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summary. Background: Mouse models have become increas-
ingly important in thrombosis research. However, only a limited
number of assays are available for assessment of the coagulation
system in mouse plasma. Objectives: To quantify tissue factor-
initiated thrombin generation in murine platelet-rich and
platelet-free plasma and to develop a test for measurement of
resistance o activated protein  C (APC) in mouse
plasma. Methods: Thrombin generation was monitored with
calibrated automated thrombography (CAT) using a low-
affinity fuorogenic substrate for thrombin. Results: To over-
come the higher activity of coagulation inhibitors in mouse
plasma as compared with human plasma, the reaction temper-
ature was lowered to 33 °C and the assay was carried out at a
2-fold higher final plasma dilution (1:3) than commonly used
for CAT in human plasma. This increased the endogenous
thrombin potential (ETP) 4- to 5-fold and enabled reliabie
measurement of thrombin generation in both platelet-free and
platelet-rich mouse plasma. For the APC resistance measure-
ment, the reaction conditions were further optimized with
respect to tissue factor, phospholipid, APC and CaCl, concen-
trations. The test was validated using plasma of mice with
different genetic background with respect to the factor V Leiden
mutation (FV Leiden). Mice homozygous for FV Leiden had
higher APC sensitivity ratios (mean 5.46; 95% CI 4.88-6.03)
than heterozygous FV Leiden mice (mean 4.21; 95% CT 3.53-
4.89) and than wild-type mice (mean 2.71; 95%CI 2,15~
3.27). Conclusions: We have established reaction conditions
for measurement of thrombin generation and APC resistance in
mouse plasma. This assay enables evaluation of the coagulation
system and the function of the protein C system in mouse
models.
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introduction

Venous thromboembolism (VTE) is a complex disease which
results from the interplay between inherited predisposition and
environmental factors [1). The multifactorial origin of VTE, for
example, the numerous acquired and congenital risk factors
involved, makes the use of animal models in thrombosis and
hemostasis research inevitable, Particularly, mouse models are
of interest because of the ease of breeding, the availability of the
entire genome and the potential for generating geneticaily
modified animals. Various transgenic mouse strains [2] are
available for investigation of the (patho)physiology of 17 vive
thrombus formation and clot lysis and for evaluation of new
therapeutical agents. Especially, factor V Leiden (FV Leiden)
mice may become a useful model to study the interaction
between genetic and acquired risk factors in the development of
VTE [3,4]. These mice carry the murine equivalent of human
FV Leiden [5], a sin gle point mutation in the factor V (FV) gene
[6), which is the most prevalent risk factor for VTE in the
Caucasian population [7. The FV Leiden mutation renders
FVa less susceptible to inactivation by the naturai anticoagu-
lant, activated protein C (APC) 8],

Despite the availability of numerous assays for evaluation of
the coagulation system in humans, methods used in mice are
restricted to evaluation of jnduced thrombosis, determination
of coagulation factor levels or clotting times [2,9). However,
measurement of thrombin generation, which is an overall
functional test, sensitive for both prothrombotic and haemo-
philic phenotypes {10, 1 1], is currently recognized as an
important tool in hemostasis research. The recent development
of calibrated automated thrombography (CAT) allows assess-
ment of thrombin generation in clotting (human) plasma with
or without platelets. In this paper, we describe the development
and optimization of CAT for evatuation of thrombin gener-
ation in platelet-free and platelet-rich mouse plasma and we
define test conditions for assessment of APC resistance in
mouse plasma.
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Materials and methods

Materials

Ancrod was from NIBSC, Hertfordshire, UK; ecarin from
Pentapharm, Basel, Switzerland; the chromogenic thrombin
substrate D-phenylalanyl-L-pipecolyl-L-arginine-p-nitroanilide
(52238) from Chromogenix, Méindal, Sweden and the
fluorogenic thrombin substrate Z-Gly-Gly-Arg-AMC from
Bachem, Bubendorf, Switzerland. A phospholipid emulsion
composed of phosphatidyicholine, phosphatidylserine and
sphingomyelin (Phospholipid-TGT) was provided by Rossix,
Mélndal, Sweden. Human recombinant tissue Factor (hrTF)
was from Dade Innovin®, Behring, Germany. Mouse throm-
boplastin [12] was a gift of R. van Oerle. One unit of mouse
thromboplastin equals the activity of 1 pm h'TF {Innovin) in
bovine FX activation by human recombinant FVIa.

Human APC was {rom Enzyme Research Laboratories,
Kordia, Leiden, The Netherlands. Mouse APC was a gift of Dr
H. Spronk. The thrombin calibrator and PPP-Reagents were
from Thrombinoscope BV, Maastricht, The Netherlands.

Animals

Mice carrying the FVL mutation (R504Q) were described by
Cui et al. [5]. Factor V R504Q mice were backcrossed to
C57BI/6 J mice (Jackson Laboratories, Bar Harbor, ME,
USA) for at least ejght generations (N8), and N§ heterozygous
mice were inter-crossed to produce homozygous (n = 16, 1]
males and 5 females, age 7--14 weeks), heterozygous (n = |8,
12 males and 6 females, age 7-14 weeks), and wild-type
(n = 18, 12 males and 6 females, age 7-14 weeks) littermates.
The FVL genotype was confirmed by polymerase chain
reaction analysis of tail DNA.

Collection and handling of plasma samples

For tail blood coflection, restrained mice were placed under a
heating lamp (37 °C). The tail was cut 1 cm from the tip.
Within 10-15s, 200 uL blood was collected in Eppendorf
tubes (first droplet discarded), 180 uL blood was pipetted to
20 pL 3.2% {w/v} trisodium citrate. Plasma was prepared by
centrifirgation at 21 000x g for 10 min at room temperature
(RT), snap-frozen, and stored at —80 °C prior to aralysis.
Mouse pooled normal plasma (MPNP) was prepared as
follows. Mouse blood was collected as previously described [13]
with minor modifications. After i.p. anaesthesia with Nembu-
tal® (CEVA; Sante Animale, Libourne, France) 200 mg kg™,
the abdominal cavity was opened and phlebotomy of the vena
cava inferior was performed. Blood was drawn into a syringe,
containing 3.2% sodium citrate (9:1 vol). Platelet-lree plasma
(PFP) was prepared by centrifuging twice at 2] 000x g for
10 min at RT after which the supernatant plasmas of 10 C57BI /
6 healthy mice (5 males and 5 females, 8-14 weeks old) were
pooled. Blood samples containing a visible fibrin clot were
rejected. MPNP was snap-frozen and stored at —80 °C until use.

Platelet-rich plasma (PRP) was prepared by consecutive
centrifugations (3 min at 280% g and | min at 625x g) at RT
without a brake and was used within 2 h.

Human pooled normal plasma (HPNP) was prepared by
pooling plasma of 87 healthy donors free of medication (53
male and 34 female, mean age 38.6 years) as previously
described [14].

Thrombin generation

Thrombin generation was measured in duplicate via CAT
in a Fluoroskan Ascent® reader (Thermo Labsystems,
Helsinki, Finland; filters 390-mn excitation and 460-nm
emission) using the fluorogenic substrate Z-Gly-Gly-Arg-
AMC [15]. Thrombin generation curves and the area-under-
the-curve (endogenous thrombin potential, ETP) were
calculated using the Thrombinoscope™ software (Thrombi-
noscope BV, Maastricht, The Netherlands) and thrombin
calibrator to correct for inner filter and substrate consump-
tion effects [15]. As mouse thrombin converts the fluoro-
genic substrate (420 pm) at a 20% lower rate than human
thrombin (data not shown), thrombin concentrations and
ETP calculated in mouse plasma were corrected for this
difference in activity. Alternatively, the correct amount of
thrombin generated in mouse plasma will be calculated by
the Thrombinoscope™ software after increasing the cali _
brator activity by 20% in the program seftings. Thrombin ;
generation was initiated by addition of either WTF or
mouse thromboplastin in the presence of calcium (Ca?)
and phospholipids as described under Results. APC resis-
tance was assessed by quantification of the effect of added
APC (human or mouse) on the ETP. Normalized APC
sensitivity ratios (nAPCsr) were defined as the ratio of the
ETP’s determined in the presence (ETP. arc) and absence &
of APC (ETP_spe) normalized against the same ratio
determined in MPNP in the same experiment,

Sample ETP spc/Sample ETP_
APCsr = + APC
BAPCS! = NIBND ETP, roc./MPNP ETP_,pc

Prothrombin activation and subsequent thrombin inactivation.

Human and mouse plasma were defibrinated with Ancrod for.
10 min at 37 °C, diluted in Buffer A (25 mm HEPES, 175 mm
NaCl, 5g L™ bovine serum albumin, pH 7.7 at RT) and
prothrombin was activated by addition of Fearin {fin:
concentration 6.5 U mL™") in the presence of 5 mm CaCly
37°C at 1:50 final plasma dilution. The amount of Ecari
added was sufficient to completely activate prothrombin withi
30 s. At various time intervals, aliquots of the reaction mixtur
were diluted twenty-fivefold in ice-cold buffer containin
25mm HEPES (pH 7.9 at RT), 175 mM NaCl, 60 m
ethylenediaminetetraacetic acid (EDTA) and 0.5 g L™ ova
bumin. Thrombin amidolytic activity was subsequently deter:
mined at 37 °C using $2238 and expressed as percentage of th
activity present at 30 s activation.
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Results

Reduction of assay volume

Thrombin generation is routinely performed in a total volume
ol 120 pL, which consists of 80 uL plasma and 40 pL buffer
containing phospholipids, TF, fluorogenic substrate and CaCly
[15). Additionally, analysis of thrombin generation requires for
each plasma sample calibration of fuorogenic substrate
conversion with a thrombin calibrator to correct for §nner
filter effects’, substrate consumption, state of the thrombino-
scope filters and lamp, and plasma colour. When thrombin
generation is assessed in the presence of APC (APC resistance
test) a minimum of 240 pl. plasma is required for an APCsr
determination. With small animals such as mice this represents
a great part of the total blood volume. Thus, initial experiments
were aimed at reduction of the assay volume. The APC
resistance test in HPNP in twice-reduced assay volumes {60 uL
total volume containing 40 uL plasma) was compared with the
same measurement in 120 L (80 L plasma). The decrease in
reaction volumes resulted in ~10% reduction of the ETP_apc
and the ETP 4 spc, but the APCsr was not affected, The intra-
assay coefficients of variation (human plasia) were 4% and
5% (ETP_apc), 10% and 9% (ETP ;. spc) and 7% and 11%
(APCsr) for assay volumes of 120 and 60 uL, respectively
(n = 32). All further thrombin generation measurements were
performed in 60 (L reaction volume.

Measurement of the ETP in mouse plasma

Fig. 1 shows time courses of thrombin generation obtained in
human and mouse PFP using commercially available reagents
(PPP reagents, Fig. lA—C)or a coagulation trigger used in the
thrombin generation-based APC resistance test for human
plasma [16] (13.6 pm TF, 30 um phospholipid, Fig. 1D).
Thrombin generation in mouse plasma showed substantially
shorter lag times and lower amounts of thrombin (reduced
peak height and ETP) than in human plasma and proved
unsuitable for accurate measurement of thrombin generation
and APC resistance. The virtual absence of a la g time before
the onset of thrombin generation (Fig. 1B-D) triggered at high
TF concentrations (5, 13.6 and 20 pm) precluded calculation of
thrombin generation curves and ETPs using the Thrombino-
scope™  software. At low TF concentrations (Fig. 1A),
thrombin formation was too low to reliably calculate the
ETP and determine effects of anticoagulants (e.g. APC).

The low amounts of free thrombin formed in mouse plasma
likely result from higher activities of coagulation inhibitors (e.g.
antithrombin) in mouse than in human plasma. This was
confirmed by the experiment presented in Fig. 2, which shows
disappearance ol thrombin activity with time in human and
murine plasma after complete and rapid activation of plasma
prothrombin with Ecarin. The amidolytic activity generated in
mouse and human plasma was fully inhibited by hirudin
indicating that thrombin was the only coagulation factor
contributing to $2238 conversion. As Judged from the initial
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Fig. 1. Calibrated automated thrombography (CAT) in human and in
mouse plasma. Thrombin generation in 7 mouse and human plas-
mas was measured by CAT at 37 °C in 60 uL reaction mixtures, con-
taining 40 pL plasma and 10 pL (A) PPP-Reagent LOW (I pr TF/4 um
phospholipids), (B) PPP-Reagent (5 pm TE/4 pv phospholipids), (C)
PPP-Reagent HIGH (20 pm TF/4 pm phespholipids) or (D) 13.6 pm
human recombinant tissue factor/30 pm phospholipids. Thrombin gen-
eration was initiated with 16.4 my CaCl, and 0.42 mm flucrogenic sub-
strate (final concentrations). As the Tlu'ombinoscopeTM software could
not calculate the thrombin generation curves in mouse plasma ail curves
were calculated from the Auorescence data as previously described [33).
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Fig. 2. Inhibition of thrombin in diluted human and mouse plasmas.
Plasma prothrombin was fully activated in 1:50 diluted defibrinated
human (O) and mouse (@) plasmas by addition of Ecarin to result in
complete activation within 30 s, The time course of inlibition of tkrombin
amidolytic activity by the plasma inhibitors was followed in time and
expressed as percentage of the activity determined at 30 s,

slopes of the inactivation time courses, thrombin inhibition was
~9-fold faster in murine than in human plasma.

To overcome the inhibitory activity and to increase the
amount of thrombin generated, thrombin generation experi-
ments were performed at higher plasma dilutions and at lower
reaction temperatures. Fig. 3A shows the effect of mouse
plasma dilution on thrombin generation. The peak height and
the ETP (Fig. 3A) increased at higher dilutions, showing an
optimum at final plasma dilutions of 1:3 and 1:4. Fig. 3B shows
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Fig. 3. Efiect of plasma dilution and temperature on thrombin feneration
in mouse plasma, (A) Thrombin generation was measured by calibrated
automated thrombography {CAT) with g3 40, 36, 2 20, 15,
Zandr 10 L mouse plasma in g total assay volume of 60 L.
Thrombin generation was initiated at 37 °C in the presence of 1 pm hrTF,
16.4 mm CaCl,, 4 Hu phospholipids, 0.42 ma fluorogenic substrate {finai
concentrations), Inset; endogenous thrombin potential (ETP) as a function
of plasma dilution. (B) Thrombin generation was measured by CAT in
reaction raixtures (60 pL) containing 20 pl, mouse plasma and ] pM
IrTF, 16.4 mm added CaCly, 4 phospholipids, 0.42 mu fluorogenic
substrate at temperatures of: [ 26, 33, 35, 37, and @8g 40 °C,
tespectively. Inset: ETP as function of temperature,

that lowering temperature also increased the ETP. From these
experiments the combination of final 1:3 dilution (20 pL mouse
plasma in 60 plL tota reaction volume) and a reaction
temperature of 33 °C, together resulting in a 4- to 5-fold higher
ETP and a prolonged lag time, were chosen for further
optimization of thrombin generation.

Fig. 4 shows that increasing amounts of hrTF increased
thrombin generation and reduced the lag time, The effects on
the lag time and the ETP were similar when thrombin
generation was triggered in mouse plasma with increasing
amounts of mouse thromboplastin (data not shown). As 6 pm
hi'TF yielded a sufficien tly high ETP and a reliably measurable
lag time (~1 min), this TF concentration was chosen for the
thrombin generation-based APC resistance test.
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Fig. 4. Effect of tissue fctor concentration on thrombin generation in -
mouse plasma. Thrombin generation was initiated by 30.2, 0.5,
[, B3 3, 6, 10, 15 and &g 20 pm human recombinant tissu
factor (rTF) at 33 oC in 60 pL reaction mixtuzes con taining 20 pl mous
plasma and 16.4 mu CaCly, 4 pum phospholipid, 0.42 ma: fluorogenic

Substrate, Inset: endogenous thrombin potential vatues plotted as functioy
of hrTF concentrations.
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Fig, 5. Effect of phosphelipid concentration on thrombin generation _
the absence and presence of activated protein (APC}) in mouse plasm
Thrombin generation was measured by calibrated automated thrombog:
raphy at 33 °C in 60 L reaction mixtures containing 20 pL mouse plas
ma, 6 pm hrTF, 16.4 mm CaCly, phospholipid concentra lions as indica
in the figure and 0.42 mm flucragenic substrate with (@ or without (
25 nm of human APC present. '

CAT-based APC resistance test in mouse plasma

tions on the ETP in MPNP. [p the absence of APC, the E
increased at increasing phospholipid concentration with
optimal plateau between 10 and 60 um phospholipid. The dat
obtained in the presence of 25 nv APC illustrate that AP
hardly inhibited thrombin formation at low phospholipidi_a
that higher phospholipid concentrations were needed:
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Tig. 6. Effect of the concentration of human activated protein C (APC) on
thrombin generation in mouse plasma. Thrombin generation was mea-
sured by calibrated automated thrombography at 33 °C in 60 il reaction
mixtures conlaining 20 pL mouse plasma, 6 pM human recombinant
tissue factor (BrTF), 8.2 mm CaCl,, 60 M phospholipids, (.42 mm
fluoregenic substrate and amounts of human APC indicated in the inset of
panel. Inset: the residual endogenous thrombin potential (ETP) deter-
mined in the presence of APC was calculated as percentage of the ETP
determined in the absence of APC and is shown as function of APC
concentration.

increase the sensitivity to APC. In the final optimization step,
the CaCl, concentration was decreased to 8.2 mM (added
concentration) to match the decrease in citrate concentration as
a result of the lower amounts of plasma present in the assay
(data not shown).

Fig. 6 shows down-regulation of thrombin generation in
mouse plasma initiated with 6 pm h'TF by varying amounts of
human APC. Approximately 4 nm APC was necessary to
achieve 90% inhibition of the ETP in mouse plasma, which is
comparable to the amount of APC used in the thrombin
generation-based APC resistance test in human plasma [17,18).
A similar experiment using mouse thromboplastin ©.25 1)
and murine APC showed the same pattern of inhibition (data
not shown).

Resistance to APC in plasma of FVL mice

The APC resistance test was validated using plasma samples of
mice with different genetic background with respect to the FV
Leiden mutation. Fig. 7 shows that nAPCsr values were [ow in
wild type mice (mean 2.71; 95% CI 2.15-3.27), higher in FV
Leiden heterozygous mice (mean 4.21; 95% CI 3.53-4.89) and
further increased in FV Leiden homozygous mice (mean 5.46;
95% CI 4.88-6.03). The dilferences between all groups were
significant according to one-way anova followed by post hoc
analysis with Bonferroni’s correction for multiple comparisons
(P £0.01). The higher APC resistance in the test samples as
compared with the reference MPNP may be explained by
differences in blood sampling techniques (Materials and
methods).
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Fig. 7. Activated protein C (APC) resistance in wild-type, heterozygous
and homozygous factor V Leiden (FVY Leiden) mice. Thrombin generalion
was measured ir: plasma from wild-type (WT), heterozygous FVL/WT
and homozygous (FVL/FVL) for FVL mice at 33°C in the absence and
presence of 5 nm human APC in 60 kL reaction mixtures containing

20 pL mouse plasma, 6 pM hi'TF, 8.2 mm CaCly, 60 um phosphotipids
and 0.42 mum fluorogenic substrate. The nAPCsr was caiculated as
described under Materials and methods. Solid lines indicate the mean
nAPCsr,

Thrombin generation in platelet-rich mouse plasma

Thrombin generation under the modified conditions (1:3
diluted plasma, 33 °C) was measured in the presence of
platelets (mouse PRP) without phespholipids added. Reliable
thrombin generation curves were obtained at a final platelet
concentration of 100 x 10> L™ after triggering coagulation
with 2.5 pm hrTF in the presence of 8.2 mwm of CaCl; (Fig. 8).
Thrombin formation was platelet-dependent as under these
conditions no thrombin was generated in PFP (data not
shown). The peak height of the thrombin generation curve
(~100 nm thrombin) was twice as high as that reported by
Leon er af. [19] who measured thrombin generation in mouse
PRP triggered with ~0.7 pM hrTF (1:12 000 dilution of
Innovin) at 300 x 10° platelets L™'. In our hands, a higher
platelet count in the assay mixture resulted in a further increase
of the peak height but also induced scattering (data not shown).

Summary of the methodology for measurement of thrombin
generation via CAT in mouse plasma

Thrombin generation in mouse PEP: 20 pL PFP is mixed with
20 uL hrTF/phospholipid mixture in buffer A and thrombin
generation is initiated at 33 °C with 20 uL  fluorogenic
substrate/CaCl, mixture. Final concentrations: 33.3% mouse
PFP, 6 pm hrTF, 60 pm phospholipid, 8.2 mm CaCl, and
0.42 mm fluorogenic substrate, Comparable thrombin gener-
ation curves were obtained when coagulation was triggered
with five times concentrated PPP-Reagent LOW yielding finai
concentrations of 5 pm TF and 20 pm phospholipid.
Thrombin generation in mouse PRP: 20 ML PRP is mixed
with 20 uL hrTF in buffer A and thrombin generation is
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Tig. 8. Effect of varying tissue factor concentration on thrombin genera-
tion in platelet-rich mouse plasma. Thrombin generation was initiated by :
e 0.5; 1; & 2.5 5and 110 pm WTFE at 33 °C in reaction
muxtures containing 8.2 mm CaCly, 0.42 mm fluorogenic substrate and
33% platelet-rich plasma (final platelet concentration £Q0 x 10° L™,

mitiated at 33 °C with 20 uL fluorogenic substrate/CaCl,
mixture. Final concentrations: 33.3% mouse PRP,
100 x 10° L' platelets, 2.5 pm heTF, 8.2 mwm CaCl, and
0.42 mm fluorogenic substrate.

Thrombin generation-based APC resistance test in mouse
PFP. 20 uL. PFP js mixed with 10 pl. h'TF/phospholipid
mixture in buffer A and [0 uL human APC or buffer A and
thrombin generation is initiated at 33 °C with 20 pL Auoro-
genic substrate/CaCl, mixture. Final concentrations: 33.3%
mouse PFP, 6 pm hrTF, 60 1w phospholipid, 8.2 mm CaCl,
and 042 mwm fluorcgenic substrate £ 4 nm human APC.

Discussion

Use of mouse models is widespread in thrombosis research
[20,21]. However, a limited number of assays are available for
overall evaluation of the coagulation system in mouse plasma.
Here we describe the development of a thrombin generation
assay in platelet-free and platelet-rich mouse plasma using
CAT. Additionally, we have developed a thrombin generation-
based test, which enables evaluation of APC resistance and the
function of the protein C system in mice.

For reliable measurement of thrombin generation in the
presence of an inhibitor (e.g. an anticoagulant drug or APC) it
is essential that substantial amounts of thrombin are formed in
the absence of inhibitor. The conditions for thrombography
developed for human plasma yielded in mouse plasma low
thrombin generation curves at the trigger usually employed in
human plasma (1 pm TF, Fig. 1A) and extremely short lag
times at higher trigger concentrations (5, 13.6 and 20 pm TF,
Fig. 1B-ID) which made it impossible to reliably calculate the
ETP. The low thrombin generation can be explained by a high
activity of naturally occurring coagulation inhibitors (e.g.
antithrombin} present in mouse plasma which results in much

faster inhibition of thrombin in mouse than in human plasma
(Fig. 2). As the amnount of free (measurable) thrombin present
at any time point in plasma is the resultant of the amounts of
thrombin formed and inhibited, an increase of the ETP may be
achieved either by increasing the rate of thrombin formation or
slowing down its inhibition. Increasing thrombin formation by
increasing the coagulation trigger proved unsuitable as lag
times in murine plasma becante too short to reliably calculate
the ETP (Fig. IB-D). A decrease of thrombin inhibition was
achieved by lowering the reaction temperature to 33 °C and
measuring thrombin generation at a higher plasma dilution.
This resulted in sufficiently long lag times and large amounts of
thrombin formed (ef. Fig. 3). It is interesting to note that
plasma dilution, which decreases the amount of prothrombin
available for activation, is accompanied with an increase in the
ETP (Fig. 3A). This is explained by the observation that at low
TF concentrations the percentage of prothrombin that is
activated during thrombin generation increases upon plasma
difution presumably as a result of reduced inhibition of TF-
FVIla and FXa-FVa by TFPI and antithrombin, respectively
{unpublished observations). As dilution of plasma also results
in a proportionally slower inhibition of thrombin by plasma
protease inhibitors (e.g. antithrombin), the ETP, which is
defined as the time integral of thrombin (thrombin formed x
time it is active), is increased when plasma is diluted.

Generally, conditions of a thrombin generation-based APC
resistance test for human plasma are adjusted in such a way
that added APC inhibits thrombin generation in HPNP
~90%. This provides a wide range for evaluation of an
individual's resistance to APC: from plasmas more sensitive
than HPNP (thrombin generation is inhibited >90% by APC)
to a 10 times higher resistance to APC than HPNP (no
inhibition of thrombin generation by APC).

However, in agreement with previous reports [22,23], a
relatively low susceptibility of thrombin generation in mouse
plasma to human APC was observed. To avoid using high
amounts of APC we have optimized the assay conditions to
improve the efficacy of APC. As expected, increasing phos-
pholipid concentration enhanced the activity of APC, while
thrombin generation in the absence of APC was not allected up
to 60 pv phospholipids (Fig. 5). The low affinity of APC for
negatively charged phospholipids [24] can account for the
increasing efficacy of APC at higher phospholipid concentra-
tions [18,25]. Furthermore, the concentration of Ca®™ in the
assay was changed. As APC-catalyzed inactivation of Fva
which has a sharp Ca?* optimum and is inhibited at high Ca®*
concentrations [26], the 2-fold reduction of the amount of
plasma used in the assay which caused a proportional decrease
of sodium citrate concentration likely resulted in an excess of
Ca®* and subsequent inhibition of APC. Lowering CaCly
concentration 2-fold greatly increased sensitivity to APC and
enabled inhibition of thrombin generation by 90% with APC
amounts, comparable to those used in the thrombin genera-
tion-based APC resistance test in human plasma [17,18}. _

We have demonstrated that APC resistance in mouse plasma-
can be assessed by evaluation of the effect of human APC on
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thrombin generation triggered with human recombinant TF
(Fig. 6). Human and mouse APC showed a similar efficacy to
down-regulate thrombin generation in mouse plasma triggered
with either heTF or mouse thromboplastin (data not shown),
which confirms that human TF is fully functional in murine FX
activation [27].

The thrombin generation-based APC resistance test showed
a dilferentially impaired response to APC in plasma of FV
Leiden heterozygous and homozygous mice as compared with
wild-type mice (Fig. 7). Thus, the newly developed assay allows
evaluating (dys)function of the protein C system in mouse. It
should be emphasized, however, that possible species specificity
in the regulation of the protein C system should be taken in to
account. In human plasma APC resistance is not only caused
by FV Leiden, but is also associated with elevated plasma levels
of the procoagulant proteins prothrombin [28] and FVIII [29]
or decreased levels of anticoagulant proteins protein S and
TFPI [30], conditions that have been shown to be associated
with an increased risk for VTE in humans [31,32]. Although,
there are limited data available on the modulation of the
protein C system in mouse [3.4], the variation of the nAPCsr in
mice with the same genetic background (FV or FV Leiden)
shows that, like in humans, other factors (e.g, gender and age)
contribute to the level of APC resistance.

We believe that the assays described here may become a
useful tool in the evaluation of the overall state of the
coagulation system and of the function of the protein C
pathway in mouse plasma.
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