several
antithrombotic pathways. Among these, thrombomodulin and the endothelial protein C/
activated protein C receptor (EPCR) play a crucial role in the protein C anticoagulant
pathway.5 EPCR expression is high in large arteries and veins, but is virtually absent in
capillaries.6 Thrombomodulin expression is particularly high in the pulmonary endothelium
and low in the brain endothelium.7 Differences have also been reported within one vessel: in
veins, both EPCR and thrombomodulin are expressed more in the valvular sinus
endothelium as opposed to the vein lumenal endothelium.8 The association between protein
C deficiency and thrombosis is well documented.9 For this reason we propose the hypothesis
that the left atrium has a lower ability to activate protein C than the right one.

Methods
Collection of simian atria

The appendages of the left and right atria of each animal (Macaca fascicularis) were
harvested. Details of the study are provided in Supplemental Materials.

Protein C activation assay on the atrial surfaces
The experiments were performed in the two hours following surgical removal of the atria.
Two tissue slices 6 mm in diameter were cut from each atrial appendage using a circular
biopsy punch (Stiefel, Spain) and placed separately at the bottom of a 48 well plate
(Corning, NY, USA). The experiment was performed as described10 with minor
modifications, which are described in Supplemental Materials. Activation was
thrombomodulin and EPCR dependent (Supplemental Figure S1).

Immunofluorescence analysis of the atrial expression of thrombomodulin and EPCR
Images were analyzed as described in Supplemental Materials.

Statistical analysis
Data handling is described in Supplemental Materials.

Results and discussion
In six out of six cases, activation of protein C was higher on the RAA endocardium than on
the LAA one. On average, generation of APC was twice as high on the right atrial surface
(Figure 1A). Activated protein C (APC) not only plays a major anticoagulant role but it is
also involved in a variety of cytoprotective mechanisms in response to inflammatory
stimuli.11 It is well known that inflammation plays a role in the initiation and maintenance
of AF as well as in thrombosis.11,12 Thus, the right atrium would be better prepared to
prevent the formation of thrombi arising as a consequence of the AF. The fact that changes
in APC circulating levels have been shown to influence the thrombotic risk reinforces this
notion.13 Furthermore, low protein C levels have been recently associated with ischemic
stroke, particularly the cardioembolic type, in the Atherosclerosis Risk in Communities
Study.14

In the search for an explanation for our results, we focused our attention on the two
endothelial receptors involved in protein C activation. Thrombin must bind thrombomodulin
for activation to proceed efficiently, but the cofactor role played by EPCR is also relevant.5

We therefore decided to study the expression of thrombomodulin and EPCR on the RAA
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and LAA endocardium of the same animals used for the protein C activation assays. As
expected, thrombomodulin and EPCR were located on the cell surface as shown by confocal
images (Figure 2A-B). Von Willebrand factor labeling served to ensure specific endothelial
staining (Figure 2B). Again in six out of six animals thrombomodulin expression was higher
in the RAA endocardium. The mean intensity values were 72.1±18.8 and 52.5±19.9 [mean ±
standard deviation (SD)] for the RAA and LAA endocardium respectively (Figures 1B and
2A). EPCR expression did not differ between RAA and LAA (Figures 1C and 2A). The
presence of thrombomodulin on the endothelial surface is crucial for APC generation.
Therefore, these data dovetail with the finding that the RAA endocardium displays a higher
capacity to activate protein C than its left counterpart. The strong positive correlation found
between the RAA vs. LAA difference in APC generation capacity and the RAA vs. LAA
difference in thrombomodulin expression (R2 = 0.764) further substantiates the notion that
the higher expression of TM is responsible for the higher ability of RAA to generate APC
(Figure 1D). The biological mechanisms that lead to the reduced thrombomodulin
expression in the LAA are presently unknown, although they could involve differences in
vascular beds expression, shedding, internalization or exposition to different local regulating
factors.

The main drawback of this study is that we analyzed non-human primate samples and,
therefore application of these results to humans is not immediate. However, since the
majority of the findings obtained in other studies dealing with the protein C system using
non-human primates have been proven to apply to humans, we consider it reasonable to
apply our results to the human setting.6,15

In conclusion, for the first time the ability of the left and right atrial endocardium to activate
protein C has been compared. The right atrial endocardium exhibits a more thromboresistant
phenotype, at least regarding this anticoagulant mechanism, which would help to explain
why thrombi originate in the left atrium. Increasing thrombomodulin expression on the
endocardium of the left atrium could provide a new approach to prevent cardioembolic
stroke associated with AF.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The protein C system in the endocardium of the RAA and LAA
(A) Thrombin-dependent generation of APC was measured ex vivo on the endocardial
surface of RAA and LAA samples of macaque origin (n = 6). The protein C activation assay
was performed in duplicate. The mean ± SD of six independent experiments is represented.
(B) Thrombomodulin and (C) EPCR expression on the endocardial surface of the RAA and
LAA The mean ± SD of the tissue expression is represented in arbitrary intensity units
(AIU). (D) The R2 Spearman’s correlation coefficient between the difference in the
thrombomodulin expression (RAA–LAA) and the difference in the APC generation (RAA–
LAA). Δ, RAA-LAA
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Figure 2. Representative immunofluorescence and confocal images of the RAA and LAA
expression of thrombomodulin and EPCR
(A) Representative captures of thrombomodulin and EPCR on the endocardium of the RAA
and LAA. Thrombomodulin and EPCR are red-stained. Blue DAPI was used to stain the
nuclei. (B) Confocal microscopy captures of thrombomodulin (left), von Willebrand factor
(middle) and EPCR (right), all red-colored, in representative endothelial cells. Von
Willebrand factor staining was used as an endothelial positive control. Blue Topro-3 was
used to stain the nuclei. The scale bars indicate 10 μm.
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