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Abstract



Microparticles (MPs) are membrane fragments shed by cells activated by a variety of stimuli
including serine proteases, inflammatory cytokines, growth factors and stress inducers. MPs
originating from platelets, leukocytes, endothelial cells and erythrocytes are found in
circulating blood at relative concentrations determined by the pathophysiological context. The
procoagulant activity of MPs is their most characterized property as a determinant of
thrombosis in various vascular and systemic diseases including myocardial infarction and
diabetes. An increase in circulating MPs has also been associated with ischemic
cerebrovascular accidents, transient ischemic attacks, multiple sclerosis and cerebral malaria.
Recent data indicate that besides their procoagulant components and identity antigens, MPs
bear a number of bioactive effectors that can be disseminated, exchanged and transferred via
MPs-cell interactions. Furthermore, since activated parenchymal cells may also shed MPs
carrying identity antigens and biomolecules, MPs are now emerging as new
messengers/biomarkers from a specific tissue undergoing activation or damage. Thus,
detection of MPs of neurovascular origin in biological fluids such as CSF or tears, and even in
circulating blood in case of blood brain barrier leakage, would not only improve our
comprehension of neurovascular pathophysiology, but may also constitute a powerful tool as

a biomarker in disease prediction, diagnosis, prognosis and follow-up.
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Introduction

Brain functions and survival of its multiple cellular components depend on blood flowing
through a patent vascular microcirculation that ensures selective exchange of vital elements
(e.g. glucose, oxygen and hormones), excretion of metabolic products and transmigration of
competent cells. The structural/functional-integrated network that regulates these
physiological functions is the neurovascular unit.

It is now well known that a number of stress conditions and inflammatory mediators may
stimulate and activate vascular and blood cells. One of the earliest manifestations of cell
activation is plasma membrane blebbing and shedding into body fluids of membrane
fragments known and designated hereafter as microparticles (MPs) (Freyssinet 2003) —other
designations in the literature are: microvesicles, ectosomes, shedding vesicles, exovesicles.
Plasma membrane remodelling is an early event observed in cells entering apoptosis as well.
MPs characteristically display procoagulant properties and behave also as a storage pool of
bioactive molecular effectors, messengers of cell activation and apoptosis (Morel ef al.
2004c).

Cells in the neurovascular unit or its vicinity including the endothelial lining and neural cells
(neurons, astrocytes, oligodendrocytes and microglia) are also subjected to stress by a variety
of stimuli (e.g. oxygen radicals, inflammation, ischemia...) known to induce membrane
shedding in vascular cells. It is therefore possible that shedding of cellular MPs in the
neurovascular network may be linked to the onset and progression of a variety of CNS
diseases including stroke, vascular dementia, inflammatory and age-related neurodegenerative
disorders. In this review we analyze the state of the art on MPs in the CNS and provide clues

that may improve our knowledge in the field. The review also examines MP detection and



characterization as possible tools for identification of new markers and biological signal

conveyors in stroke and other CNS diseases.

Circulating blood microparticles: haemostatic and inflammatory effectors

Plasma membrane blebbling and shedding of microparticles

The most characterized cellular MPs are those originating from platelets, leukocytes,
erythrocytes and endothelial cells, detected in circulating blood (Morel ef al. 2006). A number
of studies have demonstrated that stimulation of these cells triggers a characteristic activation
pattern of events: increased levels of cytoplasmic calcium associated to translocation of
phosphatidylserine (PS) from the inner to the outer leaflet of the membrane and activation of
calpains that, by cleaving cytoskeletal filaments, facilitate MP shedding (Pasquet ef al. 1996).
The increase in intracellular calcium concentration induces a disordered state in the
phospholipid membrane asymmetry of quiescent cells that is maintained by the concerted
activity of lipid transporter proteins (Bevers ef al. 1999, Daleke 2003). The ATP-dependent
flippases (e.g. aminophospholipid translocase) and floppases (including the ATP-binding
cassette transporter A1, ABCAL1) are respectively inward- and outward-directed transporters,
whereas the calcium-dependent scramblases (e.g. phospholipid scramblase receptor-1,
PLSCR-1) facilitate bidirectional movement between the membrane leaflets (Fig. 1). The rate
of PS translocation has been found to be sensitive to the altered expression of ABCAI1 in
knock-out mice (Hamon ez al. 2000).

In summary, the mechanism governing the plasma membrane PS redistribution is of a
complex nature and implicates various membrane (lipid transporters, receptors, calcium
channels) and cytoplasmic (cytoskeleton, calpains) actors (Zwaal ef al. 2005). Recent data

indicate that the formation and integrity of lateral transient membrane microdomains termed



rafts, rich in cholesterol and sphingolipids (Hancock 2006, Brown 2006), may provide an
appropriate platform for the assembly of some of these regulatory elements and be essential
for the transmembrane redistribution of PS (Sun ef al. 2002, Kunzelmann-Marche ef al. 2002,
Lopez ef al. 2005). PS exposure was indeed colocalized with membrane lipid raft regions
(Fischer et al. 2006). Rafts are dynamic features that may appear and disappear as a function
of the state of activation and types of stimuli (Hancock 2006). Raft microdomains in the outer
leaflet of the plasma membrane are coupled to microdomains in the inner leaflet that contain
signalling kinases, able to initiate transmembrane signalling transduction pathways (Michel &

Bakovic 2007).

Consequences of phosphatidylserine exposure

Transfer of PS to the outer leaflet of the membrane is an early sign of cell activation or
apoptosis. Whereas the intensity and duration of PS exposure during viable cell activation
depends on cell type and agonists, in apoptotic cells it constitutes a prerequisite for
engulfment by phagocytes before any loss of plasma membrane integrity (Balasubramanian &
Schroit 2003). Apoptotic bodies, the fragments of apoptotic cells (size > 1 pm) containing
fragmented DNA, also expose PS and follow the same fate on a delayed time scale. In the
vascular territory, exposed PS serves as a catalytic template or functional surface for the
assembling of blood coagulation factor complexes, thus promoting in sifu hemostasis, a
physiological function of activated platelets and shed platelet MPs. As prime sensors of
procoagulant stimuli, platelets are main contributors to MP circulating levels (Morel ef al.
2008b). Platelet-derived MPs can thus be found at low levels in the circulation of healthy
individuals probably as a result of low grade surveillance activation of the haemostatic system

(Berckmans et al. 2001).



In vitro, the interaction of membrane-PS with coagulation factors is inhibited by its affinity
ligand annexin V in presence of calcium (Gidon-Jeangirard er al. 1999). This property of
annexin V is exploited experimentally and in clinical practice in the detection of MPs using
various assays eventually combined with fluorescence labeling (flow cytometry, capture

assays, fluorescence MP tracking).

Microparticles’ identity unveil activated or suffering cells

Membrane glycoproteins distinctive of the parental cells are present on circulating MPs
allowing thereby identification of their cellular origin. Antibodies directed against cell-
specific antigenic determinants are used for this purpose in flow cytometry or antibody
capture assays. Elevated circulating levels of distinct MPs are now considered as an indicator
of either platelet, endothelial or leukocyte activation.

Identification of MP origin constitutes therefore a solid advantage to determination of their
sole number and represents a robust parameter in systemic or inflammatory diseases (Chironi
et al. 2006) or when associated to vascular complications like in diabetes (Sabatier ef al.
2002a). Identification of MPs of practically any cell origin in plasma or other biological
fluids (CSF, tears, exudates, Fig. 2) would become possible provided that antibodies directed
against cell-specific antigenic determinants were available (Cook ef al. 2001, Morel et al.
2008a). Detection of a distinct MP population would then be considered a direct message

from a specific tissue undergoing activation or damage.

Haemostatic properties of blood microparticles
The procoagulant activity of platelet MPs was initially identified in the precipitate of platelet-
free plasma obtained at high-speed centrifugation (30 000g, 120 min) (Chargaff & West

1946) and containing electron dense “platelet-dust” (Wolf 1967). These seminal discoveries



established the basis for the isolation of MPs from plasma and opened up a new avenue in
thrombosis research culminating in the discovery that circulating tissue factor (TF), the
cellular trigger of blood clotting, is mostly associated with circulating MPs (Giesen et al.
1999). It has also been suggested that platelets may recover TF present in raft of leukocyte-
derived MPs (Rauch ef al. 2000, Del Conde e al. 2005, Falati et al. 2003) and that endothelial
MPs may stimulate the expression of TF by leukocytes (Sabatier er al. 2002b). Current
knowledge suggests that coagulation factors VII and IX, once bound to membrane-PS in the
presence of calcium, are activated by MP-borne TF thereby initiating the coagulation cascade
leading to thrombin generation and in fine to the formation of a fibrin-platelet clot. Thus, TF-
expressing MPs released by leukocytes upon soluble P-selectin stimulation enhance thrombus
formation (Andre ef al. 2000). P-selectin is a cell-adhesion molecule released by thrombin-
activated platelets and endothelial cells into the circulation and its soluble form is a useful
biomarker in ischemic events such as stroke (Nadar ef al. 2004). In this regard, it was
recently shown that mice producing abnormally high plasma levels of soluble P-selectin, had
local uneven blood brain barrier disruption, silent brain infarctions and increased infarct size
volumes in a experimental model of middle cerebral artery occlusion (Kisucka ez al. 2009).
First clinical evidences of the haemostatic properties of procoagulant MPs were shown in
patients with idiopathic thrombotic purpura (ITP see below) in whom high MP circulating
levels were found protective against secondary hemorrhages. Conversely, in Scott syndrome,
a very rare bleeding disorder, platelet PS exposure, membrane remodeling and MP shedding
are defective and can be treated by platelet transfusion (Weiss 1994, Toti et al. 1996).
Ultimate evidence of the haemostatic properties of MPs was given in engineered hemophiliac
mice in which circulating leukocyte MPs correct hemostasis (Hrachovinova et al. 2003).

Most clinical studies have focused on the procoagulant role of platelet- and leukocyte-derived

MPs as a determinant of the risk of cardio- and cerebro-vascular ischemic accidents as well as



in thrombotic associated disorders (Morel e al. 2004a, Simak ef al. 2006, Chironi et al.
2009). However, it has recently been suggested that endothelial-derived MPs may also
express anticoagulant or profibrinolytic properties, thereby complementing their procoagulant
activity. The anticoagulant property of MPs is based, in part, on their ability to promote
activation of protein C by thrombin, both assembled on their respective surface receptors
thrombomodulin and endothelial protein C receptor (EPCR). Activated protein C (APC)
bound to MP-EPCR inactivates procoagulant co-factors Va and VIlla, thereby down-
regulating thrombin generation (Satta ef al. 1997, Perez-Casal ef al. 2005). Endothelial MPs
also express matrix metalloproteinases (EC 3.4.24) (Taraboletti ef al. 2002) and MPs from the
atherosclerotic plaque bear the TNF-a-converting enzyme (TACE) that are able to enhance
endothelial cell surface processing of TNF-a and EPCR (Canault et al. 2007). The recent
discovery of a profibrinolytic activity on MPs adds further to their contribution in the
maintenance of vascular integrity. MPs shed by TNFa-stimulated endothelial cells, serve
indeed as a surface for assembly of plasminogen and its conversion into plasmin (EC
3.4.21.7) by urokinase (uPA; EC 3.4.21.73) bound to its receptor (uPAR) (Lacroix et al.
2007). This capacity of endothelial MPs to promote plasmin generation confers them new
profibrinolytic and, in concert with matrix metalloproteinases, proteolytic functions (Doeuvre
& Angles-Cano 2009). The proteolytic activity of MPs may be of relevance in fibrinolysis,

cell migration, angiogenesis, dissemination of malignant cells, cell detachment and apoptosis.

Beyond hemostasis: microparticles are dynamic pools of bioactive effectors

Apart from being membrane templates that harbor procoagulant, fibrinolytic and proteolytic
factors as well as their distinctive glycoproteins, MPs may also carry molecular components
(membrane receptors, cytokines, transcription factors, mRNA), veritable indicators of the

activation status of the parental cell. MPs thus constitute a disseminated dynamic pool of



bioactive effectors or messengers, as documented by several in vifro studies (Ahn 2005,
Morel et al. 2004¢). Some of these MP components may exert in situ functions such as local
fibrinolytic and proteolytic activities induced by uPA and metalloproteinases (Lacroix et al.
2007, Taraboletti et al. 2002, Graves ef al. 2004). The intercellular transfer by MPs of mRNA
(Deregibus et al. 2007, Ratajczak ef al. 2006, Bruno ef al. 2009) or membrane proteins like
platelet glycoprotein GPIIb/IIIa to leukocytes (Salanova ef al. 2007) or endothelial progenitor
cell cultures (Prokopi er al. 2009), leukocyte TF to platelets (Falati et al. 2003) or the
monocyte chemokine receptor 5 (CCRS) to endothelial cells (Mack ef al. 2000), might have
pathophysiological consequences for intercellular communication. MPs may also be
conveyors of infectious agents delivered to target cells (human immuno deficiency virus,
prions) (Simak ef al. 2002) and of oncogens transferred from glioma MPs to naive cells (Al-
Nedawi ef al. 2008). Despite difficulties in the assessment of membrane proteins, proteomic
approaches combining two-dimensional electrophoresis and mass spectrophotometry, have
expanded the number of identified proteins harbored by MPs of various origins (Miguet ef al.

2006).

Microparticles are different from exosomes

The isolation of MPs follows a very precise protocol including a succession of various
centrifugations at 20 000g. A consensus on a method of isolation has not been obtained as yet,
but it appears clear that the relative gravitational force necessary to sediment MPs (15 000 to
20 000g, 45 to 90 min) is quite different from that used to isolate exosomes (as verified by
light scattering measurement, authors’ unpublished data). Exosomes are vesicles of
endosomic origin, of smaller size (<100 nm) than MPs and are therefore isolated by

sequential ultracentrifugation at very high speed (100 000g) (Thery ef al. 2006). They are



secreted in the extracellular medium after fusion of multivesicular endosomes with the plasma
membrane (for review, see (Thery ef al. 2002)). Exosomes and MPs are biochemically and
morphologically distinct, and have different patterns of protein composition (Thery ef al.
2001). Exosomes are particularly enriched in tetraspanins, annexins and major
histocompatibility complex class II molecules. Since membrane vesicles isolated at 50 000g
to 100 000g may contain both exosomes and MPs, molecular components or

pathophysiological involvement cannot be ascribed to the effect of single vesicles, however.

Effects of microparticles on inflammation and apoptosis

Vascular MPs behave as a dynamic storage pool of bioactive effectors able to tune the
haemostatic balance, achieve vessel protection and complete restoration of blood flow. In
addition, vascular MPs have been recognized as inflammatory actors via the transcellular
delivery of bioactive lipids, chemokines (RANTES) or cytokines (IL-1 B) (Barry et al. 1997,
Mause et al. 2005, MacKenzie et al. 2001, Mesri & Altieri 1999). The question arises whether
these transcellular cross-talk are all pathophysiological, i.e. deleterious (Freyssinet 2003,
Morel et al. 2009), or as suggested by recent in vifro data, a beneficial effect may be expected.
For instance, neutrophil-derived MPs were shown to inhibit the macrophage pro-
inflammatory response to lipopolysaccharide and up-regulate macrophage TGF-3 secretion
(Gasser & Schieferli 2004). Furthermore, MPs shed from adherent neutrophils convey
annexin I, an anti-inflammatory protein able to inhibit further neutrophil adhesion thereby
providing a negative regulatory loop to their recruitment at the inflamed endothelium (Dalli e?
al. 2008). Similarly, on endothelial cell cultures, early cytoprotection may also occur through
the sorting of deleterious pro-apoptotic factors like caspase 3 in MPs, a mechanism that would

prevent endothelial cell detachment and apoptosis (Abid Hussein ef al. 2007). In a very recent
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report, RNA-dependent apoptosis resistance and in vifro proliferation was conferred to tubular
epithelial cells by MPs derived from human bone marrow mesenchimal stem cells (Bruno et
al. 2009). Recovery of cultured rat oligodendrocytes from complement mediated attack
through MPs shedding of membrane-attack complexes, may protect cells from complement-
mediated lysis (Scolding er al. 1989, Pilzer et al. 2005). Other cytoprotective mechanisms
rely on the MP-mediated modulation of apoptosis-related genes or pro-inflammatory
cytokines, as recently shown in endothelial cells treated by APC-bearing MPs and confirmed
in heatstroken baboons treated by recombinant human APC (Pérez-Casal ef al. 2009,
Bouchama et al. 2008). In addition, it has been recently suggested that MPs bearing EPCR
would contribute to the cytoprotective effects of therapeutical APC, known to reduce
mortality in sepsis and provide neuroprotective benefit in ischemic stroke (Soriano ef al.
2005, Kerschen et al. 2007).

The adjustment between deleterious or beneficial responses to MP signals deserves extensive
investigation and probably relies on multiple actors, including intracellular signaling kinases
(Al-Nedawi et al. 2008, Schoenwaelder ef al. 2009). New experimental approaches are
needed to decipher the mechanisms governing the sorting out of beneficial or deleterious

molecules into MPs and their relevance in distinct pathophysiological settings.

Current Analytical Methods

Because of the increasing importance of MPs as potential biomarkers, messengers or
mediators of disease pathophysiology, particular attention has been given to pre-analytical
sample conditioning and to biophysical methods for their detection and characterization (Jy et
al. 2004a, Hugel et al. 2004). Appropriate blood collection to avoid artefactual cell activation

and rigorous sample processing to isolate exosome-free MPs (see above) are indispensable.
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Among the available detection methods, the most currently used is flow cytometry. It allows
characterization and quantification of MP subpopulations in heterogeneous samples and may
be directly used to analyse MPs in plasma samples (Robert ez al. 2009). However, its main
pitfall is that MPs with a size range below 500 nm (under the limit of the laser beam wave
length) cannot be accurately detected. Therefore, quantitative analysis of MPs should be
interpreted cautiously. An alternative capture assay using annexin V measures all
procoagulant MPs bearing PS irrespective of size and origin. This functional assay provides
quantitative results in terms of nmol/l of PS equivalent by comparison with a calibration curve
constructed with synthetic vesicles containing known amounts of PS (Hugel et al. 2004).
Annexin V-coated beads have also been used for MP visualization (Bianco ef al. 2005).
Newer methods for the measurement of MP size and distribution may be envisaged using
their physical properties. Thus, photon correlation spectroscopy of back scattered light
(Lawrie ef al. 2009) and enhanced laser microscopy microparticle tracking (K Braeckmans,
University of Ghent, personal communication) are emerging in the field of cellular MPs. The
latter has the advantage of identifying the cellular origin of MPs with the use of specific

fluorescent-labeled antibodies (Braeckmans K and authors’ unpublished data).

Microparticles in central nervous system pathologies

The association of blood-derived MPs with a variety of inflammatory and/or prothrombotic
states has been extensively studied (Morel ef al. 2004b, Diamant et al. 2004, Distler et al.
2005, Pilzer et al. 2005, Leroyer ef al. 2008, Morel et al. 2006). At present, all available
reports on MPs in CNS or neurovascular pathologies have also focused on endothelial- or
blood cells-derived MPs (Horstman ef al. 2007). The survey of the literature we have made on

MP involvement in CNS pathophysiology until April 28, 2009, concerns a limited number of
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diseases as reported here. Although virtually any cell type may be constrain to release MPs,
little is know about MP release from brain structures or cells of the neurovascular unit. Yet,
the presence of galactocerebroside-containing MPs, suggesting oligodendrocyte origin, has
been reported in CSF of patients with multiple sclerosis (MS) (Scolding et al. 1989) and in
vitro studies indicate that MPs can be isolated from the supernatant of glial cells like

astrocytes using annexin V-coated beads (Bianco et al. 2005, Bianco ef al. 2009).

Ischemic stroke

A potential pathophysiological link between elevated concentration of platelet-derived MPs
and development of cerebrovascular infarction was first reported in patients with prosthetic
heart valves (Geiser ef al. 1998). A limited number of prospective studies on MPs of
endothelial and blood origin in ischemic stroke have then been reported. For instance, a
significant high concentration of platelet-derived MPs was found in peripheral blood within 7
days and at 6 month follow-up of ischemic stroke (Cherian ef al. 2003). This increase in
platelet MPs after stroke was confirmed by other studies and was counteracted using a
combination of the anti-platelet drugs aspirin and clopidogrel (Serebruany ef al. 2005,
Serebruany et al. 2008, Pawelczyk ef al. 2009). The severity, lesion volume and outcome of
acute ischemic stroke were also associated with an increased number of circulating
endothelial-derived MPs (Simak et al. 2006). However, in all these reports, the prognostic
value of these findings on recurrence of stroke and survival free of handicap could not be
established. Furthermore, a comparison of endothelial MPs levels in acute ischemic stroke
versus stroke mimic patients showed no difference (Williams ef al. 2007). Since it is currently
impossible to determine the anatomical origin of the endothelial MPs (systemic or
neurovascular ischemic stimulation), it is difficult to ascertain whether MPs are

epiphenomenal markers or active players in ischemic stroke.
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Elevated levels of platelet MPs have been also observed in patients with transient ischemic
attacks (TIA) and small vessels cerebro-vascular accidents including lacunar infarcts, and
multiinfarct dementias (Lee ef al. 1993, Geiser et al. 1998). Although in patients with TIA the
number of platelet MPs may be importantly decreased under anti-platelet drug therapy,

benefits for prevention of second stroke have not been reported (Serebruany et al. 2008).

Transient ischemic stroke in idiopathic thrombocytopenic purpura

ITP is an autoimmune disorder in which autoantibody-coated platelets are cleared by the
mononuclear phagocytic system (Neylon ef al. 2003). Since some of these autoantibodies
bind to glycoproteins that induce platelet activation, platelet MPs are frequently elevated in
these patients and thrombotic complications may develop despite severe thrombocytopenia
and few signs of bleeding (Ahn ef al. 2002). Patients with chronic late onset ITP (mean 56
years), may develop a syndrome characterized by neurological complications resembling
transient cerebral ischemic attacks (TIA-like syndrome) and evolving from dizzy spells in
mild cases to coma, seizure, or progressive memory loss and cognitive dysfunction in
advanced cases (Jy ef al. 1992). TIA-like syndrome in patients with ITP is indeed associated
with magnetic resonance imaging findings (periventricular and subcortical white matter
lesions) consistent with ischemic small vessels disease that may be a consequence of platelet
MP-induced microthrombi (Ahn et al. 2002). Recent in vifro data suggest that the release of
endothelial MPs and the extravasation of leukocytes may also contribute to development of
the ischemic brain disease (Jimenez ef al. 2008). These data suggest that ITP and ischemic
stroke are not mutually exclusive events (Theeler & Ney 2008). If proper identification of this
syndrome (e.g. measurement of MPs) is made, therapy could then be targeted at prevention of
thrombotic complication rather than hemorrhages. Indeed, ITP patients, with elevated MP

levels were shown to be at lower risk of hemorrhages, probably because procoagulant MPs
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behave as alternate procoagulant catalytic surfaces under circumstances of cytopenia (Jy et al.

1992).

Microparticles in cerebrospinal fluid

Recently, it was shown that the plasma and the CSF of patients suffering from traumatic brain
injury (Morel et al. 2008a) contain PS exposing MPs mainly of platelet and endothelial origin.
Procoagulant MPs were also found significantly elevated in the CSF of patients with
hemorrhagic stroke as detected by annexin V binding/procoagulant assay (Huang ef al. 2009).
The sustained generation of these procoagulant MPs in the CSF of some patients could
contribute to a poor clinical outcome. MPs (0.1 to 0.5 pum in diameter) reactive with
antibodies to complement membrane-attack complex neoantigen and galactocerebroside were
identified in CSF of multiple sclerosis patients by electron microscopy (Scolding et al. 1989)
suggesting that reversible complement-mediated injury contributes to myelin damage in vivo.
In patients with glioblastoma, membrane vesicles were identified in CSF after sequential
centrifugation at 10 000g and 200 000g (Huttner ef al. 2008), a procedure frequently used to
separate exosomes. These membrane particles (previously identified as 50-80 nm particles
(Marzesco et al. 2005)), contained the neural stem cell marker prominin-1/CD133, but neither
PS nor cell identity antigens were reported. Prominin-1/CD133 is a marker that decline
postnatally until 10 years of age and was found elevated in glioblastoma patients. A
proteomic analysis of human embryo CSF revealed a heterogeneous mixture of functionally
diverse proteins including proteins with extracellular matrix functions, secreted proteases and
their inhibitors, and cell adhesion proteins (Zappaterra ef al. 2007). Interestingly, the presence
of membrane proteins, signaling molecules and other intracellular proteins are most likely of
MP and/or exosome origin that have been previously described in CSF (Marzesco et al. 2005,

Scolding et al. 1989).
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Cerebral Malaria

Circulating endothelial-derived MPs are increased in patients with severe cerebral malaria (1
to 8 % of Plasmodium falciparum infections) complicated with coma as compared with
uncomplicated malaria or healthy control (Combes ef al. 2004). Parasite-derived products
activate platelets and promote monocyte TNF-a production, a well-known inducer of
endothelial MPs in vifro. Binding of activated platelets to TNF-a-primed endothelial cells
would lead to platelet adhesion and blood clogging, and the release of MPs within brain
microvasculature with subsequent induction of permeability changes, ischemia, endothelial
cell apoptosis and cerebral oedema (van der Heyde ez al. 2006).

Combes et al. provided major insights in the mechanism of action of MPs in cerebral malaria
(Combes ef al. 2005). These authors reported that in a mouse model, ABCA1, a membrane
transporter that mediates cholesterol translocation and a casual floppase known to facilitate
the transbilayer distribution of PS to the outer leaflet of the membrane (Fig. 1), might
contribute to cerebral malaria via MP shedding. Indeed, external exposure of PS is impaired
in ABC-1 knockout mice that also show low circulating MP levels and a complete resistance
to cerebral malaria (ablated platelet accumulation in brain microvessels). These data suggest,
but do not prove, that endothelial MPs are directly implicated in the mechanism of human
cerebral malaria. Interestingly, some biological manifestations (impaired PS exposure and
defective vesiculation by EBV-lymphocytes) of a patient with impaired plasma membrane
expression of ABCA1 are found in patients with Scott syndrome and normal ABCAI

(Albrecht et al. 2005, Toti & Freyssinet 2005).

Multiple sclerosis

16



MS is characterized by the presence of inflammatory white and gray matter lesions in the
brain and spinal cord (Frohman ef al. 2006). Demyelination and oligodendrocyte degeneration
are hallmarks in MS. Oligodendrocytes activated by inflammatory cells recover from cell
injury via the release of MPs enriched in complement membrane-attack complexes (Scolding
et al. 1989). Such oligodendrocyte-derived MPs have been found in the CSF of MS patients
thus underlining their pathophysiological relevance (Scolding et al. 1989). Activation of
leukocytes adhering to the neurovascular endothelium and their release of inflammatory
cytokines (IFN-y, TNF-a) that in turn activate the endothelium is thought to be another
crucial step in the formation of demyelinating lesions. As a consequence, elevated levels of
circulating MPs have been documented in MS. They reflect endothelial dysfunction induced
by the inflammatory cytokines and could be associated with a poor clinical outcome (Minagar
& Alexander 2003). High plasma levels of endothelial MPs carrying CD31 (PECAM-1,
platelet endothelial cell adhesion molecule) were detected during disease exacerbation and
returned to nearly control value during remission (Minagar ef al. 2001). The presence of such
MPs was in positive association with contrast-enhancing lesions by brain magnetic resonance
imaging. These authors suggested that a high rate of CD31-endothelial MPs in plasma would
rather be a marker of exacerbation (acute injury of endothelium) while endothelial MPs
carrying CD51 (vitronectin receptor) may reflect MS relapse (chronic injury of endothelium).
These markers reflecting the state of the endothelium are not distinctive of MS, but can be of
help in follow-up, once the diagnosis of MS has been established. For instance, treatment of
relapsing-remitting MS patients with interferon-Bla significantly reduced plasma levels of
CD31-endothelial MPs (Sheremata ef al. 2006). In the absence of any specific probe, the ratio
of endothelial MPs carrying CD54 (ICAM-1, intercellular adhesion molecule-1) to monocyte
number was proposed as a better parameter of MS since it was found increased during the

acute phase compared to remission or healthy controls (Jy ef al. 2004b). The value of this
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ratio has also been used to appreciate the response to interferon-f1b treatment (Sheremata et
al. 2006). In an in vifro study, it has indeed been shown that interferon-f1b partially inhibits
MS plasma-induced endothelial MP formation as well as the transmigration of monocytes or

monocytes/endothelial MP complexes (Jimenez et al. 2005).

Experimental studies

In vivo murine experiments have shown that cancer cell-derived MPs may be involved in the
propagation of oncogenes. For instance, the membrane oncogenic epidermal growth factor
receptor EGFRVIII can be exchanged between cultured U373 glioma cells by a PS-dependent
intercellular transfer of MPs. Incorporation of EGFRVIII into the U373 plasma membrane
resulted in a consistent increase in Erk1/2 phosphorylation. Furthermore, subcutaneously
injected tumor cells into immunodeficient mice causes extracellular and systemic release of
microvesicles carrying the EGFRVIII oncoprotein, suggesting that these MPs may serve as
vehicles for rapid intercellular transfer of the transforming activity between cells populating
brain tumors (Al-Nedawi et al. 2008). The horizontal transfer (without cell-cell contact) of
this receptor to naive cells may contribute to propagation of oncogenes and their associated
transforming phenotype. Such a mechanism may be operative in a variety of human brain

tumors and disseminates via blood to distant sites.

Conclusion and perspectives

Because the plasma membrane is the primary sensor of cell interactions with the
microenvironment, plasma membrane remodeling including PS exposure and release of MPs
is a characteristic feature of blood/vascular cell response to different type of stimuli. The
identity of circulating MPs of endothelial, platelet and leukocyte origin is indeed a reliable

indicator of their activation in CNS diseases such as stroke, TIA, cerebral malaria and MS.
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The most characterized property of MPs is their procoagulant activity and a number of studies
have established a clear relationship with thrombosis development in cardiovascular and
cerebro-vascular ischemic diseases. By virtue of the increasing number of biomolecules
identified on/in MPs, cell-derived MPs are emerging as mediators of intercellular
communication and new messengers/biomarkers from tissues undergoing activation or
damage. They could be reliable markers of CNS pathophysiological processes useful in
biomedical research and clinical medicine. For that purpose, efforts should be made to
develop new biological tools and methods able to detect brain/neurovascular tissue-specific
MPs. This challenging approach may open new perspectives and developments in the field of
neuroscience, particularly in pathologies, such as Alzheimer’s disease, still virgin to MP

detection.
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FIGURE LEGENDS

Figure 1. Blebbling and shedding of membrane microparticles during cell activation.
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flippase activity and phosphatidylserine is rapidly translocated to the external membrane
leaflet. Cleavage of the cytoskeleton promotes budding of the stimulated cell membrane and
shedding of microparticles. Formation of transient membrane cholesterol-rich microdomains
termed raft may provide an appropriate platform for the assembly of regulatory elements and
cell agonists, and the initiation of transmembrane signaling pathways. Shed microparticles
bear cell-specific proteins (CD xx) as well as bioactive molecular components (e.g. growth
factors, proteolytic enzymes, mRNA. ..) from the parental cell cytoplasm and from the plasma
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Figure 2. Microparticles : new biomarkers in central nervous system pathology.

Cells in the neurovascular unit are subjected to activation by different types of stimuli (e.g.
oxydants, inflammation and ischemia). As a consequence, activated cells release membrane
microparticles (Fig. 1). Microparticles carry identity proteins and bioactive molecules from
the parental cell. Their detection and identification in blood, CSF and other body fluids (e.g.
tears, nasal mucus) would then be considered as a direct indicator of activation or damage

from specific cells or tissues.

21



Abid Hussein, M. N., Boing, A. N., Sturk, A, Hau, C. M. and Nieuwland, R. (2007)
Inhibition of microparticle release triggers endothelial cell apoptosis and detachment.
Thromb Haemost, 98, 1096-1107.

Ahn, Y. S. (2005) Cell-derived microparticles: 'Miniature envoys with many faces'. J Thromb
Haemost, 3, 884-887.

Ahn, Y. S, Horstman, L. L., Jy, W, Jimenez, J. J. and Bowen, B. (2002) Vascular dementia
in patients with immune thrombocytopenic purpura. 7hromb Res, 107, 337-344.
Al-Nedawi, K., Meehan, B., Micallef, J., Lhotak, V., May, L., Guha, A. and Rak, J. (2008)
Intercellular transfer of the oncogenic receptor EGFRVIII by microvesicles derived

from tumour cells. Nat Cell Biol, 10, 619-624.

Albrecht, C., McVey, J. H, Elliott, J. L. et al. (2005) A novel missense mutation in ABCA1
results in altered protein trafficking and reduced phosphatidylserine translocation in a
patient with Scott syndrome. Blood, 106, 542-549.

Andre, P., Hartwell, D., Hrachovinova, 1., Saffaripour, S. and Wagner, D. D. (2000) Pro-
coagulant state resulting from high levels of soluble P-selectin in blood. Proc Natl
Acad Sci US A, 97, 13835-13840.

Balasubramanian, K. and Schroit, A. J. (2003) Aminophospholipid asymmetry: A matter of
life and death. Annu Rev Physiol, 65, 701-734.

Barry, O. P, Pratico, D., Lawson, J. A. and FitzGerald, G. A. (1997) Transcellular activation
of platelets and endothelial cells by bioactive lipids in platelet microparticles. J Clin
Invest, 99,2118-2127.

Berckmans, R. J., Neiuwland, R., Boing, A. N., Romijn, F. P., Hack, C. E. and Sturk, A.
(2001) Cell-derived microparticles circulate in healthy humans and support low grade
thrombin generation. 7Thromb Haemost, 85, 639-646.

Bevers, E. M., Comfurius, P., Dekkers, D. W. and Zwaal, R. F. (1999) Lipid translocation
across the plasma membrane of mammalian cells. Biochim Biophys Acta, 1439, 317-
330.

Bianco, F., Perrotta, C., Novellino, L. et al. (2009) Acid sphingomyelinase activity triggers
microparticle release from glial cells. Embo J.

Bianco, F., Pravettoni, E., Colombo, A., Schenk, U., Moller, T., Matteoli, M. and Verderio, C.
(2005) Astrocyte-derived ATP induces vesicle shedding and IL-1 beta release from
microglia. J Immunol, 174, 7268-7277.

Bouchama, A., Kunzelmann, C., Dehbi, M., Kwaasi, A., Eldali, A., Zobairi, F., Freyssinet, J.
M. and de Prost, D. (2008) Recombinant activated protein C attenuates endothelial
injury and inhibits procoagulant microparticles release in baboon heatstroke.
Arterioscler Thromb Vasc Biol, 28, 1318-1325.

Brown, D. A. (2006) Lipid rafts, detergent-resistant membranes, and raft targeting signals.
Physiology (Bethesda), 21, 430-439.

Bruno, S., Grange, C., Deregibus, M. C. et al. (2009) Mesenchymal Stem Cell-Derived
Microvesicles Protect Against Acute Tubular Injury. J Am Soc Nephrol.

Canault, M., Leroyer, A. S., Peiretti, F., Leseche, G., Tedgui, A., Bonardo, B., Alessi, M. C.,
Boulanger, C. M. and Nalbone, G. (2007) Microparticles of human atherosclerotic
plaques enhance the shedding of the tumor necrosis factor-alpha converting
enzyme/ADAMI17 substrates, tumor necrosis factor and tumor necrosis factor
receptor-1. Am J Pathol, 171, 1713-1723.

Chargaff, E. and West, R. (1946) The biological significance of the thromboplastic protein of
blood. .J Biol Chem, 166, 189-197.

Cherian, P., Hankey, G. J., Eikelboom, J. W., Thom, J., Baker, R. I., McQuillan, A., Staton, J.
and Yi, Q. (2003) Endothelial and platelet activation in acute ischemic stroke and its
etiological subtypes. Stroke, 34, 2132-2137.

22



Chironi, G., Simon, A., Hugel, B., Del Pino, M., Gariepy, J., Freyssinet, J. M. and Tedgui, A.
(2006) Circulating leukocyte-derived microparticles predict subclinical atherosclerosis
burden in asymptomatic subjects. Arterioscler Thromb Vasc Biol, 26, 2775-2780.

Chironi, G. N., Boulanger, C. M., Simon, A., Dignat-George, F., Freyssinet, J. M. and Tedgui,
A. (2009) Endothelial microparticles in diseases. Cell Tissue Res, 335, 143-151.

Combes, V., Coltel, N., Alibert, M., van Eck, M., Raymond, C., Juhan-Vague, 1., Grau, G. E.
and Chimini, G. (2005) ABCAIl gene deletion protects against cerebral malaria:
potential pathogenic role of microparticles in neuropathology. Am J Pathol, 166, 295-
302.

Combes, V., Taylor, T. E., Juhan-Vague, 1., Mege, J. L., Mwenechanya, J., Tembo, M., Grau,
G. E. and Molyneux, M. E. (2004) Circulating endothelial microparticles in malawian
children with severe falciparum malaria complicated with coma. JAMA, 291, 2542-
2544,

Cook, E. B, Stahl, J. L., Lowe, L. et al. (2001) Simultaneous measurement of six cytokines in
a single sample of human tears using microparticle-based flow cytometry: allergics vs.
non-allergics. J Immunol Methods, 254, 109-118.

Daleke, D. L. (2003) Regulation of transbilayer plasma membrane phospholipid asymmetry. J
Lipid Res, 44, 233-242.

Dalli, J., Norling, L. V., Renshaw, D., Cooper, D., Leung, K. Y. and Perretti, M. (2008)
Annexin 1 mediates the rapid anti-inflammatory effects of neutrophil-derived
microparticles. Blood, 112, 2512-2519.

Del Conde, 1., Shrimpton, C. N., Thiagarajan, P. and Lopez, J. A. (2005) Tissue-factor-
bearing microvesicles arise from lipid rafts and fuse with activated platelets to initiate
coagulation. Blood, 106, 1604-1611.

Deregibus, M. C., Cantaluppi, V., Calogero, R., Lo Iacono, M., Tetta, C., Biancone, L.,
Bruno, S., Bussolati, B. and Camussi, G. (2007) Endothelial progenitor cell derived
microvesicles activate an angiogenic program in endothelial cells by a horizontal
transfer of mRNA. Blood, 110, 2440-2448.

Diamant, M., Tushuizen, M. E., Sturk, A. and Nieuwland, R. (2004) Cellular microparticles:
new players in the field of vascular disease? Fur J Clin Invest, 34, 392-401.

Distler, J. H., Pisetsky, D. S., Huber, L. C., Kalden, J. R., Gay, S. and Distler, O. (2005)
Microparticles as regulators of inflammation: novel players of cellular crosstalk in the
rheumatic diseases. Arthritis Rheum, 52, 3337-3348.

Doeuvre, L. and Angles-Cano, E. (2009) [Cell-derived microparticles unveil their fibrinolytic
and proteolytic function]. Med Sci (Paris), 25, 37-44.

Falati, S., Liu, Q., Gross, P. et al. (2003) Accumulation of tissue factor into developing
thrombi in vivo is dependent upon microparticle P-selectin glycoprotein ligand 1 and
platelet P-selectin. J Exp Med, 197, 1585-1598.

Fischer, K., Voelkl, S., Berger, J., Andreesen, R., Pomorski, T. and Mackensen, A. (2006)
Antigen recognition induces phosphatidylserine exposure on the cell surface of human
CD8+ T cells. Blood, 108, 4094-4101.

Freyssinet, J. M. (2003) Cellular microparticles: what are they bad or good for? J Thromb
Haemost, 1, 1655-1662.

Frohman, E. M., Racke, M. K. and Raine, C. S. (2006) Multiple sclerosis--the plaque and its
pathogenesis. N Engl J Med, 354, 942-955.

Gasser, O. S. and Schieferli, J. A. (2004) Activated polymorphonuclear neutrophils
disseminate anti-inflammatory microparticles by exocytosis. Blood, 104, 2543-2548.

Geiser, T., Sturzenegger, M., Genewein, U., Haeberli, A. and Beer, J. H. (1998) Mechanisms
of cerebrovascular events as assessed by procoagulant activity, cerebral microemboli,

23



and platelet microparticles in patients with prosthetic heart valves. Stroke, 29, 1770-
1777.

Gidon-Jeangirard, C., Hugel, B., Holl, V., Toti, F., Laplanche, J. L., Meyer, D. and
Freyssinet, J. M. (1999) Annexin V delays apoptosis while exerting an external
constraint preventing the release of CD4+ and PrPc+ membrane particles in a human
T lymphocyte model. J Immunol, 162, 5712-5718.

Giesen, P. L., Rauch, U, Bohrmann, B. et al. (1999) Blood-borne tissue factor: another view
of thrombosis. Proc Natl Acad Sci U § A, 96, 2311-2315.

Graves, L. E., Ariztia, E. V., Navari, J. R, Matzel, H. J., Stack, M. S. and Fishman, D. A.
(2004) Proinvasive properties of ovarian cancer ascites-derived membrane vesicles.
Cancer Res, 64, 7045-7049.

Hamon, Y., Broccardo, C., Chambenoit, O. et al. (2000) ABC1 promotes engulfment of
apoptotic cells and transbilayer redistribution of phosphatidylserine. Nat Cell Biol, 2,
399-406.

Hancock, J. F. (2006) Lipid rafts: contentious only from simplistic standpoints. Nat Rev Mol
Cell Biol, 7, 456-462.

Horstman, L. L., Jy, W., Minagar, A., Bidot, C. J,, Jimenez, J. J., Alexander, J. S. and Ahn, Y.
S. (2007) Cell-derived microparticles and exosomes in neuroinflammatory disorders.
Int Rev Neurobiol, 79, 227-268.

Hrachovinova, 1., Cambien, B., Hafezi-Moghadam, A. et al. (2003) Interaction of P-selectin
and PSGL-1 generates microparticles that correct hemostasis in a mouse model of
hemophilia A. Nat Med, 9, 1020-1025.

Huang, M., Hu, Y. Y. and Dong, X. Q. (2009) High concentrations of procoagulant
microparticles in the cerebrospinal fluid and peripheral blood of patients with acute
basal ganglia hemorrhage are associated with poor outcome. Surg Neurol.

Hugel, B., Zobairi, F. and Freyssinet, J. M. (2004) Measuring circulating cell-derived
microparticles. J Thromb Haemost, 2, 1846-1847.

Huttner, H. B., Janich, P., Kohrmann, M. et al. (2008) The stem cell marker prominin-
1/CD133 on membrane particles in human cerebrospinal fluid offers novel approaches
for studying central nervous system disease. Stem Cells, 26, 698-705.

Jimenez, J., Jy, W., Mauro, L. M., Horstman, L. L., Ahn, E. R., Ahn, Y. S. and Minagar, A.
(2005) Elevated endothelial microparticle-monocyte complexes induced by multiple
sclerosis plasma and the inhibitory effects of interferon-beta 1b on release of
endothelial microparticles, formation and transendothelial migration of monocyte-
endothelial microparticle complexes. Mult Scler, 11, 310-315.

Jimenez, J. J., Jy, W., Mauro, L. M., Horstman, L. L., Fontana, V. and Ahn, Y. S. (2008)
Transendothelial migration of leukocytes is promoted by plasma from a subgroup of
immune thrombocytopenic purpura patients with small-vessel ischemic brain disease.
Am J Hematol, 83, 206-211.

Jy, W., Horstman, L. L., Arce, M. and Ahn, Y. S. (1992) Clinical significance of platelet
microparticles in autoimmune thrombocytopenias. J Lab Clin Med, 119, 334-345.

Jy, W., Horstman, L. L., Jimenez, J. J. et al. (2004a) Measuring circulating cell-derived
microparticles. J Thromb Haemost, 2, 1842-1851.

Jy, W., Minagar, A, Jimenez, J. J., Sheremata, W. A, Mauro, L. M., Horstman, L. L., Bidot,
C. and Ahn, Y. S. (2004b) Endothelial microparticles (EMP) bind and activate
monocytes: elevated EMP-monocyte conjugates in multiple sclerosis. Front Biosci, 9,
3137-3144.

Kerschen, E. J., Fernandez, J. A, Cooley, B. C. et al. (2007) Endotoxemia and sepsis
mortality reduction by non-anticoagulant activated protein C. J Exp Med, 204, 2439-
2448.

24



Kisucka, J., Chauhan, A. K., Zhao, B. Q., Patten, I. S., Yesilaltay, A., Krieger, M. and
Wagner, D. D. (2009) Elevated levels of soluble P-selectin in mice alter blood brain
barrier function, exacerbate stroke and promote atherosclerosis. Blood.

Kunzelmann-Marche, C., Freyssinet, J. M. and Martinez, M. C. (2002) Loss of plasma
membrane phospholipid asymmetry requires raft integrity. Role of transient receptor
potential channels and ERK pathway. J Biol Chem, 277, 19876-19881.

Lacroix, R., Sabatier, F., Mialhe, A. et al. (2007) Activation of plasminogen into plasmin at
the surface of endothelial microparticles: a mechanism that modulates angiogenic
properties of endothelial progenitor cells in vitro. Blood, 110, 2432-2439.

Lawrie, A. S., Albanyan, A., Cardigan, R. A., Mackie, 1. J. and Harrison, P. (2009)
Microparticle sizing by dynamic light scattering in fresh-frozen plasma. Vox Sang.

Lee, Y. J., Jy, W., Horstman, L. L., Janania, J., Reyes, Y., Kelley, R. E. and Ahn, Y. S. (1993)
Elevated platelet microparticles in transient ischemic attacks, lacunar infarcts, and
multiinfarct dementias. 7hromb Res, 72, 295-304.

Leroyer, A. S., Tedgui, A. and Boulanger, C. M. (2008) Role of microparticles in
atherothrombosis. J Intern Med, 263, 528-537.

Lopez, J. A., del Conde, 1. and Shrimpton, C. N. (2005) Receptors, rafts, and microvesicles in
thrombosis and inflammation. J Thromb Haemost, 3, 1737-1744.

Mack, M., Kleinschmidt, A., Bruhl, H. et al. (2000) Transfer of the chemokine receptor CCRS
between cells by membrane-derived microparticles: a mechanism for cellular human
immunodeficiency virus 1 infection. Nat Med, 6, 769-775.

MacKenzie, A., Wilson, H. L., Kiss-Toth, E., Dower, S. K., North, R. A. and Surprenant, A.
(2001) Rapid secretion of interleukin-1beta by microvesicle shedding. Immunity, 15,
825-835.

Marzesco, A. M., Janich, P., Wilsch-Brauninger, M., Dubreuil, V., Langenfeld, K., Corbeil,
D. and Huttner, W. B. (2005) Release of extracellular membrane particles carrying the
stem cell marker prominin-1 (CD133) from neural progenitors and other epithelial
cells. J Cell Sci, 118, 2849-2858.

Mause, S. F., von Hundelshausen, P., Zernecke, A., Koenen, R. R. and Weber, C. (2005)
Platelet microparticles: a transcellular delivery system for RANTES promoting
monocyte recruitment on endothelium. Arterioscler Thromb Vasc Biol, 25, 1512-1518.

Mesri, M. and Altieri, D. C. (1999) Leukocyte microparticles stimulate endothelial cell
cytokine release and tissue factor induction in a JNKI signaling pathway. J Biol
Chem, 274,23111-23118.

Michel, V. and Bakovic, M. (2007) Lipid rafts in health and disease. Bio/ Cell, 99, 129-140.

Miguet, L., Pacaud, K., Felden, C. et al. (2006) Proteomic analysis of malignant lymphocyte
membrane microparticles using double ionization coverage optimization. Proteomics,
6, 153-171.

Minagar, A. and Alexander, J. S. (2003) Blood-brain barrier disruption in multiple sclerosis.
Mult Scler, 9, 540-549.

Minagar, A, Jy, W, Jimenez, J. J., Sheremata, W. A., Mauro, L. M., Mao, W. W., Horstman,
L. L. and Ahn, Y. S. (2001) Elevated plasma endothelial microparticles in multiple
sclerosis. Neurology, 56, 1319-1324.

Morel, N., Morel, O., Petit, L., Hugel, B., Cochard, J. F., Freyssinet, J. M., Sztark, F. and
Dabadie, P. (2008a) Generation of procoagulant microparticles in cerebrospinal fluid
and peripheral blood after traumatic brain injury. J Trauma, 64, 698-704.

Morel, O., Hugel, B., Jesel, L. et al. (2004a) Circulating procoagulant microparticles and
soluble GPV in myocardial infarction treated by primary percutaneous transluminal
coronary angioplasty. A possible role for GPIIb-111a antagonists. J 7Thromb Haemost,
2, 1118-1126.

25



Morel, O., Hugel, B., Jesel, L., Zobairi, F., Bareiss, P., Freyssinet, J. M. and Toti, F. (2004b)
[Procoagulant membranous microparticles and atherothrombotic complications in
diabetics]. Arch Mal Coeur Vaiss, 97, 1006-1012.

Morel, O., Morel, N., Freyssinet, J. M. and Toti, F. (2008b) Platelet microparticles and
vascular cells interactions: a checkpoint between the haemostatic and thrombotic
responses. Platelets, 19, 9-23.

Morel, O., Toti, F., Hugel, B., Bakouboula, B., Camoin-Jau, L., Dignat-George, F. and
Freyssinet, J. M. (2006) Procoagulant microparticles: disrupting the vascular
homeostasis equation? Arterioscler Thromb Vasc Biol, 26, 2594-2604.

Morel, O., Toti, F., Hugel, B. and Freyssinet, J. M. (2004c) Cellular microparticles: a
disseminated storage pool of bioactive vascular effectors. Curr Opin Hematol, 11,
156-164.

Morel, O., Toti, F., Morel, N. and Freyssinet, J. M. (2009) Microparticles in endothelial cell
and vascular homeostasis: are they really noxious? Haematologica, 94, 313-317.

Nadar, S. K., Lip, G. Y. and Blann, A. D. (2004) Platelet morphology, soluble P selectin and
platelet P-selectin in acute ischaemic stroke. The West Birmingham Stroke Project.
Thromb Haemost, 92, 1342-1348.

Neylon, A. J., Saunders, P. W., Howard, M. R., Proctor, S. J. and Taylor, P. R. (2003)
Clinically significant newly presenting autoimmune thrombocytopenic purpura in
adults: a prospective study of a population-based cohort of 245 patients. Br J
Haematol, 122, 966-974.

Pasquet, J. M., Dachary-Prigent, J. and Nurden, A. T. (1996) Calcium influx is a determining
factor of calpain activation and microparticle formation in platelets. Eur J Biochem,
239, 647-654.

Pawelczyk, M., Baj, Z., Chmielewski, H., Kaczorowska, B. and Klimek, A. (2009) The
influence of hyperlipidemia on platelet activity markers in patients after ischemic
stroke. Cerebrovasc Dis, 27, 131-137.

Pérez-Casal, M., Downey, C., Cutillas-Moreno, B., Zuzel, M., Fukudome, K. and Hock Toh,
C. (2009) Microparticle-associated endothelial protein C receptor induces
cytoprotective and anti-inflammatory effects. Haematologica, In press.

Perez-Casal, M., Downey, C., Fukudome, K., Marx, G. and Toh, C. H. (2005) Activated
protein C induces the release of microparticle-associated endothelial protein C
receptor. Blood, 105, 1515-1522.

Pilzer, D., Gasser, O., Moskovich, O., Schifferli, J. A. and Fishelson, Z. (2005) Emission of
membrane vesicles: roles in complement resistance, immunity and cancer. Springer
Semin Immunopathol, 27, 375-387.

Prokopi, M., Pula, G., Mayr, U. et al. (2009) Proteomic analysis reveals presence of platelet
microparticles in endothelial progenitor cell cultures. Blood.

Ratajczak, J., Miekus, K., Kucia, M., Zhang, J., Reca, R., Dvorak, P. and Ratajczak, M. Z.
(2006) Embryonic stem cell-derived microvesicles reprogram hematopoietic
progenitors: evidence for horizontal transfer of mRNA and protein delivery.
Leukemia, 20, 847-856.

Rauch, U., Bonderman, D., Bohrmann, B., Badimon, J. J., Himber, J., Riederer, M. A. and
Nemerson, Y. (2000) Transfer of tissue factor from leukocytes to platelets is mediated
by CD15 and tissue factor. Blood, 96, 170-175.

Robert, S., Poncelet, P., Lacroix, R., Arnaud, L., Giraudo, L., Hauchard, A., Sampol, J. and
Dignat-George, F. (2009) Standardization of platelet-derived microparticle counting
using calibrated beads and a Cytomics FC500 routine flow cytometer: a first step
towards multicenter studies? .J Thromb Haemost, 7, 190-197.

26



Sabatier, F., Darmon, P., Hugel, B. et al. (2002a) Type 1 and type 2 diabetic patients display
different patterns of cellular microparticles. Diabetes, 51, 2840-2845.

Sabatier, F., Roux, V., Anfosso, F., Camoin, L., Sampol, J. and Dignat-George, F. (2002b)
Interaction of endothelial microparticles with monocytic cells in vitro induces tissue
factor-dependent procoagulant activity. Blood, 99, 3962-3970.

Salanova, B., Choi, M., Rolle, S., Wellner, M., Luft, F. C. and Kettritz, R. (2007) Beta2-
integrins and acquired glycoprotein IIb/Illa (GPIIb/Illa) receptors cooperate in NF-
kappaB activation of human neutrophils. J Biol Chem, 282, 27960-27969.

Satta, N., Freyssinet, J. M. and Toti, F. (1997) The significance of human monocyte
thrombomodulin  during membrane vesiculation and after stimulation by
lipopolysaccharide. Br J Haematol, 96, 534-542.

Schoenwaelder, S. M., Yuan, Y., Josefsson, E. C. et al. (2009) Two distinct pathways regulate
platelet phosphatidylserine exposure and procoagulant function. Blood.

Scolding, N. J., Morgan, B. P., Houston, W. A., Linington, C., Campbell, A. K. and
Compston, D. A. (1989) Vesicular removal by oligodendrocytes of membrane attack
complexes formed by activated complement. Nature, 339, 620-622.

Serebruany, V. L., Malinin, A. 1., Pokov, A. N. and Hanley, D. F. (2008) Antiplatelet profiles
of the fixed-dose combination of extended-release dipyridamole and low-dose aspirin
compared with clopidogrel with or without aspirin in patients with type 2 diabetes and
a history of transient ischemic attack: A randomized, single-blind, 30-day trial. Clin
Ther, 30, 249-259.

Serebruany, V. L., Malinin, A. 1., Ziai, W., Pokov, A. N., Bhatt, D. L., Alberts, M. J. and
Hanley, D. F. (2005) Effects of clopidogrel and aspirin in combination versus aspirin
alone on platelet activation and major receptor expression in patients after recent
ischemic stroke: for the Plavix Use for Treatment of Stroke (PLUTO-Stroke) trial.
Stroke, 36, 2289-2292.

Sheremata, W. A., Jy, W., Delgado, S., Minagar, A., McLarty, J. and Ahn, Y. (2006)
Interferon-betala reduces plasma CD31+ endothelial microparticles (CD31+EMP) in
multiple sclerosis. J Neuroinflammation, 3, 23.

Simak, J., Gelderman, M. P., Yu, H, Wright, V. and Baird, A. E. (2006) Circulating
endothelial microparticles in acute ischemic stroke: a link to severity, lesion volume
and outcome. J Thromb Haemost, 4, 1296-1302.

Simak, J., Holada, K., D'Agnillo, F., Janota, J. and Vostal, J. G. (2002) Cellular prion protein
is expressed on endothelial cells and is released during apoptosis on membrane
microparticles found in human plasma. 7ransfusion, 42, 334-342.

Soriano, A. O., Jy, W., Chirinos, J. A. et al. (2005) Levels of endothelial and platelet
microparticles and their interactions with leukocytes negatively correlate with organ
dysfunction and predict mortality in severe sepsis. Crit Care Med, 33, 2540-2546.

Sun, J., Nanjundan, M., Pike, L. J., Wiedmer, T. and Sims, P. J. (2002) Plasma membrane
phospholipid scramblase 1 is enriched in lipid rafts and interacts with the epidermal
growth factor receptor. Biochemistry, 41, 6338-6345.

Taraboletti, G., D'Ascenzo, S., Borsotti, P., Giavazzi, R., Pavan, A. and Dolo, V. (2002)
Shedding of the matrix metalloproteinases MMP-2, MMP-9, and MTI-MMP as
membrane vesicle-associated components by endothelial cells. Am J Pathol, 160, 673-
680.

Theeler, B. J. and Ney, J. P. (2008) A patient with idiopathic thrombocytopenic purpura
presenting with an acute ischemic stroke. J Stroke Cerebrovasc Dis, 17, 244-245.

Thery, C., Amigorena, S., Raposo, G. and Clayton, A. (2006) Isolation and characterization of
exosomes from cell culture supernatants and biological fluids. Curr Protoc Cell Biol,
Chapter 3, Unit 3 22.

27



Thery, C., Boussac, M., Veron, P., Ricciardi-Castagnoli, P., Raposo, G., Garin, J. and
Amigorena, S. (2001) Proteomic analysis of dendritic cell-derived exosomes: a
secreted subcellular compartment distinct from apoptotic vesicles. J Immunol, 166,
7309-7318.

Thery, C., Zitvogel, L. and Amigorena, S. (2002) Exosomes: composition, biogenesis and
function. Nat Rev Immunol, 2, 569-579.

Toti, F. and Freyssinet, J.-M. (2005) An ABC for Scott syndrome? Blood, 106, 396-a-397.

Toti, F., Satta, N., Fressinaud, E., Meyer, D. and Freyssinet, J. M. (1996) Scott syndrome,
characterized by impaired transmembrane migration of procoagulant
phosphatidylserine and hemorrhagic complications, is an inherited disorder. Blood, 87,
1409-1415.

van der Heyde, H. C., Nolan, J., Combes, V., Gramaglia, 1. and Grau, G. E. (2006) A unified
hypothesis for the genesis of cerebral malaria: sequestration, inflammation and
hemostasis leading to microcirculatory dysfunction. 7rends Parasitol, 22, 503-508.

Weiss, H. J. (1994) Scott syndrome: a disorder of platelet coagulant activity. Semin Hematol,
31, 312-319.

Williams, J. B, Jauch, E. C., Lindsell, C. J. and Campos, B. (2007) Endothelial microparticle
levels are similar in acute ischemic stroke and stroke mimics due to activation and not
apoptosis/necrosis. Acad Emerg Med, 14, 685-690.

Wolf, P. (1967) The nature and significance of platelet products in human plasma. Br J
Haematol, 13, 269-288.

Zappaterra, M. D, Lisgo, S. N., Lindsay, S., Gygi, S. P., Walsh, C. A. and Ballif, B. A.
(2007) A comparative proteomic analysis of human and rat embryonic cerebrospinal
fluid. J Proteome Res, 6, 3537-3548.

Zwaal, R. F., Comfurius, P. and Bevers, E. M. (2005) Surface exposure of phosphatidylserine
in pathological cells. Cell Mol Life Sci, 62, 971-988.

28



