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Abstract

Background: Acute traumatic coagulopathy (ATC) has been linked to an increase in activated protein C (aPC) from 40 pM in
healthy individuals to 175 pM. aPC exerts its activity primarily through cleavage of active coagulation factor Va (fVa).
Platelets reportedly possess fVa which is more resistant to aPC cleavage than plasma fVa; this work examines the hypothesis
that normal platelets are sufficient to maintain coagulation in the presence of elevated aPC.

Methods: Coagulation responses of normal plasma, fV deficient plasma (fVdp), and isolated normal platelets in fVdp were
conducted: prothrombin (PT) tests, turbidimetry, and thromboelastography (TEG), including the dose response of aPC on
the samples.

Results: PT and turbidimetric assays demonstrate that normal plasma is resistant to aPC at doses much higher than those
found in ATC. Additionally, an average physiological number of washed normal platelets (200,000 platelets/mm3) was
sufficient to eliminate the anti-coagulant effects of aPC up to 10 nM, nearly two orders of magnitude above the ATC
concentration and even the steady-state pharmacological concentration of human recombinant aPC, as measured by TEG.
aPC also demonstrated no significant effect on clot lysis in normal plasma samples with or without platelets.

Conclusions: Although platelet fVa shows slightly superior resistance to aPC’s effects compared to plasma fVa in static
models, neither fVa is sufficiently cleaved in simulations of ATC or pharmacologically-delivered aPC to diminish coagulation
parameters. aPC is likely a correlative indicator of ATC or may play a cooperative role with other activity altering products
generated in ATC.
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Background

Uncontrolled hemorrhage remains the leading cause of

preventable death following trauma [1,2]. Severe trauma featuring

both tissue damage and shock is associated with abnormal results

in ex vivo coagulation function tests, independent of iatrogenic

perturbations caused by hemodilution with crystalloid or colloid

[3,4]. This early coagulopathy has been linked with increased

transfusion requirements, mortality, and morbidity [5,6]. Termed

acute traumatic coagulopathy (ATC), this syndrome is defined by

an international normalized ratio (INR) greater than 1.2 and

occurs within the first thirty minutes following trauma [3,4,7,8].

ATC is associated with a decrease in total protein C (PC) and an

increase in activated protein C (aPC). It has been hypothesized

that ATC is caused, at least in part, by the proteolytic functions of

aPC [9,10].

PC is activated in the presence of a-thrombin (fIIa), a process

which is greatly accelerated when fIIa is complexed with

thrombomodulin (TM) and endothelial protein C receptor (EPCR)

[11]. aPC is a serine protease that exerts anticoagulant effects

primarily through the inactivation of the co-enzyme factor (f) Va.

aPC also inactivates fVIIIa but has a much higher affinity for fVa;

at least one study demonstrates that the thrombin-inhibiting ability

of aPC is primarily through its actions on fVa [12]. Notably,

depletion of both fV and fVIII is reported in ATC [10]. aPC

inactivates fVa primarily through initial cleavage at Arg506 and

subsequent cleavage at Arg306, accelerating further cleavage and

preventing assembly of the prothrombinase complex, completing a

negative feedback loop for fIIa and subsequent PC activation [12].

This process significantly decreases rates of and maximum

thrombin generation in closed systems with soluble TM [12]

and in TM-expressing endothelial cells [13,14]. In normal

hemostasis, the presence of endothelial-expressed TM aids in

restricting a clot to dimensions that are congruent with the

vascular wound area [15], presumably through the activation of

PC. Whether this process functions normally in severe trauma
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with damage to large microvascular beds remains to be

determined.

High concentrations of aPC are thought to facilitate fibrinolysis,

possibly through binding plasminogen activator inhibitor-1 (PAI-1)

[16,17]. This is further corroborated by a correlation between

decreasing protein C and PAI-1 with increasing tissue plasmin-

ogen activator (tPA) and D-dimer [8,18]. However, the profibri-

nolytic properties of aPC are dependent on its downstream effects

on thrombin-activatable fibrinolysis inhibitor (TAFI); inactivation

of fVa reduces fIIa production which reduces TAFI activation

[19]. In trauma, activated platelets release Platelet Factor 4 (PF4),

which acts as a soluble cofactor promoting aPC generation by the

fIIa-TM complex while simultaneously inhibiting the activation of

TAFI by fIIa-TM [20]. This complexity of mechanisms suggests

that the interaction of aPC and PAI-1 may actually be insignificant

since the reduction in fIIa production by aPC could lead to a delay

in fibrinolysis [21].

Since ATC is characterized by PC activation, depletion of fV/

fVIII, and possible fibrinolytic effects from aPC neutralization of

PAI-1, it is posited that a large-scale activation of PC in massive

trauma is directly responsible for the poor outcomes associated

with ATC. Circulating aPC levels have been estimated at about

40 pM in healthy individuals [22]. It has been suggested that ATC

is induced by aPC levels near 10 ng/mL (,175 pM), reflecting

activation of approximately 0.2% of the total average circulating

protein C (3750 ng/mL; ,65.8 nM) [10]. Drotrecogin alfa

(activated) (DrotAA) is recombinant human aPC previously

marketed for severe sepsis under the brand name Xigris (Eli Lilly,

Indianapolis, IN); the median steady-state concentration of

DrotAA following an infusion of 12–30 mg/kg/hr is 45 ng/mL

(,790 pM), dissipating below 10 ng/mL within two hours [23].

Both 175 pM and 790 pM are considered anti-thrombotic within

their clinical contexts, sufficient to reduce plasma fV levels

[10,24,25].

fV exists in two pools distinguished by differences in structure,

function, and susceptibility to inactivation: the platelet fV fraction

(,20%) has been established as being refractory to aPC cleavage

compared to the plasma fraction (,80%) [26–28].

Previous studies have shown that hemostatic thrombin gener-

ation can be produced by introducing platelets in patients suffering

from fV-deficiency or in plasma treated to be fV-deficient [29].

We hypothesized that a physiologically normal concentration of

healthy platelets would possess fV capable of resisting the anti-

coagulant effects of aPC at the reported ATC-inducing concen-

tration. To test this hypothesis, we investigated the concentration

of aPC required to induce significant delays in clot time, decrease

clot strength, or induce fibrinolysis as described in ATC, as well as

the number of platelets necessary to correct aPC-perturbed

coagulation parameters. The results indicate that the concentra-

tion of aPC required to induce an acute coagulopathy in an

otherwise healthy patient’s plasma is well beyond reported

pathophysiologic levels. In platelets especially, fV is resistant to

moderately high aPC in clinically relevant static or low-shear

models such as thromboelastography.

Methods

Ethics Statement
This study was conducted under a protocol reviewed and

approved by the San Antonio Military Medical Center Institu-

tional Review Board, and in accordance with good clinical

practices. Written informed consent was obtained from blood

donors.

Blood and Plasma Preparation
De-identified fresh whole blood from healthy donors (50 mL)

was collected in 4.5 mL BD Vacutainer tubes (10.9 mM buffered

sodium citrate; Becton-Dickinson, Franklin Lakes, NJ); each

sample was collected from a new donor and processed immedi-

ately.

Plasma samples were prepared through a series of centrifugation

steps: 200-g for 10 min with minimal braking separated platelet-

rich plasma (PRP) which was collected and stored at 22 uC;

additional centrifugation of the sample at 2,000-g for 10 min

isolated platelet-poor plasma (PPP). PPP was additionally centri-

fuged at 10,000-g for 4 min to generate platelet-free plasma (PFP)

and kept on ice until use.

Frozen citrated fV immunodepleted plasma (fVdp; Haemato-

logic Technologies, Essex Junction, VT) was rapidly thawed in a

37 uC water bath immediately prior to use. Per the manufacturer,

this lot of plasma (BB0926) has a prothrombin time (PT) of 53.7 s,

activated partial thromboplastin time (APTT) of 110.9 s, fV,1%

normal, and other coagulation factors within normal ranges.

Frozen citrated fVIII chemically depleted plasma (fVIIIdp;

Haematologic Technologies) was handled in the same manner;

this lot of plasma (DD0220B) has a PT of 12.1 s, an APTT of

91.8 s, fVIII ,1% normal, and other coagulation factors in their

normal ranges.

Corn trypsin inhibitor (CTI; 20 mg/mL; Haematologic Tech-

nologies) was added to all samples to assure contact pathway

blockade for 1 hour. The lipidated recombinant tissue factor

Innovin (Dade-Behring, Marburg, Germany) was used to initiate

clotting at a 1:5000 dilution. Citrated plasma was recalcified

immediately prior to experiments with 15 mM CaCl2 (Sigma-

Aldrich, St. Louis, MO).

PT/INR Analysis
The STA-R Evolution (Diagnostica-Stago, Parsippany, NJ) was

used to collect PT data. Briefly, 100 ml STA Neoplastine CI Plus

10 reagent (freeze-dried thromboplastin from rabbit containing

calcium) was prepared according to manufacturer’s instructions

and mixed with 50 ml plasma (pre-incubated at 37 uC). The Mean

Normal PT is listed as 13.5 s for this device, and INR is calculated

by the formula INR = (Sample PT/Mean Normal PT)ISI, where

ISI is the International Sensitivity Index, given as 1.21 for these

reagents.

Turbidimetric Assays
The Spectramax M5e plate reading spectrophotometer (Mo-

lecular Devices, Sunnyvale, CA) was used to collect turbidimetric

absorbance measurements which are correlated with fibrin

network formation. The spectrophotometer was run in kinetic

absorbance mode (405 nm) for 90 min with 20 s intervals at 37

uC. Total volume per well was 100 mL. Assays were conducted in

96-well flat clear bottom polystyrene non-treated microplates

(Costar 3615, Corning, Tewksbury, MA). Results were exported

from SoftMax Pro 5.4.5 (Molecular Devices) for analysis.

The effects of purified aPC (Lot CC0118, Haematologic

Technologies) on clot time in plasma were examined by

performing a serial dilution of aPC concentrations from 0.001–

100 nM, with 100 nM being ,50% above the theoretical average

maximum amount of aPC that can exist systemically (,65.8 nM).

This protein was used in all aPC-inclusive assays and has been

demonstrated to have full physiologic function [30–34].

aPC concentrations were incubated with plasma for 3 min at

room temperature. Innovin was added to plasma immediately

before distribution to the 96-well plate (preloaded with CaCl2).

The ability of recombinant human soluble EPCR (Novoprotein,
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Summit, NJ) and phosopholipid in the form of an emulsion of

phosphatidyl choline (PC), phosphatidyl serine (PS), and sphingo-

myelin (SM) at a 42:28:30 molar ratio (Rossix, Mölndal, Sweden)

to modulate aPC anticoagulant activity were also evaluated via the

turbidimetric assay.

Isolated Platelets
Platelets were washed and isolated from PRP similarly to the

procedure of Mustard et al [35]. Briefly, 0.02 U/mL apyrase

(Sigma-Aldrich) and 1.0 mM prostaglandin I2 (PGI2; MP Bio-

medicals, Solon, OH) were added to PRP to prevent platelet

activation. PRP was centrifuged at 1,000-g for 10 min at room

temperature without braking. Following plasma aspiration, the

platelet pellet was gently resuspended with 10 mL of modified

Tyrode’s albumin buffer (MTAB: 137 mM NaCl, 2.68 mM KCl,

11.9 mM NaHCO3, 0.43 mM NaH2PO4, 1.0 mM MgCl2, 5 mM

HEPES, 0.35% BSA, 5.55 mM D(+)Glucose). Additional apyrase

(0.01 U/mL) and PGI2 (0.5 mM) were added; the platelets were

centrifuged again at 1,000-g for 10 min at room temperature

without braking, and the pellet was resuspended at high

concentration in 300 mL fVdp. Platelets were counted using a

Coulter Ac-T diff2 hematology analyzer (Beckman Coulter, Inc.,

Indianapolis, IN) and adjusted to the desired concentration by the

addition of fVdp prior to use.

Thromboelastography
Thromboelastographic (TEG) assays were conducted with the

Haemoscope TEG 5000 Coagulation Analyzer (Haemoscope

Corp., Niles, IL). The clinical availability and common usage of

this device provides an alternative measurement of blood clotting

to the turbidimetric assay, particularly in samples containing red

blood cells which interfere with the opacity.

The effects of aPC dose were determined on fVdp and normal

plasma samples with or without washed platelets, using Innovin

and CaCl2 to activate coagulation. The total volume per sample

was 300 mL; samples were run for 3 h.

fVIII activity
The dose-response of fVIII activity to aPC was evaluated using

the STA - Deficient VIII assay on the STA-R Evolution per

manufacturer’s instructions.

Statistics
For all experiments, n$3. Variance component estimates (JMP

software, SAS Institute, Cary, NC) were used to demonstrate that

sample-to-sample random effects comprised an insignificant

portion of the observed variance. Prism 5 (GraphPad Software,

La Jolla, CA) was used to generate graphs and perform two-way

analysis of variance with repeated measures and pair-wise

comparison Bonferroni posttests.

Results

Nanomolar aPC Is Required to Prolong PT/INR
PT measurements in fVdp are delayed compared to normal

PFP (43.9 s in fVdp control versus 13.3 s in PFP control, Figure 1).

The addition of a 2 nM concentration of fV protein to fVdp had a

slightly restorative effect (PT = 31.2 s), and 20 nM fV reduced PT

to 19.6 s in control fVdp samples.

A dose-response analysis of exogenous aPC illustrates that

normal and even fV-deficient plasmas are resistant to aPC effects

on PT at levels below 10 nM. In normal PFP, there is no

statistically significant increase in PT until the aPC concentration

exceeds 33 nM. In the fVdp samples, the effects of aPC are

noticeable above 3.3 nM. The addition of 2 nM fV slightly

reduces the effect of increasing aPC from 3.3 nM to 10 nM, and a

20 nM fV supplementation is resistant to aPC-induced PT

prolongation until the concentration of aPC is greater than

10 nM. Calculated INR values ranged from 1.0 (PFP with aPC#

1 nM) to 8.3 (fVdp with 100 nM aPC).

Nanomolar aPC Is Required to Delay Fibrin Crosslinking
Optical density of plasma increases with fibrin crosslinking [36].

A turbidimetric assay was used to observe the effects of aPC on

fibrin crosslinking following activation with Innovin (Figure 2).

aPC had no significant effect on fVdp fibrin crosslinking

(Figure 2A) at a dose of 1 nM or lower (initiation of clotting

occurred at approximately 19 min), although as in the PT study,

clotting was inherently delayed in fVdp (note x-axis range

differences between 2A/2B). In fVdp, 3.3 nM aPC delayed

crosslinking to approximately 24 min (p,0.05); 10 nM aPC or

higher prevented crosslinking within the 90 minute measurement

window (p,0.001).

For PFP (Figure 2B), there was a significant delay in fibrin

crosslinking starting at 10 nM aPC (p,0.05).

Platelet or Plasma-Derived fV Restores Coagulation
Parameters in fVdp

The effect of fV on the coagulation response profile in TEG

(Figure 3) was determined by adding fV to fVdp over concentra-

tions from 1–40 nM (average normal is 20 nM) [37]. R-time (clot

initiation time, Figure 3A) decreases as fV increases from 1–10 nM

and then stabilizes at a minimum time of 4 min. The alpha-angle

(clot formation rate, Figure 3B) follows an inverse pattern,

increasing as fV increases from 1–10 nM, to a plateau of

approximately 60u. The G-value (maximum shear elastic modulus,

strength of clot, Figure 3C) is unaffected by fV levels.

Similarly to the direct addition of fV protein, increasing platelet

counts from 10,000–400,000 platelets/mm3 decreased TEG R-

time of fVdp, although increasing above 200,000 platelets/mm3

resulted in minimal improvements to clot time, rate of clotting, or

clot strength (Figure 4). In normal PFP, clotting time did not

change significantly across the range of platelet counts (Figure 4A).

Figure 1. Prothrombin times of plasmas treated with aPC.
Increasing aPC from 0 to 3.3 nM has no effect on PT regardless
of fV levels. In fVdp and fVdp supplemented with 2 nM fV, a
significant delay in PT is found when increasing aPC from 3.3 to 10 nM,
but the amount of aPC required to affect PT is 33 nM in fVdp
supplemented with 20 nM fV and 100 nM in PFP (***: p,0.001 for the
null hypothesis of the indicated samples; **: p,0.01; *: p,0.05). Means
of three samples are shown with standard deviation.
doi:10.1371/journal.pone.0099181.g001
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Comparing an equivalent number of platelets suspended in either

fVdp or normal PFP, significant differences in clot time are seen

only at counts #200,000 platelets/mm3. The alpha-angle

(Figure 4B) and G-value (Figure 4C) of equivalent platelet

concentrations in fVdp and PFP were statistically indistinguish-

able.

Washed, non-activated platelets at a concentration of

200,000 platelets/mm3 in fVdp eliminated the anti-coagulant

effect of aPC up to 10 nM, greatly above systemic concentrations

measured in either ATC or DrotAA treatment (Figure 5A). At

33 nM aPC dose, the mean clotting time increased to 21.5 min

(p,0.05), and at 100 nM aPC the clot time was extended to

56.1 min (p,0.001).

Significant differences in alpha-angle (Figure 5B) were not

observed until 33 nM aPC when it changed from an average 76.8u
at 0.001–10 nM aPC to 46.8u at 33 nM aPC and 13.6u at 100 nM

aPC (p,0.001 for both compared to lower doses).

Similarly, G-value (Figure 5C) was nearly unaffected by even

very high aPC doses. Clot strength was significantly decreased only

at 100 nM aPC (p,0.001).

The variance in coagulation parameters found at high aPC

concentrations (Figure 5) indicates that individual patients have

different thresholds at which they are susceptible to aPC effects,

likely due to variability in individual fV availability or other aspects

of coagulation factor structure and function.

aPC and tPA Have No Synergistic Effect on Clot Lysis In
Vitro

Activation of PC in ATC may derepress fibrinolysis through

aPC degradation of plasminogen activator inhibitor (PAI-1). We

examined fibrinolysis in the presence or absence of both aPC and

tPA. tPA is released by endothelium and activates plasminogen to

plasmin. Plasmin then cleaves crosslinked fibrin, reducing clot size

and stability. The pro-fibrinolytic effects of aPC and possible

synergy with tPA were evaluated by adding doses corresponding to

the proposed ATC level of aPC (175 pM) and the pharmacologic

steady-state concentration of DrotAA (750 pM) to normal PFP

and PRP (normalized to 200,000 platelets/mm3) in combination

with doses of tPA known to produce specific fibrinolytic effects (0,

1, 1.5, and 2 nM) [38].

Increasing tPA resulted in the expected increase in clot lysis in

both plasmas, but increasing aPC had no synergistic effect with

tPA; pair-wise comparisons indicated no significant difference in

clot lysis between APC concentrations for a given amount of tPA

(Figure 6).

Effects of aPC on Phospholipid Acceleration of Fibrin
Formation

Because the phospholipid layer plays an important role in

coagulation (of central importance in the activation of fX and

thrombin), be it from the platelet, the endothelium, or the

microvesicles which exist normally and are elevated in trauma and

disease states, it is of some interest to evaluate how the dose-

response of phospholipids (PL) modulates the anticoagulant effects

of aPC. As an aside, PL is also required for the activation of PC.

We examined the effects of PL on coagulation in the presence of

aPC by performing a dual dose-response experiment on normal

PFP samples. It has previously been shown that thrombin

generation rates of platelets within the physiological range

correspond to a dose of 1–2 mM PL (a mixture of 25:75 PS:PC

was used in that study) [39].

Using the turbidimetric assay, fibrin crosslinking was measured

over a ranges of 0–5 mM PL (a mixture of 28:42:30 PS:PC:SM)

and 0.01–100 nM aPC (Figure 7). As expected, increasing the

amount of available PL reduced the time for the initiation of fibrin

crosslinking and increased the rate of fibrin crosslinking but had no

effect on the maximum absorbance for low concentrations of aPC

(which again had negligible effects below 1 nM). At 3.3 nM aPC, a

delay in fibrin crosslinking is observed regardless of PL concen-

tration; at 10 and 33 nM concentrations of aPC, PL no longer

provides a procoagulant effect. No crosslinking was observed at

100 nM aPC.

aPC Anticoagulant Activity Is Not Affected by sEPCR
Alone

Brief studies were conducted to evaluate the modulation of

aPC’s anticoagulant activity by EPCR. A commercially available

soluble recombinant human EPCR protein was evaluated in the

same dual dose response turbidimetric assay (with EPCR instead

of PL). Soluble EPCR (sEPCR) exists at a physiological

concentration of 2.5 nM in normal individuals and can be

elevated as much as five-fold in inflammatory conditions such as

systemic lupus erythematosus [40]. However, over the range of 0–

200 nM sEPCR, no effect on fibrin crosslinking was observed

beyond that generated by aPC alone (data not shown). sEPCR has

previously been shown to inhibit the anticoagulant activity of aPC

Figure 2. Turbidimetric assay of platelet-free plasmas treated with aPC. The optical density of a plasma sample increases as fibrin
crosslinking occurs. (A) fVdp is unaffected by aPC at concentrations of 1 nM and below, while crosslinking is significantly delayed at 3.3 nM and
prevented at 10 nM or higher concentrations. (B) In PFP, a slight but insignificant delay is seen at 3.3 nM aPC, and while plasma with 10 nM aPC will
clot, the fibrin crosslinking is delayed. Doses of 33 or 100 nM again prevent crosslinking. Note that the time ranges on the x-axis are different as fVdp
is inherently delayed in coagulation. Means of three samples are shown.
doi:10.1371/journal.pone.0099181.g002
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but only in the presence of PL (although not through direct

binding to PL vesicles) [41].

Nanomolar aPC is Required to Degrade fVIII Activity
The degradation of fVIIIa by aPC has a negligible effect on

thrombin generation particularly compared to those effects seen

through aPC lysis of fVa [12]. For purposes of hemostasis

maintenance, fVIII is protected from proteolysis following

synthesis through formation of a complex with von Willebrand

Factor (VWF), and conversely fVIIIa has other inactivation and

clearance mechanisms primarily found in the liver [42,43].

The activity of fVIII was examined for the same aPC dose-

response. In fresh PFP, no change in fVIII activity by aPC was

observed until a dose .10 nM (p,0.001) (Figure 8). Studies on

fVdp showed a similar trend (p,0.05 when comparing 3.3 nM

and 100 nM aPC); fVIIIdp was used as a negative control and

showed ,1% activity throughout.

Discussion

fVa acts as a cofactor of fXa, increasing the rate of prothrombin

activation over 600-fold compared with phospholipid-associated

fXa alone [44]. Although fV-/- is embryonic lethal in mice [45],

Figure 3. fV protein supplementation effects on TEG coagula-
tion measurements in fVdp. (A) Increasing fV has a profound effect
on clotting time at low concentrations (#10 nM), above which little
improvement is observed, reaching a minimum clot time of approx-
imately 4 min. (B) Similarly, the alpha angle increases rapidly as fV
increases up to 10 nM, after which the angle is consistently near 60u. (C)
Clot strength is unsurprisingly unaffected by increasing the amount of
fV present (so long as there is some fV present to form the
prothrombinase complex). Means of three samples with standard
deviation are shown.
doi:10.1371/journal.pone.0099181.g003

Figure 4. Platelet supplementation effects on TEG coagulation
measurements in fVdp and normal PFP. (A) While increasing the
number of platelets in PFP has very little effect on the initiation of
coagulation, a much more powerful response is observed in fVdp as
platelets are increased from 10,000/mm3 to 100,000/mm3 (***: p,0.001
for the null hypothesis that PFP = fVdp; **: p,0.01; *: p,0.05; n.s.: not
significant). Diminishing returns are seen in higher numbers of platelets,
with no significant differences observed in the 300,000/mm3 and
400,000/mm3 concentrations of platelets compared with equivalent
numbers in PFP. (B) Increasing platelets from 10,000/mm3 to 100,000/
mm3 dramatically improves the alpha angle; the effect plateaus above
150,000 platelets/mm3. No alpha angle differences are observed due to
the presence of fV protein in the plasma. (C) Similar to rate of clotting,
strength of clot rises rapidly with increasing platelet counts until
100,000/mm3 where a plateau occurs. No significant differences are
observed between fVdp and normal PFP with equal numbers of
platelets. Means of three samples with standard deviation are shown.
doi:10.1371/journal.pone.0099181.g004
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trace amounts of fV found in patients with severe fV-deficiency

appear to be sufficient to allow adequate hemostasis [29]. This is

partially due to the low level of tissue factor pathway inhibitor in

these patients which may act as a compensatory mechanism by

improving thrombin generation [46]. However, adequate hemo-

stasis in individuals with normal to low levels of platelet fV and

only traces of plasma fV reflects the importance of platelet function

and the platelet fV pool. Co-localization of fVa and phospholipid

as a result of platelet deposition accelerates thrombin generation

and fibrin formation/crosslinking at sites of injury while main-

taining flow within vessels [46].

The present results and others [26–28] illustrate the relative

importance of the platelet fV fraction, although nanomolar

concentrations of aPC are required to significantly affect clotting

in both normal and fV-deficient plasmas. At 10 ng/mL (175 pM),

the concentration of aPC associated with ATC [10], no alterations

are observed in PT, clotting time, rate of clot formation, strength

of clot, or any other metrics obtainable by either turbidimetry or

thromboelastography. As shown in other models, aPC did not

induce fibrinolysis except at significantly higher doses than those

obtained by administration of DrotAA [47,48], and no synergy in

clot lysis is observed with the addition of aPC to tPA at these

relevant concentrations. This may be explained by the complexity

of aPC interactions with the fibrinolytic system: on one hand, aPC

has been shown to decrease PAI-1 activity [49] (or vice versa [50]);

on the other hand, potential reductions in thrombin generation

may reduce thrombin-dependent inactivation of PAI-1 [21].

Microvesicles are found in healthy individuals and have been

shown to generate small amounts of thrombin which could lead to

activation of PC [51], corresponding to the expected homeostatic

function of aPC in the healthy individual as a negative feedback

regulator of coagulation. In a trauma or sepsis scenario, these

microvesicles may have a different function; large amounts of aPC

Figure 5. Platelets are resistant to the anti-coagulant effects of
aPC as measured in TEG. For fVdp containing 200,000 platelets/
mm3, the (A) R-time (clotting time), (B) alpha angle (rate of clotting),
and (C) G-value (clot strength) are only strongly affected by aPC at a
concentration of 100 nM compared to all lower doses. The 33 nM dose
of aPC demonstrated a significant difference versus all lower
concentrations in the alpha angle and all lower concentrations except
10 nM for R-time. G-value was not significantly affected except by the
100 nM aPC dose, although the trend is observable at 33 nM (***: p,
0.001 for the null hypothesis that the indicated samples are equal; **:
p,0.01; *: p,0.05; n.s.: not significant). Means of three samples with
standard deviation are shown.
doi:10.1371/journal.pone.0099181.g005

Figure 6. aPC does not induce fibrinolysis inherently in the
presence or absence of tPA. Clotting parameters of normal PFP and
PRP (normalized to 200,000 platelets/mm3) treated exogenously with
aPC and tPA were measured in TEG. Clot lysis parameters (A) LY30 and
(B) LY60 (percentage of clot lysis at 30 and 60 min, respectively)
demonstrate that for a given dose of tPA (0, 1, 1.5, or 2 nM), the dose of
aPC (0, 175, or 750 pM) has no effect on clot lysis. The doses of aPC
correspond to those found in trauma and the steady-state pharmaco-
logical dose. Concentrations of tPA were chosen such that a known
response would occur in the absence of aPC. In the absence of tPA, PFP
did not experience any lysis while PRP had a limited degree of clot lysis.
However, for all non-zero doses of tPA, PFP experienced a greater
degree of lysis than PRP. Means of three samples with standard
deviation are shown.
doi:10.1371/journal.pone.0099181.g006
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are capable of inducing the formation of microvesicles featuring

associated EPCR as shown through in vitro cell culture studies (aPC

dose of 6.25–100 nM) [52] and in septic patients undergoing

DrotAA treatment (standard infusion of 24 mg/kg/hr) [53]. As PC

associates with these EPCR-bearing microvesicles it can be

activated and perform its anticoagulant proteolytic functions on

fVa and fVIIIa. However, the brief studies conducted in this report

with the individual components of these aPC-EPCR-microvesicles

(using soluble EPCR and a PL emulsion) did not elucidate the

mechanisms by which differences in the efficiency of soluble aPC

or EPCR-microvesicle bound aPC might be observed. The effects

of the combination of sEPCR and PL vesicles were not studied, as

it has already been demonstrated that the sEPCR-aPC complex

does not bind to PL vesicles [41].

These results confirm and expand those from previous studies

examining the anticoagulant effects of aPC in purified systems.

Efficacy of aPC at nanomolar concentrations has been shown to

be reduced in the presence of platelets but not phospholipid alone

[54], and aPC is ineffective at inhibiting both platelet adhesion

and fibrin formation in blood flow models except at extreme

Figure 7. aPC concentrations below 10 nM have no significant effect on PL acceleration of clotting in PFP. In the turbidimetric assay,
fibrin crosslinking corresponds to an increase in absorbance at 405 nm wavelength. Increasing the amount of available PL reduced the time for the
initiation of fibrin crosslinking and increased the rate of fibrin crosslinking but had no effect on the maximum fibrin crosslinking as observed for all
concentrations of aPC below 10 nM. aPC concentrations above 10 nM did not display any fibrin crosslinking within the first 30 min, and PL no longer
provides any procoagulant benefit. Curves are averages of three independent plasma samples.
doi:10.1371/journal.pone.0099181.g007
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superphysiological concentrations (16 mg/ml; 285 nM) [55]. aPC

has also been shown to be incapable of affecting activation of

platelets by thrombin-receptor-agonist-peptide-6 (TRAP) or ADP

at DrotAA pharmacological doses (45 ng/ml; 790 pM) and even

five-fold higher concentrations [56], while activation of platelets by

arachadonic acid, ADP, and collagen was unaltered even at very

high aPC doses (10 mg/ml; 178 nM), although that extreme

concentration did inhibit activation of platelets by recombinant

tissue factor [57]. It has been hypothesized that timing is key; if

sufficient aPC is allowed to interact with fVa and/or fVIIIa prior

to their involvement in prothrombinase/tenase complex activity,

its anticoagulant function may be enhanced as these complexes

provide some protection from aPC proteolysis [58–60]. What

bearing this has in vivo in either on healthy or trauma-altered

hemostasis remains unclear.

The results presented here should be interpreted with caution

given the limitations inherent in characterizing complex and

dynamic physiology with ex vivo coagulation tests. Nevertheless, the

modest increase in aPC levels observed in patients with ATC is

unlikely to be the main cause of this coagulopathy. Our results are

in line with those found by Gruber et al. which demonstrated in

baboon studies that high plasma levels (8.6 nM) following

exogenously delivered aPC decreased thrombosis (measured via

APTT and fibrin deposition) and platelet aggregation [48].

However, studies by Gruber et al. further showed no hemostatic

alteration (measured by bleeding times) and therefore suggest

concentrations of aPC investigated in our experiments likely fall

short of hemostatic perturbation values in vivo. Furthermore, the

characterization of ATC as a ‘‘hypocoagulable’’ state induced by

aPC obscures the fact that activation of PC requires prior robust

thrombin generation [11,61]. ATC is characterized by exagger-

ated activation of thrombin and eventual depletion over time of

multiple coagulation factors, platelets and inhibitors through

transition to Coagulopathy of Trauma [3]. It occurs in the setting

of shock where loss of hydrostatic pressure alters the net Starling

fluid flux which drives progressive autodilution of blood [62–64].

Detection of increased aPC may reflect the final stages of a robust

physiologic response to a massive hemostatic challenge rather than

a primary anticoagulant response. Regardless, our results indicate

that platelets provide adequate fV to overcome the effects of very

high aPC concentrations, even in the absence of plasma fV. This

finding may explain part of the apparent benefit to early platelet

transfusion in trauma patients [65,66]. However, these present

results also indicate that plasma fV is significantly resistant to aPC

degradation even at pharmacological levels which indicates that

the cause of ATC is more complicated than simply exuberant

activation of protein C. Taken together, these data illustrate that

the function of aPC is to delay clotting by dampening thrombin

generation in a non-linear, protein S-dependent fashion [67],

which in a healthy vasculature must be sufficient to mitigate

thrombotic tendencies. aPC is not a true anticoagulant in the sense

that heparin or directed thrombin inhibitors are; even in a closed

system, it does not prevent or weaken clotting except at extremely

high concentrations.

Critically, therapeutic approaches designed to prevent aPC

generation or inhibit aPC efficacy may be counter-productive; the

anti-inflammatory and anti-apoptotic cytoprotective effects

[68,69] of aPC may constitute an adaptive response to tissue

injury. Additionally, protein C inhibitor (PCI) and a1 anti-trypsin

(a1AT) which readily bind and inhibit aPC activity [70] have not

been evaluated for changes in trauma patient blood samples and

may play a significant role in mediating elevated aPC effects.
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