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Introduction
Summary. Background: Platelet membrane phosphatidylserine
(PS) is considered to be essential for hemostasis and thrombosis,
but the in vivo topography of platelet PS has not been
characterized. We hypothesized that platelet PS exposure would
be identiﬁed on adherent platelets at the site of vascular injury
and that blockade of PS would impede hemostasis and
thrombosis. Objective: To localize and estimate the extent of
platelet PS exposure and evaluate the impact of PS blockade
in vivo. Methods: Lactadherin, a PS-binding milk protein, was
utilized together with annexin V to detect both partial and
complete membrane PS exposure on platelets in a mouse model
of thrombosis and to evaluate the functional need for PS.
Preliminary experiments were performed with synthetic membranes and with puriﬁed platelets. Results: The number of
lactadherin-binding sites on synthetic membranes was proportional to PS content, whereas annexin V required a threshold of
2.5–8% PS. Approximately 95% of thrombin-stimulated
platelets exposed PS, but the quantity was below the threshold
for annexin V binding at physiologic Ca2+ concentrations. In
mice, most adherent and aggregated platelets on the walls of
ferric chloride-treated mesenteric veins exposed low levels of PS,
rather than having complete exposure. In mice, blockade of PS
with lactadherin inhibited platelet prothrombinase and factor Xase activity, and prolonged tail bleeding time and the time
to carotid artery thrombosis. Conclusions: In vivo PS exposure
contributes to both hemostasis and thrombosis. In this model of
vascular injury, most platelets exhibit partial rather than
complete PS exposure.
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Current models of hemostasis and thrombosis indicate that
phospholipid, and particularly phosphatidylserine (PS), is an
essential cofactor. Under quiescent conditions, PS is largely
hidden from circulating blood on the inner leaﬂet of the plasma
membranes of platelets. However, platelets undergo a terminal,
apoptosis-like process and redistribute PS to the outer leaﬂet of
the plasma membrane [1–3]. In addition, viable platelets can
expose limited quantities of PS to support coagulation
reactions [4,5]. However, the extent and location of platelet
PS exposure in vivo and the necessity of this for hemostasis and
thrombosis has been largely inferred from in vitro work, rather
than empirically tested.
PS exposure is frequently detected through binding of
ﬂuorescently labeled annexin V [6]. The extent to which
annexin V binds to a membrane is a complex function related
to the free annexin V concentration, membrane PS content,
phosphatidylethanolamine (PE) content, and ambient Ca2+
concentration (see Supplementary material). The established
studies do not include an explicit correlation of annexin V
binding with cell membrane PS content. Thus, absence of
annexin V binding is sometimes interpreted as absence of PS,
whereas some in vitro studies suggest the possibility that PS
might be exposed on stimulated platelets [7,8] but remain below
the threshold value required for annexin V binding.
Lactadherin is also a PS-binding protein and has a domain
structure that includes two epithelial growth factor-like
domains, and two lectin-type ÔCÕ domains that are homologous
with the PS-binding domains of blood clotting factor VIII [9].
The biology of lactadherin has been emerging from recent
in vivo studies (see Supplementary material). Lactadherin
exhibits stereoselective interaction with phospho-L-serine of
PS [10,11], and PS binding is predominantly mediated by the
C2 domain [10]. In contrast to that of annexin V, membrane
binding of lactadherin appears to be proportional to PS
content, is independent of Ca2+ concentration, and is
independent of membrane PE content [12]. We have recently
reported that ﬂuorescently labeled lactadherin can be utilized to
provide sensitive information about the extent and location of
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PS exposure on cells early in apoptosis [13]. We have also
utilized the C2 domain of lactadherin to localize intracellular
PS in quiescent and stimulated cells [14].
This work aimed to investigate the hypothesis that platelet
PS exposure accompanies vascular injury and is required for
hemostasis and thrombosis. The results indicate that lactadherin and annexin V can be utilized to detect and estimate the
extent of PS exposure. In vivo studies conﬁrmed the presence of
primarily partial platelet PS exposure on adherent platelets in
the course of venous thrombus formation and the necessity of
exposed PS for hemostasis and thrombosis.
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See Supplementary material.
Results
We hypothesized that the contrasting PS-binding properties of
lactadherin and annexin V would enable in vivo detection of
exposed platelet PS as well as an estimate of the extent to which
PS is exposed [13]. Preliminary studies were performed with
synthetic membranes supported by 2-lm glass microspheres
[15] (Fig. 1). The Ca2+ concentration was 1.5 mM, near the
upper limit of Ca2+ in blood plasma [16]. First, we assumed
that PE exposure would not increase with PS exposure. Thus,
the PS content was varied from 0% to 12% in membranes with
the PE content ﬁxed at 2% (Fig. 1A). Bound lactadherin
increased with PS content and approached a plateau at 8% PS.
In contrast, annexin V binding was evident only when the PS
content was at least 8% (Fig. 1B). When the ambient
lactadherin concentration was 4 nM, the quantity bound to
membranes was proportional to PS content for PS < 4% but
tapered towards a plateau at higher concentrations (Fig. 1C).
Assuming that PE might be exposed more extensively than
PS, we synthesized membranes with a PE/PS ratio of 4 : 1
(Fig. 1D). Binding curves indicated that the number of
lactadherin-binding sites remained proportional to PS content
for PS < 8%, as previously reported [13]. When the ambient
concentration of lactadherin or annexin V was 4 nM, the
presence of excess PE reduced the PS threshold for annexin V
to  2.5% PS vs. 8% PS (Fig. 1C). These results predict that
lactadherin will bind to cell membranes with PS content
‡ 0.5% and be largely unaffected by PE content. Annexin V is
predicted to bind when the PS content exceeds 2.5–8%,
depending on the PE content. Annexin V supplied by three
vendors, conjugated with three different ﬂuorophores, gave
equivalent results. A conjugate of annexin V–Alexa Fluor 647
prepared in our laboratory was utilized for the experiments
displayed in Figs 2 and 3.
Partial and complete platelet PS exposure

Experiments with puriﬁed platelets were performed to characterize PS exposure by incubation with lactadherin and annexin
V. Stimulation of platelets with a calcium ionophore led to two
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Fig. 1. Relationship of membrane phosphatidylserine (PS) content to
lactadherin and annexin V binding. Fluorescein-labeled lactadherin (A)
or fluorescein-labeled annexin V (B) was mixed with lipospheres.
Membranes had 0--12% PS, 2% phosphatidylethanolamine (PE) and the
balance as phosphatidylcholine. Bound lactadherin or annexin V was
evaluated by flow cytometry after 10 min. Values for annexin V binding
to membranes of 2%, 4% and 6% PS overlapped with 0% PS values, so
that most data points for these curves are hidden by the filled squares for
the 0% PS curve. (C) Four nanomolar fluorescein-labeled lactadherin (d)
or annexin V (s) was incubated with lipospheres of various membrane
compositions [from (A) and (B)]. Results are normalized to the quantity of
bound annexin V or lactadherin at 12% PS. (D) The effect of increasing
PE on binding was evaluated. Four nanomolar fluorescein-labeled
lactadherin or annexin V was incubated with lipospheres of varying PS
content with a PE/PS ratio of 4 : 1, the balance being PC.

levels of PS exposure (Fig. 2). Shear stress and mixing were
minimized so that microparticles usually represented fewer
than 10% of events [17,18], and the detection gate was set to
exclude microparticles, as previously described [7]. When the
concentration of A23187 was 0.25 lM, most platelets bound
lactadherin but not annexin V, suggesting that PS was exposed
but that the PS content remained below the annexin V
 2008 International Society on Thrombosis and Haemostasis
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results, indicating that competition between the two proteins
did not explain the lack of binding by annexin V. In addition,
control experiments showed that these concentrations of
lactadherin and annexin V do not inﬂuence the binding of
the other by more than 20% on synthetic membranes [13].
When the concentration of A23187 was increased to 1 lM,
approximately half of the platelets bound much more lactadherin and annexin V. At higher concentrations of A23187, all of
the platelets bound both lactadherin and annexin V (not
shown). Control experiments indicated that binding of lactadherin is mediated via the PS-binding C2 domain rather than
the integrin-binding epidermal growth factor domain for both
levels of PS exposure (supplementary Fig. S1). Plateletsupported factor Xase activity and prothrombinase activity
were inhibited > 95% by lactadherin (supplementary Fig. S2).
Inhibition by annexin V was similar to that by lactadherin at
concentrations up to 20 nM for platelets stimulated with the
highest concentrations of ionophore, but annexin V was
otherwise less effective than lactadherin. Thus, these data
conﬁrm that platelets have capacity for regulated, partial PS
exposure as well as complete PS exposure. Furthermore, the
data conﬁrm that exposed platelet PS is necessary to support
procoagulant activity at both levels of PS exposure.
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Fig. 2. Phosphatidylserine exposure on platelets stimulated with A23187.
Fluorescein-labeled lactadherin, 4 nM, and Alexa Fluor 647–annexin V,
4 nM, were added to platelets, 1 · 106 mL)1, and measurements of platelet
ﬂuorescence were obtained after addition of buﬀer control (Resting)
0.25 lM, or 1.0 lM A23187. Five minutes after exposure to A23187,
platelets exhibited increased lactadherin binding, and at 1.0 lM A23187,
increased annexin V binding and a further increase in lactadherin binding.
Contour lines indicate 15% linear increments of event density. Cross-hairs
mark modal ﬂuorescence for resting platelets.

threshold. The width and shape of the platelet contour plot did
not broaden, indicating that most of the platelet population
exposed PS to a similar degree. A few platelets stained brightly
with both lactadherin and annexin V, as shown in Fig. 3. This
minor population was excluded from the linear contour plots
of the upper and middle panels by the data reduction algorithm
(threshold of 1% event density). Staining with either annexin V
or lactadherin, in the absence of the other, yielded equivalent
 2008 International Society on Thrombosis and Haemostasis

We investigated whether lactadherin binding would identify
limited PS exposure on platelets stimulated by thrombin,
analogously to low concentrations of A23187 (Fig. 3A).
Thrombin caused exposure of binding sites for lactadherin,
although the intensity of staining was less than that produced by
the lower concentrations of ionophore (Fig. 3A). Binding of
annexin V to the major platelet population was not detected.
Subsequent experiments, performed with the protease-activated
receptor-1 (PAR-1) agonist, thrombin receptor activation peptide (TRAP), gave equivalent lactadherin binding (Fig. 3B).
Control experiments, analogous to those shown in supplementary Fig. S1, conﬁrmed that lactadherin binds to TRAPstimulated platelets via the PS-binding C2 domain (not shown).
Thus, PAR-1 stimulation is sufﬁcient to cause PS exposure and
was utilized as an agonist for the experiments displayed in Fig. 5.
A small fraction of platelets were strongly positive for both
annexin V and lactadherin (region M2, Fig. 3A). This fraction
ranged from 0.5% to 1.5% for unstimulated platelets and from
0.8% to 3% for platelets stimulated with TRAP, thrombin, or
0.1–0.5 lM A23187. The fraction of platelets with complete PS
exposure was only minimally inﬂuenced by puriﬁcation on a
density gradient vs. simple dilution of platelet-rich plasma (not
shown). Thus, the platelets with maximal PS exposure did not
appear to result from the puriﬁcation procedure.
In vivo pattern of platelet PS exposure is predominantly
partial

We performed experiments to determine the location and
extent of PS exposure on platelets during in vivo thrombosis.
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Fig. 3. Expression of phosphatidylserine (PS) on platelets stimulated via the protease-activated receptor-1 thrombin receptor. (A) Fluorescein-labeled
lactadherin and Alexa Fluor 647-labeled annexin V were mixed with the platelets prior to the addition of 10 nM thrombin, as in Fig 2. Gates M1 and M2
indicate platelets that were classiﬁed as having regulated PS exposure vs. complete exposure. (B) Various quantities of thrombin receptor activation peptide
(TRAP) were added to platelets to evaluate the optimal concentration for stimulating exposure of PS detected with lactadherin ( ) and annexin V (s).

Anesthetized mice were injected with 1 lg each of lactadherin
and annexin V immediately prior to induction of mesenteric
vein thrombosis with ferric chloride (Fig. 4). The
concentrations of both proteins were sufﬁciently low that the
rates of thrombosis and hemostasis were unaffected (see below
and Fig. 5). At this time point, most veins remained patent
(Fig. 4A), but intramural hemorrhage and early luminal
thrombosis were underway (Fig. 4B).
Fibrin(ogen) was identiﬁed along the injured vessel wall and
within platelet aggregates (Fig. 4C, red color). Platelets were
located along the injured vessel wall as well as on ﬁbrin strands
within the lumen (Fig. 4D). Lactadherin colocalized with
platelets and the elevated endothelium along the vessel wall
(Fig. 4E). However, the platelet aggregates in the vessel lumen
(Fig. 4F) and platelets along ﬁbrin strands did not detectably
stain. Unlike lactadherin, annexin V did not detectably stain
either platelets or other components of the developing thrombi.
Serial dilutions of lactadherin vs. annexin V in a dot blot
calibration assay indicated that the polyclonal antibody for
annexin V was within 4-fold of the sensitivity for lactadherin.
These results indicate that platelets adjacent to an injured vessel
expose more accessible PS than those that adhere to other
platelets or to ﬁbrin in the lumen. Platelets from control mice
that did not receive lactadherin and annexin V injections did
not stain with these antibodies, indicating a lack of crossreaction with murine proteins.
Use of the TrueBlue horseradish peroxidase substrate, as
previously described for in vivo detection of annexin V binding
[19], enhanced the sensitivity of the immunohistochemistry.
With this dye, annexin V was detected on occasional platelets
and on some endothelial cells (Fig. 4G,H). However, the
majority of adherent and aggregated platelets did not stain for
annexin V. Using the TrueBlue substrate, lactadherin was
detected on virtually all adherent and aggregated platelets
(Fig. 4I,J). Platelet aggregates were costained with anti-CD41
to identify platelets in complex thrombi (Fig. 4I). Lactadherin
staining was also observed on occasional endothelial cells and a
small number of trapped red cells (Fig. 4J). The number of
adherent and aggregated platelets varied considerably in
different vessels, as did the quantity of ﬁbrin. However, the

pattern of platelet and endothelial staining by lactadherin and
annexin V was consistent throughout the sections. Taken
together, these immunohistochemical data indicate that most
adherent and aggregated platelets expose PS below the
threshold for annexin V binding and that platelets close to
the vessel wall expose more PS than those that are more than
approximately ﬁve platelet diameters from the wall.
Inhibition of thrombosis and hemostasis by PS blockade

The capacity of lactadherin and annexin V to inhibit the
procoagulant activity of stimulated platelets was investigated
(Fig. 5). Platelets were stimulated with TRAP, and the
inhibitory effects on FXa production and thrombin production
were evaluated. Lactadherin inhibited more than 99% of FXa
and more than 98% of thrombin production. In contrast,
annexin V inhibition approached a plateau at somewhat over
90% inhibition. Thus, accessible platelet membrane PS is
necessary for efﬁcient procoagulant activity in vitro.
Prior results from our laboratory indicated that plateletdependent clotting of whole blood is inhibited by lactadherin
[12]. Thus, we hypothesized that lactadherin would exhibit
in vivo anticoagulant activity. To test this hypothesis, experiments were performed on anesthetized mice (Fig. 5C,D). Mice
were injected with 0.21 nmol of lactadherin or annexin V prior
to transection of the tail. Blood loss was approximately 4-fold
higher following lactadherin injection. The results were equivalent when analyzed according to the bleeding times. Equimolar doses of annexin V did not prolong the tail bleeding time.
Thus, access of blood to membrane PS is required for normal
hemostasis.
To evaluate the necessity of PS exposure for in vivo
thrombosis, lactadherin was evaluated in a carotid artery
occlusion model (Fig. 5D). Lactadherin doses £ 0.12 nmol did
not affect time to occlusion. In contrast, doses of 0.16–
0.42 nmol prolonged time to occlusion from approximately
37 min, consistent with prior reports [20], to approximately
80 min. Four of the treated mice had not yet occluded their
carotid arteries when the experiment was terminated after
90 min (arrows). Carotid artery occlusion experiments were
 2008 International Society on Thrombosis and Haemostasis

Lactadherin and platelet phosphatidylserine 1171
A

B

F

I

E

D

C

G

H

J

Fig. 4. Phosphatidylserine exposure in mouse mesenteric venous thrombosis. (A) Hematoxylin and eosin-stained sections with intramural hemorrhage
(open triangles) and congestion (arrow). At higher magnification (B), the intramural hemorrhage (open star) was distinguishable from the elevated
endothelium (open arrow) aggregated platelets (closed arrow) and erythrocytes (closed triangle). Serial sections were stained with anti-fibrinogen/fibrin (C),
anti-platelet (D) and anti-lactadherin antibodies (E) developed with the alkaline phosphatase Vector Red substrate. A layer of fibrinogen/fibrin (C, closed
arrows) overlaid a mural hemorrhage (open star). Platelets (D) were scattered along the luminal surface of the thrombus (open triangles) as well as upon
fibrinogen/fibrin strands extending into the lumen. Lactadherin staining (E) was strongest along the raised endothelium surface (closed arrow), including
adherent platelets close to the wall. Platelets on fibrin strands did not stain detectably (open arrow) (E). Higher magnification of a large platelet aggregate
(F) revealed staining of the endothelium (open arrow) and the aggregated platelets within 5--10 platelet diameters of the endothelium (open triangle).
Platelets further from the wall did not stain detectably (closed arrow). Annexin V was detected with TrueBlue stain (G, H) on scattered platelets and
endothelial cells (closed arrows). Most aggregated platelets did not stain detectably for annexin V (open arrow). Lactadherin staining with TrueBlue
indicated that all of the aggregated platelets stained at a level that had been undetectable with Vector Red (I, J). Large platelet aggregates were marked by
reticular lactadherin staining (I, closed arrows). The intense red of the platelet aggregates reflects costaining with anti-CD41 and Vector Red. A longitudinal
vein section (J) illustrates staining of platelets and endothelium (closed arrows) and peripheral staining around scattered erythrocytes (open arrow).
Displayed panels are representative of 30--40 thrombi examined in eight mice, treated in three groups.

also performed following injection of annexin V (data not
shown). The degree of inhibition was substantially less than
with lactadherin. However, the absence of comparative pharmacokinetic data for lactadherin vs. annexin V makes these
data difﬁcult to compare. The results conﬁrm that blockade of
PS exposure by lactadherin inhibits thrombosis as well as
hemostasis.
Discussion
This article demonstrates that platelet PS exposure can be
detected in vitro and in vivo with lactadherin and annexin V.
 2008 International Society on Thrombosis and Haemostasis

Lactadherin binds to platelets with partial PS exposure,
whereas both reagents bind to platelets that have complete
PS exposure. Most adherent platelets in a murine thrombosis
model stained with lactadherin but not annexin V, indicating
that PS exposure on most platelets was limited rather than
complete. Prolongation of the tail bleeding time and the carotid
artery occlusion time by lactadherin conﬁrmed that in vivo
access of blood coagulation proteins to PS-containing membrane contributes to both hemostasis and thrombosis.
FVIII and FV bind to PS in a stereoselective manner [21,22].
Binding of the activated proteins, together with the respective
serine proteinases, FIXa and FXa, leads to condensation on
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Fig. 5. Inhibition of coagulation by phosphatidylserine-blocking proteins.
Platelets were stimulated with 10 lM thrombin receptor activation peptide
for 10 min, and the generation of factor Xa (A) or thrombin (B) was
measured in the presence of various concentrations of lactadherin (d) or
annexin V (D). Other experimental conditions were as described in the
legend to supplementary Fig. S2. (C) The eﬀect of lactadherin (0.21 nmol)
and annexin V (0.21 nmol) on the tail bleeding volume of mice was
evaluated. Blood loss increased nearly 4-fold following lactadherin injection (P = 0.001, Mann–Whitney analysis) but was not signiﬁcantly
changed by annexin. (D) The eﬀect of lactadherin on thrombosis was
evaluated in a mouse carotid artery injury model. The time to occlusion
was monitored. Four mice, treated with lactadherin, had not occluded
carotid arteries at the termination of the 90-min experiment (arrows).
Diﬀerence between means P = 0.03 (Mann–Whitney analysis, assuming
90-min occlusion times for four non-occluding animals).

the membrane as well as allosteric activation of the assembled
procoagulant complexes [23,24]. The data in this article indicate
that blockade of platelet PS with lactadherin inhibits > 98%
of activity for both the factor Xase and the prothrombinase
complexes. Thus, competition by lactadherin for PS-binding
sites probably contributes to the in vivo anticoagulant activity
of lactadherin. We have recently solved the crystal structure of
the lactadherin C2 domain and identiﬁed membraneinteractive amino acids [25]. Ongoing studies will seek to
identify the interactions that are essential for the anticoagulant
functionality.
Our data obtained with annexin V and lactadherin are
consistent with prior reports. In studies of ex vivo and in vivo
thrombus formation, platelets staining with annexin V were
scattered near the periphery of platelet–ﬁbrin aggregates, and
ﬁbrin generation in venules proceeded with no annexin V
staining [26]. A preliminary report using different methodology
indicated that annexin V does not localize to aggregated
platelets at a site of vascular injury but stains the local
endothelial cells [27]. The requirement of annexin V for
membrane PS content > 1% was previously observed [28].
The absence of binding sites for annexin V on most thrombinstimulated platelets has also been reported [29]. Prior inhibition
of platelet factor Xase activity and platelet prothrombinase

was consistent with the degree of inhibition that we observed,
although the experimental details were different [30–32].
Likewise, the binding of annexin V to platelets stimulated
with >1 lM A23187 is consistent with prior reports, and
conﬁrmed that the annexin V that we utilized was intact [29].
A recent report also indicated that lactadherin binds puriﬁed,
thrombin-stimulated platelets when little or no annexin V
binding is demonstrable [33].
The in vivo anticoagulant activities of lactadherin and
annexin V can be rationalized with the in vitro activities and
with prior reports. Our data indicate that lactadherin inhibits
hemostasis but annexin V has no impact at the doses tested.
This is consistent with prior reports in which annexin V did not
inhibit hemostasis in rats [34] or in rabbits [35,36]. These
ﬁndings suggest that the greatest source of procoagulant activity
for hemostasis comes from platelets with limited PS exposure.
Our data indicate that annexin V inhibits carotid artery
occlusion, although to a lesser degree than lactadherin. Prior
data indicate that annexin V inhibits ﬁbrin accumulation in
mesenteric [34] and carotid arteries [36] as well as jugular veins
[35]. Thus, annexin V appears to be a more effective
anticoagulant in vascular injury models in which the endothelium and the adjacent layer of adherent platelets are likely to
have complete PS exposure. Our in vitro data predict that
lactadherin will be a more effective inhibitor of thrombotic
occlusion than annexin V because it is a more effective inhibitor
of FXa and thrombin generation. However, the best experimental comparison will require stable, comparable plasma
concentrations of the two phospholipid-binding proteins.
Prior evidence has implied that thrombin-stimulated, intact
platelets have the capacity to express PS in a limited, regulated
fashion [8,37,38] as well as the capacity to progress to complete,
apoptosis-like PS exposure [1,3]. The extent of PS exposure
elicited by calcium ionophore is equivalent to the extent of PS
exposure when platelets are stimulated by both thrombin and
collagen, underscoring the fact that maximal PS exposure
occurs with both pathways of stimulation [1]. In addition,
stimulated platelets can shed plasma membrane vesicles with
complete PS exposure [39–41]. This study emphasized detection
of PS exposure on platelets rather than on microparticles. For
in vitro studies, microparticle formation was minimized by
application of low sheer stress [18], and microparticles were
excluded from ﬂow cytometry analysis by selective gating.
However, we looked for platelet microparticles in histologic
sections as punctate regions staining for lactadherin and
annexin V. These were not clearly identiﬁed. However, it
remains possible that microparticles were present but that the
number was too small to make them evident. Our in vitro data
conﬁrmed that 1.5–3% of platelets progressed to complete PS
exposure in response to PAR-1 stimulation. Our in vivo data
demonstrated a similar fraction of platelets that bound
annexin V at the site of provoked venous thrombosis. The
relative procoagulant contribution of the platelets with complete PS exposure is higher in vitro [42]. The relative procoagulant contribution in vivo will probably be clariﬁed through
additional studies with genetically altered animals [43] and,
 2008 International Society on Thrombosis and Haemostasis
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possibly, as future reagents are developed that selectively block
PS-dependent coagulation reactions on PS-rich vs. PS-poor
membranes.
Although lactadherin and annexin V bind to PS-containing
membranes with similar afﬁnities, each protein does not
compete efﬁciently for the otherÕs binding sites on synthetic
membranes [13]. The similarity between the binding mechanism
of lactadherin and that of blood coagulation proteins FV and
FVIII correlates with the capacity to predictably inhibit
coagulation reactions based on phospholipid membranes while
reactions supported by some membranes are not inhibited
effectively by annexin V [12]. The data in this report suggest
that platelet membranes may display procoagulant binding
sites expressing low quantities of PS and/or with high degrees
of curvature that support coagulation and are blocked by
lactadherin but not annexin V. We note an apparent conﬂict
between the absence of annexin V binding to thrombinstimulated platelets and the capacity of annexin V to inhibit
70–95% of platelet-dependent prothrombinase and factor Xase
activity. Both results have been previously reported [29,32], so
we do not believe that the apparent conﬂict is an artefact
related to our experimental system. It is possible that the
annexin V multimers that form at higher concentrations in the
presence of Ca2+ bind to thrombin-stimulated platelets
whereas annexin V monomers do not. It is also possible that
annexin V has a low afﬁnity for both platelet membranes and
one or more proteins of the prothrombinase and factor Xase
complexes. Thus, annexin V would bind and inhibit function
only when the proteins of the enzyme complexes were present.
It also remains possible that the in vivo staining and anticoagulant effects of both annexin V and lactadherin are further
modiﬁed by plasma proteins. The current data are sufﬁcient to
conclude that lactadherin has the capacity to inhibit > 98% of
prothrombinase and factor Xase activity related to platelets
and that the inhibitory capacity of annexin V is lower.
In summary, lactadherin and annexin V can be used to
estimate the extent of platelet PS exposure in vitro and in vivo.
With this approach, we have found that most platelets at the
site of vascular injury expose PS but that the extent of PS
exposure remains below the threshold for annexin V binding.
Thus, the platelet mechanism for regulating PS exposure
following adhesion to sites of vascular injury could be a
regulatory element of hemostasis and thrombosis. The capacity
of lactadherin to efﬁciently block procoagulant PS enabled
studies that conﬁrmed that exposed PS is essential for normal
hemostasis and thrombosis.
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