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Chapterr  1 

GENERALL  INTRODUCTIO N AND 
OUTLIN EE OF TH E THESIS 

Janinee Dörfïler-Melly, Ham- R. Büller 



Generall  i n t roduc t io n a nd ou t l i n e of th e thes is 

Arteriall  thrombosis is mostly associated with atherosclerosis, clinically manifested as myocardial 

infarction,, stroke and peripheral arterial occlusive disease (PAOD) causing a high mortality and 

substantiall  morbidity1,2. In addition, the incidence of venous thromboembol ism due to either 

acquiredd or genetic prothrombotic states, immobility, cancer, trauma, and infection adds 

considerablyy to the burden of vascular disease3'4. To improve the clinical management of these 

disorders,, thrombosis research has focused its efforts over the last two decades on establishing 

clinical,, meta-analytical and experimental methods to allow a better comprehension of risk 

factors,, treatment efficacy, and pathophysiological principles of thrombosis formation'. The first 

partt of this thesis concentrates on the questions of arterial and venous bypass occlusions in 

patientss suffering from P A O D, who were treated with either balloon-angioplasty or an 

infrainguinall  bypass implantation. In both clinical settings, reocclusion of the re-established 

patencyy of the occluded arterial segment represents a considerable complication6' . Therefore, the 

effectt of administering antithrombotic or antiplatelet agents as secondary prophylaxis to prevent 

reocclusionn in these patients, has become a main focus of many clinical and meta-analytical 

studies.. Meta-analysis has gained increasing acceptance as a tool, to objectively quantify the 

overalll  clinical effects in patients receiving a specific drug compared to a placebo or another 

treatment8.. We performed three meta-analyses in collaboration with the Cochrane Peripheral 

Vascularr Disease Group, assessing the effect of antiplatelet and antithrombotic agents in P A OD 

patientss treated with either angioplasty7 or bypass surgery. 

Thee second part of the thesis focuses on two new strategies of an antiplatelet and an 

antithromboticc agent, which were first investigated in vitro and subsequendy applied in an in rh'o 

venouss and arterial animal thrombosis model. A review on the usefulness and limitations of 

animall  models in arterial and venous thrombosis gives an overview of the different models that 

havee been available in the last four decades. 

Inn section three of this thesis, thrombosis formation is studied with the help of a transgenic 

mousee model. A review on genetically modified mouse models used in thrombosis and 

hemostasiss research describes available models and the present state of the art. The murine model 

usedd in subsequent studies is a mouse with a functional deficiency in the thrombomodul in gene, 

leadingg to a prothrombot ic state. Whether such a deficiency has an impact on thrombosis 

formationn in the carotid artery was studied. The same mouse type was also used in an Escherichia 

colii  peritonitis model, to evaluate the crosstalk between the coagulation and inflammation system. 

Thus,, a wide spectrum of anticoagulant strategies and pathophysiological mechanisms in 

thrombosiss research is covered in this thesis. 

-9--9-



Partt  I 

si/itip/ate/etsi/itip/ate/et agents 

Platelets,, the smallest circulating cells in blood, have the capability of adhering and aggregating to 

thee injured endothelium of the arterial and venous wall. This process is useful to avoid bleeding. 

However,, when the lesion of the endothelium is due to atherosclerosis, platelets wil l adhere and 

aggregatee as well, inducing clot formation and eventually complete vessel occlusion''1" . This 

processs is, of course, undesired, and therefore medical treatment focuses on the prevention of 

clott formation in this context. Platelet aggregation is triggered by cell activation through various 

proteinss present in the blood. Thromboxan A , (TxA,), thrombin and collagen, for example, are 

ablee to activate platelets, which leads to the secretion of multiple vasoactive substances contained 

inn the thrombocyte granula"'12. 

Thee crucial mechanisms triggering platelet activation and aggregation are the Arachidonic Acid 

(AA )) pathway and the Adenosin-Diphosphate (ADP) pathway leading to the activation of the 

fibrinogenn receptor on the platelet membrane1114. AA is released by the cell membrane as a 

precursorr of various eicosanoids and among those it is Thromboxan A , (TxA2) that is synthesized 

inn the platelet cell by the enzyme Cyclooxygenase-1 (COX-1). Thus, COX-1 represents a target 

forr the development of agents capable to inhibit platelet activation/aggregation12. The most 

widelyy used drug having this property is acetylsalicylic acid (ASA). Extracted initially from willow 

barkk at the beginning of the last century and later on synthesized artificially as the first drug in the 

world,, it was used as an antipyretic and antiinflammatory drug initially . It was only later in the 20th 

centuryy that its platelet inhibiting potency was detected1" . Its present use as a platelet inhibitor 

concernss all diseases related to atherosclerosis'6'1" . 

Thee platelet membrane contains receptors for fibrinogen (Fb) which belongs to the acute 

phasee proteins. After proteolytic cleavage by thrombin, it forms soluble fibrin, which in turn wil l 

bee converted to solid fibrin by coagulation factor XIII , thus contributing to clot formation. On 

thee other hand, Fb binds to its receptor, a glycoprotein complex GPI Ib / I I l a, on the activated 

platelett membrane with the capability- to link two platelets together, thus consolidating the 

growingg clot ~ . Increased levels of Fb are found in patients suffering from progressive 

atherosclerosis,, as in unstable angina, myocardial infarction, stroke, and PAOD2 2 2 3. The Fb-

receptorr is, therefore, another target for antiplatelet drugs like for example small peptides 

containingg the amino acid sequence -R-G-D- (-Arg-Gly-Asp-; RGD-peptides), which is identical 

too the binding site of Fb. These small peptides bind to the Fb receptor on the platelet cell 

reversiblyy and competitively24'2''. Irreversible binding is also achieved by another category of 

antiplatelett agents, which blocks the Fb receptor GP I Ib / I I l a (glycoprotein) like abciximab 

(Reopro),, which are chimeric antibodies2628. 
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Thee third target of clinical interest to inhibit platelet activation/aggregation is the receptor for 

ADPP on the platelet membrane. Thienopyridin derivatives such as Clopidogrel and Ticlopidine 

aree drugs with this capacity29"31. Clopidogrel is a substance that is being evaluated in combination 

withh ASA in different settings of atherosclerotic diseases and has recendy been shown to inrease 

thee efficacy of ASA by 20 % in the CURE trial in patients with acute coronary syndromes. 

Dipyridamole,, a phosphodiesterase inhibitor delaying the breakdown of cyclic AMP (cAMP), 

whichh has a platelet inhibiting effect, has often been used in combination with ASA in PAOD 

patients,, and now shows a revival in the treatment of stroke patients32, based on the European 

Strokee Prevention Study II , which also revealed an additional effect. 

AntithromboticAntithrombotic agents 

Theree are mainly two different approaches to achieve anticoagulation. The first is by preventing 

thee synthesis of vitamin K dependent coagulation proteins in the liver, such as is effected by 

coumarinss and Coumadin (acenocoumarol and phenprocoumon or warfarin)'13. These drugs are 

administeredd in an oral form. 

Thee second approach is by preventing coagulation proteins from being activated or by 

blockingg activated proteins by a specific drug. Inhibitors of thrombin and factor Xa, like 

unfractionatedd heparin (UH) and low molecular weight heparin (LMWH) are most widely 

used34'33.. The disadvantages of these agents are, that they have to be administered intravenously or 

byy subcutaneous injection. Newer agents have been or are being evaluated in clinical trials as for 

examplee pentasaccharides, a molecule that is identical with the antithrombin binding site found in 

heparin,, or fibrinogen-inhibitors (ancrod), direct thrombin inhibitors (hirudin), or tissue factor-

factorr Vil a (TF/FVIIa)-inhibitors (NAPc2). Some of these agents show promising first results 

suchh as in the prevention and treatment of venous and arterial thrombotic disease. 

ReocciusionReocciusion afterinfrainguinai'graftimplantation and peripheral angioplasty 

Symptomaticc PAOD has a prevalence of 2 to 3 % in men and 1 to 2% in women above 60 years 

off  age in Western Europe and North America. Among these, 70 to 80% will not get worse or 

evenn improve their state of disease, while 20 to 30 % will suffer from progression of the disease 

withinn 5 to 10 years, necessitating an intervention36. The treatment options are, firstly, 

conservativee by walking exercise, secondly, a percutaneous transluminal ballon-catheter therapy 

(angioplasty,, PTA), and ,thirdly, a surgical treatment by either thrombendarterectomy or 

implantationn of an infrainguinal bypass. A number of patients, undergoing PTA or graft-

implantationn will suffer from reocclusion within one to five years . The patency rates of the 

dilatedd or revascularized arterial segments vary depending on the presence of risk factors, such as 

thee localisation and length of the occlusion to be treated or of the implanted graft, the condition 

off  the lower leg arteries (out-flow), graft-material, and the presence of other conditions such as 
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diabetes,, gender (women have higher risks), compromised inflow (occlusion in the iliac arteries)1* . 

Consequently,, the question is, whether secondary prophylactic treatment with either 

ant i thromboticc or antiplatelet agents could improve patency rates of the treated arterial segments. 

Thee three meta-analyses presented in Chapters 2, 3, and 4 that were performed in 

collaborationn with the Cochrane Peripheral Vascular Disease Group, include all available 

randomisedd controlled trials comparing different antithrombotic or antiplatelet agents on the 

outcomee of graft occlusion and reocclusion following PTA, but also amputation, cardiovascular 

death,, and side effects. 

Partt  I I 

TwoTwo IXeii' Cow/pounds /// an slrferia/ and a J "enous irbwwbosis Mode/ 

Thee second part of the thesis concentrates on two new compounds applied in />/ r/'ro models of 

arteriall  and venous thrombosis in the rabbit. 

Thee first is a conjugate of a LAIW' H linked to autologous erythrocytes. By introduction of a 

sulfhydrill  group to LAIW'H , the molecule gams the capability of binding to an amino group 

locatedd on the erythrocyte membrane. This compound was tested />/ rtiro  with rabbit red blood 

cellss and in an acute experiment of venous thrombosis in the jugular vein and for the evaluation 

off  the half-life in rabbits. Evidence for its antithrombotic activity /// iviv is presented in Chapter 

6. . 

Thee second compound is a cyclic RGD-peptide conjugated to human albumin (HSA), which 

wass developed in order to prolong its half-life (Chapter  T). RGD-peptides are potential inhibitors 

off  platelet actvation. The conjugate did not lose its antiplatelet inhibition potency in rtirv  and 

exhibitedd a 30fold prolongation in half-life in riro  compared with the free peptide. In addition, its 

platelett inhibitor} ' property in an acute experiment of carotid artery' thrombosis was as potent as 

ASAA  (Chapter  ^ . 

Par tt  I I I 

TheThe in/7uence of a functional thrvwbowodu/in deficiency on coagu/ation and in/minify 

Thiss part of the thesis is dedicated to the study of a functional thrombomodul in deficiency as 

achievedd in a genetically modified mouse. The animals present a dysfunction in the capability of 

bindingg thrombomodul in (TAI) to thrombin. TAI is a transmembrane glycoprotein of the 

endothel ium,, with a predominant presence in the microvasculature. The TAI/ thrombin complex 

acceleratess the activation of protein C. Activated protein C by a proteolytic cleavage inactivates 

coagulationn factors Va and Vi l l a leading to impaired thrombin generation. The described mouse 
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modell  (TMprü pro) leads to the creation of a prothrombotic state without a visible phenotype if 

unchallenged. . 

Inn humans, genetic mutations in the thrombomodulin gene were reported to be associated 

withh an increased risk for myocardial infarction ' '. However, other reports could not confirm a 

clearr association between arterial and venous thrombo-embolic diseases and the mutation. 

Chapterr  1Q presents the results of a study investigating if a functional deficiency of TM 

influencess thrombus formation in an acute experiment of arterial thrombosis of the carotid artery-

inn TMpro/pro mice. 

Chapterr  llreports on E.coli peritonitis induced in TMpr"'pr" mice with the intention to test the 

hypothesis,, whether an increase of systemic thrombin formation resulting from a reduced 

activationn of the antiprotein C pathway would influence bacterial defense. In this experiment the 

importancee of excluding genetic background differences between mouse strains in the 

susceptibility77 to bacteria is discussed as an additional topic. In a second project described in 

Chapterr  \% a different approach was used to find evidence for the hypothesis that a 

prethromboticc state might influence host defense in Gram-negative peritonitis. TMpro/pr" mice 

infectedd intraperitoneal]}' with E.coli were pretreated with a direct and an indirect thrombin 

inhibitorr (low molecular weight heparin, hirudin, respectively) and compared to uncoagulated 

infectedd controls. 
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CHAPTER2 2 

ANTITHROMBOTI CC AGENTS FOR PREVENTIN G 
THROMBOSI SS AFTER PERIPHERAL ARTERIA L 

BYPASSS SURGERY: A META-ANALYSI S 

Janinee Dörffler-Melly1 , Maria M.W. Koopman1, Harry R. Büller1, Martin H. Prins2 

Departmentss of Vascular Medicine1 and Epidemiology & Biostatistics2, Academic Medical Center 

off  Amsterdam, Amsterdam, the Netherlands 

ThisThis chapter summarises a systematic repiew, produced for the Cochrane Review Group on Peripherai Vascular 

Diseases;Diseases; accepted for publication in the Cochrane Library 



S u m m a ry y 

Chronicc peripheral vascular disease (PVD) is frequently treated by implantation of either an 

infrainguinall  autologous vein or artificial graft. To prevent graft occlusion, patients are usually 

givenn an antiplatelet or anti thrombotic drug, or a combination of both. I t is uncertain which drug 

iss opt imal to prevent infrainguinal graft occlusion. 

T oo evaluate whether anti thrombotic treatment in patients with chronic P VD undergoing 

infrainguinall  bypass surgery improves graft patency, limb salvage and survival we performed a 

meta-analysiss of randomized clinical trials (RCTs). 

Forr each trial, the number of patients originally allocated to each treatment group and the 

frequencyy of outcomes were extracted and pooled for an intention-to-treat analysis. Data 

collectionn on each trial comprised inclusion and exclusion criteria, patient details, type of graft, 

typee and dose of anti thrombotic therapy used, outcome, and side effects. 

Thee combined results of three trials evaluating vitamin K antagonists (VKA ) versus no 

VKA ,, suggest that oral anticoagulation favours venous, but not artificial, graft patency, as well as 

l im bb salvage and survival. Two other studies comparing VK A with aspirin, or 

aspirin/dipyridamole,, supported a superior effect of VK A on the patency of venous but not 

artificiall  grafts. Subgroup analysis for artificial grafts as performed in one trial showed a 

favourablee effect of antiplatelet agents on synthetic bypasses. In two trials with a relatively small 

numberr of patients low molecular weight heparin treatment was associated with a lower 

incidencee of early postoperative graft thrombosis compared to treatment with unfractionated 

heparin.. In conclusion, patients operated on for an infrainguinal venous graft should be treated 

wit hh VKA , whereas patients receiving artificial grafts might profit more from platelet inhibitors 

(aspirin).. Randomised controlled trials with larger patient numbers comparing antithrombotic 

therapiess with either placebo or antiplatelet therapies are needed in the future. 
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I n t roduc t i o n n 

Lowerr limb atherosclerosis may manifest as pain on walking (intermittent claudication, IC), and, 

iff  more severe, pain while at rest, ulceration and gangrene (critical limb ischaemia, CLI) . IC 

correspondss to Fontaine's classification stage II , and CLI to stages II I and IV . 

Treatmentt in selected patients includes placement of a femoro-popliteal or femoro-distal bypass 

graftt to divert blood past the occluded arterial segment, thereby improving perfusion of blood to 

thee limb, relieving the symptoms of claudication or rest pain, and avoiding amputation for 

ulcerationn and gangrene (limb salvage). Several different materials may be used for bypass 

grafting:: a section of the patient's own vein (autologous vein graft), artificial graft such as Dacron 

orr polytetrafluoroethylene (PTFE), treated human umbilical vein (taken from a placenta), or a 

combinationn of these materials. Graft patency is dependent on many factors including the 

indicationn for surgery (IC, CLI) , quality of arterial inflow and outflow, type of graft used, surgical 

technique,, progression of atherosclerosis in the proximal or distal arteries, and graft stenosis due 

too neo-intimal hyperplasia. 

Thee incidence of graft failure (graft occlusion) for above knee femoro-popliteal bypass grafts 

aa year after grafting were described by the European Consensus Document on Critical Limb 

Ischaemia'' as 15% when vein is used2, 20% when PTFE is used\ and 45%, and 7 5% 

respectively,, for below knee grafts. Approximately 2 5% of these failures occur within one month 

postoperativelyy (acute phase), of which 10% are due to a consequence of technical error4'3 or to 

thrombogenicc graft material . The remaining 15% are considered as unexpected early graft 

failuress and might be caused by an increased prothrombotic state. Eighty percent of all graft 

failuress occur between one month and two years postoperatively due to the development of graft 

stenosess (intermediate and long-term restenosis) . Two to three percent fail each year thereafter 

duee to progression of native atherosclerosis in the proximal or distal arteries8. If blood flow in 

failedd grafts cannot be restored, and further bypass surgery is not possible, then perfusion may 

bee so poor that the limb cannot remain viable and amputation is required. Successful prevention 

off  graft failure, and thus the avoidance of surgical re-intervention is of major clinical and 

economicc importance . 

Theree is evidence that patients with lower limb atherosclerosis frequendy tend to have a 

prothromboticc state10'11. Furthermore, the body's physiological stress response to surgery may 

addd to a prothrombotic state. Therefore, it is important to discover whether post-operative 

treatmentt following infrainguinal bypass grafting should include long- or short-term 

anticoagulationn in order to counteract the risk of a prothrombotic state, and if so, whether the 

samee treatment is optimal for all kinds of grafts and patients. Although several reviews have been 

publishedd over the past 10 years1"" 16 addressing similar questions, non of these a reviews met 

currentt methodological standards. It was the objective of this study to determine the efficacy of 
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anti thromboticc drugs in patients with lower limb atherosclerosis (both IC and CLI) undergoing 

femoro-popliteall  and femoro-distal bypass grafting. Outcomes included the overall success of 

therapyy (graft patency and limb salvage rates) and complications of treatment. 

Methods s 

CriteriaCriteria for considering studies studies for t/jis re/ie/r 

TypesTypes of studies Trials in which participants have been randomly allocated to reeene either 

anti thromboticc therapy versus placebo, or one antithrombotic regimen versus another, or 

anti thromboticc therapy versus an alternative treatment. Trials using alternation were included, 

andd considered as quasi-randomised clinical trials. 

TypesTypes of participants All patients undergoing femoro-popliteal or femoro-distal bypass grafting for 

thee treatment of intermittent claudication and critical limb ischaemia. Patients undergoing bypass 

surgeryy for trauma were excluded. Quality' control measures to assess the bypass graft (such as 

doppler-- and duplexsonography or angiography), the graft material used, the sites of the 

proximall  and distal anastomosis and the patient's risk factors tor graft occlusion were recorded. 

TypesTypes ofiutenrntions Hither antithrombotic therapy yersus placebo, or one antithrombotic regimen 

versuss another, or antithrombotic therapy versus an alternative treatment. The type of therapy, 

dosage,, time of starting in relation to surgery (pre- or post-operatively), and duration of therapy 

weree recorded. 

TypesTypes of outcome measures 

1.. Primary graft patency: i.e. patency rates after surgery without further intervention, as 

determinedd by clinical examination, measurement of ankle brachial pressure index (ABPI), 

Dopplerr or duplex sonography, or angiography. 

-.. L imb salvage rate. 

-.. Mortality. 

-.. Side effects of treatment. 

.. S'earc/.t strateg)' for identification of studies 

Al ll  publications which might contain reports of RCTs or controlled clinical trials of 

ant i thromboticc therapy after peripheral arterial bypass surgery in patients with IC and /or CLI 

weree sought using the search strategy described by the Cochrane Review Group on Peripheral 

Vascularr Diseases. This strategy includes hand searching of relevant medical journals and 

extensivee M E D L I N E and EMBASE searches (up to and including December 2000). Additional 

searchess on M E D L I N E and EMBASE were made using the terms 'anticoagulant' and 'arterial 

surgery'. . 
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Additionall  trial references were sought by: reviewing reference lists of papers resulting from 

thiss search; handsearching proceedings from meetings of the Vascular Surgical Society of Great 

Britainn and Ireland, European Vascular Surgical Society, and North American Society of 

Vascularr Surgery; and through contact with authors of published trials to enquire whether they 

weree aware of any unpublished trials. 

AletbodsAletbods of the review 

Thee reviewers independendy selected which trials were suitable for inclusion in the review. 

Disagreementss were resolved by discussion. The methodological quality of each trial was 

assessedd independendy by two reviewers using the checklist provided by the Peripheral Vascular 

Diseasess Collaborative Review Group, with emphasis on concealment of randomisation. Each 

triall  was given an allocation score of A (clearly concealed), B (unclear if concealed), or C (clearly 

nott concealed) and a summary score of A (low risk of bias), B (moderate risk), or C (high risk). 

Trialss scoring A were included and those scoring C were excluded. For a trial scoring B, an 

attemptt was made to obtain more information by contacting the author. If no additional 

informationn could be obtained, results of the analysis were considered with caution because of 

thee moderate risk of bias. In the absence of consensus over the inclusion of a trial, a third 

opinionn was sought. 

Forr each trial, the number of patients originally allocated to each treatment group was 

extractedd from the data and an 'intention to treat' analysis was performed. Data collection on 

eachh trial comprised inclusion and exclusion criteria, patient details (age, gender, co-morbidity), 

severity'' of arterial occlusive disease, as determined by ABPI and the European Consensus 

definitionn of CLI , type of graft (autologous vein, artificial), level of distal graft anastomosis 

(abovee knee popliteal, below knee popliteal, distal arteries), type of anticoagulant therapy used 

(dose,, commencement of therapy relative to surgery, duration of therapy, compliance), and 

outcomee (as mentioned in section 'criteria for considering trial for review"). The treatment and 

controll  groups were compared for important prognostic factors and differences described. If any 

off  the above data were not available, further information was sought from the author. If 

possible,, results of individual trials were confirmed in a common odds ratio, using a fixed effect 

model.. The 95% confidence intervals of the effect sizes were calculated. 

Alethodo/ogicalAlethodo/ogical quality oji/ic/uded studies 

Al ll  trials were open studies, and allocation was randomised, although concealment of 

randomisationn was often not clearly reported. Contacting the authors did not provide any 

additionall  data, as raw data was no longer accessible or because authors did not respond to our 

inquiries.. A formal meta-analysis was performed in three comparison categories, including two 

orr three trials each: 1) coumarin-derivatives compared to no coumarins " , 2) coumarin-
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derivativess compared to aspirin or aspirin/dipvridamole ' *, and 3) low molecular weight heparin 

versuss unfractionated heparin for early occlusion"""4. 

Results s 

.. Sir/dies identified  identified 

O urr search vielded 15 eligible studies which investigated the efficacy of anticoagulant treatment 

inn infrainguinal bypass surgery "D. Six of these studies could not be included for the following 

reasons:: studies were retrospective"6 2h» identical cohorts of patients were reported in interim 

analyses""  '"'", treatment groups were not compared to a control group11, or other levels than the 

femoro-poplitea!!  or femoro-distal were investigated. The studies are described in detail in the 

appendix. . 

/.. / K4 J 'EUSl 'SXO I X4 (Arfvidsson 1990; Kretschmer 1992; Sarac 1998) 

Thee number of events in these three studies was calculated from the survival curves, unless 

reportedd otherwise. Intention-to-treat analysis could be performed for bypass patency rates, limb 

salvage,, and surviyal (Arfvidsson et al 1990: 68 randomised, of whom 20 underwent TEA versus 

622 randomised, of whom 14 underwent THA). The three trials vielded a total of 146 grafts and 

patientss in the treatment group versus 136 grafts and patients in the control group for inclusion. 

Threee months postoperatively, antithrombotic treatment for all grafts, including venous and 

PTFE,, compared to no anticoagulant treatment had a statistically non-significant effect (OR 

0.66,, CI 95% [0.31,1.40]) on primary patency. At timepoints 6, 12, 24 months, and 5 years a 

positivee effect of coumarins on graft patency was evident for all grafts with the following odds 

ratioss : six months OR 0.55, CI 9 5% [0.29,1.06], 12 months OR 0.47, CI 9 5% [0.27, 0.83], 24 

monthss OR 0.54, CI 9 5% [0.32, 0.91], five years OR 0.57, 9 5% [0.33,0.99]. 

Subgroupp analysis defined for graft type with 125 included patients treated with VK A versus 

1100 control patients showed a positive effect for venous grafts (three months OR 0.46, CI 9 5% 

[0.14,1.48],, six months OR 0.40, CI 9 5% [0.16, 0.97], 12 months OR 0.34, CI 9 5% [0.17,0.68], 24 

monthss OR 0.48, CI 9 5% [0.26,0.87], and five years OR 0.51, CI 9 5% [0.27,0.94 ]), whereas no 

effectt for artificial conduits at the same timepoints was found (six months OR 0.87, CI 9 5% 

[0.19,3.92],, 12 months OR 1.20, CI 95% [0.28,5.18], 24 months OR 0.97, CI 9 5% [0.24,3.92], 

fivefive years OR 1.05, CI 9 5% [0.25,4.42]). 

Thee effect of coumarins on limb salvage, and survival could be calculated for 139 patients in 

thee treatment group and 129 controls, since for seven patients with early occlusion in each group 

off  the Arfvidsson study no follow-up data were provided. There was a tendency for coumarins 

too reduce limb loss during the whole observation time (three months OR 0.24, CI 9 5% 

[0.08,0.73],, six months OR 0.30, CI 95% [0.11, 0.83], 12 months OR 0.47, CI 9 5% [0.20, 1.13], 
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244 months OR 0.50, CI 95% [0.25, 0.98], and five years OR 0.34, CI 95% [0.17, 0.70]). For 

survival,, a non-significant trend was observed (six months OR 0.34, CI 95% [0.08, 1.39], 24 

monthss OR 0.66, CI 95% [0.38, 1.15]. 

Thee effect of coumarins on patency, limb salvage, and survival was similar in the two trials 

byy Kretschmer and Arfvidsson, in which patients did not receive aspirin. In the trial of Sarac all 

patientss received aspirin and only venous grafts were used; in this cohort a similar effect was 

seenn on primary patency as in the patients with a venous graft, who did not receive aspirin in the 

twoo other trials (Arfvidsson 1990; Kretschmer 1992). In addition, similar odds ratios for limb 

salvagee and survival were observed. Analysis for assisted primary patency, secondary patency, site 

off  distal anastomosis, and bleeding complications in the different patient groups could not be 

performedd due to inaccessible raw data. 

Bleedingg complications requiring hospitalisation occurred in eight patients in the treatment 

groupp and in none in the control group in Arfvidsson's trial; one patient in the treatment group 

inn Kretschmer's trial had a lethal bleeding complication. In Sarac's study four (14.4%) patients of 

thee treatment group required operative evacuation of wound hematoma compared to only one in 

thee control group. Furthermore, in the warfarin/aspirin group one gastrointestinal bleeding 

occuredd and three in the aspirin group, and analogously, one, resp. one, central nervous system 

andd three, resp. genitourinary bleedings were recorded. 

2.2. VKA VERSUS'ASPIRIN OR ASPIRIN/'DIPYRIDAMOLE (ÜO A 2000; Schneider 1979) 

Patencyy for all grafts, including 1356 patients in the coumarin group and 1385 in the aspirin 

group,, postoperatively showed almost no difference for coumarin versus aspirin (at three 

monthss postoperatively OR 0.89, CI 95% [0.69, 1.15]; six months OR 0.99, CI 95% [0.81, 1.22]; 

122 months OR 0.92, CI 95% [0.77, 1.11]; 24 months OR 0.91, CI 95% [0.77, 1.08]). 

Intention-to-treatt analysis for venous grafts included 814 patients randomised to coumarin 

treatmentt versus 823 to aspirin. Coumarins had a statistically significant favourable effect on 

patencyy rates compared to antiplatelet treatment either with aspirin alone or with a combination 

off  aspirin and dipyridamole (at three months OR 0.66, CI 95% [0.46, 0.93]; six months OR 0.71, 

CII  95% [0.53,0.95]; 12 months OR 0.65, CI 95% [0.49, 0.85]; 24 months OR 0.59, CI 95% [0.46-

0.76]). . 

Forr patients treated with an artificial conduit - a group that had been analysed only by the 

BOAA trialists (542 in coumarin group versus 562 in aspirin group) - no statistically significant 

positivee effect was found for coumarins (at three months OR 1.32, CI 95% [0.89,1.95]; six 

monthss OR 1.47, CI 95% [1.08,1.99]; 12 months OR 1.33, CI 95% [1.02,1.74]; 24 months OR 

1.41,, CI 95% [1.11,1.80]). 

Thee trials did not report data on limb salvage and survival suitable for a formal meta-analysis. 

However,, in the BOA trial limb amputation had to be performed in 100 (7.5%) coumarin treated 
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andd 110 (8.3%) aspirin treated patients, whereas haemorrhage necessitating hospital admittance 

wass reported for 108 (8.1%) and 56 (4.2%) patients, respectively, in these groups. In the 

Schneiderr 1979 trial adverse effects were reported for two patients (0.6%) stopping coumarin 

treatmentt for bleeding complications, and 13 patients (21%) stopping aspirin for different 

reasons.. Three patients from each group died within two years. Major haemorrhage requiring 

hospitall  attendance in the BOA 2000 trial was reported as 119 (9%) in the oral anticoagulant 

groupp versus 59 (4.5%) in the aspirin group. No distinct data were reported for assisted primarv 

patencyy or secondary patencv rates. 

J.UEHJ.UEH 1 ERSL'J/MICH(Samama 1994; Swedenborg 1996) 

A nn intention-to treat-analysis performed by the trialists yielded eight of 99 (7.9%) versus 22 of 

1000 (22%) occlusions on day 10, and 11 of 99 (10.9%) versus 24 of 100 (24%) on day 30, 

respectively.. A separate intra-protocol analysis was performed in addition, comparing 67 grafts in 

thee LWM H group with 64 grafts in the UFH-group. Early graft thrombosis within 10 days 

occurredd in four and eight cases, for LMWH or UFH respectivelv. This difference did not reach 

statisticall  significance. 

Inn Swedenborg's trial, early graft occlusion occurred in two cases of each group. Analysis of 

bothh trials regarding primary graft patency showed an OR 0.38, CI 95%) [0.18,0.80] for 10 days 

posteroperativelyy and an OR 0.41, CI 95% [0.20, 0.85] for 30 days postoperatively, favouring 

LMW HH versus UFH for early graft thrombosis. 

4.4. IMU'H I'VERSUS'ASPIRIN/'DIPYRIDAMOLE: (Edmondson 1994) 

I nn the 94 patients randomised to LMW H and the 106 patients to ASA /D IP, there were 12 and 

211 occlusions at six and 12 months, respectively, in the LMW H group, and 30 and 38 occlusions 

att the same timepoints in the aspirin group. Thus, odds ratios at six and 12 months were 0.60, CI 

9 5%% [0.29, 1.27] and 0.84, CI 9 5% [0.47, 1.51] respectively, showing no significantly positive 

effectt for LMWH . Nine patients in the LMW H group (four with patent grafts) and two in the 

aspirinn group died during follow-up. No major bleedings or adverse events occurred. 

J.J. HEPARIN I ERSUS ANCROD (Cole 1993) 

Amongg the 14 patients randomised to either heparin or ancrod, one graft in each group occluded 

withi nn 24 h postoperatively. One patient suffered from postoperative bleeding and graft failure 

inn the ancrod group. No further events occurred during one month follow-up. Primary patencv 

att one month was 12/13 and 13/14 with an OR 1.08, CI 9 5% [0.06,18.18]. Ancrod was as 

efficientt as unfractionated heparin. No data on limb salvage, survival, or primary assisted patency 

weree reported. 
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6.. HEPARIN \'ERSUSANTITHROMBIN'(Nydahl 1992) 

Graftt thrombosis occurred intraoperative!)' in five out of six patients in the AT group , whereas 

noo occlusion occurred in the heparin group. One patient in the heparin group suffered from 

majorr bleeding and another died from myocardial infarction on the second postoperative day. 

Discussion n 

Ourr meta-analysis shows that in infrainguinal venous bypasses vitamin K antagonists (VKA) 

havee a favourable effect on patency rates, limb salvage, and survival, whereas patients 

undergoingg artificial bypass surgery seem to benefit from antiplatelet therapy regarding primary 

patencyy and limb salvage. This conclusion could be drawn from the comparison performed 

betweenn patients treated with coumarins versus patients receiving no vitamin K antagonists, both 

inn the presence19 and in the absence20,21 of aspirin, and is consistent with the findings of the study 

byy Schneider 197917 and the BOA trialists18 who compared coumarin-derivatives to aspirin both 

inn venous and artificial grafts. Moreover, there are indications for low molecular weight heparin 

too improve early patency in comparison to unfractionated heparin. 

However,, it should be noted that these results are based on a relatively small number of 

clinicall  trials including a total of 3240 patients undergoing infrainguinal bypass surgery who were 

randomisedd to one of four different drugs, i.e. to coumarin-derivatives, aspirin with or without 

dipyridamol,, unfractionated heparin, low molecular weight heparin, or to no drug. 

Forr the effect of oral VKA and aspirin (ASA) on patency, some interesting observations were 

madee by performing subgroup analysis defining the type of graft. Thereby, comparison of VKA 

versuss no VKA had a significant and strong positive effect favouring VKA on the 235 patients 

extractedd from three trials (Arfvidsson 1990; Kretschmer 1992; Sarac 1998) receiving a venous 

graft,, with odds ratios ranging from 0.36 to 0.51 within two to five years follow-up. Similarly, 

comparisonn of VKA versus ASA in 1637 patients (BOA 2000; Schneider 1979) showed no effect 

onn venous grafts for ASA, but significant effect of VKA (OR 0.59, CI 95% [0.46, 0.76]). In 

contrast,, in the 1104 patients receiving artificial grafts, VKA could not improve patency, whereas 

ASAA was favouring the outcome within two to five years (OR 1.32 95% CI, CI 95% [0.89, 1.94]). 

Thee effect of LMWH and UFH on early patency was evaluated in two trials including only 

2177 patients. However, the stronger effect of LMWH demonstrated in all grafts is consistent 

withh trials comparing the two drugs in recurrent venous thromboembolism, where LMWH has 

alsoo been more potent and safer. However, much larger cohorts of patients receiving venous and 

artificiall  bypasses will have to be evaluated in the future to obtain a reliable comparison between 

LMWHH and UFH. 

Thee presented findings are not only consistent within the different trials described and 

analysedd herein, but are also biologically plausible. Venous grafts, once they have been 



incorporatedd into the high pressure system in the human leg, lose their endothelial layer within 

days,, being literally denudated. Exposure of the subendothelial layers to the blood stream triggers 

thee expression and release of tissue factor, the initiator of the coagulation cascade. This process 

resultss in locally increased thrombin generation, and subsequent thrombus formation. It is 

enhancedd by a simultaneous inflammatory process caused by the release of interleukins ( IL- lb , 

IL-6 ,, TNF) that attract and activate granulocytes and monocytes. The latter are able to express 

additionall  tissue factor, thus enhancing the local thrombogenic process. Although activated 

plateletss play an important role in thrombus formation, it seems that the activated coagulation 

systemm at the graft site of endothelial injury- has a stronger impact, initially necessitating some 

kindd of thrombin inhibition, which is achieved by VKA . On the other hand, inhibition of platelet 

deposit ionn on prosthetic grafts might be the more efficient therapy for patients with PTFE and 

dacronn bypasses. 

Finally,, it should be mentioned that extracting data from the described trials was difficult , as 

mostt publications did not provide the raw data needed for an appropriate analvsis. Subgroup 

analysis,, in particular, in which more detailed patient characteristics such as levels of the distal 

anastomosis,, distal outflow, or secondary graft patency could have been taken into account, 

couldd not be performed. Contacting the authors was usually not ven- successful, as raw data was 

noo longer available or authors did not reply. Therefore, numbers of patients and events had to be 

calculatedd from the survival curves. However, we do think that our conclusions are valid and 

reliable,, because of their impressive consistency on the effect of VK A on venous bypasses and, 

likewise,, the favourable effect of aspirin on artificial conduits found in all the trials. 

Consequently,, it is unlikely that there is a publication bias. In addition, companies that provide 

anti thromboticc and antiplatelet drugs were contacted, and so far no unpublished or ongoing 

trialss have been detected. 

Patientss submitted to infrainguinal venous graft surgery should be treated with VKA . Patients 

receivingg an artificial graft might profit more from platelet inhibitors (aspirin). Prevention of 

earlyy occlusion in infrainguinal bypass surgery by perioperative treatment with low molecular 

weightt heparins seems to be more successful than administration of unfractionated heparin. 

Randomisedd clinical trials performed with appropriate concealment of allocation, are called 

forr to evaluate the efficacy at the lowest possible effective dose of aspirin in infrainguinal venous 

andd artificial grafts. With regard to vitamin K antagonists, the studies presented did not 

investigatee how long therapy should be continued; consequently, RCTs designed to determine 

optima]]  therapy duration are needed. In addition, the effect of LMW H compared to U FH in 

perioperativee treatment should be evaluated in larger RCTs including subgroup analysis of 

venouss and artificial grafts. Furthermore, presentation of data should be much more detailed and 

nott show only survival curves for overall patency. Tables showing raw data would improve the 

transparencyy of the trial performance, and allow comparison of endpoints at consecutive 
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timepointss of follow-up. Thus, readers would be able to identify the number of occlusions or 

otherr endpoints at different timepoints in each comparison group, as well as in subgroups 

definedd by bypass material, above and below knee anastomosis, and in- and outflow conditions. 
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Appendix x 

1.1. VITAMIN  K ANTAGONISTS (VKA) VERSUS NO VKA 

Kretschmerr 1992211 

Open,, randomized clinical trial of 130 patients with chronic arterial occlusive disease of the femoro-

popliteall  level, undergoing elective infrainguinal venous bypass surgery. Sixty-six patients were randomly 

assignedd to treatment with coumarin-derivatives and 64 to no anticoagulation. Randomisation was 

adaptedd using sex, age, diabetes mellitus, blood pressure, and clinical status as stratifying variables. In 

patientss randomised to coumarin-derivatives, phenprocoumon was started in the first or second 

postoperativee week, aiming at 15-25% for Quick values, 10-20% for Hepatoquick, or five to 12% for 

Thrombotest.. Patency assessment was performed by evaluation of pulsatile Doppler flow and ABPI 

whichh prompted an angiography at an ABPI-fall of 30%. Primary graft occlusion, limb loss and death 

weree assessed at three, six, nine, and 12 months, and every six months thereafter for 10 years. Serious 

drugg related complication was recorded in respect to causes of death. Non-fatal bleeding complications 

weree not reported. Successfully treated stenoses were considered as patent bypasses. Allocation score A, 

summaryy score B. 

Arfvidssonn 199021 

Openn randomized clinical trial with 130 patients undergoing infrainguinal revascularisation. Thirty-four 

patientss underwent thrombendarterectomy (TEA) and were therefore not considered for the current 

analysis.. Thus, 96 patients, who underwent venous or artificial bypass surgery, were included, and heparin 

wass administered postoperatively as an infusion of 10-20 000 IU/24 hours for three to five days. In diose 

randomisedd to coumarin therapy, dicoumarol was started within two days postoperatively, aiming at 

Simplastinn levels of 10-20%. Graft-occlusion, limb loss and death were primary endpoints. Bleeding 

complicationss requiring hospitalisation were recorded. Assessment of graft patency was performed by 

Dopplerr flow measurement and arteriographv when in doubt. Follow-up was once monthly for six 

months,, thereafter at nine and 12 months, further by yearly contacts. Allocation score B, summary score 

B. . 

Saracc 199819 

Openn randomized clinical trial with 56 patients scheduled for venous infrainguinal bypass surgery. All 

patientss were defined as high risk patients for graft occlusion (marginal venous conduit, poor arterial 

runoff,, prior graft failure). Thirty-two patients were randomized to warfarin and aspirin and 24 to only 

aspirinn postoperatively. Anticoagulant therapy was started immediately after surgery with a target INR of 

2-3.. Primary endpoints were graft patency and limb loss. Graft patency was assessed by evaluation of 

ABPII  and duplexsonography. A decrease of 0.15 in ABPI and a graft velocity of more than 150 cm/sec 

orr less than 30 cm /sec prompted arteriography. Follow-up was at two and four weeks, three and six 
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monthss and even- six months thereafter for three years. Occurrence of death, bleeding complications, and 

evacuationn of wound haematoma were recorded. Allocation score B, summary score B. 

2.2. VKA VERSUS ASPIRIN'/DIPYRIDAMOL 

Schneiderr 19791" 

Open,, randomized clinical trial performed from 1974 to 1978. Patients underwent either femoro-popliteal 

thrombendarterectomvv or femoro-popliteal yenous bypass surgery. Of a total of 213 patients 91 were 

randomisedd to a femoro-popliteal venous bypass. All patients were treated with therapeutic doses of 

heparinn and coumarins in the first one to two weeks postoperatively, and were then randomly allocated to 

eitherr coumarins (Quick, aim 25-30%) or aspirin, or aspirin/dipyridamol. Follow-up period was two years 

withh three monthly visits during the first year and six monthly contacts in the second year. Graft patency 

wass assessed angiographically before dismissal, further by evaluation of segmental oscillographv and a fall 

off  the systolic pressure of at least 20 mmHg. Signs of occlusions were objectively assessed bv 

angiography.. Drug assessment was performed by measurement of prothrombin time for coumarins and 

ASAA levels in urine. Death and bleeding complications were recorded. Allocation score B, summary score 

B. . 

BOAA 20001" 

Multicenter,, open randomized clinical trial including 2690 patients undergoing infrainguinal bypass 

surgery,, of whom 1339 were assigned to coumarin-derivanves (phenprocoumon or acenocoumarol) and 

13511 to aspirin 80 mg daily started within five days after surgery. Intended international normalised ratio 

(INR)) range was 3.0-4.5. Follow-up was at three and six months, thereafter even- six months with a mean 

observationn time of 21 months. Both venous and artificial bypasses were employed. Primary endpoint 

wass graft patency, assessed clinically and with doppler or duplex sonography and bv arteriography if 

indicated.. Secondary" endpoints were vascular death, myocardial infarction, stroke, amputation, vascular 

intervention,, major haemorrhage. Allocation score A, summary score B. 

3.3. UNFRACTIONATED HEPARIN VERSUS LOW MOLECULAR WEIGHT HEPARIN 

Earlyy infrainguinal graft failure has been evaluated after intra- and postoperative administration of 

unfractionatedd heparin versus low molecular weight heparin in two trials by Samama et al in 1994 and 

Swedenborgg et al in 1996. 

Samamaa 199422 

Openn randomized multicenter study conducted between 1990 and 1992 in patients undergoing elective 

femoro-distall  reconstructive surgery. 100 patients were randomly assigned to treatment with 

unfractionatedd heparin (UFH) and 99 to low molecular weight heparin (enoxaparin). Treatment was 

startedd intraoperativelv with an intravenous bolus, followed by flushing the saphenous vein or prosthetic 
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graftt and subcutaneous injections twice daily for 10 days. Primary endpoint was graft thrombosis at 10 

dayss postoperatively, which was assessed by angiography on day 10  2 or before if indicated and 

clinicallyy on day 30. Bleeding complications were recorded, defining major hemorrhage as a loss of > 2 

g/dll  of hemoglobin or transfusion of more than 2 packed red cell units. Heparin induced 

thrombocytopeniaa was defined as a decrease of > 50% from the initial platelet count. Data was analysed 

onn an intention-to-treat basis for drug efficacy. In an additional per-protocol analysis 67 angiographically 

assessedd grafts (LWMH-group) were compared to 64 grafts (UH-group). Allocation score B, summary 

scoree B. 

Swedenborgg 19961" 

Openn randomized clinical trial of 18 patients undergoing infrainguinal bypass surgery, comparing the 

effectt of low molecular weight heparin (LMWH, Fragmin) with unfractionated heparin (UFH) on early 

graftt patency. However, the main focus of this study was to evaluate hypercoagulability as a risk factor in 

thesee patient groups, and early graft occlusion was only of secondary interest. Therefore, the data on 

assessmentt of patency is limited. An attempt to contact the authors was unsuccessful. Eighteen 

saphenouss vein grafts were investigated in 18 patients, nine patients per group were treated with a dose of 

700 anti-Xa activity U/kg of UFH or LMWH (Fragmin) iv once during surgery. Follow-up duration was 

nott specified but the term 'postoperatively' implied occlusion shordy after operation but no longer than 

244 hours. No further information was accessible for follow-up evaluations of graft patency, limb salvage 

orr survival. Allocation score B, summary score B, 

4.4. LOW MOLECULAR WEIGHT HEPARIN VERSUS ASPIRIN/DIPYRIDAMOLE 

Edmondsonn 199423 

Openn randomized clinical trial in patients undergoing femoropopliteal bypass grafting, of whom 94 were 

randomisedd to 2500 IU LMWH (Fragmin) once daily subcutaneously and 106 to 300 mg aspirin and 100 

mgg dipyridamole, both three times per day for three months. On the seventh postoperative day patients 

weree assessed for graft occlusion, wound infection, thrombectomy, bleeding, and death. Total follow-up 

wass one year with visits at one, three, six, and 12 months. Graft patency was evaluated clinically and by 

ABI ,, if indicated supplemented by arteriography or duplexsonography. Allocation score B, summary 

scoree B. 
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5.5. ANCROD VERSUS HEPARIN 

Colee 1993-* 

Openn randomized clinical trial evaluating the effect of intra- and perioperative administration of heparin 

versuss ancrod in patients undergoing infrainguinal bypass surgery (venous and artificial) on fibrinogen 

depletionn and earlv graft patencv. Fourteen patients were randomised 100 lU/kg heparin intravenously 

duringg surgery and 14 patients to 70 IU ancrod over 12 hours preoperatively until fibrinogen levels were 

stabilisedd between 0.2-0.5 mg/1. There was one withdrawal from the ancrod group. Ancrod was 

continuedd postoperativelv for 48 h. Graft patencv was determinded clinically by AB1 and doppler flow 

measurementt before hospital discharge and at one month. Allocation score B, summary score B. 

6.6. HEPARIN VERSUS ANTITHROMBIN 

Nydahll  1992̂  

Openn randomized clinical trial, with six patients randomised to penoperame treatment with a single iv 

dosee of 5000 IU unfractionated heparin and six patients to 1500 IU antithrombin into the femoral artery. 

Patencyy assessment of the graft was performed by ABI  evaluation and doppler flow measurement one 

monthh after surgerv. Allocation score B, summary score B. 
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CHAPTER3 3 

ANTIPLATELE TT AGENTS FOR PREVENTIN G 
THROMBOSI SS AFTER PERIPHERAL ARTERIA L 

BYPASSS SURGERY: A META-ANALYSI S 

Janinee Dörffler-Melly1 , Maria M.W. Koopman', Harry R. Biiller1, Martin H. Prins2 

Departmentss of Vascular Medicine' and Epidemiology & Biostatistics2, Academic Medical Center 

off  Amsterdam, Amsterdam, the Netherlands 

ThisThis chapter summarises a systematic mvew, produced for the Cochrane Review Group on Peripheral Vascu/ar 

Diseases;Diseases; submitted for publication in the Cochrane Library 



Summary Summary 

Peripherall  vascular disease is frequently treated bv implantation of an infrainguinal autologous 

venouss or artificial graft. Occlusion rates van- between 15 and 75 %, depending on a number of 

riskk factors. To prevent graft occlusion, patients are usually treated with either an antiplatelet or 

anti thromboticc drug, or a combination of both. It is unknown which regimen is optimal to 

preventt infrainguinal graft occlusion. The aim of this analysis was to evaluate whether antiplatelet 

treatmentt in patients with chronic P VD undergoing infrainguinal bypass surgery improves graft 

patencv,, limb salvage and survival bv performing a meta-analvsis of randomised clinical trials. 

AA literature search was performed in MEDLIN E from 1966-onwards and EMBASE from 1980-

onwards.. Data was extracted and pooled for an intention to treat analysis. The treatment and 

controll  groups were compared for important prognostic factors and differences are described. 

Thee administration of platelet-inhibitors such as acetyl salicylate (ASA), ASA/dipyridamolc 

(DIP),, ticlopidine, or pentoxifvlline (PTX), results in improved venous and artificial graft patency 

comparedd to no treatment. However, subgroup analysis for graft-type, i.e. venous versus artificial 

showss that patients receiving a prosthetic graft wil l profit more from ASA or A S A / D I P 

administrationn than those receiving a venous graft. Antiplatelet therapy with ASA has an inferior 

effectt on venous graft patency compared with vitamin K antagonists (VKA) . The effect of 

antiplatelett therapv on graft patency and amputation in patients treated with an artificial graft 

shouldd be evaluated in larger RCTs. For further improvement of antiplatelet therapy in venous 

grafts,, it might be worth, to combine aspirin and a thienopyridine, such as for example 

clopidogrel. . 



I n t roduc t i o n n 

Symptomaticc peripheral arterial occlusive disease (PAOD) of the lower extremities may present 

itselff  as either intermittent claudication (IC), i.e. as pain on walking, or at a progressive stage, as 

criticall  limb ischemia (CLI), i.e. as pain at rest, ulceration and gangrene. The implantation of a 

femoro-popliteall  or femoro-distal bypass graft is one option of treatment for patients, who are 

geopardizedd with limb loss or who are greatly impaired in their walking ability by the disease. 

Throughh placement of an infrainguinal graft the occluded arterial segment is bypassed, thereby 

improvingg limb perfusion, relieving the symptoms of claudication or rest pain, and avoiding 

amputationn for ulceration and gangrene (limb salvage). 

Patencyy rates for femoro-poputeal and femoro-crural grafts depend on several risk factors, 

suchh as graft material, length of the the bypass, site of the distal anastomosis, outflow-conditions 

inn the calf, presence of diabetes mellitus, and gender. Thus, autologous saphenous vein is 

superiorr to artificial materials such as Dacron or PTFE, the distal anastomosis placed above knee 

representss a lower risk for graft failure, and male gender has a better outcome than female 

gender.. Graft failure occurs for two pathophysiological reasons: most frequendy, at the site of 

thee distal or proximal anastomosis smooth muscle cells of the medial layer of the vessel wall 

groww into the intimal layer (neo-intimal hyperplasia), thus narrowing the diameter of the perfused 

graftt (stenosis). When more than 70% of the perfused diameter is reduced, the stenosis becomes 

hemodynamicallyy significant, causing IC, and graft occlusion is often followed by the formation 

off  a thrombosis at the stenotic site. I f blood flow in the failed graft cannot be restored and 

furtherr bypass surgery is not possible, then limb perfusion may, in some cases, be so poor that 

thee limb cannot remain viable and amputation is required. Successful prevention of graft failure, 

andd thus, the need for surgical reintervention, is of major clinical and economic importance. 

Occlusionn rates vary between 15 and 75 %, depending on the various risk factors described 

above.. In addition, in patients with lower limb atherosclerosis, platelet aggregation is frequently 

increased.. Moreover, the body's physiological stress response to surgery is to cause a 

prothromboticc state. The intensity of platelet uptake by graft material has been shown to be 

inverselyy related to graft patency at one year. In animal experiments, antiplatelet drugs, when 

startedd before bypass surgery, have been shown to increase patency in artificial grafts when 

comparedd with no treatment. 

Too prevent graft occlusion, patients are usually treated with either an antiplatelet or 

antithromboticc drug, or a combination of both. It is unknown which regimen is optimal to 

preventt infrainguinal graft occlusion. The aim of this analysis was to evaluate whether antiplatelet 

treatmentt in patients with chronic P A OD undergoing infrainguinal bypass surgery improves 

graftt patency, limb salvage and survival by performing a meta-analysis of randomized clinical 

trials. . 
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Methods s 

Oifectires Oifectires 

T oo determine the efficacy of pharmacotherapy using antiplatelet drugs in patients with lower 

l imbb atherosclerosis undergoing femoro-popliteal and femoro-distal bypass grafting. Outcomes 

wil ll  include the overall success of therapy (graft patency and limb salvage rates) and 

complicationss of treatment. 

CriteriaCriteria for considering studies studies for this renew 

TypesTypes of studies Trials in which participants have been randomly allocated to receive antiplatelet 

therapyy or placebo; one antiplatelet regimen or another, or antiplatelet therapy compared to an 

alternativee treatment. Trials using alternation were included and considered as quasi-randomised 

control ledd trials. 

TypesTypes of participants Al l patients undergoing femoro-popliteal or femoro-distal bypass grafting for 

thee treatment of intermittent claudication or critical limb ischemia. Patients undergoing bypass 

surgeryy for trauma were excluded. Quality control measures to assess the bypass grafts such as 

angioscopvv and angiography or duplexsonography, the graft material used, the sites of proximal 

andd distal anastomosis and the patient's risk factors for graft occlusion were recorded. 

TypesTypes of interventions Antiplatelet therapy versus placebo; one antiplatelet regimen versus another, 

orr antiplatelet therapy versus alternative treatment. The type of therapy, dosage, time of starting 

comparedd with surgery (pre- or postoperatively), and duration of the therapy were recorded. 

TypesTypes of outcome measures 1. Primary graft patency - patency rates after surgery with no further 

interventionn as determined by clinical examination, measurement of the ankle-brachial index 

(ABP1),, duplex ultrasonography, and angiography. 2. Assisted primary patency - patency rates 

afterr intervention to improve blood flow in a graft which has not occluded 3. Secondary graft 

patencyy - patency rates following secondary intervention to restore blood flow to the graft 

4.. Objective assessment of lower limb blood flow - ankle-brachial pressure index, exercise 

tolerancee test 5 Patient's quality of lif e 6. Limb salvage rate - survival rates with limb intact 

7.. Incidence of other cardiovascular events and mortality 8. Side effects of treatment 

SearchSearch strategy for identification of studies 

T hee search strategy was that adopted by the Cochrande Review Group on Peripheral Vascular 

Diseases.. In addition, the following were reviewed: 
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1.. Reference list of papers resulting from this search. 

2.. The National Library of Medicine's M E D L I N E database systematically searched from 1966 -

19999 using the terms 'antiplatelet' and 'arterial surgery' 

3.. EMBASE searched from 1980 - 1999 using the same terms. 

4.. Proceedings from the following vascular surgical society meetings (Vascular Society of Great 

Britainn and Ireland, European Vascular Surgical Society, Nor th American Society of Vascular 

Surgery). . 

5.. Authors of published trials were contacted to enquire if they were aware of any unpublished 

trials. . 

MethodsMethods of the review 

Thee rewievers independently selected which trials were suitable for inclusion in the review. 

Disagreementss were resolved by discussion. The methodological quality of each trial was 

assesessedd independendy by two reviewer using the checklist provided by the Peripheral Vascular 

Diseasess Collaborative Review Group, with emphasis on concealment of randomisation. Each 

triall  was given an allocation score of A (clearly concealed), B (unclear if concealed), or C (clearly 

nott concealed) and a summary score A (low risk of bias), B (moderate risk), or C (high risk). 

Trialss scoring A were included and those scoring C were excluded. For a trial scoring B, an 

attemptt was made to obtain information by contacting the author. In the abscence of concensus 

overr the inclusion of a trial, a third opinion was sought. 

Forr each trial,the number of patients originally allocated to each treatment group was 

extractedd from the data and an intention-to-treat analysis was performed. 

Dataa collection on each trial included inclusion and exclusion criteria, patient details (age, gender, 

co-morbidity),, severity of arterial occlusive disease (as determined by ankle brachial pressure 

index,, ABPI, and the European Consensus defininition of critical limb ischemia), type of graft 

(autologouss vein, artificial, human umbilical vein, composite graft), level of proximal graft 

anastomosiss (common superficial femoral artery) and distal anastomosis (above knee popliteal, 

beloww knee popliteal, distal arteries), type of antiplatelet therapy used (dose, commencement of 

therapyy relative to surgery, duration of therapy, compliance), and outcome (as mentioned in 

sectionn 'criteria for considering trial for review"). The treatment and control groups were 

comparedd for important prognostic factors. If any of the above data were not available further 

informationn was sought from the author. If possible, results of individual trials were combined in 

aa common odds ratio, using a fixed effect model. The 95% confidence interval of the effect sizes 

weree calculated. 
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Alethodo/qgicafAlethodo/qgicaf quality of included studies 

Randomisationn was clearly concealed (score A) in 10 of 18 (55%) studies, while the potential for 

biass was lowest (summary score A) in 7 of the 18 (39%) trials. In general, data presentation was 

nott separated for graft types, and number of grafts were frequently different from the number of 

patients,, without appropriate documentation. AH data were extracted including those patients 

thatt stopped drug administration for adverse effects or because they were lost to follow-up, to 

alloww for an intention-to-treat analysis. Figures for graft failure were calculated from the survival 

curves,, if raw data were not reported or unavailable after contacting the authors. 

Results s 

DescriptionDescription of studies 

Off  all eligible trials 181"18 studies could be included in this analysis, while 7 trials'2*34 had to be 

excludedd because of one or more of the following reasons: lack of control group, no 

randomisation,, retrospective study or selection or performance bias. Ehersman et al (1977) 

includedd a heterogenous cohort of patients treated on either the aorto-iliacal, femoro-popliteal, 

orr both segment with either thrombendarterectomy or with a venous or prosthetic bypass. 

Resultss were not presented separately for patients treated with infrainguinal bypass surgery; 

consequentlyy the study could not be included in our analysis. The studies are described in detail 

inn the appendix. 

11 ASPIRIN (ASA) OR ASPIRIN/DIPÏTUDASIOL (ASA/DIP) VERSUS NO ASPIRIN 

Sevenn trials could be included (Clyne CA 1987, Donaldson 1985, Franks 1992, Goldman 1984, 

Greenn 1982, Kohier 1984, McCollum 1991) to study the effect of ASA or ASA/DIP on 

infrainguinall  bypass patency, with a total of 1094 patients randomised to the treatment (n = 572) 

orr to the control group (n = 522). Odds ratio for primary occlusion at 12 months for all grafts 

wass 0.58 [0.44, 0.77)] , showing a positive, statistically significant effect of ASA on infrainguinal 

graftss within one year (Figure 1). When subgroup analysis was performed for venous grafts alone 

includingg 3 trials (Clyne CA 1987, Franks 1992,McCollum 1991), this effect was attenuated to 

ORR [95%C1 fixed] 0.67 [0.48,0.94]. This attenuated effect of ASA became even more evident, 

whenn ORs were calculated for timepoints 1, 3, 6, and 24 months postoperatively with respective 

valuess of 0.77 [0.28, 2.10], 0.85 [0.54, 1.34], 0.88 [0.59, 1.31], 0.78 [0.56, 1.09]. Subgroup analysis 

forfor prosthetic grafts, however, showed a much stronger positive and statistically significant effect 

off  ASA on primary patency, as calculated from 4 RCTs (Clyne CA 1987, Donaldson 1985, 

Goldmann 1984, Green 1982), at all timepoints, 1, 3, 6, and 12 months (OR 0.22 [0.10, 0.50], 0.33 
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[0.17,, 0.68], 0.23 [0.13, 0.42], 0.22 [0.12, 0.38]). Amputation could not be evaluated as a 

secondaryy outcome, due to missing data. 

FigureFigure 1. ASA or ASA/DIP versus no ASA: Primary occ/usion in a//grafts at 12 months reported 

inin the publication 

Study y ASA/DIP P 

n/N N 

Nothing g 

n/N N 

ORR (95% CI ) OR (95% CI) 

Clynee ASA/DIP 11/69 22/62 

Donaldsonn ASA/DIP 4/32 15/33 

Frankss ASA/DIP 6/80 9/65 

Goldmannn ASA/DIP 8/22 18/31 

Greenn ASA/DIP 6/32 10/17 

Kohierr ASA 22/51 17/51 

McCollumm ASA 63/286 74/263 

0.366 [0.16, 0.79] 

0.211 [0.07, 0.60] 

0.511 [0.17, 1.48] 

0.433 [0.14, 1.26] 

0.177 [0.05, 0.58] 

1.511 [0.68, 3.34] 

0.722 [0.49, 1.06] 

Total l 120/572 2 165/522 2 0.588 [0.44, 0.77] 

.11 .2 1 

Favourss treatment 
55 10 

Favourss control 

Analysiss for cardiovascular events, was possible for 4 trials (Clyne CA 1987, Donaldson 1985, 

Greenn 1982, McCollum 1991) including 811 patients; thereby, ASA or ASA/DIP had a slight, 

statisticallyy non-significant protective effect on postoperative myocardial infarction or stroke 

(ORR 0.74 [95 % CI 0.49, 1.13]). Gastrointestinal side effects as evaluated in 966 patients (Clyne 

CAA 1987, Donaldson 1985, Goldman 1984, Green 1982, Kohier 1984, McCollum 1991) were 

increased,, but not statistically significandy, in patients receiving aspirin (OR 1.44 [95 % CI 0.92, 

2.24]).. OR for postoperative mortality was 0.82 [95 % CI 0.52, 1.23], showing a slight tendency 

inn favour of ASA or ASA/DIP. Major bleeding was not statistically significandy increased, as 

evaluatedd in 2 trials (Green 1982, McCollum 1991, OR 1.88 [95 % CI 0.85, 4.16]. 
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2u4SPIRIN2u4SPIRIN (ASA) OR ASPIRIN/DIPYRIDAMOL (ASA/DIP) VERSUS 

PENTOXIF)PENTOXIF) 7JJNE (PTXJ 

Thee effect of PTX on graft patency compared to ASA or ASA/D I P treatment could only be 

evaluatedd in a formal analysis from two RCTs (Lucas 1984, Raithel 1987) at 6 months 

postoperatively.. Thereby, 78 patients were assigned to ASA or A S A / D I P treatment and 73 to 

P TXX with an OR of 1.40 [0.63, 3.11], showing an equal or slightly favouring, non-significant 

effectt of PTX on primary graft patency. At other timepoints, only the study of Raithel provided 

raww data, showing a similar effect on graft patency of both drugs (OR 1.00 and 0.92). 

3.3. ASPIRIN/'DIPÏ RIDAMOE (ASA/DIP) I ERSUSINDOBUFEN' (IND) 

Thee single eligible RCT (D' Addato 1992) comparing ASA/D I P versus I N D in 113 infrainguinal 

P T FEE grafts (57 randomised to ASA/DI P and 56 to IND) , showed a favourable effect of I N D 

att 3 months postoperatively on graft patency, which did not reach statistical significance (OR 

1.644 [0.52, 5.20]). This effect was attenuated within one year postoperatively to OR 1.33 [0.62, 

2.90], , 

4.4. ASPIRIN/DIP} RIDAMOE IERSUS l-TCA 

I nn the two studies (BOA 2000, Schneider 1979), primary patency for all grafts including 1356 

patientss in the coumarin group and 1385 in the ASA group 3, 6, 12, and 24 months 

postoperativelyy showed almost no difference for coumarin versus ASA (OR 0.89 [95% CI 0.69, 

1.15],, OR 0.99 [95% CI 0.81, 1.22], OR 0.92 [95% CI 0.77, 1.11], OR 0.91 [95% CI 0.77, 1.08]). 

Intention-to-treatt analysis for venous grafts included 814 patients randomised to coumarin 

treatmentt versus 823 to ASA. The effect of ASA alone or with a combination of ASA and D I P 

onn patency rates was statistically significantly inferior to VK A (OR 95% at 3 months 0.66 [0.46, 

0.93],, 6 months 0.71 [0.53,0.95], 12 months 0.65 [0.49, 0.85], 24 months 0.59 [0.46-0.76]). For 

patientss treated with an artificial conduit, a group that has been analysed only by the BOA 

trialistss (542 in coumarin group versus 562 in ASA group), a statistically significantlv stronger 

effectt of ASA was found in comparison to VK A (OR 95%. at 3 months 1.32 [0.89,1.95], 6 

monthss 1.47 [1.08,1.99], 12 months 1.33 [1.02,1.74], 24 months 1.41 [1.11,1.80]). 

Thee two trials did not report data on limb salvage and survival suitable for a formal meta-

analysis.. However, in the BOA 2000 trial l imb amputation had to be performed in 100 (7.5%) 

coumarinn treated and 110 (8.3%) ASA treated patients, whereas haemorrhage necessitating 

hospitall  admittance was reported for 108 (8.1%) and 56 (4.2%) patients, respectively, in these 

groups.. In the Schneider 1979 trial adverse effects were reported for 2 patients (0.6%) stopping 

coumarinn treatment for bleeding complications, and 13 patients (21%) stopping aspirin for 

differentt reasons. Three patients of each group died within 2 years. Major haemorrhage requiring 

hospitall  attendance in the BOA 2000 trial was reported with 119 (9%) in the oral anticoagulant 
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groupp versus 59 (4.5%) in the aspirin group. No data were reported for assisted primary patency 

orr secondary patency rates. 

SASPIRIN/DIPYRIDAMOLSASPIRIN/DIPYRIDAMOL (ASA/DIP) VERSUS LOW MOLECULAR WEIGHT 

HEPARINHEPARIN (LMWH) 

Inn the 94 patients randomised to LMWH and the 106 patients to ASA/DIP, there were 12 and 

211 occlusions at six and 12 months, respectively, in the LMWH group, and 30 and 38 

occlusions,, respectively, in the ASA group. Thus, odds ratios at 6 and 12 months were 0.60 [0.29, 

1.27]]  and 0.84 [0.47, 1.51], showing a statistically non-significant positive effect for LMWH. 

Ninee patients in the LMWH group (4 with patent grafts) and 2 in the aspirin group died during 

follow-up.. No major bleedings or adverse events occurred. 

6.6. PENTOXIFILLYNE (PEK) VERSUS NOTHING 

Dataa extracted from the one included trial refers to 50 patients, showing a strong positive effect 

off  PTX on primary patency in venous femoropopliteal graft at 6, 12, and 24 months 

postoperativelyy with OR 0.18, 0.18, 0.09 [0.01, 4.04]. However, this effect was not statistically 

significant,, probably due to the small number of patients. 

7.7. TICLOPIDINE (TIC) VERSUS NOTHING 

Intention-to-treatt analysis of the two trials (Becquemin 1997, Shionoya 1990) including 285 

patientss delivered evidence for a strong significant effect of TIC on venous bypass patency at 6, 

12,, and 24 months postoperatively with OR 0.32 [95% CI 0.14, 0.70], 0.41, [0.22, 0.79] and 0.37 

[0.21,, 0.64]. This effect was mainly due to the data from the Becquemin trial that contributed 243 

off  the 285 patients, whereas the Shionoya trial (42 patients) showed equal effects for TIC and 

placeboo at 1, 6, and 12 months; however,a positive effect was also seen in this trial 24 months 

postoperatively. . 

8.8. ILOPROST VERSUS NOTHING 

Intention-to-treatt analysis for primary graft patency for all grafts showed a protective effect of 

Iloprostt at 3 days and 3 months postoperatively, but no longer at 12 months (OR 0.66 . [95 % CI 

0.40,1.07],, 0.58[0.40,0.85], 0.97[0.69,1.37]. Subgroup analysis for venous and prosthetic grafts 

showedd a strong positive effect early postoperatively in prosthetic grafts (3 days OR 0.16[0.04, 

0.64]),, which was not present any more after one year (0.94[0.40, 2.18]; this effect was not seen 

inn venous grafts (OR 0.85[0.50, 1.46], 0.52 [0.34, 0.81], 0.95[0.65,1.39]. 
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9.9. SULFINPÏTL4ZON VERSUS NOTHING 

Wee included all 46 patients receiving a venous femoropopliteal tnpass in an intention to treat 

analysis.. In both groups 4 graft failures were observed. Al l occlusions occurred within the first 3 

monthss postoperatively. Consequently, the OR for primary patency at 3 months postoperatively 

wass 1.0 [0.22,4.59]. 

D i s c u s s i on n 

I nn the present meta-analysis the effect of postoperatively administered antiplatelet treatment was 

evaluatedd in P A OD patients receiving infrainguinal bypasses. Thereby, it was shown that 

antiplatelett treatment with aspirin (ASA) or a combination of ASA and dipyridamole (ASA/DIP) 

hass an overall positive effect on primary patency 12 months postoperatively (OR 0.58 [95% CI 

0.44,, 0.77]). Interestingly, the size of the effect differed between patients receiving either artificial 

orr venous grafts. Thus, when analysis was limited to the subgroups receiving artificial (PTFE or 

Dacron)) grafts, this effect was statistically significant at timepoints 1, 3, 6, and 12 months 

postoperativelyy with OR 0.22 [95% CI 0.10, 0.50], 0.33 [0.17, 0.68], 0.23 [0.13, 0.42], 0.22 [0.12, 

0.38]),, respectively. I n contrast, the effect of A S A / D I P in patients receiving venous bypasses 

wass clearly less (OR 0.77 [95% CI 0.28, 2.10], 0.85 [0.54, 1.34], 0.88 [0.59, 1.31], 0.78 [0.56, 

1.09]).. The effect on cardiovascular events including myocardial infarction and stroke as 

performedd in 4 trials (811 patients) showed a slight, statistically non-significant protective effect 

forr patients treated with ASA or ASA/DIP. Gastrointestinal side-effects and bleeding were not 

increasedd in the ASA or A S A / D I P group. Ticlopidine (TIC), another agent preventing platelet 

aggregation,, was evaluated in two trials including 285 patients undergoing venous bypass surgery 

(Becqueminn 1997, Shionoya 1990). Primary patency was significandy improved at 6, 12, and 24 

monthss postoperatively with an OR of 0.32 [0.14, 0.70], 0.41, [0.22, 0.79] and 0.37 [0.21, 0.64]. 

Thus,, T I C seems to be the only antiplatelet agent achieving as favourable an effect on venous 

graftt patency, as it was found for the treatment with vitamin K antagonists (VKA ) ( BOA 2000, 

Schneiderr 1979). Unfortunately, the trials did not include a subgroup for artificial grafts. For 

otherr agents (Pentoxifylline, Indobufen, and Iloprost) data are inconclusive. 

A S A / D I PP was compared with pentoxifylline (PTX) in 151 patients treated with a venous or 

artificiall  bypass, but the number of patients included in these trials was to small to provide 

conclusivee evidence. However, a comparison of A S A / D I P with VK A was possible in a large 

groupp of patients. Results indicated that overall there was no difference between the drugs. But, 

inn accordance with the effects size of ASA/DI P on graft patency, there was a difference in 

relativee effect of ASA alone or ASA/DI P on patency rates, which was statistically significantly 

inferiorr to VK A (OR 9 5% CI from 3 to 24 months 0.66 [0.46, 0.93], 0.59 [0.46-0.76]). The effect 
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onn patients treated with an artificial conduit showed a statistically significantly stronger effect of 

ASAA in comparison to VKA (OR 95% at 3 months 1.32 [0.89,1.95], 6 months 1.47 [1.08,1.99], 12 

monthss 1.33 [1.02,1.74], 24 months 1.41 [1.11,1.80]). 

AA possible pathophysiological mechanism explaining these results could be, that tissue factor 

(TF)) expression, is enhanced in a saphenous vein segment that is placed into a high pressure 

arteriall  system20,21. Consequendy, as TF is die strongest activator of the extrinsic coagulation 

cascade,, local thrombin generation on the vulnerated graft endothelium is increased. Thus, VKA 

couldd be more potent in keeping the venous graft patent. On the other hand, prosthetic grafts are 

knownn to induce platelet deposition to a higher extent than venous grafts; this effect is inhibited 

byy ASA or DIP22,21. However, one exception has to be noted, i.e. that TIC reached a good effect 

onn venous graft patency, which is comparable to that achieved by VKA . One reason for this 

strongerr effect could be, that TIC as a thienopyridine functions differendy than ASA, since its 

metabolitess are noncompetitive antagonists of the platelet ADP receptor. Thus, by inhibiting the 

ADPP induced platelet activation, TIC might not only attenuate platelet aggregation and 

activation,, but also platelet induced coagulation" . 

Inn conclusion, according to the results of our meta-analysis, the administration of platelet-

inhibitorss such as ASA, ASA/DIP, Ticlopidine, or PTX, will result in improved venous and 

artificiall  graft patency compared to no treatment. However, subgroup analysis for graft-type, i.e. 

venouss versus PTFE or Daflon, shows that patients receiving a prosthetic graft will benefit more 

fromm ASA or ASA/DIP administration than those treated with a venous graft. For further 

improvementt of antiplatelet therapy in venous grafts, it might be worth, to combine aspirin and a 

thienopyridine,, such as for example clopidogrel, which has already been shown to be effective in 

patientss suffering from myocardial infarction2"1 or being submitted to coronary stenting 6' . Thus, 

combinedd antiplatelet therapy of clopidogrel and aspirin in secondary prevention of venous 

infrainguinall  bypass surgery might be the most promising strategy in the future. 
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Appendix x 

1.ASPIRIN1.ASPIRIN (ASA) OR ASPIRIN/DTPYRIDAMOL (ASA/DIP) VERSUS NO ASPIRIN 

Clyne2 2 

Randomizedd clinical trial including 148 femorodistal bypasses. Unfortunately, all data are reported on a 

bypasss rather than patient level. Since it was considered a minor source of bias (8 of 140 received two 

grafts)) die data were used as reported. Of the 148 grafts 70 were randomized to the control group 

receivingg no antiplatelet or anticoagulant therapy and 78 to the treatment group. 98 of the patients were 

operatedd for rest pain, 42 for claudication. Active treatment consisted of 300 mg ASA and 200 mg DIP 

b.dd for 48 hours preoperatively and was continued for six weeks after surgery. All patients received 

heparinn perioperatively. Among the bypasses were 93 autogenous vein (44 controls and 49 treated) and 55 

prostheticc including PTFE, Dacron and umbilical vein (26 controls and 29 treated). Primary endpoints 

weree graft failure, limb loss, death, and 12 months follow-up. Graft patency was assessed clinically and by 

Dopplerr ankle blood pressure before discharge, at 1, 3, 6, and 12 months postoperatively. Arteriography 

wass performed when further operative treatment was considered. Allocation Score B, summary score B. 

Donaldson3 3 

Randomizedd double blind clinical trial of 65 patients (52 males, 13 females) receiving 73 femoro-popliteal 

Dacronn bypass grafts (38 placebo versus 35 treatment). Patients in the treatment group (n = 33) received 

direee times daily 330 mg ASA and 75 mg DIP, whereas those in the control group (n = 32) received 

placebos.. Therapy was started preoperadvely and continued for 12 months postoperatively. All patients 

receivedd heparin intraoperativelv. Ten distal anastomoses were implanted. Assessment of graft patency 

wass performed by a standardised treadmill test, ankle/brachial systolic pressure index (ABPI), Doppler 

ultrasoundd and by palpation at 3, 6, 9, and 12 months postoperatively. Plasma drug levels were measured 

forr ASA and DIP. Patients were excluded from the study if they had a history of dyspepsia, peptic 

ulcerationn or hypersensitivity to ASA or DIP. For the formal meta-analysis, the number of patients was 

includedd (not the number of grafts), and graft failures counted as reported for each group at die different 

time-points.time-points. Allocation score B, summary7 score B. 

Franks4 4 

Multicenterr randomized placebo-controlled trial including 80 patients allocated to ASA/DIP and 65 to 

placebo.. All patients underwent venous femoro-popliteal bypass surgery. A dose of 300 mg ASA and 150 

mgg DIP twice daily was administered in the treatment group. Only patients with a patent graft at 6 

monthss postoperatively were included into the study. Graft patency was assessed three monthly in the 

firstt year and six monthly from the second to the fifth year by clinical investigation, doppler or duplex 

ultrasoundd and if indicated by angiography. Allocation score A, summary score A. 
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Goldmans s 

Randomizedd placebo-controlled clinical trial including 53 patients (43 male, 10 female) for femoro-

popliteall  Dacron or PTFE grafts, 31 patients were allocated to placebo and 22 patients were allocated to 

ASA/DI PP in a regime of 300 mg ASA once and 75 mg DIP 3 times daily on 31 to matching placebo. 

Therapyy was started 48 h before surgery and continued for 12 months. Graft patency was assessed in 

monthlyy follow-up yisits up to one year based on reported symptoms, palpation, directional Doppler, and 

isotopee angiography. Allocation score A, summary score A. 

Green0 0 

Randomizedd double-blind clinical trial including 49 patients undergoing infrainguinal PTFE bypass 

surgery.. Patients were randomized to either placebo (n = 17), to ASA alone (n = 16), or to ASA/DIP (n 

== 16). Treatment was with 325 mg ASA once daily, or 325mg ASA once daily combined with 75 mg DIP 

threee times per day. Most of the patients (88 and 87%) underwent surgery for critical limb ischemia. 

Exclusionn criteria were a pre-existing infrainguinal autogenous saphenous vein bypass, concomitant 

infloww disease, hypersensitivity to ASA or DIP, platelet or clotting abnormalties, gastrointestinal 

disturbances,, bleeding tendencies, required medication with ASA for other reasons. Medication was 

startedd 48 hours preoperatiyely and continued for one year. Follow-up yisits were eyery 3 months, or 

whenn problems arose, until death or withdrawal or for at least one year. Primary graft occlusion, 

withdrawal,, and death were considered as treatment failures. Graft patency was assessed by clinical 

examinationn and ABI change. Allocation score A, summary score A. 

Kohier r 

Randomizedd double-blind clinical study performed from 1978 to 1982. In total 88 patients, 34 males and 

100 females in each group, scheduled for infrainguinal saphenous yein or PTFE bypass surgery, received 

1022 grafts (51 grafts in each group) and were randomised to either treatment with ASA or placebo. Mean 

agee was 66 years in both groups. Exclusion criteria were concomitant inflow disease, hypersensitivity to 

ASAA or DIP, gastrointestinal bleeding, recently taken platelet-active drugs or anticoagulants for any 

reason,, or geographical inaccessibility. Two thirds of the patients were operated for critical limb ischemia. 

Treatmentt consisted of ASA 325 mg lx/day and DIP 75 mg 3x/day or matching placebos. Medication 

wass started on the first postoperative day and continued for two years. Graft patency, the primary 

endpoint,, was assessed at three and six weeks, further at 3, 6, 12, 18, 24 months postoperatively by 

evaluationn of clinical symptoms, palpation of the graft, ABI assessment, and if indicated by angiography. 

Allocationn score A, summary score B. 
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McCollum8 8 

Multicenterr randomized double-blind clinical study performed between 1984 and 1989, in which 286 

patientss undergoing infrainguinal venous bypass surgery were randomised to receive ASA/DIP and 263 

placebo.. Randomisation was performed by identically looking medication and placebo capsules in badges 

off  10, with numbered containers. Mean age of the patients was 66 years, 75 percent of all were males in 

bothh groups, and 60 percent of the patients were operated for limb ischemia. Treatment with ASA/DIP 

wass at a dose of 300 mg and 150 mg 2x/d, repectively, starting 48 h before surgery until indefinitely. 

Primaryy endpoints were graft occlusion, myocardial infarction and stroke. Patency assessment was 

performedd by pulse palpation, Doppler signal or duplexsonography, DSA, isotope angiography at 3-

monthlyy intervals during the first year, and 6-monthly for 5 years. Allocation score A, summary score A. 

2ASPIBJN2ASPIBJN (ASA) OR ASPIRIN/DIPYRIDAMOL (ASA/DIP) VERSUS PENTOXIFYLLINE 

(PTX) (PTX) 

Lucasi ; ; 

Randomizedd clinical trial including 97 patients undergoing vascular surgery on either the aortoiliac or 

femoropopliteall  level. 49 patients were randomized to ASA/DIP therapy (1050 mg +150 mg daily) and 

488 patients to PTX (1200 mg/d) using a random number table. Data were extracted of those patients 

undergoingg femoro-popliteal venous or artificial bypass surgery. Thus, in our analysis, 14 patients (4 with 

ICC and 10 patients with CLI) were included, who were randomised to ASA/DIP and 19 patients (9 with 

ICC and 10 with CLI), who were randomized to PTX. Mean age was 66 + 10 y and 69 8 years for both 

groupss with 71% and 80% males. ABI values were 0.46  0.27 and 0.33  0.33, reflecting the higher 

proportionn of critical limb ischemia in the PTX group. Graft occlusion within 6 months was the primary 

endpoint,, evaluated by clinical examination, ABPI, treadmill assessment of walking distance, and 

angiography.. Follow-up visits were at 1, 3, 4, and 6 months. Subgroup analysis for graft-type could not be 

performed.. Allocation procedure was concealed: score A, summary score B. 

RaithelHI I 

Randomisedd clinical trial of 118 consecutively treated patients undergoing prosthetic femoropopliteal 

bypasss surgery, randomised to either ASA (59 patients) or PTX (59 patients). Most patients underwent 

surgeryy for critical ischemia (95 % and 97 %). Mean age was comparable in both groups with an average 

off  67 years. Length of graft or run-off was not different in both groups. Treatment consisted of either 

threee times 400 mg PTX daily or three times 500 mg ASA per day, started two days before surgery and 

continuedd for 12 months. Graft patency was assessed by clinical examination, pulses, Doppler pressure, 

andd arteriography when indicated, before and 3, 6, 9, and 12 months postoperatively. Allocation score B, 

summaryy score B. 
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3.3. ASPIRJN/DIPYRIDAMOL (ASA/DIP) VERSUS INDOBUFEN (IND) 

D'' Addato1' 

Multicenterr double-blind randomized clincial trial including 113 patients receiving a PTFR 

femoropopliteall  graft. Among these, 56 patients were randomized to IND and 57 patients to ASA/DIP. 

Meann age was 67 and 66 years, respectively. 66% and 75% underwent surgery for critical limb ischemia. 

Thee administered doses were 400 mg IND daily or 900 mg ASA combinded with 225 mg DIP, started 

twoo davs before surgerv and continued for 12 months. Graft-patency was assessed by angiography six 

dayss and 12 months postoperatively, and even- three months by physical examination, Doppler 

ultrasoundd measurements on the graft, followed by angiography if indicated. Allocation score A, summary 

scoree A. 

4.4. VKA VERSUS ASPIRIN/DIPYRIDAMOL 

Schneiderr 197912 

Open,, randomized clinical trial performed from 1974 to 1978. Patients underwent either femoropopliteal 

thrombendarterectomyy or femoro-popliteal venous bypass surgery. Of a total of 213 patients 91 were 

randomizedd to a femoro-popliteal venous bypass. All patients were treated with therapeutic doses of 

heparinn and coumarins in the first 1-2 postoperative weeks and were then randomly allocated to either 

coumarinss (Quick, aim 25 30%) or ASA, or ASA/DIP. Follow-up period was two years with three 

monthlyy visits during the first year and six monthly contacts in the second year. Graft patency was 

assessedd angiographicallv before discharge, and hereafter by evaluation of segmental oscillography. A fall 

off  the systolic pressure of at least 20 mmHg required an angiography. Drug assessment was performed by 

measurementt of prothrombine time for coumarins and ASA levels in urine. Death and bleeding 

complicationss were recorded. Allocation score B, summary score B. 

BOAA 2000'-1 

Multicenter,, open randomized clinical trial including 2690 patients undergoing infrainguinal bypass 

surgery,, of whom 1339 were assigned to coumarin-denvatives (phenprocoumon or acenocoumarol) and 

13511 to ASA 80 mg daily started within five days after surgery. Intended 1NR (international normalized 

ratio)) range was 3.0-4.5. Follow-up was at 3 and 6 months, and hereafter even- six months for a mean 

observationn time of 21 months. Both venous and artificial bypasses were employed. Primary endpoint 

wass graft patency, assessed clinically and with doppler or duplex sonography and by arteriography if 

indicated.. Secondary endpoints were vascular death, myocardial infarction, stroke, amputation, vascular 

inten-ention,, major haemorrhage. Allocation score A, summary score A. 
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5.. ASPIRIN/DIPYRIDAMOL (ASA/DIP) VERSUS LOW MOLECULAR VPEIGHT 

HEPARINHEPARIN (LMWH) 

Edmondson14 4 

Openn randomized clinical trial in patients undergoing femoropopliteal bypass grafting, of whom 94 were 

randomisedd to 2500 IU LMWH (Fragmin) once daily subcutaneously and 106 to 300 mg ASA and 100 

mgg DIP, both three times per day for three months. On the 7th postoperative day patients were assessed 

forr graft occlusion, wound infection, bleeding, and death. Total follow-up was one year with, visits at 1,3, 

6,, and 12 months. Graft patency was evaluated clinically and by AB1, if indicated supplemented by 

arteriographyy or duplexsonography. Allocation score B, summary score B. 

6.6. PENTOXIFTLLYNE (PTX) VERSUS NOTHING 

Angelides15 5 

Double-blindd randomized clinical trial including 92 patients undergoing peripheral venous bypass surgery 

assignedd to either PTX (n = 45) or placebo (n = 47). The randomisation procedure was not specified. A 

dailyy dose of 400 mg PTX was administered, initially during surgery through an artery, followed by oral 

administrationn for 2 years. Mean age was 62 years in both groups. Graft patency was assessed clinically by 

exercisee test, Doppler ultrasound for flow detection and pressure measurement, followed by an 

angiographyy if indicated at 1 and 6 months and at 1 and 2 years postoperatively. Allocation score B, 

summaryy score B. 

7.. TICLOPIDINE  (TIC) VERSUS NOTHING 

Shionoya16 6 

Multicenter,, randomized clinical trial including PVD patients undergoing elective reconstructive lower 

limbb surgerv, randomized to either TIC (112) or to no antithrombotic or antiplatelet therapy (108). 

Amongg these, 42 infrainguinal autogenous vein bypasses were randomly allocated to the TIC (n =41) and 

thee control group (n =41), without specification of the randomisation procedure. Another subgroup 

consistedd of 69 and 63 prosthetic grafts of which results were, however, not presented separately and 

thereforee could not be included in our analysis. Data were reported as numbers of operated segments and 

nott as numbers of patients. Mean age was 65 (treatment group) and 66 (controls) years. Patients mainly 

underwentt surgery for claudication, and only in 26% and 19% for limb ischemia. Patients in the treatment 

groupp received 3 times daily 100 mg TIC, whereas patients in the control group received no medication 

affectingg the coagulation or fibrinolytic system. Duration of therapy was 2 years starting on day one to 3 

postoperatively.. Graft patency was evaluated even- 3 months by AB1 and arteriography if indicated for a 

totall  of three years. Allocation score B, summary score B. 
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Becquemin1" " 

Multicenter,, randomized clinical trial including patients undergoing femoropopliteal or femorotibial 

saphenouss vein bypass surgery. 122 patients were randomly allocated to 250 mg TIC and 121 to placebo. 

Meann age was 67 (TIC) and 68 (control group) years. More than 70% of the patients suffered from critical 

limbb ischemia in both groups. Patient characteristics did not differ between the treatment and placebo 

group,, except for a larger rate of tibial grafts in the TIC group. Randomisation took place between the 

3rdd and 14th postoperative day and continued for two years. Primary endpoint was primary patency at 

twoo years postoperatively. Secondary endpoints were secondary graft patency, death from anv cause, 

nonfatall  myocardial infarction, nonfatal stroke, limb ischemia, mesenteric infarct, amputation of leg or 

thigh.. Allocation was concealed. Allocation score A, summary score B. 

8.8. ILOPROST VERSUS NOTHING 

Iloprostt Bypass1 N 

Multicenterr randomized clinical trial including 517 patients in 21 centers, who underwent femoro-distal 

venouss or prosthetic bypass surgen' from 1990 to 1992. Patients were randomised to either intravenous 

administrationn or Iloprost or placebo (267 and 250, respectively) for 3 days postoperatively. All patients 

weree suffering from critical limb ischemia. Patency, surgical interventions, and clinical outcome were 

recordedd 2, 3, and 14 davs, 6 weeks, 3, 6 and 12 months postoperatively. Allocation score A, summary 

scoree A. 

9.9. SULFINPYRAZON (SP) VERSUS NOTHING 

Combee rg1'1 

Randomizedd clinical trial including 27 patients randomised to SP and 27 to placebo. 23 patients in each 

groupp received a venous graft, 1 and 2, respectively, a Goretcx graft and 3 and 2, respectively, underwent 

thrombendarterectomy.. Therapy was started on the 14th postoperative day and continued for 6 months. 

Thee dose administered was 4 x 200 mg/dav. Graft patency was evaluated by clinical examination, 

includingg AB1 measurement and arterial plethysmography. Allocation score B, summary score B. 
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CHAPTER 4 4 

PREVENTIO NN OF REOCCLUSION I N 
SYMPTOMATI CC PAOD PATIENT S UNDERGOING 

PERIPHERALL  CATHETE R INTERVENTIO N 

Janinee Dorffler-Mellyu, Maria M.W. Koopman1, Harry R. Büller1, Martin H. Prins2 

Departmentss of Vascular Medicine and Clinical Epidemiology and Biostatistics, Academic 

Medicall  Center, University of Amsterdam, The Netherlands; and Division of Angiology, 

Universityy Hospital Bern, Switzerland 

ThisThis chapter summarises a systematic review, produced for the Cochrane Review Group on Peripherai Vascuiar 

Diseases,Diseases, submitted for publication in the Cochrane Library 



Summary y 

Patientss with peripheral arterial occlusive disease are frequently treated by balloon angioplasty'. 

However,, 30 to 40 % of those treated for femoropopliteal obstructions wil l suffer from 

reocclusionn within one to three years. The risk for reocclusion depends on various factors, such 

ass the length of the occlusion (> 10 cm), lower leg outflow, the stage of the disease (intermittant 

claudicationn versus critical limb ischemia), presence of diabetes mellitus, or smoking. In order to 

preventt reocclusion, patients are given antiplatelet or antithrombotic agents according to the 

treatingg doctor 's preference. 

Wee performed a meta-analysis including all randomized clinical trials meeting current 

methodologicall  standards, that compared one antiplatelet agent versus a placebo, or versus 

anotherr antiplatelet or an antithrombotic agent, or versus another therapy strategy. The literature 

searchh was performed in M E D L I N E and EMBASE data bases starting in 1966 until 12/2000. In 

addit ion,, a list of handsearched journals, as delivered by the P VD group of the Cochrane 

Collaboration,, was included in the search, and companies producing antiplatelet or 

ant i thromboticc agents were contacted for further information on ongoing or unpublished trials. 

Ann approximately 30% reduction of reocclusion was found after the administration of 

aspirinn at doses 50 to 100 mg combined with dipyridamole as compared to placebo at 6 months 

off  follow-up. This effect was not statistically significant and evaluated in only a small group of 

3566 patients. Four further trials comparing high doses of aspirin with low doses, were pooled to 

evaluatee the efficacy and safety in patients with P A OD who had undergone femoropopliteal 

angioplasty.. Analysis of these data revealed that higher doses of aspirin (300 to 1000 mg) do not 

improvee patency rates following angioplasty compared with low doses of ASA (50 to 300 mg), at 

anyy t imepoint of follow-up. In contrast, side effects, mainly gastrointestinal, were clearly more 

frequentt in the high dose groups. 
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Introductio n n 

Peripherall  arterial occlusive disease (PAOD) leads to ischemic pain on walking (intermittent 

claudication)) or, if more severe, to rest pain and gangrene. Based on the severity of symptoms 

thee stages of the disease are defined as Fontaine stages I to IV: stage I representing an 

asymptomaticc stage, stage Ha the occurrence of claudication after a walking distance of more 

thann 200 m, stage li b claudication after less than 200 m, stage II I rest pain, and stage IV 

presencee of ischemic ulcers. 

Percutaneouss transluminal angioplasty (PTA) is a well established endovascular procedure for 

lowerr limb atherosclerosis. First invented by Dotter and Judkins in 19641 and technically 

improvedd by Griintzig in 19792 the method is used in the treatment of arteries of the lower 

limbs,, and as a modified procedure in upper limbs, coronary, carotid, mesenteric and renal 

arteries.. In PTA an arterial obstruction is treated either by dilatation of a stenosis or 

recanalizationn of a total vessel occlusion, using a wire-guided inflatable balloon-catheter. For 

treatmentt of the lower limbs, usually the femoral artery in the groin is cannulated and a deflated 

balloon-catheterr is inserted and pushed forward along the guide-wire to the sites of obstruction. 

Thee method can be combined with local thrombolysis (LTL) and percutaneous transluminal 

thrombuss extraction (PTEE) iA in cases of acute-on-chronic disease. By these procedures the 

thrombii  or emboli, respectively, are soaked with thrombolytic agents, such as recombinant tissue 

plasminogenn activator (rtPA), streptokinase or urokinase by local administration through 

modifiedd catheters. The pretreated thrombi are then removed through the catheter by suction. 

Anyy residual stenosis, i.e. a remaining obstruction due to atherosclerotic plaques, can be dilated 

byy PTA in the same session. Another method is to leave an infusion catheter at the occluded site 

forr six to eight hours, constandy administering thrombolytics and to assess patency later by 

angiography3.. If necessary, this procedure can be repeated, but patients may require intensive 

caree for several days thereafter. 

Inn cases complicated by major endothelial damage or non-satisfactory dilatation, i.e. > 50% of 

rest-stenosis,, wall stents can be implanted in an attempt to reduce the risk for reocclusion. Stents 

aree mainly applied at the aortic bifurcation or iliac segments and only exceptionally at the 

femoropopliteall  level, because of the significantly higher risk for reocclusion in the smaller distal 

arteriess due to their reduced caliber ". 

PTAA is a relatively minor procedure, performed under local anesthesia and allowing for full 

mobilizationn within 24 hours, if continuous thrombolysis is not applied. However, as a result of 

thiss intervention, atherosclerotic plaques are ruptured, and platelets adhere and aggregate at the 

sitee of injury9"". In the initial phase after catheter intervention a hypercoagulable state prevails as 

parameterss of activated coagulation, including thrombin-antithrombin -complexes (TAT), D-

Dimerr and Fibrinopeptide A (Fa), become elevated in the plasma12. This activated coagulation 
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systemm produces conditions favourable for early thrombotic occlusion, where 'early' is usually 

definedd as a period covering the first four weeks after the intervent ion'\ 

Subsequently,, a condition called intimal hyperplasia, responsible for late complications 

includingg restenosis and reocclusion, prevails. Stenosis of the arterial lumen occurs as a result of 

denudationn of the endothelium caused by manipulation of the vessel wall with the catheter, 

whichh stimulates media smooth muscle cells to grow into the intimal layer followed bv the 

inclusionn of foam cells and calcifications14. 

Reportedd rates of early arterial occlusion following PTA van- from 5 to 25%1 5" r , while 

patientss submitted to LTL-treatment have even higher incidences'*1''. Thus, either a second PTA 

intervention,, or even bypass surgery, is frequently required. Therefore, prophylactic treatment to 

preventt reocclusion would make an important contribution to the sustained success of PTA. 

Currentt post-interventional treatment strategies mostly include initial administration of 

hepar ins""  either unfractionated or low molecular weight - followed by antiplatelet drugs or 

anticoagulants""  on a long-term basis. Heparins are known to inhibit generation of thrombin and 

too have an inhibiting effect on smooth muscle cell growth22. However, it has been shown that a 

considerablee number of patients do not respond to heparin, thus, other anticoagulants might be 

moree effective. Additionally, acetylsalicylic acid is well-known for its inhibition of platelet 

aggregation,, thus reducing the likelihood of thrombus-formation23. Some patients present with 

arteriall  reocclusion despite prophylactic treatment. Peri-interventional management presently 

dependss on the subjective preferences and experience of the treating physicians. 

Thee aim was to determine, whether the administration of any antiplatelet or antithrombotic 

prophylacticc drug is more effective in preventing early and /or late reocclusion after PTA, 

implantationn of a stent, P T A / L T L , LTL or P T A / L T L / P T E E, compared to no treatment or 

placebo.. Also a comparison was made for other antiplatelet or anticoagulant drugs, or any other 

vasoactivee drug management. 

Methods s 

CriteriaCriteria for considering studies for f/jis review 

TypesTypes of studies Summary score level A defined trials as randomized trials with double or single 

blindingg or with blind assessment of the outcome. Summary score B studies were randomized 

trialss without blinding. The methodological approach of summary score A studies means that 

resultss of these trials are less likely to be subject to bias than results in summary score B studies. 

However,, since a considerable amount of data from unblinded trials was published, these 

summaryy score B studies were considered in the review. Additionally, concealment of 

randomizationn allocation was defined as allocation score A, if a clear concealment procedure was 
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described,, and as allocation score B, if randomization was mentioned without specification of 

thee procedure. 

IjpesIjpes of participants Patients with symptomatic chronic or acute-on-chronic peripheral arterial 

disease,, P A OD stages Ii to IV . Patients were included if they had undergone PTA (alone, or 

combinedd with stent-implantation) and /or P T EE and /or LTL and /or laser-assisted PTA or 

subintimall  angioplasty on either the aortoiliac, femoropopliteal or femorocrural segment. 

TypesTypes of interventions Trials were included that compare anticoagulant therapy, antiplatelet therapy, 

orr other pharmacological measures after angioplasty with no treatment, placebo, or any other 

vasoactivee drug. 

TypesTypes of outcome measures Primary outcome measures were reocclusion or restenosis (shown by 

duplexx sonography or angiography) Amputat ion and death within four weeks after catheter 

interventionn was intended to be used as an outcome, but could not be evaluated, as reports did 

nott include data on these outcomes. This was also the case for secondary outcomes such as 

myocardiall  infarction, stroke, and major bleeding (i.e. requiring blood replacement therapy or 

intensivee care). 

SearchSearch strategy for identification of studies 

Dataa was collected by seeking reports of all randomized clinical trials that compare anticoagulant 

therapy,, antiplatelet therapy, or other pharmacological measures after angioplasty with no 

treatment,, placebo, or any other vasoactive drug using the search strategy adopted by the 

Cochranee Review Group on Peripheral Vascular Diseases. This strategy includes handsearching 

off  relevant medical journals and extensive M E D L I N E and EMBASE searches. In order to be as 

comprehensivee as possible, the following search strategies and sources were also employed: 

-Thee Cochrane Controlled Trials Register 

-- Handsearching of relevant journals 

-- Additional M E D L I N E and EMBASE searches (using OV I D and PubMed) using the key 

words:: 'Arteriosclerosis' or 'peripheral arterial disease' or 'PAOD' and - arterial 

occlusion/reocclusion-- percutaneous transluminal angioplasty OR PTA, OR angioplasty- stent-

implantationn OR stent- laser-assisted angioplasty- subintimal angioplasty- thrombolysis-

streptokinase,, urokinase, rtPA- pharmacological treatment- aspirin, ticlopidin, antiplatelets, 

vasoactivee drugs, analogues and derivatives- anticoagulants, coumarins, warfarin, analogues and 

derivatives-- heparins, analogies and derivatives- prostaglandins- ticlopidine- buflomedil-

clopidogrel-- NSAID- Pentoxifylline- RGD-pept ides- GPI Ib / I I I a inhibitors- Thrombin-

inhibitors-- Hirudin- TFPI- Pentasaccharides. 

Al ll  languages were included. Pharmaceutical companies and investigators were contacted if 

necessaryy and sources of information are listed in the full review. 
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Da/aDa/a Extraction 

Thee included literature was assigned to summary score A or B, and allocation score A or B. 

Excludedd trials were listed separately. This was done by two independent observers. The same 

reviewerss assessed the methods of the trials by extracting details of randomization, blinding, 

determinationn of disease stage of included patients, presence or absence of occlusion, length of 

occlusionn treated if available, quality of in- and out-flow if available, angiography or duplex 

sonographyy for patency evaluation, time-points of patency controls, patency rates, recording of 

drugg administration, dosage, duration, adverse effects, risk factor profiles, possibility of 

intention-to-treatt analysis. The data were double-checked and disagreements discussed. 

Thee number of patients allocated to different treatment groups in each trial was extracted in 

orderr to allow an intention-to-treat analysis. Data collected from each trial was inserted onto a 

computerizedd form, including columns for: reference; study design (clinical trial, journal article, 

multicenterr study); summary score (A, B); allocation concealment (score A or B); indication 

( P A ODD stage, segment obstructed); technique used (PTA, subintimal PTA, laser-assisted PTA, 

stentt implantation, LTL , PTEE); type of: anticoagulant, heparin, antiplatelet drug, vasoactive 

drug;; time schedule: start and stop of drug therapy; dose; number of patients (age, sex, risk 

factors);; previous interventional or surgical treatment; episodes of cardiovascular disease before 

intervention;; number and time-point of rcocclusion; number of patencies; number controlled by 

angiographyy or duplexsonography; number of deaths, stroke, myocardial infarction, amputation, 

majorr bleedings; special remarks (out-flow, in-flow, technical difficulties). 

.. S Vaf/stica/ atia/ys/s 

Analysiss was based on intention-to treat data from the individual clinical trials. To examine the 

effectss of binary outcomes, such as reocclusion, amputation and major bleeding, odds ratios 

weree computed using a random effects model if data were available. 

Thee following comparisons were performed: 

-- Aspirin versus placebo 

-- Aspirin high dose versus aspirin low dose 

-- Aspir in/dipyridamole versus phenprocoumon 

-- Suloctidil versus phenprocoumon 

-- Aspirin versus ticlopidine 
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Results s 

RetrievedRetrieved Studies 

Off  fifteen potentially eligible clinical trials, 9 could be included for a formal analysis (Heiss, 

Swedish,, Minar, Weichert, Dai-Do, Schneider, Mahler, Heinz) while six had to be excluded 

becausee of lack of a control group, double report on the same patient cohort, lack of 

randomization,, and selection or performance bias. (Bulvas, Horrocks, Ranke, Tetteroo, Zeider). 

Thee study of Heiss et al24 appears in two comparison categories, i.e. in ASA versus placebo and 

inn ASA high dose versus ASA low dose, because the study compares high dose ASA/DIP versus 

loww dose ASA/DIP versus placebo. None of the identified trials was performed after 

percutaneouss thrombembolectomy of local or systemic lysis, nor after stent implantation. All 

comparisonss were performed after conventional angioplasty. Secondary endpoints such as 

myocardiall  infarction, stroke, death, and bleeding complications could not be evaluated due to 

limitedd data. 

Detailss of the 9 studies are described in the appendix. In 5 of the 9 trials criteria for category I 

studiess were fulfilled, while 4 of the 9 trials reported an adequately concealed randomization 

procedure. . 

/.. ASPIRIN/DIPYRIDAMOLE VERSUS PLACEBO 

Heisss 1990, Study group 1994 

AA formal meta-analysis could be performed for reocclusion 6 months after PTA, while at 1, 3, 

andd 12 months only data from the Swedish Study were available. Results for the incidence of 

reocclusionn at 6 months show a statistically non-significant overall effect favouring the 

administrationn of ASA given at low doses with an odds ratio (OR) and 95% confidence interval 

off  0.69 [0.44, 1.10] (Fig 1). OR for the Heiss 1990 trial was better (0.51) than for the Swedish 

trial.. Heiss et al used 100 mg of ASA, while the Swedish Trial Group administered only 50 mg 

ASAA daily. In the Swedish Study death within 30 days after PTA occurred in 2 patients in each 

groupp (1.7% placebo, 2.2% ASA/DIP), amputation in 5 of the placebo group (5.8%) and 1 in 

thee ASA group (1%), bleeding at the puncture site in 5 of the placebo (6 %) and 7 (8%) of the 

ASAA group; these data do not reveal any significant differences between treatment groups. 

Gastrointestinall  side effects were not mentioned. The data on amputation and death incidence 

couldd not be pooled, as Heiss et al did not report on these outcomes. In the Swedish Study 

groupp 60% of all patients were claudicants and 40% suffered from critical limb ischemia, while 

thee great majority of the patients in the Heiss 1990 trial 96% had claudication. 
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FigureFigure 1. Comparison A. SA (JO and f 00 mg) versusp/acebofor-patency rates at 6 months fb//ow-up 
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2.2. ASPIRIN HIGH DOSE IERSVS'ASPIRINLOW'DOSE IN CONlENTIONAL PDA 

Fourr trials were truly randomised, published between 1990 and 1995 including 930 patients at 

t imepointt 6 months after PTA and 798 patients at 1 and 3 months (Heiss 1990, Minar 1995, 

Rankee 1994, Weichert 1994). High dose ASA included 900 or 1000 mg with the exception of 330 

mgg in the Heiss 1990 trial, which combined ASA with DIP, whereas low doses ranged from 50 

too 300 mg. Only the Heiss 1990 used a combination of ASA /D I P (Asasantin), while the other 

trialss compared ASA purely. Early occlusion, i.e. within one month after intervention, could be 

assessedd in three trials (Minar, Ranke, Weichert), showing no advantage for the administration of 

highh doses of ASA (OR 1.45 [0.63, 3.36]). A t six months after PTA the results were not much 

different,, again showing no positive effect for high dose ASA (OR 0.99 [0.63, 3.36]). Among the 

fourr trials there were two showing a slight advantage for higher doses (Heiss, OR 0.78) and 

Minarr (0.90). It is striking that the trial with the lowest high dose (300 m, Heiss et al). showed the 

mostt positive effect. 

A tt timepoints.3 and 12 months there were 798, respectively 575 patients included 

(Minar,Ranke,Weichert),, (Minar,Ranke), with OR 1.38 [0.85, 2.23] and 0.98 [0.64, 1.48]. Follow-

upp until two years after PTA was only performed in the trial of Minar et al, including 85 patients 

withh similar results as described for the earlier timepoints (OR 1.07 [0.62, 1.85]. It should be 

notedd that Ranke et al had strikinglv low reocclusion rates in both groups. 

Gastrointestinall  side effects were reported by Ranke et al to be 35/175 (20 %) in the high 

dosee group and 32/184 (17 %) in the low dose group; with 8/175 peptic ulcers and 2/184, 

respectively.. Minar et al described discontinuation of drug therapy due to mainly gastrointestinal 

sidee effects in 30 patients (32%) of the high dose and 1 1 ( 12 %)of the low dose group. 
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3.3. ASPIRIN/DIP VERSUS VKA 

Dai-Doo 1994: Comparison of the incidence of reocclusion between 79 patients assigned to 

ASA/DIPP and 81 to phenprocoumon resulted in a strong, statistically significant effect favouring 

ASA/DIPP with OR 0.49 [0.26, 0.94] (Figure 2) 

FigureFigure 2. Comparison Aspirin/DIP versus Phenprocoumon for reocc/usion at f2 monthsfo//ow-up 

Study y 
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38/81 1 
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ORR (95% CI) ORR (95% CI) 

0.499 [0.26, 0.94] 

0.499 [0.26, 0.94] 

.11 .2 1 5 
Favourss treatment 
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4.4. SULOCTIDIL VERSUS VKA 

Mahlerr 1987: 12 Months after PTA suloctidil had no positive effect on patency, when added to 

phenprocoumonn (OR 1.87 [0.66, 5.31]) Gastro-intestinal side-effects occured in two patients of 

eachh group. There were no bleeding complications reported. The trialists had excluded the 

dropoutss from the final analysis, that we reincluded for the calculation of the odds ratio. 

5.5. VKA VERSUS TICLOPIDINE 

Schneiderr 1987: Treatment with VKA had to be stopped in 11% of the patients, only 4 due to 

sidee effects, the others for unknown reasons, while 34% of the patients in the ticlopidine group 

stoppedd drug intake within one year for mainly gastrointestinal side effects. 

6.6. ASPIRIN/DIPÏTUDAMOLE ÏERSUS TAPROSTEN 

Heinzz 1996: Early occlusion, i.e. within 72 hours occurred in 2 patients treated with Taprosten 

loww dose, 1 in the Taprosten high dose group, and 1 reocclusion was found within 3 months in 

thee Taprosten low dose group. 
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Discuss ion n 

Inn this systematic review, data from included trials were analysed to evaluate the efficacy of 

antiplatelett or antithrombotic agents administered in patients suffering from symptomatic 

P A ODD with an occlusion or a stenosis in the femoropopliteal arteries, who were treated with 

balloonn angioplasty. We found an approximately 30% reduction of reocclusion with the 

administrationn of aspirin at doses 50 to 100 mg combined with dipyridamole as compared to 

placeboo at 6 months of follow-up. This effect was not statistically significant and evaluated in 

onlyy a small group of 356 patients. When looking at OR of the single trials, it was striking that 

Heisss et al reported a considerably stronger effect than the Swedish group (odds ratios 0.51 vs 

0.83,, respectively). This difference might be due to the fact, that in Heiss et al's study 96% of the 

patientss presented with claudication, with only 4 % of participants suffering from critical limb 

ischemia,, while in the Swedish trial there were only 59% patients with claudication included and 

4 1%% with critical limb ischemia, the latter being a risk factor for a poor outcome. The incidence 

off  death, amputation, and bleeding at the puncture site, as recorded in the Swedish group, were 

nott different for patients receiving aspirin. This is a surprising result, when other data are 

consideredd showing clearly the benefit of ASA on secondary prevention of myocardial infarction 

andd stroke. Possible reasons for this lack of effect might be the small number of patients (only 

onee trial including 223 patients), short follow-up, and endpoint not being evaluated 

systematicallyy in all patients. 

Extractedd data from four further trials comparing high doses of ASA with low doses, were 

pooledd to evaluate the efficacy and safety in patients presenting with the same characteristics and 

treatedd with angioplasty, as described above. Analysis of these data revealed that higher doses of 

ASAA (300 to 1000 mg) do not improve patency rates following angioplasty compared with low 

dosess of ASA (50 to 300 mg), at any timepoint of follow-up, meaning that neither early nor late 

reocclusionn rates are reduced with higher doses of ASA. In contrast, side effects, mainly 

gastrointestinal,, were clearly more frequent in the high dose groups. 

N oo other pooled data could be extracted for other comparison groups due to the small 

numberr of trials. However, one study comparing A S A / D I P with vitamin K antagonists (VKA ) 

(Do-Daii  et al) interestingly found that antiplatelet therapy improved patency after 

femoropopliteall  angioplasty- in contrast to V K A (OR 0.71, Fig.4). Unfortunately, this is the only 

trial,, which has compared the two treatment strategies in a relatively small number of 160 

patients.. However, these results are suggestive for platelet activation playing a more important 

rolee in the pathomechanism of arterial reocclusion in dilated artery segments than the local 

coagulationn system does, which is in contrast to the results reported in our met-analysis on 

patencyy of infrainguinal venous bypasses. 

Ticlopidine,, a thienopyridine derivative, which was combined with a VK A was more effective 

thann VK A alone in one trial including 197 patients. 
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Inn conclusion, the presented data are highly suggestive for antiplatelet agents to be the 

optimall  therapy compared with no therapy or with VKA . Apparendy, a dose between 50 and 

3000 mg reaches maximum efficacy, whereas higher doses will not provide further improvement, 

butt more frequent adverse effects. Pathophysiologically, these results are consistent with the fact, 

thatt platelet activation and aggregation in atheromatous arteries treated by a balloon-catheter 

representt a high risk factor for reocclusion, necessitating some potent antiplatelet treatment. 

Furtherr trials investigating new antiplatelet agents, e.g. clopidogrel, interfering with the ADP 

pathway,, might be promising, especially if combined with ASA, thus providing a more potent 

inhibitionn of platelet aggregation, as was recendy revealed in the CURE trial in patients with 

acutee coronary syndromes. 

Finally,, it should be noted that only a small number of RCT have been performed to evaluate 

optimall  secondary prevention strategies, although angioplasty is a frequendy applied intervention 

inn a wide-spread disease, and that larger numbers of patients should included for more valid 

evidence. . 
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Appendix x 

1.1. ASPIRIN (ASA) VERSUS PLACEBO 

Heisss 1990 

AA randomized, double-blind, single center clinical trial of 199 patients assigned to either placebo (67), 

highh dose aspirin with ASA 330 mg and dipyridamole (DIP) 75 mg daily, or low dose ASA (100 mg) 

combinedd with DIP (75 mg) per day . It was not specified, whether patients were all initially heparinised. 

Al ll  patients suffered from PAOD stage I, II , or II I of the Fontaine's classification. Randomisation was 

performedd one to two hours following successful angioplasty of a femoral or popliteal segment without 

specificationn of the randomization procedure. Duration of treatment and follow-up was six months. Side 

effectss were not assessed. Concurrent events were not defined. The primary outcoume studied was 

reocclusion.. Other outcomes such as myocardial infarction, stroke, and death were not evaluated. 156 

patientss completed the study, 43 withdrew for the following reasons: Placebo: 7 lack of effect, 7 

concurrentt events, 2 other; ASA/DIP low dose: 9 concurrent events, 3 other; ASA/DIP high dose: 4 lack 

off  effect, 9 concurrent events, 2 other. These patients were reincluded for the intention to treat analysis. 

Summaryy score: A (double-blinded study); allocation score: B. 

Swedishh study Group 1994 

AA randomized multicenter (12 hospitals in Sweden) double-blind clinical trial. Randomization to 

treatmentt or control groups was performed in blocks of 10 by a sealed envelope system. 223 Patients 

sufferingg from PAOD were allocated to either ASA 25 mg and Dipyridamole 200 mg given twice daily as 

aa combination tablet (Asasantin) or to identical placebo tablets. Treatment was started 1 day before PTA 

andd continued for 3 months. Usually 5000 IU of heparin were administered during PTA. Patients with 

angiographicallyy documented stenoses or occlusions of up to 6 cm in length in either the common iliac, 

externall  iliac, superficial femoral, or popliteal arteries were included. Patient characteristics did not differ 

betweenn groups regarding age, gender, smoking habits, diabetes mellitus, coronary heart disease, 

hypertension,, previous PTA at another site, previous vascular surgery. However, there were more patients 

withh cerebrovascular disease in the placebo group (4 versus 11%). 59% of the patients in both groups had 

intermittantt claudication and were mostly treated in the above groin segments (54 in ASA/DIP, 71 in 

placebo).. These patients were included in our analysis. Approximately 20% of all patients had occlusions 

andd 80% had stenoses in both groups. Recurrence of stenosis or reocclusion were the outcomes evaluated 

att discharge and 1, 3, 6, and 12 months after PTA. Some patients were dilated in more than one segment, 

66 in the ASA/DIP group and 4 in the placebo group. This small proportion was not taken into account in 

thee analysis. The 5 patients of the placebo group and 3 of the treatment group, who had been excluded by 

thee trialists for different reasons (unsuccessful or partially successful PTA, early occlusion) were 

reincludedd in our analysis, because randomization was performed and treatment was started before PTA. 

Summaryy score: A (double-blinded study); allocation score: A 
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2.2. ASPIRIN HIGH  DOSE VERSUS ASPIRIN LOW DOSE 

Weichertt 1994 

AA randomized clinical trial of 223 patients assigned to receive either 300 mg ASA (112 patients), or 1000 

mgg ASA (111 patients) daily, during a period of 6 months. Patients were included 2-5 days after PTA, if 

thee latter was successful. PTA was performed either in the pelvic arteries or in the leg arteries. Patients 

whoo stopped drug intake for side effects, were considered as having reocclusion. The trialists excluded 

patientss wnth early occlusions, occurring i.e. within 24 h, because they were considered to have technical 

failure.. We did not reinclude these patients, because randomisation and therapy start was only 2 to 5 days 

afterr PTA. Contraindication for ASA or need for treatment with anticoagulants were exclusion criteria. 

Follow-upp visits were at 3 and 6 months, or when a restenosis or reocclusion was suspected by the 

patient.. Reocclusion in the treated leg, occlusion on die contralateral leg, myocardial infarction (MI), 

stroke,, death due to Ml or stroke were primary outcomes. Discontinuation of drug therapy due to side 

effectss was considered as a secondary outcome. Outcome evaluation included ABP1 (diminution of at 

leastt 0.2 was considered as an indicative of reocclusion and was followed by an angiography. Summary 

score:: B; allocation score B. 

Rankee 1994 

AA randomized double-blind two-center trial comparing 175 patients assigned to 900 mg ASA with 184 

patientss receiving 50 mg ASA. Patient characteristics did not differ significandy between treatment 

groups.. 89% of all patients suffered from claudication. Patients were randomised after successful PTA 

andd were stratified into three groups; 40 % with iliac artery stenosis (A), 40 % with femoral artery stenosis 

<< 3 cm (B) and 20 % with femoral artery stenosis 3 - 10 cm (C). Before PTA all patients received a 

loadingg dose of 1000 mg ASA, Follow-up was at 1 day, 1, 3, 6, 9, and 12 months. Angiographically 

confirmedd occurrence of restenosis with > 50% diameter reduction, as well as intolerable adverse effects, 

death,, stroke, MI , were the primary outcomes. Summary score A; allocation score; A. 

Minar1995 5 

AA randomized, open single center clinical trial including 216 patients suffering from PAOD and treated 

byy PTA in the femoropopliteal segment. 107 patients were assigned to receive 1000 mg ASA and 109 to a 

dosee of 100 mg. Patient characteristics including the usual risk factors in the two treatment groups were 

welll  matched. Impaired inflow was regarded as an exclusion criteria. 87% of the patients suffered from 

claudication.. Before PTA and on the 2 following days, all patients were administered 500 mg ASA iv. In 

addition,, 5000 IU heparin was administered during PTA, followed by iv heparin 1000 IU/hr until aPTT 

reachedd 3 times of its normal value for the3 daŷs after PTA. Randomisation was started thereafter. Thus, 

patientss in whom early reocclusion occurred (i.e. within 3 days after PTA), were excluded from the study 

andd not reincluded in our analysis. The follow-up duration was 24 months. Reocclusion or restenosis 
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(angiographicallyy confirmed stenosis > 50% narrowing lumen) were the primary endpoints. Summary 

score:: A; allocation score:A. 

3.3. ASPIRIN/DIP (ASA/DIP) VERSUS VITAMIN  K ANTAGONISTS (VKA) 

Dai-Doo 1994 

Ann open single center randomized clinical trial of 160 patients allocated to oral anticoagulants or 

ASA/DIP.. Patients were treated with femoro-popliteal PTA of occlusions < 10 cm in length. 

Exclusionn criteria: > 80 y, pretreatment with ASA/DIP, use of other platelet inhibitors, known 

contraindicationss for ASA/DIP, other disease limiting the 12-month-foIlow-up. Outcome: patency of 

dilatedd segment, documented angiographically at 12 months or when endpoint reached earlier. 

Angiographyy was performed before, 1 day and 12 months after PTA. Follow-up 1 day, 3, 6, 12 months 

afterr PTA; assessment of clinical history, symptoms, ABPI, pulse-volume curves, palpable pulses. ASA 25 

mgg and DIP 200 mg each 2x/day for 1 year vs phenprocoumon. ASAD was started for all patients: 24-48 

hh before PTA until randomisation. Summary score B (open trial); allocation score B. 

4.4. SULOCTIDIL VERSUS VITAMIN  K ANTAGONISTS 

Mahlerr 1987 

AA double-blind, two-center randomized clinical trial including 123 patients suffering from chronic 

PAOD.. In all patients femoropopliteal angioplasty was performed on one leg. Allocation to either 

receivingg oral anticoagulation combined with Suloctidil or to oral anticoagulation and placebo, was 

performedd after successful PTA. Medication was thus started within 24-48 h following angiplasty. The 

studyy duration and follow-up was two years. Follow-up examination was 24-48 h, 3, 6, and 12 months 

afterr PTA by evaluation of clinical symptoms, palpable pulses, improvement of pulse waves distal to PTA 

site,, reduction of ABPI-difference by at least 20 mmHg. Angiography was performed after 6 months. 

Remainingg drug capsules were counted at each visit. No data on the distribution of diabetes, 

hypertension,, hypercholesterinemia or on in- and outflow was reported. Allocation concealment was 

providedd by a sealed envelope procedure. Summary score: B; allocation score A. 

55 TICLOPIDINE  VERSUS VTTAMIN  K ANTAGONISTS 

Schneiderr 1987 

AA randomized multicenter (3 centers) clinical trial of 197 patients with femoropopliteal stenoses and 

occlusionss of maximally 10 cm length due to chronic PAOD. Arterial obstructions were angiographically 

demonstrated.. Patients were randomised to receive VKA (94 patients) or ticlopidin (103). Patients with 

technicall  failures in PTA were excluded. For randomisation sealed envelopes were used. All patients were 

treatedd double-blinded for 3 days before intervention with either 2 x 500 mg/d aspirin or 2 x 500 mg 

ticlopidine.. After PTA, patients were decoded and those pretreated with aspirin received furtheron VKA 

(dicoumarole);; in the other group ticlopidine administration was continued for 12 months. Clinical 
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evaluationn including segmental pulse wave analysis, and ABPI measurement was performed directly 

beforee and after PTA, as well as 3, 6, and 12 months after PTA. A second angiography was performed 

onee year after PTA. Endpoints were patency, restenosis or reocclusion in the dilated or recanalized 

segment,, respectively, and vascular occlusion in other segments. Secondary endpoints were drug induced 

sidee effects and patient compliance. Gender, age, risk factors, PAOD stage and concomittant diseases 

weree matched for both groups. The number of patients with a stenosis or an occlusion in both groups 

was:: 55 and 45, respectively, for VK A and 57 and 43, respectively, for ticlopidin. Summary score B; 

allocationn score A. 

6.6. ASPIRIN/DIPYRIDAMOLE VERSUS TAPROSTEN 

Heinzz 1996 

AA randomized double-blind clinical trial including 19 patients suffering from PAOD stage II to IV, who 

weree treated with femoropophteal angioplasty and assigned to either low dose intravenous Taprosten.( 

12'0000 ng/kg, 6 patients), high dose Taprosten (24'000 ng/kg, 6 patients) or to 1320 mg ASA/300 mg 

DI PP 75 mg (7 patients). Drug therapy was started two hours before angioplasty for all patients and 

continuedd for 24 hours after catheter intervention. Early occlusion was a primary endpoint as well as 

thrombocytee deposition as investigated by Indium-1114abeled thrombocytes and nuclear scanning. 

Follow-upp was for 3 months. One third of the patients in each group was not only treated bv PTA, but in 

additionn by local lysis. Summary Score A; allocation score B. 
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Summary y 

Animall  models of venous thrombosis are frequently used to study the pathogenesis of venous 

thrombosiss or to assess the effect of a pharmacological intervention on the formation, growth, 

orr lysis of venous thrombosis. We have systematically reviewed published studies containing 

experimentall  results obtained in venous thrombosis models in animals. The vast majority of 

publicationss concerned pharmacological studies. Most experimental animal models of venous 

thrombosiss are based on similar principles, although animal species, methods of thrombus 

formationn and outcome assessment may vary considerably. Animal models of venous 

thrombosiss appear to play an important role in the study of venous thrombosis and the 

evaluationn of antithrombotic properties of novel anticoagulant agents. However, dose-finding 

studiess in experimental venous thrombosis models in animals and studies comparing the efficacy 

off  different antithrombotic strategies should be interpreted with caution, since the outcome of 

thesee studies often inaccurately predicts the effect in clinical studies. 
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Introductio n n 

Venouss thrombosis is a common disorder that is associated with substantial morbidity and even 

mortalityy if not adequately diagnosed and treated'. Patients with venous thrombosis are usually 

treatedd with anticoagulants that prevent the growth of an existing thrombus2. Anticoagulants 

mayy also be used to prevent the occurrence of venous thrombosis in high-risk situations, such as 

postoperativelyy or in trauma patients. Although in recent years major progress in our 

understandingg of coagulation in vivo has been made, the pathogenesis of venous thrombosis is 

onlyy partly understood. Also, despite major improvements in the management of venous 

thrombosis,, prevention and treatment strategies are in some situations insufficiendy effective and 

aree associated with important adverse effects, of which bleeding is most important. Therefore, 

newerr antithrombotic agents are being designed and developed for potential clinical use. 

Too study the pathogenesis of in vivo thrombus formation and to evaluate novel preventive or 

therapeuticc strategies, animal models of venous thrombosis have been in use for more than 50 

years.. In the past decades numerous animal models of venous thrombosis have been developed 

andd have been applied for a variety of objectives and mosdy without certain predictive value for 

thee relevance to human venous thrombosis. The Subcommittee on Animal, Cellular, and 

Molecularr Models of Thrombosis and Haemostasis of the Scientific and Standardization 

Committeee of the International Society on Thrombosis and Haemostasis decided to 

systematicallyy review the various animal models of venous thrombosis and to analyze the 

contributionn of these models to the study of the pathogenesis and treatment of venous 

thrombosis.. This manuscript summarizes the results of this analysis and it draws some 

conclusionss on the appropriate use of animal models for venous thrombosis. 

General'aimGeneral'aim of anima/ mode/sfor venous thrombosis 

Thee need for in vivo models to study thrombosis and to evaluate interventions that may affect 

thrombuss formation, growth and lysis is obvious'4. Blood coagulation takes place in an 

environmentt of non-anticoagulated blood, in the presence of blood cells and vascular wall 

components,, under flow conditions and in a constandy changing milieu, such as local hypoxia 

andd acidosis. Hence, there is no ex vivo model, however sophisticated, that is able to mimic this 

complexx situation. 

AnimalAnimal models of venous thrombosis may be used for four different reasons: Firsdy, animal 

modelss may be used to study the pathogenesis of venous thrombosis and to establish factors 

and/orr pathways that play a pivotal role in this pathogenesis. Secondly, experimental models can 

bee applied to be able to accurately determine the in i>ivo biological effect of an intervention. 

Hence,, the in vivo antithrombotic efficacy or pro-thrombotic effect of compounds with in litw 

anticoagulantt or procoagulant properties, respectively, may be confirmed. Indeed, not even' 
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agentt that is able to block coagulation in r/trv will have antithrombotic properties in tiro, hence 

thiss confirmation may be essential. Thirdly, animal models of venous thrombosis are used to 

facilitatee dose-finding of novel antithrombotic agents. Lastly, animal models are often applied for 

comparativee pharmacology, i.e. to predict a superior clinical antithrombotic efficacy of one agent 

overr the other. In the following we will analyze to what extent animal models of venous 

thrombosiss may be useful for each of these objectives. 

AnimalAnimal mode/s 0/'remits f/jn>////ws/s 

Wee have performed a literature search in M E D L I N E and KMBASE databases from 1966 until 

Julyy 1999. Terms that were used for the search were both MESH terms and (part of) the 

textwordss "venous thrombosis", or "vein" adjacent to " thrombosis" or " thrombus". The search 

resultss were then limited to "disease models, animals", or "animals". All titles and abstracts of 

thee remaining studies were screened to check whether the stud}- really dealt with an animal model 

ott venous thrombosis. The search was limited to review articles and the references of 

appropriatee reviews were cross-checked for other potentially relevant studies. 

Followingg this strategy a total number of 5746 articles were selected. Figure 1 shows that during 

thee last 10 years an impressive increase in the number of published studies employing a model 

forr venous thrombosis has occurred. The number of published articles between 1996 and 1999 

hass increased almost 7-fold as compared with the number of articles between 1975 and 1980. 

Whenn a selection of the retrieved articles was made by using the subheadings "administration 

andd dosage", or "therapeutic use", or "pharmacokinetics" it was clear that the vast majority of 

studiess (91%) concerned any form of pharmacological intervention to prevent or treat venous 

thrombosis,, whereas only a relatively small number of studies addressed the mechanism of 

thrombuss formation or blood coagulation m tiro (Figure 1). 

AA large number of different animal species is used to study venous thrombosis. In fact, 18 

differentt animal species were represented in our literature search. Animal species most frequently 

employedd for venous thrombosis models were dogs, rats and rabbits, together responsible for 

77%% of the published articles (Figure 2). Although it is not always clear which factors account for 

thee choice of the animal species, characteristics of the model probably play a major role. For 

example,, transgenic studies can only be done in mice so far and for experiments requiring 

complicatedd instrumentation it is obvious that larger animals are preferred. 
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1975-19800 1981-1985 1986-1990 1991-1995 1996-1999 

FigureFigure 'i'Number of published studies using an experimental venous thrombosis mode/. The high ter part of the bar 

representsrepresents studies concerning anyjbrm ojpharmacological'intervention to prevent or treat thrombosis, whereas the darker part 

ofof the bar depicts the other studies (mostiy on the pathogenesis of thrombosis). 

micee 4% 
guineaa pig 2% 

sheepp 3% 

dogg 33% 

(mini)pigg 7% 

monkeyy 2% 

rabbitss 17% 

FigureFigure 2 Animat'species used for experimentalvenous thrombosis mode is. The contribution of each species to the totai 

numbernumber ofpubiications on animat'models of venous thrombosis is shown. The group "others" includes 10 different animal 

species,species, including goats, cats, hamster, cattle, and horses. 
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Thee method of thrombus formation is also variable and follows Virchow's triad, including 

variouss means of inducing vascular wall damage, stasis of blood, and local activation of 

coagulationn '̂  (Table 1). Although there is ample variation in these methods, most techniques 

mayy be considered as a variation of the Wessler model6. Stanford Wessler described in 1952 a 

modell  of venous thrombosis following local stasis of blood and the local injection of serum . It 

iss interesting to note that Wessler developed his model primarilv to studv the pathogenesis of 

thrombosiss and the effect of procoagulant substances on thrombus growth, whereas since then 

mostt investigators have used the model to study the effect of antithrombotic interventions. 

Tablee 1 also lists the most frequently used means to establish the effect on thrombus formation, 

growthh or lysis. It is clear that most methods wil l result in a valid measure of the effect on the 

thrombus,, although objective measurements (such as the use of radioactive fibrinogen or flow 

measurement)) may be more precise and may avoid the introduction of bias in the experiments. 

methodss of thrombu s formatio n in venous thrombosis models 

endotheliall  damage 

-- physical damage (e.g. electricity, vessel contusion) 

-- chemical damage (e.g. ferric chloride, caustic substanc 

stasis s 

locall  activation of blood coagulation 

-- injection of clot/clotting blood 

,s) ) 

-- procoagulant substances (e.g. activated prothrombin complex concentrates) 

-- injection of anti-phospholipid antibodies 

methodss of assessment of thrombus formation , growth, 

su u 

visuall  score 

thrombuss weight 

accretionn of '"T-labeled fibrinogen 

floww measurement 

bjectivee scores 

orr  lysis 

TabicTabic 1 Thrombusformation has been induced by rations methods achieving rascu/ar a<a// damage, stasis of Mood, and 

/oca//oca/ activation of coagu/ation 
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UsefulnessUsefulness and /imitations of venous thrombosis mode/s 

animall  models of venous thrombosis to study the (patho)physiology of blood coagulation in vivo 

Althoughh the published reports in which animal models of venous thrombosis are used to study 

thee (patho)physiology of coagulation in vivo represent a relatively small fraction of all published 

studies,, it is clear that this application of animal models is very useful. There are ample 

illustrationss of the importance of venous thrombosis models, not only as a valuable confirmation 

off  in vitro results but also to yield important observations that might not have been made 

otherwise.. Examples include the role of activated protein C in the prevention of thrombosis0, 

demonstrationn of the role of factor XI-dependent TAFI activation in thrombolysis9 in vivo, the 

importantt relationship between inflammatory and procoagulant mediators in the development of 

venouss thrombosis1" , the regulatory role of PAI-1 in thrombolysis and thrombus accretion"'12, 

andd the response of the vessel wall to thrombosis13. 

Anima/Anima/ mode/s of venous thrombosis to trans/ate in vitro anti- or prvcoagu/ant effects into in vivo anti- or 

protbromboticprotbrombotic effects 

Mostt agents that have an anticoagulant effect in vitro wil l show antithrombotic properties in vivo. 

However,, there is sometimes no clear relationship between the potency of the in vitm or ex vivo 

anticoagulantt effect and the antithrombotic efficacy. This may for example be illustrated by the 

resultss with low molecular weight heparins or some novel direct thrombin inhibitors14'16 and for 

thee use of potent antiplatelet agents in the treatment of venous thrombosis17. Likewise, 

procoagulantt substances may have a thrombogenic potential, but also here the in vivo effect is not 

alwayss predictable18. Moreover, some agents may have a clear effect on the prolongation of 

clottingg times but have no effect on coagulation in vivo 19. 

Dose-JindingDose-Jinding studies in anima/ modeis of venous thrombosis 

Dosee finding studies in animals may facilitate the assessment of the proper dose of a therapeutic 

agentt in humans. To assess whether dose-finding studies in animal models of venous thrombosis 

aree helpful in determining the dose of antithrombotic agents in humans, we have analyzed all 

studiess containing results of a dose-effect relationship in our literature search. We limited our 

searchh to antithrombotic treatment with heparin, low molecular weight heparins, or hirudin, 

sincee for these agents the adequate antithrombotic dose in human studies has been assessed2,2"'21, 

therebyy allowing us to compare the optimal dose from the animal studies with the optimal dose 

inn humans. 

Usingg the MESH terms and textwords "heparin", "low molecular weight heparin", and 

"hirudin""  our literature search of animal models of venous thrombosis was limited to 714 

articles.. Further selecting these articles by the textword "dose" and the MESH heading "dose-

responsee relationship" resulted in 134 studies, of which the abstracts were screened. Ultimately, 
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733 studies were selected for analysis14'6* 229'. Of these studies 43 reported on a dose-effect 

relationshipp of heparin, 25 studies mentioned a dose-response of low molecular weight heparins 

andd in 14 articles dose-response effect of hirudin was described. Table 2 shows the optimal dose 

off  the various agents for treatment and prevention of venous thrombosis in animal models of 

venouss thrombosis. The difference between the optimal dose of the compounds in the animal 

modelss of venous thrombosis may be significantiy different from the ultimately established dose 

inn humans. Interestingly, from this selection of agents it may seem that the optimal dose in 

animall  models of venous thrombosis is always higher (up to a factor 3) than the established dose 

inn humans. Obviously, also other factors may have accounted for the eventual selection of the 

dosee in humans (such as the rate of bleeding complications). On the other hand, bleeding was 

oftenn taken into account to establish the optimal dose in animal models of venous thrombosis 

(althoughh the proper assessment of bleeding potential of various agents in animal models is 

complicatedd but falls beyond the scope of this article). From the table it is also clear that there is 

aa wTide variation in the optimal dose of the various agents in the different venous thrombosis 

models.. No systematic relationship between the characteristics of the model or a specific animal 

speciess and the sensitivity' to any intervention could be established. However, it seems clear that 

itt is verv difficul t to use the results from a single dose-finding study in an animal model of 

venouss thrombosis to predict the optimal dose of an antithrombotic compound in humans. 

heparin heparin 

nadroparin nadroparin 

dalteparin dalteparin 

enoxaparin enoxaparin 

recombinant recombinant 

hirudin hirudin 

optimall  dose in animal model 

off  venous thrombosis 

500 U/kg/hr 

|2.5-4000 U/kg/hr] 

155 anti-Xa U/kg/hr 

[7.5-800 anti-Xa U/kg/hr] 

322 anti-Xa U/kg/hr 

[5-700 anti-Xa U/kg/hrl 

500 mg/kg 

[20-1000 mg/kg| 

0.44 mg/kg/hr 

[0.1-1.44 mg/kg/hr] 

srecommendedd dose in clinica 

practice e 

15-200 U/kg/hr 

5-99 anti-Xa U/kg/hr 

8-100 anti-Xa U/kg/hr 

20-400 mg/kg 

0.155 mg/kg/hr 

TableTable 2 Comparison of the optima/ dose oj'various anticoagulant agents in different studies using anima/ mode/s 

ofof venous thrombosis (median pa/ues and upper and kwer /imits) with the recommended use off these agents in 

humans,humans, based on c/inica/ observations. 
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Comparativepharmaco/ogyComparativepharmaco/ogy in anima/ mode/s of venous thrombosis 

Animall  models of venous thrombosis are often used to compare the efficacy of various 

antithromboticc strategies. It is indeed tempting to compare the antithrombotic effects of a novel 

agentt with conventional treatment as part of the pre-clinical evaluation of such a compound. 

However,, it is not clear whether the results of such a comparison accurately predict a superior 

efficacyy of the agent in clinical practice. To get an impression of the predictive value of the 

outcomee of comparative pharmacological studies in animal models of venous thrombosis we 

havee chosen to analyze the results of such studies in two different area's: (1) the antithrombotic 

efficacyy of low molecular weight heparin or hirudin as compared with unfractionated heparin, 

andd (2) pharmacological interventions to achieve thrombolysis of venous thrombosis. For both 

subjectss adequate data from clinical studies are available to establish the accuracy of the results 

obtainedd in animal studies. 

Fromm our literature search of articles with animal models of venous thrombosis we have 

selectedd studies containing data of both heparin and low molecular weight heparin or both 

heparinn and hirudin (using the MESH terms and keywords "heparin", "heparin, low molecular 

weight",, "LMWH" , or "hirudin"). The abstract of the 334 selected studies were screened to 

establishh whether the article contained original data on a direct comparison between heparin and 

loww molecular weight heparin or between heparin and hirudin. This screening resulted in 86 

remainingg articles, of which 14 reported on the comparative efficacy of low molecular weight 

heparinn and unfractionated heparin on experimental thrombosis35'63'87'92"102. Another 11 articles 

showedd results of a comparison of heparin with hirudin in experimental models of venous 

thrombosiss 26.34.3=,74,77,io3107̂ ^ e antithrombotic properties of the compounds were compared at 

equipotentt anticoagulant doses. The majority of the studies comparing low molecular weight 

heparinn with unfractionated heparin (9 out of 14) showed a superior antithrombotic efficacy of 

loww molecular weight heparin, 4 studies showed a similar efficacy of both agents and 1 study 

showedd that unfractionated heparin had better antithrombotic properties. In the animal studies 

comparingg hirudin with heparin, 9 of 11 studies showed a superior efficacy of hirudin over 

heparinn and 2 studies demonstrated a similar efficacy. We now know from large scale clinical 

studiess and meta-analyses that low molecular weight heparin is as effective as unfractionated 

heparinn in the treatment of venous thrombosis108 no. Initial clinical studies comparing hirudin 

withh heparin in the treatment of venous thrombosis show no benefit of one therapy over the 

other111,, although prevention of thrombosis may be more effective with hirudin. Taken together, 

thee results from most of the animal models might have been somewhat too optimistic. 

Studiess comparing the efficacy of various thrombolytic agents on lysis of venous thrombosis 

inn animal models show conflicting results (e.g. t-PA induves a better antithrombotic effect and 

lesss bleeding than streptokinase) 5'J'112-11 } which are also not in agreement with subsequent clinical 
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observations"14'116.. Also observations of enhanced lysis of venous thrombosis with low 

molecularr weight heparin could not be confirmed in clinical studies ' . 

Conclusion n 

Animall  models of venous thrombosis appear to be indispensable to advance our knowledge on 

venouss thrombosis and the optimal management of this disease. There are numerous variations 

inn the design and execution of experimental venous thrombosis in animals, although most 

modelss are based on similar principles. Animal models for venous thrombosis appear to be 

particularlyy useful for studying the (patho)physiology of blood coagulation in vivo and the 

pathogenesiss of venous thrombosis. Models also serve an important role in the assessment of the 

inin vifro antithrombotic effect of novel anticoagulant agents. Dose-finding results from animal 

modelss of venous thrombosis should be considered with caution, since results may vary 

significantlyy and the outcome of these studies may considerably differ from the ultimately 

effectivee dose in humans. Also, species differences may play an important role here. Similarly, 

studiess comparing the efficacy of different antithrombotic strategies in animal models of venous 

thrombosiss may not always accurately predict a clinical benefit in human studies. I t might at least 

bee advisable to test anti thrombotic strategies in different models and different species before 

drawingg any conclusion on its (relative) efficacy as an antithrombotic agent. 

82 82 



References s 

1.. Lensing AW, Prandoni P, Prins MH, Büller HR. Deep-vein thrombosis. Lancet 1999; 

353:479-485. . 

2.. Bates SM, Hirsh J. Treatment of venous thromboembolism. Thromb Haemost 1999; 

82:870-877. . 

3.. Badimon L. Models to study thrombotic disorders. Thromb Haemost 1997; 78:667-671. 

4.. Didisheim P. Animal models useful in the study of thrombosis and antithrombotic agents. 

Progresss in Hemostasis & Thrombosis 1972; 1:165-197. 

5.. Aronson DL, Thomas DP. Experimental studies on venous thrombosis: effect of 

coagulants,, procoagulants and vessel contusion. Thromb Haemost 1985; 54:866-870. 

6.. Thomas DP. Venous thrombosis and the "Wessler test". Thromb Haemost 1996; 76:1-4. 

7.. Wessler S. Studies in intravascular coagulation; Coagulation changes in isolated venous 

segments.. J Clin Invest 1952; 31:1011-1014. 

8.. Gresele P, Momi S, Berrettini M, Nenci GG, Schwarz HP, Semeraro N, Colucci M. 

Activatedd human protein C prevents thrombin-induced thromboembolism in mice. 

Evidencee that activated protein c reduces intravascular fibrin accumulation through the 

inhibitionn of additional thrombin generation. J Clin Invest 1998; 101:667-676. 

9.. Minnema MC, Friederich PW, Levi M, von dem Borne PA, Mosnier LO, Meijers JC, 

Biemondd BJ, Hack CE, Bouma BN, ten Cate H. Enhancement of rabbit jugular vein 

thrombolysiss by neutralization of factor XL In vivo evidence for a role of factor XI as an 

anti-fibrinolyticc factor. J Clin Invest 1998; 101:10-14. 

10.. Wakefield TW, Greenfield LJ, Rolfe MW, DeLucia A, Strieter RM, Abrams GD, Kunkel 

SL,, Esmon CT, Wrobleski SK, Kadell AM. Inflammatory and procoagulant mediator 

interactionss in an experimental baboon model of venous thrombosis. Thromb Haemost 

1993;69:164-172. . 

11.. Levi M, Biemond BJ, van ZA, ten Cate JW, Pannekoek H. Inhibition of plasminogen 

activatorr inhibitor-1 activity results in promotion of endogenous thrombolysis and 

inhibitionn of thrombus extension in models of experimental thrombosis. Circulation 1992; 

85:305-312. . 

12.. Carmeliet P, Stassen JM, Schoonjans L, Ream B, van den Oord JJ, De, Mol M, Mulligan 

RC,, Collen D. Plasminogen activator inhibitor-1 gene-deficient mice. II . Effects on 

hemostasis,, thrombosis, and thrombolysis. J Clin Invest 1993; 92:2756-2760. 

13.. Northeast AD, Burnand KG. The response of the vessel wall to thrombosis: the in vivo 

studyy of venous thrombolysis. Annals of the New York Academy of Sciences 1992; 

667:127-140. . 

83 3 



14.. Schumacher WA, Steinbacher TE, Heran CL, Seiler SM, Michel 1M, Ogletree ML . 

Comparisonn or" rhrombin active site and exosite inhibitors and heparin in experimental 

modelss of arterial and venous thrombosis and bleeding. Journal of Pharmacology & 

Experimentall  Therapeutics 1993; 267:1237 1242, 

15.. Gray E, Padilla A, Barrovvcliffe TAX'. Antithrombotic activity and its relationship to in vitro 

anticoagulantt effects. Haemostasis 1993; 23 Suppl 1:99-102. 

16.. Bara L, Planes A, Samama MM . Occurrence of thrombosis and haemorrhage, relationship 

withh anti-Xa, anti-Ila activities, and D-dimer plasma levels in patients receiving a low 

molecularr weight heparin, enoxaparin or tinzaparin, to prevent deep vein thrombosis after 

hipp surgery. Br J Haematol 1999; 104:230-240. 

17.. Spriggs D, Gold HK , Hashimoto Y, \^an HE, Vermylen J, Collen D. Absence of 

potentiationn with murine antiplatelet GPI Ib / I I I a antibody of thrombolysis with 

recombinantt tissue-tvpe plasminogen activator (rt-PA) in a canine venous thrombosis 

model.. Th romb Haemost 1989; 61:93-96. 

18.. MacGregor 1, McLaughlin L, Drummond O, Prowse C, Ferguson J. In vivo models of 

thrombogenicc potential: usefulness and limitations. Acta Haematologica 1995; 94 Suppl 

1:18-23. . 

19.. Pixley RA, De LC, Page JD, Kaufman N, Wyshock EG, Chang A, Taylor FBJ, Colman 

RXX'.. The contact system contributes to hypotension but not disseminated intravascular 

coagulationn in lethal bacteremia. In vivo use of a monoclonal anti-factor XI I antibody to 

blockk contact activation in baboons. J Clin Invest 1993; 91:61-68. 

20.. Leizorovicz A, Simonneau G, Decousus H, Boissel JP. Comparison of efficacy and safety 

off  low molecular weight heparins and unfracdonated heparin in initial treatment of deep 

venouss thrombosis: a meta-analysis. BMJ 1994; 309:299-304. 

21.. Verstraete M, Nurmohamed M, Kienast J, Siebeck M, Silling E, Buller H, Hoet B, Bichler 

J,, Close P. Biologic effects of recombinant hirudin (CGP 39393) in human volunteers. 

Europeann Hirudin in Thrombosis Group [see comments]. J Am Coll Cardiol 1993; 

22:1080-1088. . 

22.. Fareed j , Hoppensteadt D, Jeske W, Clarizio R, Walenga JM. Low molecular weight 

heparins:: are they different? Canadian journal of Cardiology 1998; 14 Suppl E:28E-34E. 

23.. Raake W, Klauser RJ, Elling H, Zeiller P. Antithrombotic action of recombinant hirudin in 

aa venous thrombosis model. Haemostasis 1991; 21 Suppl 1:127-132. 

24.. Herbert JM, Herault JP, Bernat A, van Amsterdam RG, Lormeau JC, Petitou M, van 

Boeckell  C, Hoffmann P, Meuleman D G. Biochemical and pharmacological properties of 

S A N O RGG 34006, a potent and long-acting synthetic pentasaccharide. Blood 1998; 

91:4197-4205. . 

84 84 



25.. Ofosu FA. Pharmacological actions of sulodexide. Semin Thromb Hemost 1998; 24:127-

138. . 

26.. Finkle CD, St Pierre A, Leblond L, Deschenes I, DiMaio J, Winocour PD. BCH-2763, a 

novell  potent parenteral thrombin inhibitor, is an effective antithrombotic agent in rodent 

modelss of arterial and venous thrombosis-comparisons with heparin, r-hirudin, hirulog, 

inogatrann and argatroban. Th romb Haemost 1998; 79:431-438. 

27.. McClanahan TB, Ignasiak DP, Juneau P, Finkle C, Winocour P D, Gallagher KP. 

Antithromboticc effects of BCH 2763, a new direct thrombin inhibitor, in a canine model 

off  venous thrombosis. Journal of Thrombosis & Thrombolysis 1999; 7:301-306. 

28.. Downing LJ, Strieter RM, Kadell AM , Wilke CA, Greenfield LJ, Wakefield TW. Low-dose 

low-molecular-weightt heparin is anti-inflammatory during venous thrombosis. Journal of 

Vascularr Surgery 1998; 28:848-854. 

29.. Hanson SR, Sakariassen KS. Blood flow and antithrombotic drug effects. Am Heart J 

1998;; 135:S132-S145. 

30.. Rebello SS, Blank HS, Rote WE, Vlasuk GP, Lucchesi BR. Anti thrombotic efficacy of a 

recombinantt nematode anticoagulant peptide (rNAP5) in canine models of thrombosis 

afterr single subcutaneous administration. Journal of Pharmacology- & Experimental 

Therapeuticss 1997; 283: 91-99. 

31.. Ezov N , Nimrod A, Parizada B, Werber MM , Goldlust A, Greenstein LA , Vogel T, 

Drizlichh N, Levanon A, Reich S, Gorecki M, Panet A. Recombinant polypeptides derived 

fromm the fibrin binding domain of fibronectin are potential agents for the imaging of blood 

clots.. Thromb Haemost 1997; 77:796-803. 

32.. Stockmans F, Stassen JM, Vermylen J, Hoylaerts MF, Nystrom A. A technique to 

investigatee microvascular mural thrombus formation in arteries and veins: II . Effects of 

aspirin,, heparin, r-hirudin, and G-4120. Annals of Plastic Surgery 1997; 38:63-68. 

33.. Krupinski K, Giedrojc J, Breddin HK , Bielawiec M. Antithrombotic and thrombolytic 

activity'' of heparins in a rat model of laser-induced thrombosis. Polish Journal of 

Pharmacologyy 1996; 48:345-350. 

34.. Biemond BJ, Friederich PW, Levi M, Vlasuk G P, Buller HR, ten Cate JW. Comparison of 

sustainedd antithrombotic effects of inhibitors of thrombin and factor Xa in experimental 

thrombosis.. Circulation 1996; 93:153-160. 

35.. Biemond BJ, Levi M, Nurmohamed MT, Buller HR, ten Cate JW. Additive effect of the 

combinedd administration of low molecular weight heparin and recombinant hirudin on 

thrombuss growth in a rabbit jugular vein thrombosis model. Th romb Haemost 1994; 

72:377-380. . 

85 5 



36.. Giedrojc J, Krupinski K, Breddin HK , Bielawiec M. Interaction between the sulfated 

lactobionicc acid (LW 10082) and other antithrombotic agents in animal thrombosis model. 

Polishh journal of Pharmacology 1996; 48:317-322. 

37.. Hoist J, Lindblad B, Bergqvist D, Nordfang O, Ostergaard PB, Petersen, JL, Nielsen G, 

Hednerr U. Anti thrombotic properties of a truncated recombinant tissue factor pathway 

inhibitorr in an experimental venous thrombosis model. Haemostasis 1993; 23 Suppl 1:112-

117. . 

38.. Aguejouf O, Oualane FA, Inamo J, Imbault P, Doutremepuich F, Millet , Theveniaux j , 

Doutremepuichh C. The arterial antithrombotic activity of thioxylosides in a rat model of 

laser-inducedd thrombosis. Semin Thromb Hemost 1996; 22:327-333. 

39.. Bernat A, Hoffmann P, Herbert JM. Antagonism of SR 90107A/Org 31540-induced 

bleedingg bv protamine sulfate in rats and mice. Thromb Haemost 1996; 76:715-719. 

40.. Pusterla N, Braun U. Prophylaxis of intravenous catheter-related thrombophlebitis in 

cattle.. Veterinary Record 1996; 139:287-289. 

41.. Schumacher WA, Heran CL, Steinbacher TE. Low-molecular-weight heparin (fragmin) and 

thrombinn active-site inhibitor (argatroban) compared in experimental arterial and venous 

thrombosiss and bleeding time. Journal of Cardiovascular Pharmacology 1996; 28:19-25. 

42.. Bern' CN, Girard D, Girardot C, Lochot S, Lunven C, Visconte C. Antithrombotic activity 

off  argatroban in experimental thrombosis in the rabbit. Semin Thromb Hemost 1996; 

22:233-241. . 

43.. Fareed J, Jeske W, Eschenfelder V, Iqbal O, Hoppensteadt D, Ahsan A. Preclinical studies 

onn a low molecular weight heparin. Thromb Res 1996; 81:Sl-27. 

44.. Herbert JM, Bernat A, Dol F, Herault JP, Crepon B, Lormeau JC. DX 9065A a novel, 

svnthetic,, selective and orally active inhibitor of factor Xa: in vitro and in vivo studies. 

Journall  of Pharmacology & Experimental Therapeutics 1996; 276:1030-1038. 

45.. Frydman A. Low-molecular-weight heparins: an overview of their pharmacodynamics, 

pharmacokineticss and metabolism in humans. Haemostasis 1996; 26 Suppl 2:24-38. 

vivoo of SDZ 217-766, a low-molecular weight thrombin inhibitor in comparison to 

heparin.. Th romb Haemost 1995; 73:641-647. 

47.. Li X, Cooley BC. Effect of anticoagulation and inhibition of platelet aggregation on arterial 

versuss venous microvascular thrombosis. Annals of Plastic Surgery 1995; 35:165-169. 

48.. Callas D D , Bacher P, Fareed J. Studies on the thrombogenic effects of recombinant tissue 

factor.. In vivo versus ex vivo findings. Semin Thromb Hemost 1995; 21:166-176. 

49.. Ozbeck MR, Brown D M , Deune EG, Lantieri LA , Kania NM , Pasia EN, Cooley BC, Wun 

TC,, Khouri RK. Topical tissue factor pathway inhibitor improves free-flap survival in a 

modell  simulating free-flap errors. Journal of Reconstructive Microsurgery 1995; 11:185-

188. . 

86 86 



50.. Holst J, Lindblad B, Nordfang O, Ostergaard PB, Hedner U. Does glycosylation influence 

thee experimental antithrombotic effect of a two-domain tissue factor pathway inhibitor?. 

Haemostasiss 1996; 26:23-30. 

51.. Chen C, Hanson SR, Lumsden AB. Boundary layer infusion of heparin prevents 

thrombosiss and reduces neointimal hyperplasia in venous polytetrafluoroethylene grafts 

withoutt systemic anticoagulation. Journal of Vascular Surgery 1995; 22:237-245. 

52.. Matthiasson SE, Lindblad B, Bergqvist D. Prevention of experimental venous thrombosis 

inn rabbits with different low molecular weight heparins, dermatan sulphate and hirudin. 

Haemostasiss 1995; 25:124-132. 

53.. Deckmyn H, Stassen JM, Vreys I, Van HE, Sawyer RT, Vermylen J. Calin from Hirudo 

medicinalis,, an inhibitor of platelet adhesion to collagen, prevents platelet-rich thrombosis 

inn hamsters. Blood 1995; 85 :712-719. 

54.. Hull RD, Pineo GF. Therapeutic use of low molecular weight heparins: knowledge to date 

andd their application to therapy. Semin Thromb Hemost 1994; 20:339-344. 

55.. Peyrou V, Lormeau JC, Caranobe C, Gabaig AM, Crepon B, Saivin S, Houin G, Sie P, 

Boneuu B. Pharmacological properties of CY 216 and of its ACLM and BCLM components 

inn the rabbit. Thromb Haemost 1994; 72:268-274. 

56.. Cosmi B, Hirsh J. Low molecular weight heparins. Current Opinion in Cardiology 1994; 

9:612-618. . 

57.. Bernat A, Herbert JM. Effect of various drugs on adriamycin-enhanced venous thrombosis 

inn the rat: importance of PAF. Thromb Res 1994; 75:91-97. 

58.. Sous MM, Vitt i M, Cook J, Young D, Glaser C, Light D, Morser J, Wydro R, Yu S, Fink L. 

Recombinantt soluble human thrombomodulin: a randomized, blinded assessment of 

preventionn of venous thrombosis and effects on hemostatic parameters in a rat model. 

Thrombb Res 1994; 73:385-394. 

59.. Lu HR, Wu Z, Pauwels P, Lijnen HR, Collen D. Comparative thrombolytic properties of 

tissue-typetissue-type plasminogen activator (t-PA), single-chain urokinase-type plasminogen activator 

(u-PA)) and Kl K2Pu (a t-PA/u-PA chimera) in a combined arterial and venous thrombosis 

modell  in the dog. J Am Coll Cardiol 1992; 19:1350-1359. 

60.. Hoist J, Lindblad B, Bergqvist D, Nordfang O, Ostergaard PB, Petersen, JG, Nielsen G, 

Hednerr U. Antithrombotic effect of recombinant truncated tissue factor pathway inhibitor 

(TFPI1-161)) in experimental venous thrombosis-a comparison with low molecular weight 

heparin.. Thromb Haemost 1994; 71:214-219. 

61.. Cadroy Y, Hanson SR, Harker LA. Antithrombotic effects of synthetic pentasaccharide 

withh high affinity for plasma antithrombin II I in non-human primates. Thromb Haemost 

1993;; 70:631-635. 

87 7 



62.. Fioravanti C, Burkholder D, Francis B, Siegl PK, Gibson RE. Anti thrombotic activity of 

recombinantt tick anticoagulant peptide and heparin in a rabbit model of venous 

thrombosis.. Th romb Res 1993; 71:317-324. 

63.. Carrie D, Caranobe C, Boneu B. A comparison of the antithrombotic effects of heparin 

andd of low molecular weight heparins with increasing antifactor Xa/antifactor Il a ratio in 

thee rabbit. Br J Haematol 1993; 83:622-626. 

64.. Iyer L, Shavit J, Koza M, Calabria R, Moran S, Fareed J. Alteration of pharmacokinetics 

andd pharmacodynamics of recombinant hirudin (rHV2-Lvs 47) after repeated intravenous 

administrationn in dogs. Th romb Res 1993; 69:59-70. 

65.. Barbanti M, Calanni F, Milani MR, Marchi E, Semeraro N, Colucci M. Therapeutic effect 

off  a low molecular weight dermatan sulphate (Desmin 370) in rat venous th rombos is-

evidencee for an anticoagulant-independent mechanism. Thromb Haemost 1993; 69:147-

151. . 

66.. Carrie D, Caranobe C, Gabaig AM, Larroche M, Boneu B. Effects of heparin, dermatan 

sulfatee and of their association on the inhibition of venous thrombosis growth in the 

rabbit.. Thromb Haemost 1992; 68:637-641. 

67.. Barradell LB, Buckley MM . Nadroparin calcium. A review of its pharmacology and clinical 

applicationss in the prevention and treatment of thromboembolic disorders. Drugs 1992; 

44:858-888. . 

68.. Bacher P, Welzel D, Iqbal O, Hoppensteadt D, Calks D, Walenga JM, Fareed J. The 

thrombolyticc potency of LMW-heparin compared to urokinase in a rabbit jugular vein clot 

lysiss model. Th romb Res 1992; 66:151-158. 

69.. Saivin S, Caranobe C, Petitou M, Lormeau JC, Houin G, Boneu B. Pharmacodynamic 

propertiess of long lasting butyryl heparin derivatives in the rabbit. Thromb Haemost 1992; 

67:550-555. . 

70.. Samama M, Babinet-Berthier A. The new heparins. Journal des Maladies Vasculaires 1992; 

17:91-106. . 

71.. BichlerJ, Fritz H. Hirudin, a new therapeutic tool?. Ann Hematol 1991; 63:67-76. 

72.. Hladovec J, Kornalik F. Antithrombotic effects of heparin and related agents. Cor et Vasa 

1991;33:68-74. . 

73.. Just M, Tripier D, Seiffge D. Antithrombotic effects of recombinant hirudin in different 

animall  models. Haemostasis 1991; 21 Suppl 1:80-87. 

74.. Doutremepuich C, Lalanne MC, Doutremepuich F, Walenga J, Fareed J, Breddin HK . 

Comparativee study of three recombinant hirudins with heparin in an experimental venous 

thrombosiss model. Haemostasis 1991; 21 Suppl 1:99-106. 

88 88 



75.. Broersma RJ, Kutcher LW, Heminger EF, Krstenansky JL, Marshall FN. Antithrombotic 

activityy of a novel C-terminal hirudin analog in experimental animals [published erratum 

appearss in Thromb Haemost 1991 Aug 1;66(2):269]. Thromb Haemost 1991; 65:377-381. 

76.. Hirsh J. From unfractionated heparins to low molecular weight heparins. Acta Chirurgica 

Scandinavicaa - Supplementum 1990; 556:42-50. 

77.. Doutremepuich C, Deharo E, Guyot M, Lalanne MC, Walenga J, Fareed J. Antithrombotic 

activityy of recombinant hirudin in the rat: a comparative study with heparin. Thromb Res 

1989;; 54:435-445. 

78.. Thomas DP, Merton RE, Barrowcliffe TW. Relative efficacy of heparin and related 

glycosaminoglycanss as antithrombotic drugs. Annals of the New York Academy of 

Sciencess 1989; 556:313-322. 

79.. Pescador R, Porta R, Conz A, Mantovani M. A quantitative venous thrombosis model with 

stasiss based on vascular lesion. Thromb Res 1989; 53:197-201. 

80.. Simmons CA, Burdick MD, Schaub RG. Heparin inhibits fibrin, but not leukocytes, in a 

modell  of deep-vein thrombosis. Journal of Surgical Research 1987; 43:468-475. 

81.. Cadroy Y, Caranobe C, Bernat A, Maffrand JP, Sie P, Boneu B. Antithrombotic and 

bleedingg effects of a new synthetic direct thrombin inhibitor and of standard heparin in the 

rabbit.. Thromb Haemost 1987; 58:764-767. 

82.. Niada R, Pescador R, Porta R, Mantovani M, Prino G. Defibrotide is antithrombotic and 

thrombolyticc against rabbit venous thrombosis. Haemostasis 1986; 16 Suppl 1:3-8. 

83.. Mattsson C, Hoylaerts M, Holmer E, Uthne T, Collen D. Antithrombotic properties in 

rabbitss of heparin and heparin fragments covalently coupled to human antithrombin III . J 

Clinn Invest 1985; 75:1169-1173. 

84.. Hirsh J, Ofosu F, Buchanan M. Rationale behind the development of low molecular weight 

heparinn derivatives. Semin Thromb Hemost 1985; 11:13-16. 

85.. Hladovec J. The effect of ultra-low-dose heparin in experimental venous thrombosis. 

Thrombb Res 1984; 36:83-85. 

86.. Hauptmann J, Barth A, Schonberger FP, Markwardt F. Comparative study on the 

antithromboticc effects of a synthetic thrombin inhibitor and of heparin in animal models. 

Biomedicaa Biochimica Acta 1983; 42:959-965. 

87.. Doutremepuich C, Gestreau JL, Maury MO, Quilichini R, Boisseau MR, Toulemonde F, 

Vairell  E. Experimental venous thrombosis in rats treated with heparin and a low molecular 

weightt heparin fraction. Haemostasis 1983; 13:109-112. 

88.. Thomas DP, Merton RE, Barrowcliffe TW, Thunberg L, Lindahl U. Effects of heparin 

oligosaccharidess with high affinity for antithrombin II I in experimental venous thrombosis. 

Thrombb Haemost 1982; 47:244-248. 

89 9 



89.. Chan V, Chan TK . Heparin-antithrombin II I binding. In vitro and in vivo studies. 

Haemostasiss 1979; 8:373-389. 

90.. Gitel SN, Stephenson RC, Wessler S. The activated factor X-antithrombin II I reaction rate: 

aa measure of the increased thrombotic tendency induced by estrogen-containing oral 

contraceptivess in rabbits. Haemostasis 1978; 7:10-18. 

91.. Meng K, O'Dea K. The protective effect of acetylsalkylic acid on laser-induced venous 

thrombosiss in the rat. Naunyn-Schmiedebergs Archiv fur Pharmakologie 1974; 283:379-

388. . 

92.. Bianchini P, Bergonzini GL, Parma B, Osima B. Relationship between plasma antifactor 

X aa activity and the antithrombotic activity of heparins of different molecular mass. 

Haemostasiss 1995; 25:288-298. 

93.. Stassen JM, Rapold HJ, Vanlinthout I, Collen D. Comparative effects of cnoxaparin and 

heparinn on arterial and venous clot lysis with alteplase in dogs. Thromb Haemost 1993; 

69:454-459. . 

94.. Monreal M, Silveira P, Monreal L, Monasterio J, Angles AM , Lafoz E, Lorente L. 

Comparativee study on the antithrombotic efficacy of four low-molecular-weight heparins 

inn three different models of experimental venous thrombosis. Haemostasis 1991; 21:91-97. 

95.. Kaiser B, Hauptmann J, Markwardt F. Experimental studies on the antithrombotic and 

haemorrhagicc effects of heparin and a low molecular weight heparin derivative. Folia 

Haematologicaa 1988; 115:119-125. 

96.. Bara L, Trillo u M, Mardiguian J, Samama M. Comparison of antithrombotic activity of two 

heparinn fragments PK 10169 (mol. wt. 5,000) and E MT 680 (mol. wt. 2,500) and 

unfractionatedd heparin in a rabbit experimental thrombosis model: relative importance of 

systemicc anti-Xa and anti-IIa activities. Nouvelle Revue Francaise d Hematologie 1986; 

28:355-358. . 

97.. Boneu B, Buchanan MR, Cade JF, Van RJ, Fernandez FF, Ofosu FA, Hirsh J. Effects of 

heparin,, its low molecular weight fractions and other glycosaminoglycans on thrombus 

growthh in vivo. Th romb Res 1985;40:81-89. 

98.. Pangrazzi J, Abbadini M, Zametta M, Naggi A, Torri G, Casu B, Donati, MB. 

Ant i thromboticc and bleeding effects of a low molecular weight heparin fraction. 

Biochemicall  Pharmacology 1985; 34:3305-3308. 

99.. Bergqvist D, Nilsson B, Hedner U, Pedersen PC, Ostergaard PB. The effect of heparin 

fragmentss of different molecular weights on experimental thrombosis and haemostasis. 

Th rombb Res 1985; 38:589-601. 

100.. Bjorck CG, Bergqvist D, Esquivel C, Nilsson B, Rudsvik Y. Effect of heparin, low 

molecularr weight (LMW ) heparin, and a heparin analogue on experimental venous 

thrombosiss in the rabbit. Acta Chirurgica Scandinavica 1984; 150:629-633. 

90 90 



101.. Cade JF, Buchanan MR, Boneu B, Ockelford P, Cater CJ, Cerskus AL, Hirsh J. A 

comparisonn of the antithrombotic and haemorrhagic effects of low molecular weight 

heparinn fractions: the influence of the method of preparation. Thromb Res 1984; 35:613-

625. . 

102.. Meuleman DG, Hobbelen PM, van Dedem G, Moelker HC. A novel anti-thrombotic 

heparinoidd (Org 10172) devoid of bleeding inducing capacity: a survey of its 

pharmacologicall  properties in experimental animal models. Thromb Res 1982; 27:353-363. 

103.. Komatsu Y, Inoue Y, Goto Y, Fukazawa T, Hayashi H. Pharmacological effects of a novel 

recombinantt hirudin, CX-397, in vivo and in vitro: comparison with recombinant hirudin 

variant-1,, heparin, and argatroban. Thromb Haemost 1999; 81:250-255. 

104.. Zhang B, Wieslander JB. Comparison of the antithrombotic effect of the new recombinant 

hirudinn HBW 023 and heparin in small arteries and veins. Microsurgery 1996; 17:89-96. 

105.. Monreal M, Galego G, Monreal L, Angles AM, Monasterio J, Oiler B. Comparative study 

onn the antithrombotic efficacy of hirudin, heparin and a low-molecular weight heparin in 

preventingg experimentally induced venous thrombosis. Haemostasis 1993; 23:179-183. 

106.. Agnelli G, Pascucci C, Cosmi B, Nenci GG. The comparative effects of recombinant 

hirudinn (CGP 39393) and standard heparin on thrombus growth in rabbits. Thromb 

Haemostt 1990; 63:204-207. 

107.. Freund M, Cazenave JP, Courtney M, Degryse E, Roitsch C, Bernat A, Delebassee D, 

Defreynn G, Maffrand JP. Inhibition by recombinant hirudins of experimental venous 

thrombosiss and disseminated intravascular coagulation induced by tissue factor in rats. 

Thrombb Haemost 1990; 63:187-192. 

108.. Kearon C. Initial treatment of venous thromboembolism. Thromb Haemost 1999; 82:887-

891. . 

109.. Levine M, Gent M, Hirsh J, Leclerc J, Anderson D, Weitz J, Ginsberg, Turpie AG, Demers 

C,, Kovacs M. A comparison of low-molecular-weight heparin administered primarily at 

homee with unfractionated heparin administered in the hospital for proximal deep-vein 

thrombosis.. N EnglJ Med 1996; 334:677-681. 

110.. Koopman MM, Prandoni P, Piovella F, Ockelford PA, Brandjes DP, van, der MJ, Gallus 

AS,, Simonneau G, Chesterman CH, Prins MH. Treatment of venous thrombosis with 

intravenouss unfractionated heparin administered in the hospital as compared with 

subcutaneouss low-molecular-weight heparin administered at home. The Tasman Study 

Group.. N EnglJ Med 1996; 334:682-687. 

111.. Schiele F, Lindgaerde F, Eriksson H, Bassand JP, Wallmark A, Hansson, PO, Grollier G, 

Sjoo M, Moia M, Camez A, Smyth V, Walker M. Subcutaneous recombinant hirudin (HBW 

023)) versus intravenous sodium heparin in treatment of established acute deep vein 

91 1 



thrombosiss of the legs: a multicentre prospective dose-ranging randomized trial. 

Internationall  Multicentre Hirudin Study Group. Thromb Haemost 1997; 77:834-838. 

112.. Prewitt RM, Hoy C, Kong A, Gu SA, Greenberg D, Cook R, Chan SM, Ducas J. 

Thrombolyticc therapy in canine pulmonary embolism. Comparative effects of urokinase 

andd recombinant tissue plasminogen activator. Am Rev Respir Dis 1990; 141:290-295. 

113.. Agnelli G, Buchanan MR, Fernandez F, Boneu B, Van Rijn J, Hirsh J, Collen D. A 

comparisonn of the thrombolytic and hemorrhagic effects of tissue-type plasminogen 

activatorr and streptokinase in rabbits. Circulation 1985; 72:178-182. 

114.. Schweizer J, Elix H, Altmann E, Hellner G, Forkmann L. Comparative results of 

thrombolysiss treatment with rt-PA and urokinase: a pilot study. Vasa 1998; 27:167-171. 

115.. Meneveau N, Schiele F, Vuillemenot A, Valette B, Grollier G, Bernard, Bassand JP. 

Streptokinasee vs alteplase in massive pulmonary embolism. A randomized trial assessing 

rightt heart haemodynamics and pulmonary vascular obstruction. European Heart Journal 

1997;18:1141-1148. . 

116.. Goldhaber SZ, Kessler CM, Heit JA, Elliott CG, Friedenberg WR, Heiselman DE, Wilson 

DB,, Parker J A, Bennett D, Feldstein ML. Recombinant tissue-type plasminogen activator 

versuss a novel dosing regimen of urokinase in acute pulmonary7 embolism: a randomized 

controlledd multicenter trial. J Am Coll Cardiol 1992; 20:24-30. 

117.. Brandjes DP, Heijboer H, Buller HR, de Rijk M, Jagt H, ten Cate JW. Acenocoumarol and 

heparinn compared with acenocoumarol alone in the initial treatment of proximal-vein 

thrombosis.. N Engl J Med 1992; 327:1485-1489. 

92 92 



CHAPTER 6 6 

LM WW HEPARIN-COATE D ERYTHROCYTE S 
ATTENUAT EE THROMBU S GROWTH AND 

THROMBI NN GENERATIO N IN A RABBI T JUGULAR 
VEI NN THROMBOSI S MODEL 

Janinee Dörffler-Melly1, Philip Friederich1, Kamran Bakhatiari', Cora de Bruin\jürg H. Beer"1, 

Andree Haeberli4, Harry R. Büller', MD, Marcel Levi2 

'Departmentss of Vascular Medicine, internal Medicine, and 3Nuclear Medicine, Academic 

Medicall  Center of Amsterdam, University of Amsterdam, The Netherlands; Laboratory for 

Thrombosiss Research, University Hospital Bern, Switzerland, 'Department of Internal Medicine, 

Kantonsspitall  Baden, Switzerland 

SubmittedSubmitted for publication 



Summary y 

Loww molecular heparins (IAV M heparin) are known as potent anticoagulants used in the 

treatmentt of thrombot ic disease. However, their short half-life requires daily injections. Hence, 

prolongingg the half-life of LM W heparin might be of benefit for the treatment of thrombotic 

disease.. Therefore, LM W heparin was linked to rabbit erythrocytes Cheparinocvtes') according to 

aa recent report, and their maintainance of ex riro  and />/ r/w andthrombodc properties in rabbits 

wass demonstrated. Methods: New Zealand White rabbits received either autologous 

heparinocytes,, LM W heparin, or 2 ml saline. Whole blood thrombin generation was assessed at 

differentt t imepoints after heparinocyte administration and thrombus growth two hours after 

heparinocytee administration in a jugular vein thrombosis model. Results: Reduction of thrombus 

growthh after administration of heparinocytes or LM W heparin, respectively, was significantly 

effectivee with 36% (high dose heparinocytes), 22% (low dose), and 22% (LM W heparin) 

comparedd to saline. Thrombin generation was significantly lowered 2, 4 and 6 hours following 

heparinocytee administration, anti-Xa-activitv levels were 0.5 and 0.3 IU OCXa after 2 and 4 hours, 

withh still lowered levels of thrombin generation after 24 hours and 0.1 -0.2 IU OtXa. Radioactive 

labelingg of HC and nuclear scanning showed presence of HC in the circulation for at least 72 

hourss with decreasing concentrations and increasing retention of HC in the liver and spleen 2 

andd 6 hours after administration. Conclusion: Autologous HC maintain their antithrombotic 

propert iess in a rabbit in vivo model for at least 6 hours following administration, but are retained 

byy the endoreticular system of the liver and spleen. 
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Introductio n n 

Heparinn or its derivative LMW heparin is a potent anticoagulant frequently used in the 

preventionn and treatment of venous and arterial thrombotic disease1"6. Treatment with heparin 

includess daily one or two subcutaneous injections of LMW heparin or continuous intravenous 

infusionn of unfractionated heparin (UH) because of its short half-life7. Patients, however, need 

heparinn usually for prolonged periods of time. Hence, prolonging the half life of this agent might 

bee of benefit and may facilitate heparin treatment. 

Inn a recent study8 LMW heparin was succes fully bound to human homologous erythrocytes, 

withoutt losing its antithrombotic properties in vitro for several days. The LMW heparin-coated 

erythrocytes,, so-called 'heparinocytes', were prepared firsdy by modification of LMWH through 

thee introduction of a sulfhydryl group (LMWH-SH), which then covalendy binds to the surface 

exposedd amino groups of the erythrocyte membrane by means of a crosslinker. 

Itt was the aim of the present study to evaluate, whether 1) heparinocytes preserve their 

antithromboticc effect ex vivo and in vivo and maintain a prolonged half-life in vivo, compared to 

conventionall  LMW heparin. We demonstrate that LMW heparin-coated erythrocytes display a 

strongg and sustained antithrombotic effect after autologous administration in a well standardized 

inn vivo thrombosis model" . 

Methods s 

PreparationPreparation of rabbit beparitio<ytes 

LMWW heparin-coated erythrocytes (heparinocytes) were prepared according to the protocol of 

Mullerr et al8 from New Zealand White rabbit erythrocytes. Thereby, 25 ml of whole blood were 

drawnn from an ear artery into a citrated tube (3.2% Tris-Na-dihydrate citrate, 1:10) and 

centrifugedd with 800 g for 10 minutes at 4°C. Plasma was separated and erythrocytes were 

resuspendedd in a wash buffer (WB) consisting of 140 mM NaCl, 5 mM KC1, 10 mM Glucose, 10 

mMM NaPi , pH 7.4, and centrifuged for 5 minutes. Supernatant was then removed and 

erythrocytess resuspended in WB. LMW heparin was modified by the addition of a thiol group 

(LMWW heparin-SH), thus allowing chemical binding to the amino-group of the erythrocyte 

surface,, and was then stored as a dried-frozen powder. Coupling of the erythrocyte to LMW 

heparin-SHH was achieved by dissolution of dried-frozen LMW heparin-SH in WB in a 10%-

concentration,, resulting in a 500-fold excess of the number of maximally possible binding NH2-

groupss on the erythrocyte membrane (see below). EMCS, a heterobifunctional crosslinker 

betweenn LMW heparin-SH and the amino-groups of the erythrocyte surface, was dissolved in a 

10%% solution with DMSO and added to the LMW heparin-SH solution. The washed 
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erythrocytess were then incubated with the LM\ \ ' heparin-SH/EMCS-solut ion during 60 minutes 

att room temperature for the linking process. This was followed by 4 to 5 rimes washing with 

WB,, and assaying supernatants each time for thrombin clotting time (TCT). Washing was 

stopped,, when T CT was within the normal range (18-20 sec; 6 IU thrombin, 60" incubation 

time).time). Heparinocytes were then resuspended to a total volume of 15 ml with saline and 

administeredd autologously to the rabbits through an ear vein. Blood samples were collected 

beforee and after administration of HC at different timepoints, depending on the parameters that 

weree tested. 

StudyStudy design and dose administration 

Forr the assessment of bilateral jugular vein thrombus growth 22 New Zealand white rabbits were 

randomizedd to either receive heparinocytes (56.5 nmol LM W heparin-SH), LM W heparin 

(Nadroparinn calcium 1500 IU CtXa and 500 IU OcXa), or saline.The maximal amount of amino 

bindingg sites accessible for succinimidyl on the human erythrocyte membrane is approximately 

100 nmo l /ml erythrocytes ~. For an estimation of the amount of amino binding sites in the rabbit 

erythrocyte,, some morphological interspecies differences have to be taken into accout. Rabbit 

erythrocytess are smaller than human red blood cells, expressed as the mean corpuscule volume 

(MCV) ,, which was 59.6 (57.5-61.5) fl/EC in our rabbits compared to 88 (80-96.1) fl/erythrocyte 

inn humans, while red blood cell counts are equally high with 5.5 x 1012/1 versus 5.2 x 10u / l , 

respectively.. Due to 32.2% lower MCV-values in rabbits, we can claim a proportionally smaller 

totall  erythrocyte surface and number of amino binding sites, which is approximately 7 nmol /mi 

erythrocytes.. The rabbits treated in vivo for the evaluation of thrombus growth inhibition 

receivedd a total of either 8.3 ml of heparinocytes, which means a maximally possible amount of 

56.55 nmol LM W heparin-SH molecules bound to the erythrocyte membranes or of 5.5 ml, i.e. 

37.33 nmol/1, respectively. 

AssessmentAssessment of thrombus growtfajuguiar vein thrombosis mode/ 

Animall  experiments were approved by the Institution Review Board for Animal Experiments of 

thee Academic Medical Center and performed according to the guidelines of the American 

Physiologicall  Society and the Dutch Law for Animal Experiments. New Zealand white rabbits 

(++ 2.5 kg) were anesthetized with 0.5 ml xylazine 2% (Rompun, Bayer AG, Leverkusen, 

Germany)) and 9 mg ketamine/atropin (Aescoket plus, Boxtel, The Netherlands) intramuscularly. 

AA repeat injection of xylazine was administered after 30 minutes, followed by repetitive 

intravenouss injections of thiopentalsodium (Nesdonal) to maintain anesthesia. After a median 

ventrall  neck incision the left carotid artery and both jugular veins were bluntly isolated. A 

catheterr (Baby Feeding Tube, 1.6 mm 0) was inserted into the carotid artery and kept open with 

salinee as an intravascular access line. A second infusion line was installed at one of the ear 
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marginall  veins. Both jugular veins were cleared along a distance of about 2 cm, including the 

ligationn of all side branches. The veins were clamped both proximally and distally, and the 

isolatedd vein segment was injected with nonradiolabeled thrombi formed by 150 pi of 

autologouss citrated blood, aspirated into a 1-mL syringe containing 25 pi of human thrombin 

(Humann Thrombin T7009, Sigma Chemical Company, St. Louis, USA, 150 U/mL) and 45 [i\ 

CaCLL (0.25 M), injected into the isolated venous segments. After 30 minutes of aging, the vessel 

clampss were removed, blood flow restored and 100 pi  12T -radiolabeled human fibrinogen 

(Amersham,, 2 (0.Ci/L) was injected systemically, followed immediately by the administration of 

heparinocytess or other study coumpounds, respectively. At timepoint 2 hours following drug 

intervention,, the jugular veins were ligated proximally and distally to the clot and the vessel 

segmentt containing the whole thrombus was removed. Accretion of  12T -radiolabeled human 

fibrinogenfibrinogen onto the preformed non-radioactive thrombi was measured by a y-counter and 

thrombuss growth was expressed as a percentage of the initial thrombus volume. 

WholeWhole b/ood thrombin generation time 

Forr the assessment of whole blood thrombin generation time (TGT) 1.5 mL of citrated whole 

bloodd was recalcified with 20 Jll of CaCl, (1 M) while shortly vortexing the sample. The blood 

waswas aliquoted into 200 p.1 portions in 500 (J.1 plastic tubes, which were then placed in a shaker at 

377 °C. At timepoints before, 15, 30, 45, 60, 75, and 90 minutes after recalcification samples were 

spinnedd for 2 minutes at 9000 rpm, and 20 p.1 of plasma were added to 180 (J.1 of EDTA-buffer 

andd placed on ice to stop coagulation. 150 pi of this solution containing the plasma were filled 

intoo microtiter plates and thrombin generation was assayed by the use of the chromogenic 

substratee S-2238 (Chromogenix, Instrumentation Laboratory Nodia BV, Amsterdam, the 

Netherlands)) in a kinetic measurement. Thrombin generation was expressed in activity mOD 

andd standardized by a dose response curve of a known thrombin concentration. 

ThrombinThrombin dotting time and Factor anti-Xa activity 

Thrombinn clotting time (TCT) was assayed in plasma, washed HC, and erythrocytes performed 

onn a Coagulometer KC-10 (Amelung, Lehbrinksweg, Germany). For merely plasma TCT 

measurementss 100 pi plasma and 100 pi wash buffer were incubated for 60 seconds at 37°C. 

Coagulationn was started by the addition of 100 pi of a bovine thrombin solution (6 IU/mL, 

Behring,, AG, Marburg, Germany). To assess TCT of heparinocytes, the test was modified by 

usingg 100 pi of plasma and various amounts of washed heparinocytes, e.g. 5 pi, 10 pi, 50 p.1, and 

955 pi, 90 pi, 50 p.1, respectively, resuspended in wash buffer. Coagulation was started as 

describedd for the evaluation of plasma TCT. Blood samples collected after heparinocyte injection 

att different timepoints were separated from plasma by centrifugation, and the erythrocyte 

portion,, containing heparinocytes, was washed as described above; 100 pi of these cells were 
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addedd to 100 \i\ of plasma for the test. Anti-Xa-activity (aXa) levels were measured 

amidolyticallyy according to previously described method (12). Thereby, 100 (il of heparinocytes 

weree first incubated for 60 seconds with 100 \l\ of plasma and 100 Jil of FXa-solution followed 

byy the chromogenic substrate. The measurements were obtained from the supernatant after 

centrifugation. . 

Redh/oodRedh/ood ce// habebng w/th '"bidiuw-Oxinate 

Freshlyy prepared heparinocytes were washed as described and labeled with M'indium ('"in) 

beforee administration. Thereby, 1 mL of washed heparinocytes were centrifuged with 200 x g for 

55 minutes and the supernatant was discarded. 37MBq "' Indium -Oxinate was added to the 

samplee and incubated at room temperature for 15 minutes. Centrifugation was repeated and 

supernatantt discarded. The labeled heparinocytes or erythrocytes samples were then resuspended 

inn 1 ml physiological saline and ready for injection. At timepoints 5, 30, 60, 120, 240, 360 

minutess and 24, 48 and 72 hours after intravenous autologous injection of the labeled 

heparinocytess to the animals, citrated blood samples were collected and radioactivity measured 

onn a gamma counter expressing radioactivity in cpm. Distribution measurement of labeled 

heparinocytess or erythrocytes (control) was performed in a whole body scan using an Arc camera 

(ADD AC) with a low energy high resolution (LEHR) collimator. Scan time was 5 minutes for each 

anteriorr and posterior section at matrix 128 x 128. 

Aletbodo/ogyAletbodo/ogy and statistical anafysis 

Ann investigator who was not aware of the treatment assignment performed counting of the 

thrombii  radioactivity. Statistical analysis was performed by the student's t-test. A p-value of 0.05 

wass considered statistically significant. All values are presented as mean  SD. 

Results s 

ThrombusThrombus growth 

Thrombuss growth in mv was evaluated in 20 heparinocyte- (10 high, 10 low dose), 12 LMW 

heparin-- (6 high dose, 6 low dose), and 12 control jugular vein thrombi. The reduction of 

thrombuss growth in the heparinocyte group was 36 % for the high dose, 22 % for the low-dose, 

andd 22 % for the LMW heparin group as compared with the control group (figure 1). Two hours 

followingg drug administration mean thrombus growth in the high-dose heparinocyte group was 

63.77 %  7.7, in the lower-dose heparinocyte group 77.8 %  4.1, in the 1500 IU and 500 IU 

anti-Xa-activityy of the LMW heparin group 78.0 %  3.6 and 78.0 %  0.3, respectively, and in 

thee control group 99.94  7.0 (Fig. 1). All intervention groups presented significantly different 
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resultss compared to the control group, and the high-dose heparinocyte group was significantly 

moree efficient than both the LMW heparin group and the lower dosed HC group. In this model, 

heparinocytess at a dose of 56.5 nmol/1 LMW heparin-SH was even more effective than high 

dosess of intravenous LMW heparin. 

FigureFigure 1. The antithrombotic effect of heparinocytes (HC) on thrombus growth in the jugular vein of New 

ZealandZealand White rabbits was higher than that of free /ow mo/ecuiar weight heparin (Fraxiparine). Two hoars 

foiiowingfoiiowing thrombus induction and drug administration HC attenuate thrombus growth with a 36.3% effect at 

higherhigher dose and 22.1% at the lower dose, whereas LMWH (Fraxiparine) has a comparabie effect of 22% at 

dosesdoses of 1300 or 300IU anti-Xa-activity. 

WholeWhole Blood Thrombin Generation 

Forr kinetic evaluations of whole blood thrombin generation, blood samples were collected 

before,, 5, 30, and 60 minutes, 2, 4, 6, 24, 48, 72, 96, 120, and 168 hours following drug 

administration.. Figure 2 shows the mean values and standard errors of thrombin generation in 

mODD activity, 60 minutes after recalcification, as measured for the different follow-up 

timepoints.timepoints. Results demonstrate, that thrombin generation after high dose heparinocyte injection 

iss reduced by 80% during the first 1 to 6 hours, with still a 40% reduction effect at later 

timepointss up to six days, while the effect of LMW heparin has mostly diminished by 6 hours. 
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FigureFigure 2 W'ijo/e b/oodthrombingeneration was strongiy attenuated after administration oftHCm'fh a fasting 

effecteffect of several days. 

ThrombinThrombin dotting Time andAnti-Xa-Aetiritf 

Rabbitt heparinocytes reached unclottable TCT in vitro with as littl e as 5 JJ.1 added to 95 jLll of 

plasma,, and a dose-dependent response was observed, as shown in figure 3. TCT in plasma after 

heparinocytee injection was not prolonged. In i>ivo, 5 minutes after heparinocyte administration, 

TCTT was prolonged for more than 500 seconds, whereas at 30 minutes the effect had decreased 

too 61.2 seconds (100% longer than controls) returning to normal values within one to two hours. 

However,, no clear dose dependency could be recognized in the in vivo measurements. 

Meanss of anti-Xa-activitv were between 0.3 and 0.5 IU five to 60 minutes following 

heparinocytee injection, decreasing to 0.1 - 0.2 after 4 and 24 hours (figure 4). These results show 

thee presence of anticoagulant activity of heparinocytes in the circulation system for at least 24 

hours,, and are in consistency with the results of the thrombin generation test. 
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FigureFigure 3 Heparinocytesprolong in vitro thrombin dotting time more than tenfoid at im> doses 

FigureFigure 4 Anti-Factor Xa-activityfo//owing HC-administration was sti/t' measurab/e at 24 hours 
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RedRed biood ceih iabehing with Indium-Oxinate 

Twoo rabbits were injected with '"indium-Oxinate labeled heparinocytes and one rabbit with 

labeledd erythrocytes. Blood samples collected at 5, 30, 60, 120, 240, 360 minutes, and 24, 48, and 

722 hours showed presence of radioactivity in blood cells up to 72 hours. Nuclear scanning 

revealedd radioactive label to be present in the heart, liver and spleen 2 hours and 6 hours after 

heparinocytee injection, whereas the control rabbit had only a labeled blood pool in the heart and 

almostt no liver/spleen staining (Figure 5). 

FigureFigure 5 Two honrs after intravenous administration ofradiohabei/ed'heparinocytes the hirer and spieen are 

ciearijciearij stained (A), whihe no radiohabe/ied staining of the hirer and spheen can be detected in the controh 

rabbitrabbit (B). 
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Discussion n 

Loww molecular weight heparins have a relatively short half-life, requiring daily injections for the 

treatmentt of venous or arterial thromboembolic disease. The aim of this study was to achieve a 

prolongationn of LMW heparin half-life by coating autologous erythrocytes with LMW heparin. I» 

piirvpiirv  studies of human heparinocytes have shown maintenance of the antithrombotic activity of 

LMWW heparin conjugated to erythrocytes, in terms of a dose-dependent prolongation of clotting 

timee and whole blood thrombin generation8. 

Inn the present study, heparinocytes were prepared from rabbit erythrocytes and first tested i» 

vitrv,vitrv, followed by intravenous administration for kinetic and antithrombotic evaluations, and for 

thee assessment of their thrombus inhibiting efficacy in a model of jugular vein thrombosis. The 

inin vitro studies showed that rabbit heparinocytes display a strong dose-dependent antithrombotic 

effectt in TCT, that is comparable to the effect seen with human heparinocytes. After venous 

administrationn to the rabbits, the prolongation of TCT persisted for at least 24 hours. Similarly, 

wholee blood thrombin generation was reduced to 20 to 40%. Later on, the antithrombotic effect 

iss diminishing with still measurable values for up to 7 days. Thrombus growth was significantly 

inhibitedd two hours after heparinocyte administration with an even stronger effect than the one 

achievedd by LMW heparin.lt is of particular interest that the same amount of immobilized 

heparinn on red cells appeared more effective than heparin in solution. One possible 

interpretationn is, that soluble heparin binds more rapidly to cells and molecules of the vessel wall. 

However,, the presented data show, that the strongest antithrombotic effect, as expressed in 

wholee blood thrombin generation, was observed within two and six hours following intravenous 

administrationn and decreased thereafter to a much more attenuated effect. This observation was 

additionallyy supported by the anti-Xa-activity measurements displaying only low levels after 24 

hourss and non-measurable levels lateron. The main reason for this relatively fast attenuation of 

thee antithrombotic effect is explained by the observation obtained in the nuclear scan of 

radioactivelyy labelled heparinocytes. Thereby, it seems that most of the heparinocytes are 

retainedd in the liver and spleen, probably due to the binding of LMW heparin to specific 

receptorss of the hepatic endothelial cells13. However, despite the retention of heparinocytes in 

thee liver and spleen, radioactivity measurements of indium-labeled heparincocytes gave evidence 

forr the presence of circulating heparincocytes for at least three to five days. Fractionated heparin 

iss taken up by subpopulations of liver cells'4'" It is therefore possible, that heparinocytes, once 

boundd to the hepatic endothelial cells, are fragmented and endocytosed by the local macrophage 

systemm and that parts of the heparinocyte membrane containing the LMWH-SH portion are 

beingg taken up by the parenchymal and non-parenchymal hepatic cells. 

Wee did not try to attenuate heparinocyte binding to endothelial liver cells by first injecting a 

boluss dose of free LMW heparin to saturate the receptors before administration of 

heparinocytes,, because changes in TCT, thrombin generation and thrombus growth would have 
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beenn difficul t to interpret. But this step might lead to half-life prolongation and could be 

evaluatedd in a quantitative radioactive assessment of heparinocyte half-life. It was, however, not 

thee aim of this study, to evaluate the precise half-life of heparinocytes, but to show qualitatively, 

whetherr heparinocytes can survive in a mammalian circulation system and maintain their 

ant i thromboticc properties. Based on our data, this question can be confirmed. The described 

methodd could be a promising new strategy, especially in the prophylactic treatment of 

thrombosis.. Orthopedic patients undergoing elective hip surgery might be an ideal target group, 

whoo would receive autologous heparinocytes perioperatively, replacing repetitive administrations 

off  LMYX ' heparin. Heparinocytes could easily be compared to other new LM W heparin 

derivativess like PFG-hepar in that were designed with the intention to achieve prolonged half-

livess . Although, the method at its present state has its disadvantages and affords expertised 

know-how,, the preparation of heparinocytes could be performed in larger amounts and 

standardizedd for clinical use. Finally, the principle of binding a drug to autologous ervthrocytes 

usingg the described method by Muller et al could be an interesting approach for specific organ 

celll  targeting, as for example in oncological chemotherapy 
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S u m m a ry y 

RGD-pept idess are small peptides containing the amino acid sequence Arg-Gly-Asp, which is 

identicall  with the binding site of the fibrinogen receptor on the platelet membrane. These small 

peptidess have the capability to potently inhibit platelet aggregation. However, their clinical 

applicationn in cardiovascular diseseases has been limited, mainly due to their short half-life of 

onlyy a few minutes. In order to prolong their half-life peptides were covalently coupled to 

Humann Serum Albumin (HSA) in a 1:1 stochiometric relation. The new RGD-albumin conjugate 

(RGD-HSA)) was shown to retain inhibitory properties for platelet aggregation in vitro and in 

vivoo with a potency similar to the free peptide. The half-life of the peptides was prolonged from 

lesss than one to about 30 hours. 
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Introductio n n 

Platelets,, the smallest cells in blood, play a crucial role in primary hemostasis and thrombosis 

formation.. Platelet activation by agonists like ADP, epinephrine, collagen, or thrombin", induces 

aa shape change of the cell surface leading to the exposition of different receptor proteins on the 

celll  membrane. There are five classes of glycoprotein receptors located on the platelet 

membrane,, binding to different adhesion proteins. Glycoprotein Ilb/III a (GPIIb/IIIa) is the 

fibrinogenfibrinogen receptor which interacts with a short amino acid sequence, Arg-Gly-Asp (RGD), 

foundd in several plasma proteins, such as fibrinogen, vitronectin, and fibronectin9'12. Fibrinogen 

iss an integral adhesion protein with a molecular weight of 340 kDa, representing a final reactant 

off  the activated coagulation system. As a symmetric, dimeric molecule fibrinogen contains two 

identicall  RGD sequences, both binding to activated GPIIb/IIIa receptors on two different 

platelets.. Thus, aggregation and crosslinking between two platelets enables the formation of a 

thrombus. . 

Inn patients suffering from progressive atherosclerosis, platelet activation and aggregation are 

triggeredd by various factors, like an endothelial injury, but also by prothrombotic states'". In 

orderr to prevent platelet aggregation, inhibitors such as acetylsalicylic acid or clopidogrel, a 

thienopyridinee derivative, are administered. Another therapeutical strategy consists of applying 

GPIIb/IIIaa antagonists, either as a non-reversibly binding chimeric antibody (for example 

abciximab),, or as a reversible competitive antagonist, as in the case of RGD-peptides. However, 

clinicall  applications for RGD peptides have been limited so far, because of their relatively short 

half-lifee in blood circulation. In an attempt to prolong the half-life of a specific peptide, we 

designed,, modelled and synthesized a conjugate between the peptide and human serum albumin 

(HSA)) as a carrier. The new conjugate was then tested for its antiplatelet activity and half-life in 

vittvvittv and in w'tw. 

Methods s 

DesignDesign of the conjugate 

Thee idea was to find a potential carrier molecule, with the capability of binding to only one 

single,, specific peptide. A carrier binding to two RGD-peptides would result in a loss of the 

inhibitor} '' activity, and even enhance aggregation, similar to the mechanism induced by 

fibrinogen.fibrinogen. Therefore, mono-functionality of the RGD-peptide carrier was considered as a 

cruciall  feature for the final conjugate. 
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HumanHuman serum albumin as au optimal carrier mo/ecu/e 

Humann serum albumin (HSA) is a well characterized protein with 585 amino acids in a single 

polypeptidee chain arranged in nine loops. The entire protein contains 35 cysteines, of which 34 

aree involved in 17 disulfide bridges. Only one single cysteine in position 34 of loop 1 remains 

free.. I t is this single cvsteine, that was considered as an optimal target for the introduction of the 

R GDD peptide4. Moreover, HSA has the advantages to be abundantly available in high puritv 

(sincee recently even as a recombinant protein), and to have a long half-life of 19 days. In 

addition,, it has a low immunogenicity, and autologous use is even possible. 

SparerSparer mo/ecuie 

Whenn this project was started, the crvstallographic structure of HSA was not yet available. It was 

thenn thought to be essential, that a long spacer molecule had to be used for the coupling, in 

orderr to preserve the inhibitory potency of the peptide when coupled to the HSA. 

I nn that situation, the best solution was, to chose a N HS ester-maleimide system, because the 

N H SS ester reacts with a nucleophile of the peptide in a first step, which is followed by the 

reactionn of the activated peptide with the free thiole of Cys-34 in the albumin molecule' (Fig.). 

Thus,, the peptide had to provide two functions: I t had to be a spacer molecule and, at the same 

time,time, to function as a nucleophile. This led to the required structure as shown in Figure 1. Lysine 

containss an e-amino group at the C-terminus, which was used for the reaction between the 

peptidee and the N HS ester. 

Ac-Cys-(N-Me)Ara-Gly-Asp-PEN-Lys-NH2 2 

II S-S 1 „ 
^^ ' 

i i 

FigureFigure 1 The peptide consists of the cyclic peptide pari (I) and the lysine (II) to couple the peptide to HSA. 

(PEN:(PEN: fi,$-dimethyicysteine) 

AA cyclic R GD peptide with an ICM of 0.4 |J,M was chosen from a list of cyclic peptides, as 

publishedd bv Samanen et al1 for the synthesis (Neosystem, Strasbourg, France). The crosslinking 

processs was performed in D M SO using |5-maleimidopropionic acid-N-hydroxysuccinimide ester 

(MPHSE;; Sigma). The final RGD-HSA conjugate had an 1C5„  of 2.2 U.M (  0.9|AM), which is 

aboutt five times higher than that of the free R GD peptide. 
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RGD-Lys—N N 

RGD-Lys—— N 

FigureFigure 2 The E-amino group of'lysine from the RGDpeptide (1) reacts with the hydroxy-succinimide ester of 

Suifo-SMCCSuifo-SMCC (2) monitored by measuring the decrease of the amino group (TNBS test). In a second step, the 

activatedactivated peptide (4) reacts with the free thioie ofa/humin (5) to a RGD-HSA con/ugate (6). The second reaction 

waswas surveyed by the decrease of the thioie group from HSA (DTNB test). 

Alodeiiing Alodeiiing 

Whenn the first experiments were performed in our laboratory, it was impossible to optimize the 

structuree of the conjugate, because the x-ray structure of HSA was still not available. It was only 

whenn Sugio et al disclosed the structure in 1999, that visualization of the structure of our first 

RGD-HSAA conjugate became possible2,3. Surprisingly, it was found that Cys-34 was located much 

closerr to the surface of the protein than anticipated, thus making the use of a long spacer 

moleculee redundant to provide access for the peptide within the HSA backbone. 
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FigureFigure 3 The structure of human serum albumin shows that Cys-34 is located much closer to the surface of the 

proteinprotein than anticipated, thus making the use of a /ong pacer molecule redundant to provide access for the peptide 

withinwithin the HSA backbone. 

However,, an amino group was still needed within the peptide to react with the crosslinker. 

Consequently,, an additional lysine had to be inserted into the peptide. The structure of this 

peptide,, as designed and synthesized by Neosystem, Strasbourg, France, is shown in Figure 3. 

Ac-Cys-(N-Me)Arg-Gly-Asp-PEN-S-S-G-G-S-S-G-G-S-Tyr-Lys-NH2 2 

II s-s I V V ' V V 
0 00 II  II I  I V 

vv s 

FigureFigure 4 The peptide consists of the cyclic peptide part (I), the spacer (II) and finally the lysine (IV)for the 

reactionreaction to HSA. Tyrosine (III)  was introduced for other experiments which are not described here. (PEN: fi,p-

dimethy/cysteine). dimethy/cysteine). 
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Thee bifunctional crosslinker used for the second conjugation step, was Sulfo-Succinimidyl-[4-N-

Maleimidomethyl]-Cyclohexane-l-Carboxylatee (Sulfo-SMCC, Pierce), also belonging to the NHS 

ester-maleimidee system. Compared to MPHSE, which had been used for the first (long) RGD 

peptidee synthesis, Sulfo-SMCC is a compound of much higher stability, needing no DMSO for 

reaction,, but simply a common buffer, which is a considerable advantage in protein chemistry5 7 

(Figg 2). 

ConjugationConjugation o/RGD/HSA 

Too reduce the thiole from Cys-34, 33 mg HSA (Sigma) was dissolved in 1.7 ml 10 mM Na-

phospat/1500 mM NaCl pH 7.2, including 2.0 mM DTT (Calbiochem, Uitrol Grade) to reduce 

thee free thiole of Cys-34. The optimal concentration to reduce only the Cys-34 and no disulfide 

bridgess within the protein was 2.0 mM. After 15 minutes, the solution was ultrafiltrated four 

timess with 45ml lOmM Na-phosphate/150 mM NaCl. 

Thee free thiole groups were determined with a DTNB test. The -SH/HSA ratio was calculated 

too obtain coupling results between 0.9 and 1.1 to proceed with the experiment. 1.0 |U.mol RGD 

peptidee (Neosystem) were dissolved in 400 (Xmol 10 mM Na-phosphate/150 mM NaCl pH 7.2. 

Ann amount of 1.1 Jlmol Sulfo-SMCC (Pierce) was dissolved in 400 JLtl and added to the RGD 

peptide.. The decrease of the amino groups was followed by the TNBS method. The reaction was 

stoppedd after 60 min, and the activated peptide was added to the HSA. The decrease of the free 

thiolee of Cys-34 was measured by a DTNB test. The mixture was dialysed (cut-off: 1 OkDa) once 

againstt 1% ammonium acetate and twice against aqua dest. The product was lyophilised and 

storedd at -20°C. 

TrypficTrypfic digestion 

2500 Hg RGD-HSA conjugate were dissolved in 25 |Lll of 50 mM NH4HC03 pH 7.9. Trypsin 

(Promega;; sequencing grade modified) at an amount of 10 JLll (1 |J.g/(il) was added and the 

mixturee incubated at 37°C for 24 hours, followed by addition of 2 \ll  DTT (100mg/ml) and then 

keptt at room temperature. After 60 min, 3.5 (0.1 iodoacetamide (10mg/ml) were added to the 

mixture.. The solution was again kept for 60 min at room temperature. Finally the solution was 

storedd at -20°C. A tryptic digestion of native HSA performed in parallel by the same procedure 

too obtain a reference spectra. 

AnalysisAnalysis by MALDI-TOF 

55 (Xl of the sample were mixed with 5 (J.1 of matrix containing 2,6-dihydroxyaceto-

phenone/diammoniumhydrogencitratee 1:1, the solvent was H20/EtOH, 1:1. The sample was 

measuredd with a Voyager-DE Biosystem™ (PerSeptive PE Biosystems, Framingham). The 

machinee was run in a positive-ion linear mode. All masses were noted in [M+H] +. 
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P/afe/etP/afe/et aggregation 

T oo assess platelet inhibition in ri/v, the RGD-HSA conjugate was injected through a tail vein in 9 

monthss old, male C57BL/6 mice obtained from Harlan Spague Dawley Ine (Horst, The 

Netherlands).. The study design was to assess platelet inhibition before (controls), 5 and 30 

minutes,, as well as 4 and 24 hours after drug administration. Each group consisted of 10 mice. A 

dosee of 25 mg /kg RGD-HSA conjugate, diluted in 200 fJ.1 of physiological saline, was 

administeredd per mouse, with 200 Jil of physiological saline in the controls. The injected dose 

correspondedd to a 6 | iM final concentration per total blood volume and to 12 jl M per plasma 

volume.. This dose was chosen based on the data of a preliminair in lifrv  dose-response 

assessmentt in 20 C57BL/6 mice, where an IC5(I of 2.5 |J.M was found. The dose was increased 

underr the assumption, that a considerable port ion of the injected agent might bind to R GD 

bindingg sites of other adhesion proteins or other cell membranes. Mice were anesthetized at 

differentt t imepoints after drug administration by FFM (fentanyl citrate 0.079 mg/m l, fluanisone 

2.55 mg/ml, midazolam 1.25 m g / mL in H , 0; of this mixture 10.0 mL/kg) and sacrificed bv 

bleedingg through heart puncture. The collected citrated blood was pooled per group. 

Centrifugationn was performed at 500 x / f o r 10 min for platelet rich plasma (PRP) and at 1400 xg 

forr 20 min for platelet poor plasma (PPP). PRP was diluted with PPP to 250*000 plt/jJ.1, and 

activationn was achieved with a final concentration of 5 | iM ADP. Platelet aggregation was first 

standardisedd in control mice (250'000 plt/|i,l). Aggregation was measured using a light 

transmissionn aggregometer. Calibration was performed with PPP for 100% light transmission and 

withh PRP for the 0% line. Aggregation was recorded for 4 minutes on a flow chart, which was 

connectedd to the aggregometer, and maximum aggregation in controls was the 100% value. 

Results s 

A/ia/ysisA/ia/ysis oftbe RGD-a/bw/in conjugale 

AA tryptic digestion of the RGD-HSA conjugate was performed leading to 79 peptide fragments 

(T1-T79),, which were analyzed by a Matrix-Assisted Laser Desorpt ion/Ionisat ion Time-Of-

Füghtt Mass Spectrometer (MALDI-TO F MS)68. Theoretically, it was expected that only fragment 

T5,, including Cys-34, of the RGD-HSA conjugate should shift by about 981.9 Da towards a 

higherr mass, because HSA was monofunctionally derived at Cvs-34. Al l other signals had to 

remainn identical to the one of the digestion fragments of non-derived albumin (Fig. 5). 
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FigureFigure 5 Positive ion MALDI-TOF mass spectra of the trypticfragments of RGD-HSA conjugate and native 

HSA.HSA. The shift between the signal of the non-derivedfragment T5 (24PO. 0 Da) and the derived fragment TJ 

(3471.6(3471.6 Da) corresponds exactpy to the predicted Am of '981.6 Da (theoretically 981.9 Da). The peak at 

3413.23413.2 Da corresponds to the fragment T3 including an RGDpeptide but non of the thio/es of the RGDpeptide 

werewere a/ky/ated.The indicated masses origin from protonated species [M+Hf.  Matrix used was 2,6-

dihydroxyaceto-phenone/di-ammoniumhydrogencitratedihydroxyaceto-phenone/di-ammoniumhydrogencitrate 1:1. Solvent was H,0/EtOH 1:1. 

Alll  masses were noted in [M+H+] . The comparison between albumin and RGD-albumin showed 

similarr spectra with two exceptions: The mass of the peak at 3415.2 Da corresponds to the mass 

off  fragment T5, including the cyclic RGD peptide. As the disulfide bridge of the RGD peptide 

waswas reduced, one of the thioles was alkylated by iodoacetamide, which led to the mass of 3471.6 

Da.. The peak of non-derived albumin disappeared partly and was measured at 2490.0 Da 

(theoreticallyy 2490.3 Da). The other signals were found in the spectra of albumin and RGD-

HSA.. The analysis showed that albumin was mono-derived and the peptide exclusively bound to 

fragmentt T5, including Cys-34. 
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PlateletPlatelet inhibition in litro 

Thee ICS(1 of the new short RGD-HSA conjugate ranged from 0.4 to 1.5 |lM, while free peptide 

hadd an IC5(I of 0.4 |lM. An improvement in inhibitory activity of about 100% was observed, 

comparedd to the first peptide. For in vivo experiments, different conjugates with varying IC50 were 

mixed.. For this mixture an IC5n of 0.7 |J.M was determined. (Fig.6) 
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1.25 5 
2.5 5 
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%% Aggregation 

88% % 
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48% % 
16% % 
2% % 
0% % 

|MM RGD- HSA conjugate 

inn plasma 

FigureFigure 6 ADP-induceaplatelet aggregation in vitro was fully inihited at a concentration of 3' [lmol/1. 

Plateletinhibitio nn inriv o 

Platelett inhibition at 5, 30, 240, and 1440 minutes was 82%, 76%, 61%, and 53%, respectively, 

suggestingg an estimated half-life of the conjugate of 30 hours. Main loss of the activity was 

betweenn 5 and 30 minutes and thereafter only 9.6%. (Fig. 7). 

time e 

5min. . 
30min. . 
240min. . 
1440min. . 

% % inhibitio n n 

82% % 
76% % 
61% % 
53% % 

timee (min.) 

FigureFigure 7 Inhibition ofpiateiet aggregation at a dose of25mg/kg with an estimatedJina/ concentration in blood 

ofof 6.5 llAl was measured 5, 30, 240 and 1440 minutes after drug administration. 82% inhibition of "piateiet 

aggregationaggregation was achieved at 5 min and was still 53% 24 hours iater. The estimated half life of the conjugate 

basedbased on these data was 30 hours 
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Discussion n 

RGDD peptides could be a promising antiplatelet agent in the treatment of patients with 

atherosclerosis.. In an attempt to prolong the half-life of these molecules, we were able to couple 

aa specific cyclic RGD peptide to human albumin, which acts as a natural carrier for the 

antiplatelett agent. Due to the recent availability of the X-ray structure of HSA, protein modelling 

becamee possible and enabled us, to identify the precise structure and location of possible binding 

sitess between albumin and the cyclic peptide. This new information opened a way to identify the 

singlee cystein-34 as an ideal coupling site for a short molecule like the RGD peptide. 

Moreover,, we could show, that the peptide did not lose its antiplatelet activity when 

incorporatedd into the conjugate, neither in vitro nor in mv. Finally, it could be shown that the 

shortt half-life of free peptide was considerably prolonged from a less than one hour to about 30 

hours.. Considering, that 5 minutes after drug administration, platelet inhibition was 82%, it has 

too be assumed that a higher initial dose might have reached full inhibition with a possibly longer 

half-lifee than assessed in our experiment. A higher dose seems to be also needed, because a 

considerablee portion of the agent is lost to other binding sites. It is unlikely, that the conjugate 

losess the peptide, as the coupling is an irreversible binding. Higher doses would still range in a 

smalll  concentration of albumin, as it should be noted that less than one percent of the circulating 

albuminn was needed to achieve measurable antiplatelet activity, ruling out the necessity of using 

highh osmotdcally active concentrations of albumin. 

Too the best of our knowledge it is the first time that the half-life of small peptides has been 

considerablyy prolonged by covalendy coupling these peptides to HSA without loosing any 

biologicall  activity, in the case here platelet aggregation inhibitory potency as well in vitro as in 

vivo.Thee applied strategy" of using HSA as a carrier for small biological molecules to prolong 

theirr half-life, might be an attractive option in the future for other drugs, because the procedure 

iss easily feasible and albumin redundantly available, having no side effects as a natural 

componentt of the blood. Even autologous administration would be possible. 
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S u m m a ry y 

Freee RGD-pept ides have the potential to inhibit platelet aggregation. However, due to theirs 

smalll  size they have a short half-life limitating their usefulness as a medical treatment in 

atheroscleroticc diseases. In an attempt to prolong its half-life, a specific cyclic RGD-pept ide was 

conjugatedd to human albumin. To test, if platelet inhibitor} ' activity of the conjugate is 

maintainedd ex lev, platelet aggregation in rabbit platelet rich plasma, was first measured lit  vitro 

forr the evaluation of the ICSll, then ex iiw. In addition, the conjugate was evaluated in a 

thrombosiss model of the rabbit carotid artery using the ferric chloride method. Thrombosis was 

assessedd by blood flow measurement and histology. Doses of 3.5 mg/kg and 7.5 mg/kg of the 

conjugatee were administered intravenouslv before thrombus induction and compared to the 

effectt of aspirin and to physiological saline. For platelet inhibition in vitro an IC5II of the conjugate 

wass found of 1.8 uM. Ex iiw, effective inhibition of platelets was still detectable after two hours. 

Thrombuss growth was prevented in 60% of the animals treated with the 7.5 mg/kg of the 

conjugate,, whereas the lower dose (3.5 mg/kg) failed to show an effect. In conclusion, R G D-

albuminn conjugate is effective as a platelet inhibitor one and two hours after administration with 

aa 20-to 30-fold prolongation of half-life compared to free peptide. 
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Introductio n n 

Circulatingg platelets in blood have the potential to adhere and aggregate to the injured 

endotheliumm of the arterial and venous wall (1) and, thus, play a crucial role in the formation of 

cardiovascularr and thromboembolic diseases (2, 3). Aggregating platelets become activated and 

releasee various substances like ADP, serotonin, coagulation factor V, and thrombin, that will 

enhancee activation of other platelets and trigger the local coagulation system at the site of an 

endotheliall  lesion (4,5). 

Inhibitionn of platelet aggregation is, therefore, the target of many pharmacological strategies 

inn the treatment of patients with cardiovascular disease or stroke. Aspirinand other salicylates are 

frequendyy used as antiplatelet agents prescribed in patients suffering from progressive 

atherosclerosis.. However, aspirin is not always successful in the prevention of atherosclerotic 

events,, because many fatal events such as myocardial infarction or stroke occur in patients, 

despitee treatment with aspirin. Also, some patients cannot be treated with aspirin, because they 

sufferr from drug intolerance including gastrointestinal side-effects. Moreover, some patients do 

nott respond to the arachidonic pathway inhibition and are therefore not sufficiendy protected in 

secondaryy prevention for arterial thrombosis (6). 

Therefore,, a number of new platelet inhibiting agents have been developed. Among these, RGD-

peptidess are small molecules containing the amino acid sequence Arg-Gly-Asp, which is identical 

withh the sequence of the fibrinogen binding site on the platelet membrane, the glycoprotein 

Ilb/III aa receptor (GP Ilb/IIIa) . Platelet aggregation depends critically on fibrin(ogen) binding to 

activatedd platelets via the fibrinogen receptor GP Ilb/IIIa . RGD-peptides, binding competitively 

too GP Ilb/IIIa , have been shown to be potent inhibitors of platelet aggregation (7-11). 

However,, the clinical application of RGD-peptides has been limited due to their short half-life, 

whichh is only a few minutes. Therefore, we constructed a specific cyclic RGD-peptide which was 

conjugatedd to human albumin, resulting in a 30-fold prolongation of its half-life compared to 

freee RGD-peptides (Burkhardt et al, in preparation). In the present study we demonstrate, that 

RGD-HSAA conjugate maintains its platelet inhibiting potential in a rabbit carotid artery 

thrombosiss model with an effect comparable to that of aspirin. 

Materia ll  and Methods 

RGD-HSA RGD-HSA 

Humann albumin was chosen as a carrier for a specific cyclic RGD-peptide mainly for three 

reasons:: first because of its long half-life of 19 days, secondly because it is a natural molecule 

presentt in human blood, and thirdly it is easily available. Modelling and synthesis of this 
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conjugatee are described in detail by Burkhardt et al (submitted for publication). Prinicipally, for 

thee peptide, a cyclic analogue of the fibrinogen platelet receptor binding sequence was 

synthesizedd and coupled to cystein in position 34 of loop 1 of human albumin. This position 

enabledd access for the peptide to bind to albumin through a spacer molecule, (sulfo-SMCC, 

Pierce),, without losing its platelet inhibiting capacity in iitro  and with an IQ,, similar to that of 

freee peptide. The RGD-HSA-conjugate was produced in amounts of 50 to 80 mg and stored as a 

dry-frozenn powder. 

P/afe/efP/afe/ef aggregation 

Platelett aggregation was standardized in normal rabbit platelet rich plasma (PRP) of New 

Zealandd White rabbits containing 250'000 plt/ul. Platelets were activated by 5 uAlol A D P (final 

concentration),, and aggregation was measured using a light transmission aggregometer. 

Calibrationn was performed with platelet poor plasma (PPP) for 100% light transmission and with 

PRPP for the 0% line. Aggregation curves were registered on a flow chart for at least 4 minutes or 

untill  a steady state plateau was reached. Aggregation was expressed in percent (%) of the 

maximall  value of non-treated healthy controls. The total sample volume of 250 u.1 consisted of 

2255 u.1 PRP, 12.5 ul of A D P, and 12.5 ul of either RGD-HSA solution or NaCl 0.9%. A dose 

responsee curve was performed to in vitro to evaluate the dose needed to inhibit 50% of maximal 

aggregationn (IC; i l ), using 0.3, 1.0, 3.0, 10, and 30 uM final concentration RGD-HSA per sample. 

Thee ex two measurements were performed before and 5, 60, and 120 minutes after 

intravenouss injection of RGD-HSA or NaCl in the acute thrombosis experiments (see below). 

Bloodd samples were drawTn from an ear artery into calcified tubes (sodium citrate 3.2%) 

AcufeAcufe arteria/'thrombosis mode/ 

Animall  experiments were approved by the Institution Review Board for Animal Experiments of 

thee Academic Medical Center and performed according to the guidelines of the American 

Physiologicall  Society and the Dutch Law for Animal Experiments. 

T oo test the anti thrombotic effect of the RGD-HSA conjugate, we used the ferric chloride 

(FeCl,)) method for thrombosis induction in the carotid artery. This method was established in 

otherr rodents before (12-14), and to our knowledge, has now been applied in the rabbit carotid 

arteryy for the first time. New Zealand white rabbits (  2.5 kg) were anesthetized with 0.5 ml 

xylazinee 2% (Rompun, Bayer AG, Leverkusen, Germany) and 9 mg ketamine/atropin (Aescoket 

plus,, Boxtel, The Netherlands) intramuscularly. A repeat injection of xylazine was administered 

afterr 30 minutes, followed by repetitive intravenous injections of thiopentalsodium (Nesdonal) to 

maintainn anesthesia. Body temperature was kept between 36 and 37.5 °C throughout the 

experiment,, using a heating lamp. After a median ventral neck incision, both carotid arteries were 
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bluntlyy isolated. A catheter (Baby Feeding Tube, 1.6 mm 0) was inserted into an ear artery and a 

secondd one into an ear marginal vein. Both accesses lines were kept patent with saline. A 

transonicc flow probe (Transonic Systems, Maastricht, The Netherlands) was placed at the distal 

partt of the isolated carotid arteries, and blood flow was measured on both sides simultaneously. 

Too register arterial pulsation at steady state, a short switch from the average to the pulsatile mode 

onn the flowmeter was performed for a few seconds at high paper chart speed. A stripe of filter 

paperr (3 mm width), which was soaked in a 70 % solution of FeCl,, was carefully wrapped 

aroundd the carotid artery proximal to the flow probe for exacdy 5 minutes. However, when 

applyingg the method in the first six animals, we found that concentrations up to 70% did not 

reliablyy induce thrombosis in every case, as evaluated by blood flow stop. Assuming that clot 

formationn might be prevented in the rabbit carotid artery by the specific hemodynamic 

conditions,, such as a higher average blood flow (15 - 35 ml/min, i.e. 10 times higher than in 

mice),, and/or a larger vessel diameter, and/or a thicker arterial wall, we decided to add a second 

factorr of Virchow's triad, namely stasis, in addition to endothelial inflammatory injury. Thus, 

afterr 5 minutes of steady state, a vessel clamp was placed proximal to the flow probe and left 

theree for 10 minutes. Immediately after placing the vessel clamp, the filter paper, now soaked 

withh a 35% solution of FeCl3, was placed again on the artery for 5 minutes. After removal of 

both,, filter paper and vessel clamp, restored blood flow was registered again, and time between 

settingg the stimulus and the first occurrence of ceased blood flow (Z 0.2 ml/min) was defined as 

JirstJirst time to occlusion (TTOf]nit) as a first endpoint parameter. As occlusion was sometimes followed 

byy a phase of alternating spontaneous recanalisation and reocclusion, Jina/ time to occlusion was 

definedd as TT0last) representing a second endpoint. 

Tenn minutes following full vessel occlusion, 4.5 mg recombinant tissuetype plasminogen (rtPA, 

Actilyse)) and 300 anti-Xa units of low molecular weight heparin (Fraxiparine) were administered 

intravenouslyy as an infusion over 10 minutes. Time to recana/isation (TTR) was defined as the time 

elapsingg between start of the lysis and restoration of the blood flow (._. 1.0 ml/min) within 60 

minutess of observation time. When lysis was studied, the same steps were performed 60 minutes 

afterr lysis start. 

StudyStudy design 

Animalss were treated with antiplatelet agents 20 minutes prior to the application of FeCl3 with 

thee following doses: 5.0 mg/kg ASA (n = 11), 10 mg/kg ASA (n = 11), 3.5 mg/kg RGD-HSA (n 

== 4), 7.5 mg/kg ASA (n = 4), physiological saline (n = 8). When only thrombosis formation was 

studied,, the experiment was ended with the excision of the 2 segments of the carotid arteries and 

ann overdose of thiopentalsodium. 
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HistologicalHistological assessment 

Thee excised carotid artery segments were stored in 10% formaldehyde solution for at least one 

weekk and imbedded in paraffine blocks for histological slide processing. Clot and vessel wall 

analysiss was performed from haematoxilyn/eosin stained slides under a conventional light 

microscopee by an independent, blinded investigator. 

DataData analysis 

Valuess for T T O and platelet inhibition are expressed as means  SEM. For experiments in which 

twoo variables were compared, the unpaired Student's / test was used. Contingency analysis using 

Fisher'ss exact test was performed to test for differences in occurrence of occlusion between the 

twoo animal groups. Data were considered as significandy different when p < 0.05. 

Results s 

PiateietPiateiet inhibition in 1'ifro and ex vivo 

InIn vitro measurements of platetelet aggregation as evaluated in a dose-response curve, showed an 

IC500 of 1.8 ".Mol , for the RGD-HSA conjugate, with an 80 % inhibition at a 10 |XMol, 

concentration,, and practically full  inhibition (8%) at 30 |0.Mol (Figure 1). 
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FigureFigure 1 In vitro measurements of platelet aggregation after administration of RGD-HSA albumin, a dose-

dependentdependent inhibition of piateiet aggregation was found with an ICW of 1.8 | lM. 
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Basedd on the in vitro data, doses of 3.5 mg/kg and 7.5 mg/kg RGD-HSA were injected to the 

rabbitss in the acute arterial thrombosis experiments, to achieve an at least 50% inhibition of 

platelett aggregation in river, these doses correspond to an estimated plasmatic final concentration 

off  1 and 2 |J.Mol, respectively. Maximally achieved platelet inhibition after administration of 7.5 

mg/kgg RGD-HSA at 5 minutes was 65%, decreasing to 41% after 60 minutes and 35 % after 2 

hourss (Figure 2). Minutes after adminstration of 7.5 mg/kg RGD-HSA conjugate (n = 4) 
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FigureFigure 2 P/atekt inhibition 60 minifies after administration of 7.5 mg/kg RGD-HSA conjugate was sti// 

4040 % and was on/y 5% /ess pronounced'after two hours, suggesting a iasting effect of at /east severat'hours (the 

extrapo/atedextrapo/ated haf-/fefwm this curve was approximate/y 24 hours. 

ThrombusThrombus growth 

Floww characteristics and Heart Frequency 

Meann basal blood flow before thrombus induction after 10 minutes resting ranged from 19.8 to 

28.99 ml/min and did not differ significantly between comparison groups. When thrombosis was 

inducedd and blood flow ceased (lower than 0.2 ml/min), a compensatory increase of blood flow 

wass seen in the contralateral artery of 20-30%. 

Time-to-Occ/usionTime-to-Occ/usion and Time-to-Recana/i\ation 

Whenn thrombosis was induced without preliminary injection of a platelet inhibiting agent, mean 

TTOfirstt was 23.6 minutes, TTO,ast 27.6 minutes, and recanalization following intervention 

occurredd in only 2 cases ('i'l'R, is 10 and 55 minutes, respectively). In the groups treated with 
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ASAA 3 mg and 5 mg, TTOfir! .t was not significantly increased with 32.7 and 31.9 minutes, 

respectively,, as well as TTOlabI (39 and 44.8 minutes, respectively). Occlusion was seen in all of 

thesee animals within 60 minutes of observation time. In the group receiving ASA 10 mg (n = 8) 

onlyy one transitory occlusion occurred at 33 minutes, followed by spontaneous recanalization at 

422 minutes and full patency by the end of the observation time. In the RGD-HSA 7.5 mg group 

TTOfirstt was 39.3 and TTO|.ra 43.5 minutes with 2 of 6 animals staving patent, whereas the low 

dosee of RGD-HSA had no effect on TTOfir51 and TTO|ast, as presented in Figure 3. None of the 

occludedd vessels in the RGD-HSA group could be recanalized interventionaHv. 

PP E n nnnnnnna 

Controlss ASA 3.3 mg/kg ASA 5mg/kg ASA10mg/kg 
RGD-HSAA RGD-HSA 
3.55 mg/kg 7.5 mg/kg 

FigureFigure 3 Treatment with 7. J mg/kg RGD-HSA conjugate was as efficient as treatment with 5 mg/kg ASA 

regardingregarding TTO/:rll  and TTO^with a statistical/)/ significant effect (p — 0.02) compared to controis. This effect 

waswas not seen in animals treated with only 3.5 mg/kg RGD-HSA conjugate, suggesting a dose-dependent effect of 

thethe conjugate. 

Histolog)' Histolog)' 

Theree was a full conformity between registered flow stop and presence of a thrombus in all 

groups.. Thrombi consisted of red blood cells and fibrin strands with mostly a granulocyte influx. 
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Thrombocytess could not reliably be identified in haematoxylin/eosin staining. Consistency of 

thrombii  between treatment groups did not reveal any differences in terms of fibrin strands or 

cellularr parts. 

Discussion n 

RGD-peptides,, known as potent fibrinogen receptor inhibitors, are not suitable for clinical 

application,, because of their short half-life. Therefore, we linked the small agents to recombinant 

HSAA using a new method, as reported in the previous chapter, and tested its in vitro and ex vivo 

effectt on platelet inhibition and thrombus growth. The data presented indicate that dose-

dependentt platelet inhibition in vitro revealed an IC5(I of 1.8 (iMol. For the ex vivo experiments, 

RGD-HSAA was administered in a 2 jiMol plasmatic final concentration for the assessment of 

platelett inhibition resulting in an initial (5 minutes after administration) inhibition of 65%, which 

declinedd to 41 % after one hour and 35% after two hours. Extrapolation of this curve allows an 

estimationn of the half-life of the RGD-HSA conjugate of about 24 hours. These results are 

comparablee to the half-life evaluated in C57BL/6 mice, as described in the previous chapter. The 

highh initial loss in inhibition activity- might be due to the presence of a number of other adhesion 

proteinss presenting the same binding site, which recognizes the amino acid sequence Arg-Gly-

Aspp (arginine-glycine-aspartic acid, or RGD) and binds to RGD. 

Thee effect of 7.5 mg/kg RGD-HSA on thrombus inhibition in the carotid artery was comparable 

too the effect of 5 mg/kg ASA, both administered intravenously 20 minutes before thrombus 

induction.. However, drug induced recanalization by rtPA combined with LMW-heparin did not 

succeedd in RGD-albumin treated animals. This apparent failure of RGD-albumin compared to 

ASAA might be due to the tow dose of RGD-albumin administered in the present experiments. 

Thiss is even more probable, when considering the high number of GPIIb/IIIa complexes 

presentt on the platelet membrane (approximately 30 to 50'000) and the additional binding sites 

forr the RGD-molecule in other adhesion proteins. Due to high manufacturing expenses and 

limitedd feasibility for the production of large amounts of the RGD-HSA conjugate, it was our 

aimm to evaluate, whether the effect on platelet inhibition measured in vitro will be maintained 

afterr administration of the antiplatelet agent in a mammarian circulation system. Thus, in the 

presentt study we showed for the first time, that an RGD-peptide, after conjugation to human 

albumin,, presents a 20- to 30-fold prolongation of its half-life and attenuates thrombus growth 

withh an effect comparable to aspirin. Therefore, RGD-albumin might be be a valuable drug in the 

preventionn of cardiovascular and cerebral arterial disease. 
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Summary y 

Thiss review is a systematic review of published experiments performed in genetically modified 

micee used in thrombosis and hemostasis research. Over the last five years the interest into 

experimentall  research in thrombosis and hemostasis has considerably shifted from evaluating 

antithromboticc effects of new anticoagulant or antiplatelet compounds to questions of molecular 

functionss of specific coagulation proteins. These models offer the opportunity not only to study 

thee pathophysiological process of thrombosis and hemostasis but also open the way to 

interdisciplinaryy research. This is illustrated by demonstration of the crosstalk between 

coagulationn and vascular development, coagulation and inflammation, coagulation and infection, 

andd coagulation with underlying internal diseases such as diabetes mellitus, collagen disease, and 

sepsis,, provided by transgene mouse models. However, this enthusiasm should not blind 

investigatorss to the fact, that explanations gained from successful transgenic mutations in mice 

mimickingg human disease, usually cannot direcdy be translated to the human organism. The 

chancee of obtaining phenotypes that are possibly due to gene interference or compensation 

ratherr than purely to the desired targeted mutation is an important pitfall. However, we will 

undoubtedlyy obtain clue information helping us to better understand a pathological process, or 

thee network of relationships with other proteins into which a protein is imbedded. The more for 

examplee thrombus formation, has been investigated and compared in different mouse strains 

underr comparable circulation conditions, the more will strain-related differences regarding 

susceptibilitiess to the applied model be ruled out. One way of avoiding such misinterpretation 

mightt be to obtain the same results in more than just one mutagen strain. In addition, an 

internationall  definition on required background qualities, such as the number of back-crossings 

orr of littermate preconditions needed, might enable clearer communication through published 

articless between research groups. 
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T h ee i m p o r t a n c e of a n i m al m o d e ls 

Thrombuss formation of the arterial system causes a number of diseases of high morbidity and 

mortality,, such as myocardial infarction, stroke, and peripheral arterial occlusive disease 

(PAC)D)) '". In addition, the relatively frequent occurrence of venous thromboembol ism, which is 

mostlyy related to abdominal or orthopedic postoperative phases, to acquired or genetic 

prothrombot icc states, immobility, cancer, trauma, or infections, adds further on the thrombosis-

relatedd morbidity'1'4. From these facts, it is obvious that considerable health gain may be achieved 

byy better prophylactic and therapeutic antithrombotic strategies. To develop such strategies, 

theree is a need for a better understanding of the pathophysiological process and the ethiological 

causess of atherosclerosis, thrombosis and venous thromboembolism. 

Whatt are the optimal condit ions to investigate the mechanisms involved in thrombus 

formation?? Cells in culture or artificial hemodynamic models cannot provide a svstem mimicking 

thee complex situation of the vascular circulation including changes of flow, dynamic coagulant 

andd physiological anticoagulant responses, and the effect of intact or injured endothelial cells />/ 

rhv.rhv. Thus, suitable animal models are called for. Use of large mammalian animals, such as 

primates,, pigs, dogs and cats has decreased in the course of the last 15 vears, whereas smaller 

animalss like rabbits, guinea pigs, rats and mice were favoured"1. Indeed, there has been a strong 

tendencyy towards using smaller animal models over the last decade for reasons of ethical 

considerations,, cost saving, direct availability, technical feasibility-, and uncomplicated and rapid 

breeding.. In a recent review summarising murine models of focal arterial and venous thrombosis 

models,, it was shown that the number of annual publications reporting on murine thrombosis 

experimentss has increased more than 10fold since 1990 and doubled since 1996''. A similar 

developmentt has been reported in cardiovascular and stroke research '', with a clear trend 

towardss using transgenic mouse models. 

Inn a literature search on MEDLINK-database, an increasing number of publications reporting 

onn mouse models in thrombosis and hemostasis research was noted with a shift towards 

geneticallyy modified mice of 2 5% since 1996, as shown in Figure 1. 
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FigureFigure 1. From 1991 to 1995 a total of 84 publications reporting on experiments using mice 
inin thrombosis and coagulation research was found; among these there 28 using 
transgenicallytransgenically modified mice, whereas in the period between 1996 and 2000, the total 
numbernumber of murine experimental reports increased to 118, of which 69 were related to 
transgenictransgenic mice. These figures show a shift towards the use of transgenic mice in coagulation 
andand thrombosis models of 25% within 5 years. 

WhyWhy mice in thrombosis research? 

Forr many researchers using mouse models, the most attractive challenge is the potential for 

creationn of mice with targeted deletions (knock-out) or targeted mutations (knock-in) in their 

genome10"14.. These modifications enable the study of specific alterations in the coagulation 

systemm of a living organism. However, the small body size of a mouse represents a major 

disadvantagee for any manipulation and instrumentation performed in these animals. All 

instrumentss and equipment have to be adapted to the miniature size, which is costly and 

sometimess not easily feasible. The only prominent advantage of the body small size is that tiny 

amountss of a new antithrombotic or antiplatelet agent are needed to test its in vim efficacy in a 

statisticallyy large enough group of animals. The increasing number of publications reporting on 

murinee thrombosis models over the last five years shows that despite of the mentioned 

disadvantagess of these small animals, considerable progress has been made on the field of 

elaboratee instrumental handling. 
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Genetica//)Genetica//)11 modified mice in thrombosis research 

Whatt are the opt ions to use a genetically modified mouse model for research in thrombosis and 

hemostasis?? The easiest way in terms of time and expenses is to get a well-defined mouse strain 

fromm a collaborating laborator}' or to purchase them from a large core laboratory supplier, for 

examplee Jackson Laboratories, Maine. Homofggom transgenic mice, backcrossed 6 times to one of 

theirr background strains, present with an over 90% homogeneous background and may 

thereforee be compared to their background strain. Offspring of heterozygous transgenic mice are 

genotypedd by either a PCR test or Southern blotting method. According to the Mendelian rule of 

geneticss the F2 generation offspring will consist of 50% heterozygous (+ / - ), 2 5% homozygous 

( + / + )) and 2 5% null (-/-) Littermates, the latter (wildtype) serving as controls. 

Thee second option is to develop a new transgenic mouse in the own laboratory, which is 

muchh more t ime-consuming and expensive and calls for specialized personnel, experience and 

technicall  know-how. In principle, mice are modified genetically by three different techniques. 

Thee first is direct injection of foreign D NA into blastocytes, i.e. into embryos at the one-cell 

stage,, with resulting unknown copy numbers and unpredictable phenotype, also called random 

cb/vmosoma/integrationcb/vmosoma/integration (15). This method is mainly applied to achieve either increased production 

off  a protein ("overexpression"), or to study the stronger or weaker effect of a mutant protein, 

andd is not used frequendy in coagulation research. One exception is the generation of rescued 

tissuee factor (TF) mice, where a human D NA fragment containing the TF minigene was injected 

intoo fertilized, non-viable TF null mouse embryos, furnishing rescued founder offspring16. 

Thee second technique is a targeted mutation for the creation of knock-outs and, as a less 

commonn variant, targeted point mutation creating mutant mice. This method, so-called 

homo/ogoushomo/ogous recombination, is used to modify genome hs gene targeting, i.e. by modification of a specific 

chromosomall  locus. Hereby, a specific D N A sequence is introduced into cultured embryonic 

stemm (ES) cells, followed by injection of identified ES cell clones with the mutation into 

blastocytes,, or aggregation of mutated ES cell clones with developing ES cells. The growing mice 

representt a genetic mosaic, with a mutated germ line (sperm or egg) carrying the mutation and 

passingg it to their offspring. Carriers of the mutation wil l be heterozygous and mated with other 

heterozygouss animals for homozygous (25%), heterozygous (50%) and wildtype (25%) offspring. 

However,, in various cases, homozygous knockouts are not viable, as the deleted protein plays an 

essentiall  role in embryogenesis or because major bleeding results in perinatal death. Such non-

viablee knock-out mice have been generated in thrombosis research for example for 

th rombomodul in - / -,, Protein C - / -, tissue factor (TF)- / -, tissue factor pathway inhibitor (TFPI)-

/ - ,, prothrombin - / -, and factor X1'"22. These models are of limited value, as they may only 

contr ibutee to elucidate the role of a specific protein in embryogenesis. They cannot function as a 

modell  for further investigation of the altered coagulation state caused by the protein deficiency. 
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Ann alternative strategy is a targeted point mutation with only partial or functional deficiency 

off  the protein, as for example in thrombomodulin, with creation of viable mice23. Viable murine 

knock-outt models in the coagulation field have been generated for the plasminogen activator 

inhibitor-1-- (PAI-I-deficiency) 2426, plasminogen27,28, fibrinogen2931, factor VIII 31'32 factor IX33, 

factorr XI34.There are no murine models for deficiencies of factors XII , and XIII. . 

Thee third and most promising method for the future, however, seems to be the Hprt 

targetingg of X-chromosomes, that does not yet play a major role in coagulation research. In 

contrastt to standard transgenic assays, where multiple copies of heterologous DNA cassettes are 

randomlyy integrated into the mouse genome, this method uses a single copy of a transgene with 

chosen-sitee integration 3. The method has recendy been applied for the human eNOS promotor 

targetedd to the X-linked hypoxanthine phosphoribosyltransferase (Hprt) locus of mice by 

homologouss recombination, resulting in the expression of tissue-restricted transgenes36. 

Fromm genotype to phenotype: thrombu s formation 

HypoxiaHypoxia induced thrombosis andprethrvmbotic state 

Successfull  transgenic manipulations lead to different phenotypes, visible for example as fibrin 

depositionn and clot formation in the small vessels of pulmonary, liver or kidney tissue, when a 

procoagulantt factor has been overexpressed or an anticoagulant factor knocked-out or 

diminished.. The new phenotype, i.e. clot formation in tissues, is often not recognizable 

spontaneously,, but only following exposition to a thrombotic stimulus such as hypoxemia as 

shownn in tissue factor-overexpressing or thrombomodulin-mutant mice. Presenting a 

prethromboticc state by deletion or overexpression of a specific protein, these models are also 

usedd to study the direct impact of a specific protein on thrombus formation23*18,3 '38. The altered 

phenotypee is usually detectable either in lowered levels of the deleted protein or in its impaired 

anticoagulantt acitivity in plasma at rest or under hypoxic stimulation and is visualized in 

histologyy as fibrin deposition in various tissue vasculatures. The viable mice with a 

prothromboticc state caused by targeted point mutation in the thrombomodulin gene may serve 

ass an example". Thereby, fibrin deposition, evaluated both by histological staining and Western 

blott analyses, showed that these mice had documented fibrin deposition at all levels of the 

vascularr system. After exposure to hypoxia they produced an additional 10-fold fibrin deposition 

inn the same organs compared to a 4-5 fold increase in wildtype mice. In another study exposing 

CD-II  mice to hypoxia under normobaric conditions, thrombosis was also demonstrated in 

pulmonaryy vasculature and fibrin presence shown by antifibrin-antibody staining, 

immunoblottingss and radio-labelled fibrin/fibrinogen deposition. In the same mice, isolated 

monocytess demonstrated increased TF immunostaining when exposed to hypoxia39. 

Itt is not completely clear, why hypoxemia induces fibrin deposition in the tissue 

microvasculature,, but the following mechanisms may play a role: Mice exposed to a hypoxic 
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chamberr wil l respond to this stimulus by activation of transcription factor early growth response-

11 (Egr-1) leading to de novo transcription and translation of tissue factor in mononuclear 

phagocytess and smooth muscle cells, resulting in vascular fibrin deposition4" . At the same time, 

hypoxia-mediatedd upregulation of plasminogen activator inhibitor-1 amplifies the prothrombotic 

response.. On another level, hypoxia activates the transcription of hypoxia-inducible factorl 

(HIF-1),, which is responsible for the enhanced expression of a number of metabolic proteins or 

hormoness such as erythropoietin, glycolytic enzymes, non-insulin-dependent glucose 

transporters,, vascular endothelial growth factor, nitric oxide and heme oxygenase type 1. Thus, 

HIF-11 knock-out mice developed neural tube and cardiovascular defects with subsequent 

embryonicc lethality on day 11, underlining a key role in vasculogenesis of HIF-14 1. Taken 

together,, hypoxia seems to induce activation of Egr-1 with subsequent transcription and cell 

surfacee expression of TF in vascular smooth muscle cells and macrophages, thus initiating the 

locall  procoagulant response. 

Upopo/ysaccbarideUpopo/ysaccbaride induced'thrombosis 

Similarr to hypoxia, the injection of lipopolysaccharides (LPS) from Gram-negative 

microorganismss may serve as a thrombotic stimulus. Mice presenting with a prethrombotic state 

duee to a functional TM-deficiency, who were submitted to sublethal LPS injection, were found 

too have pulmonary clot formation, as shown in the TMpro /p ro mice (own unpublished results) 

Thereby,, TF is probably triggered by a strong cytokine response to LPS, i.e. by early peak 

responsess of tumor necrosis factor (TNFa) and interleukin 6 (IL-6), activating monocytic and 

endotheliall  TF-expression. Consequently, the equilibration between the coagulation and 

fibrinolysiss system in an already prethrombotic state, is disturbed favouring the coagulation side 

withh eventually highly increased thrombin generation. Resulting thrombus formation mainly 

consistingg of fibrin clots in the pulmonaryr vasculature, provides a useful tool for histological 

visualisationn and quantitation of a modified phenotype. These mice served also as a model to 

investigatee the crosstalk between the coagulation and inflammation system referring to thrombin 

ass a coagulation product with pro-and anti-inflammatory properties (own unpublished results). 

Pu/monaryPu/monary thromboembolism 

Intravenouss administration of strong coagulation triggers such as thrombin4 2' u, thromboplastin4"1, 

collagenn combined with epinephrine46, or ADP4 4J, result in pulmonary clot formation in most 

inbredd mouse strains. Mice injected with these substances wil l develop systemic 

thromboembol ismm within a few minutes, mainly in the pulmonary vasculature, due to blood 

sequestrationn and platelet activation with resulting thrombus formation. The endpoints of the 

methodd are mortality (many mice do not survive the respirator}7 distress), time elapsed between 

injectionn of the coagulation trigger and death, and histological screening for fibri n deposition and 
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clott detection in the pulmonary vascular bed. This model has been widely used to test antiplatelet 

orr anticoagulant agents, to study physiologically present molecules having antithrombotic 

properties,, and also to elucidate (pathophysiological mechanisms of platelet activation in context 

off  thrombus formation in the arterial system 

ThrombusThrombus induction in focai arterial and venous models 

Inn the macrocirculation, techniques have been applied to induce local arterial thrombosis in 

isolatedd segments of mosdy the carotid or femoral artery in mice. Thrombus growth was usually 

evaluatedd by measurement of time-to-occlusion (TTO), i.e. time elapsing between the damaging 

stimuluss set to the vascular endothelium and full vessel occlusion, when mean flow 

measurementss were performed with a sonographic flow probe. Some investigators used 

computer-assistedd histological quantification on cross-sectional slides25 or weight assessment of 

thee extracted thrombus. Fluorescent labeling of platelets has been used to visualise thrombus 

formation,, however, this method was mainly applied in the microvascular bed of the ear in 

hairlesss mice, in the mesenterium, or in the brain mkrovasculature' . 

Recanalizationn of a segmental thrombus or time-to-recanalisation (TTR), i.e. time elapsing 

betweenn injection of an antithrombotic agent after full vessel occlusion and reflow measured 

sonografically,, has been shown to be a useful parameter, when the effect of fibrinloytic agents is 

tested.. Standard recanalisation is usually achieved by the administration of rtPA, heparin and 

aspirinn injected through a tail vein or a jugular vein catheter b. 

Endothelial'lesionEndothelial'lesion was induced by different types of stimuli, such as mechanical (forceps, guide 

wire),, electrical, chemical (iron choride), or photochemical (filtered green light combined with a 

fluorescentt dye, as reviewed in detail58'51. All applied methods have the same basic principle, i.e. 

ann endothelial lesion is induced followed by platelet activation and triggering of the local 

coagulationn system, reflecting the pathophysiological triad of Virchow. 

OptimisingOptimising factors 

Mostt of the described thrombosis models can be performed without intubation and mechanical 

ventilationn of the animals. However, maintenance of stable anesthesia, respiration rates, and 

bodyy temperature seem to have a direct impact on heart rates, blood flow and mean aortic 

pressuree (MAP). These parameters should be available for comparison of interintervidual 

differencess in thrombosis formation or thrombolysis and between treated and untreated groups. 

Again,, strain-specific differences may be important as well. Local inflammatory responses for 

example,, might be more or less pronounced and display different cytokine response patterns 

betweenn different inbred strains. In addition, the vasoconstrictive reaction to a stimulus might be 

muchh stronger pronounced in one strain than in another. Exclusion of (unconscious) subjective 

biass —in particular when no objective end-point is available - is sometimes not possible, as 
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certainn transgenic strains can be distinguished from their wild-type controls by appearance, 

whichh does not allow bunded experiments. 

Mul t i f unc t i ona ll  ro les of coagu la t ion p ro te in s 

Manyy transgenic mice deficient of one of the coagulation or fibrinolysis proteins have been 

generatedd in order to study the role of these factors in thrombosis and hemostasis. Such 

approachess sometimes resulted in non-viable mice. Death occurred either during the embryonic 

developmentt or shortly after birth, suggesting that the protein of interest plavs more than the 

onee role in the coagulation system. For example, a thrombomodul in knock-out mouse' died on 

embryonicc day 8.5 with anomalies of the cardiovascular system. In contrast, another model 

designedd by targeted point mutation of the thrombomodul in gene, which only inhibits binding of 

thrombinn to its receptor thrombomodulin, without deletion of the entire thrombomodulin-gene, 

iss viable, presenting with a prethrombotic state due to impairment of the anticoagulant protein C 

pathway"'.. This example shows, that deletion of a partial function of a coagulation protein may 

bee in accordance with viability, whereas the deletion of the whole gene is not compatible with 

lif ee because of the multifunctional role of the protein at target. Tissue factor, the primary cellular 

initiatorr of blood coagulation, is another example of a coagulation factor playing a 

multifunctionall  role. Generation of mice with complete disruption of their tissue factor gene 

resultedd in midgestational lethality by exsanguination due to either failure in hemostasis o r /and 

vasculaturee development2 '24. However, when the missing murine tissue factor was replaced by a 

humann tissue factor minigene in the tissue factor null mice, the animals were rescued from 

embryonicc lethality1'1. Thus, tissue factor is not only the initiator of the coagulation cascade, but 

alsoo influences embryogenesis and plays a role in tumor metastasis1'. 

Alternatively,, a central role in the coagulation mechanism may be a sufficient cause of 

perinatall  mortality. Protein C null mice presented with normal macroscopic anatomy at birth but 

withh lethal perinatal consumptive coagulopathy, suggesting that complete PC deficiency is 

inconsistentt with short-term survival10. Similar patterns are seen with factor VI I and factor X 

deficientt mice that die from a bleeding diathesis shordv after birth"1 ,:>8. 

Otherr murine models to be named here for having been used to study coagulation dysfunctions 

aree the fibrinogen-, FVIII- , FV-, PAR-1-deficient mice and the PAI-1-, and plasminogen-

deficientt mice on the fibrinolytic side. Due to the fact, that some of the coagulation proteins, e.g. 

thrombin,, have pro- and antiinflammatory properties, some of the models have been used to 

elucidatee specific aspects of the cross-talk between the coagulation and inflammation system or 

inn bacterial defense mechansims: '2°\ 
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Genetica/'backgroundsGenetica/'backgrounds and strain related differences in phenotype 

Overr the last few years, with an increasing number of institutes and research centers starting to 

workk with transgene animals, the consciousness of the importance of clearly defined genetical 

back-groundss has grown simultaneously. Thus, mice that were designed by homologous 

recombination,, where frequently two different strains have been involved in the genome must 

havee been back-crossed with one of the background strains several times, in order to avoid purely 

strain-relatedd differences in the phenotype. After 6 generations of mating to for example 

C57BL/6,, approximately 99% of the genetic background will be C57BL/656. Alternatively, 

chimerass can be mated with 129/SV+TyfC+p mice, which have the same background as the 

embryonicc stem cells. This will produce mice with the targeted gene mutation on the 129/SV+ "" 
c+pp background for comparison with the mutation on the C57BL/6 background. Only when 

backgroundd genotypes have been „diluted" by backcrossing procedures reaching an 

approximatelyy 100% homogeneity in their offspring, can the mutation of interest be considered 

ass the cause for resulting differences in their phenotype. Another possibility to provide a 

comparablee background genome is to use littermates instead of the original background strain as 

controls,, i.e. null brothers and sisters of the same generation and family. Depending on how 

manyy times the parents have been back-crossed, there might still be considerable individual 

differencess with consequently wider ranges in the results and necessitating a larger amount of 

animalss to be investigated. Even when mice are designed and bred with complete awareness and 

caree of background interference, a risk for not achieving the phenotype aimed at will remain, as 

thee function of one deleted gene can be compensated by another. Thus, relying on a transgenic 

mousee model always requires caution in interpreting the results, no matter how convenient they 

mightt appear. 

TransgenicTransgenic mice to to studyp/ate/ei'function 

Beforee the 'transgenic era', platelet function was mainly studied in vitro. The creation of mice 

presentingg with genetic platelet dysfunctions as they appear in humans, provides a new possibility 

off  studying platelets in an in vivo system. Thus, the role of CD39 - or vascular adenosine 

triphosphatee diphosphohydrolase - on the inhibition of platelet activation, was investigated in a 

CD39-deficientt mouse58. After photochemical induction of an endothelial lesion in mesenteric 

smalll  vessels, CD39-deficient mice had prolonged bleeding times with considerably reduced 

platelett interactions with the injured mesenteric vasculature. Additionally, purified mutant 

plateletss failed to aggregate to standard agonists in vitro. This platelet hypofunction was 

reversiblee and associated with purinergic type P2Y1 receptor desensitization. The role of the 

purinoreceptorr P2Y1 in ADP-induced platelet activation was evaluated in a P2Y1-deficient 

mousee model60. These animals were protected from fatal pulmonary thromboembolism after 

injectionn of collagen and ADP and presented prolonged bleeding times compared to their wild-



comparedd to their wild-type controls, suggesting, that the ATP-receptor P2Y1 mediates ADP-

inducedd platelet processes. 

Inn similar experiments performed in mice lacking platelet-typel2-lipoxvgenase (P-12LO), 

whichh is a key enzyme in an alternative pathway of the arachidonic acid metabolism to 12-

hydro(pero)xyeicosa-tetraenoicc acid, the animals were submitted to systemic ADP-injection, 

resultingg in a quadrupled mortality rate compared to their wild-type mice. This transgenic 

thrombosiss model yielded evidence for the hypothesis that enhanced A D P sensitivity of P-

12LO- /-- mice reveal a mechanism by which a product of the P-12LO pathway suppresses 

platelett activation by A D P . Ware et al, studying platelet glycoprotein receptors, were able to 

showw that transgenic engineering of a platelet adhesion receptor under control of the human 

glycoproteinn l b alpha (GP lb) promoter l b alpha was possible, thus, illustrating a new approach 

too manipulate platelet receptors and study structure-function relationships in hemostasis and 

thrombosis'".. Von Willebrand disease is a frequently occurring congenital deficiency of von 

W'illebrandd factor, which is the most important ligand for platelet adhesion to (sub)endothelial 

structures.. This disorder could be more extensively studied through the creation of a murine 

modell  presenting with severe vWF-deficiency and consequent defects in thrombus formation, 

usingg the ferric chloride induced thrombosis model in the exteriorized mesentery. These mice 

exhibitedd highly prolonged bleeding time and spontaneous bleeding events with strongly reduced 

factorr VII I levels , and fluorescently labeled platelets did hardly interact nor lead to occlusion in 

thee ferric chloride superfused arterioles1''1. 

T r a n s g e n icc m o u se m o d e ls of th rombos is i n coronary heart d i s e a se 

Geneticallyy modified mice used in research of coronary heart disease rather focus on 

investigationss of myocardial ischemia and reperfusion than on coronary thrombosis. In contrast 

too larger animals or humans, the murine coronaries are imbedded in the myocardium and are 

thereforee not easily accessible for isolation and manipulation. Although it is possible to isolate 

andd ligate, for example, the left anterior descending branch (LAD ) of the left coronary artery, the 

surroundingg myocardial tissue wil l always be damaged, which frequently induces ventricular 

arrhythmia64.. This might be one reason for the fact, that there are no published models of 

coronaryy thrombosis in genetically modified mice. Studies of the pathophysiology of arterial 

thrombosiss are preferably performed under the more favourable conditions of an easily 

accessiblee isolated arterial segment than in the coronaries. Even if a model of coronary 

thrombosiss followed by recanalization would mimiek the natural pathophysiology of humans 

moree precisely, several additional problems remain to be solved such as the development and 

quantificationn of a standard infarction size caused by a reproducible vessel occlusion. The latter 

is,, however, difficul t to achieve due to interindividual patterns of circulation and collateral 
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formation.. Moreover, because murine coronaries are small sized and completely embedded in 

thee myocard, oxygen will always be able to diffuse into the surrounding tissue even into regions 

off  infarction, further hampering reproducibility. 

Locall  cardiac expression or deficiency of coagulation proteins was an interesting approach in 

aa transgene model of myocardial microvascular thrombosis in mice deficient of thrombomodulin 

(TM),, tissue-type plasminogen activator (tPA), or urokinase-type plasminogen activator (uPA). 

Thereby,, the impact of the locally expressed endothelium-derived gene products (tPA, uPA, TM) 

onn myocardial formation and degradation of fibrin was studied. These mice, presenting a 

prethromboticc state, were used as a thrombosis model per se and demonstrated that tPA played 

thee most important role in local regulation of fibrin deposition in the heart3. 

Forr further information on experimental coronary thrombosis or stenosis models we refer to 
„ ii  65,66,8,9 

otherr reviews . 

Conclusion n 

Consideringg the presented development in transgenic murine thrombosis research, we conclude, 

thatt over the last four years the interest into experimental research in thrombosis and hemostasis 

hass considerably shifted from evaluating antithrombotic effects of new anticoagulant or 

antiplatelett compounds to questions of molecular functions of specific coagulation proteins, thus 

openingg the field to new therapeutic strategies. The presently worldwide enthusiasm about the 

creationn of new transgenic mouse models is certainly justified, as these models offer the 

opportunityy not only to study the pathophysiological process of thrombosis and hemostasis but 

alsoo open the way to interdisciplinary research. This is may be illustrated by demonstration of the 

crosstalkk between coagulation and vascular development, coagulation and inflammation, 

coagulationn and infection, and coagulation with underlying internal diseases such as diabetes 

mellitus,, collagen disease, and sepsis, provided by transgene mouse models. However, this 

enthusiasmm should not blind investigators to the fact, that explanations gained from successful 

transgenicc mutations in mice mimicking human disease, usually cannot direcdy be translated to 

thee human organism. The chance of obtaining phenotypes that are possibly due to gene 

interferencee or compensation rather than purely to the desired targeted mutation is an important 

pitfall.. However, we will undoubtedly obtain clue information helping us to better understand a 

pathologicall  process, or the network of relationships with other proteins into which a protein is 

imbedded.. The more for example thrombus formation, has been investigated and compared in 

differentt mouse strains under comparable circulation conditions, the more will strain-related 

differencess regarding susceptibilities to the applied model be ruled out. One way of avoiding 

suchh misinterpretation might be to obtain the same results in more than just one mutagen strain. 
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Inn addition, an international definition on required background qualities, such as the number of 

back-crossingss or of littermate preconditions needed, might enable clearer communication 

throughh published articles between research groups. 
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S u m m a ry y 

Thrombomodul inn (TM), a glycoprotein of the endothelium, binds to thrombin and initiates the 

anticoagulantt protein C pathway subsequently decreasing thrombin formation. Recently, it has 

beenn suggested that TM polymorphisms may influence the risk of myocardial infarction. In order 

too study the effect of a functional TM deficiency on arterial thrombus growth we used mice with 

aa 4" 4Glu-to-Pro mutation in the TM gene (TMpr"'pr") , their wildtype littermates, and C57B1/6 mice 

inn a model of chemically induced carotid artery thrombosis. Time-to-occlusion (TTO) within 30 

minutess was assessed by arterial blood flow measurement, using a transonic flow probe. 

Completee occlusion occurred in 16/21 (76%) TMpro/pr" mice, and in [4/21 (19%) controls (2/11 

W'T,, 2 /10 C57BL/6). Mean T T O f  SE] was 747.1 sec  127.7 in TM pm/pr" mice versus 1507 sec 

 158.7 in WT and 1548 sec  167.7 in C57B1/6 mice (p = 0.0044 Mann Whitney test). 

Histologicall  transsection analysis confirmed presence of complete occlusion in cases interpreted 

ass occluded by flow measurements. These data show that a functional deficiency in TM results in 

enhancedd thrombus formation in a murine model of carotid artery thrombosis and indirectly 

supportt a rote for TM in arterial thrombotic disease. 
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I n t roduc t i o n n 

ININ vivo thrombosis formation in mammalian arteries and veins is physiologically prevented by 

specificc mechanisms involving the fibrinolyti c and anticoagulant system. Among these, the 

anticoagulantt protein C pathway provides a natural antithrombotic mechanism of the vascular 

endotheliumm interacting with the blood clotting system. Thereby, a membrane-bound 

glycoproteinn of the endothelium, thrombomodul in (TM), binds to thrombin forming a complex. 

Thee TM-thrombin complex activates the endothelial receptor-bound protein C (PC)1,2. After 

activationn by the TM-thrombin complex, activated protein C (APC) proteolytically inactivates 

coagulationn factors Va and Vi l la . This inactivation reaction only proceeds efficiently in the 

presencee of Ca2+ ions and the co-factor protein S. APC may also inhibit plasminogen-activator 

inhibitorr type-1". 

Thee clinical relevance of defects of the PC pathway has been established by the identification 

off  PC and protein S deficiency, and by the identification of inherited and acquired APC 

resistance,, in patients suffering from venous thromboembolic disease4 6. In contrast, there is littl e 

evidencee for a similar association with arterial thrombosis. An increased risk for the early onset 

off  myocardial infarction and stroke has been reported in small cohorts of individuals with a 

defectt in the PC pathway, but this has not been confirmed by others"1' . In humans, a number of 

mutationss of the TM gene or gene promoter region have been reported to be associated with 

arteriall  or venous thromboembolic diseases14"17; such an association, however, has also been 

contradictedd by others'8,1 . Therefore, the clinical relevance of TM-mutations has still to be 

demonstrated.. Theoretically, a deficiency in TM might lead to a prothrombotic state and 

enhancedd risks for arterial or venous thrombosis. As reported recendy2" , such a prothrombotic 

statee could be achieved in mice that were transgenically modified by a targeted point-mutation of 

thee TM-gene, resulting in a loss of the capability of TM binding to thrombin. Under defined 

conditions,, these mice manifested microvascular myocardial thrombosis21. In the present study 

wee show for the first time, that a functional TM-deficiency has a direct impact on arterial 

thrombuss growth in a murine model of carotid artery thrombosis using TM-deficient mice 

presentingg with a prothrombotic state. 

Material ss and Methods 

Artima/Artima/ mode/ 

TM PP pro mice are homozygous with a targeted 4 twGlu-to-Pro mutation in the TM gene with an 

impairedd capability of TM binding to thrombin and reduced capacity to activate protein C. as 

describedd in detail by Weiler-Guettler et al20. The TMpr" pr" mice, which were generously provided 
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byy Dr. RD Rosenberg (MIT , Boston, USA), were direct descendants from an Fl cross, and thus 

geneticallyy 50% C57BL/6 and 50% 129Sv. In a pilot experiment we compared ferric chloride-

inducedd thrombus growth in the carotid artery in 10 TM r r" pr" mice with 10 C57BL/6 mice 

(Harlan,, The Netherlands). In this experiment enhanced thrombus growth was observed in 

TM p roo pr" mice. Due to the mixed genetic background of these mice, which could represent a 

determiningg factor causing the observed difference in thrombus growth, we repeated the 

experimentss in 21 age and sex matched mutant TMpr" ;pr" and wildtype littermates that were born 

fromm a cross between F2 heterozygotes. In order to avoid confusion between Fl descendents 

andd the littermate generation, Fl-descendents wil l furtheron be termed as 'Fl-TM p r" prt" and the 

descendantss of the F2 heterozygotes as 'F2- TMpr"'pf '" mice. 

Animall  care and use were approved by the Institutional Review Board for Animal 

Experimentss at the Academic Medical Center, Amsterdam, The Netherlands, and the 

experimentss were performed according to the guidelines of the American Physiological Society 

andd the Dutch Law for Animal Experiments. 

FerricFerric c/j/oride t/irowbosis t/irowbosis mode/ 

Thrombuss formation and growth was evaluated in a standardized model, whereby thrombosis in 

thee carotid artery- is induced by ferric chloride as reported before22. Mice were anaesthetized by 

FFMM (fentanyl citrate 0.079 mg /mL, fluanisone 2.5 mg /mL, midazolam 1.25 m g / mL in H2( ) ; of 

thiss mixture 7.0 m L / kg intraperitoneally). The mice were placed on a heating pad and if 

necessaryy exposed to a warming lamp. Body temperature was kept between 36.5 and 37 °C. 

Animalss were tracheotomized and ventilated during the experiment. After a median section from 

thee xyphoid to the neck, the left carotid artery was bluntly isolated, a plastic protection sheet was 

slippedd under the vessel. Care was taken to separate the vagal nerve and vasa vasorum from the 

artery,, and twisting of the vessel was avoided. A transonic flow probe (Transonic Systems Inc., 

NY ,, USA) with a diameter of 0.5 mm was placed to the distal part of the carotid artery and 

bloodd flow was recorded until steady state was reached for at least 10 minutes. For heart rate 

assessment,, blood flow registration was shortly switched from the average to the pulsatile flow 

chart.. After the steady state phase, a filter paper of 2 x 2 mm, soaked in a 10% solution of ferric 

chloride,, was placed on the carotid artery, whereby care was taken to provide good contact 

betweenn the filter paper and the vessel. After exactly 3 minutes the filter paper was removed and 

bloodd flow was continuously registered for 30 minutes (observation time). Time to occlusion 

(TTO),, i.e. time elapsed between placing the filter paper on the artery until complete, non-

reversedd flow stop, was the principal endpoint-parameter. Clot formation as analysed 

histologicallyy from the excised carotid artery segment was a second parameter for vessel 

occlusion. . 
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HistologicalHistological evaluation 

Att the end of the acute experiment, the carotid artery segments from both sides were excised 

andd processed for paraffine blocks. Trans sectional slides of the proximal, medial, and distal part 

off  the site, where the filterpaper had been placed, were prepared, and tissues were stained with 

haematoxylinn and eosin. Thrombi and vessel walls were analysed by two independent blinded 

investigatorss under a light microscope. 

DataData atia/ysis 

Valuess are expressed as means  SEM, with the numbers of experiments performed provided in 

thee figure legends. The statistical significance of differences between groups was assessed using 

thee Fisher's Exact test or theMann-Whitney test where applicable. Data were considered 

significandyy different when p < 0.05. 

Results s 

F/owF/ow assessment, heart rates, and' time-to-occ/usion 

Meann (+/- SE) blood flow at steady state before application of FeCL, in the different groups was 

ass follows: for Fl-TMprn/pm 0.7  0.04 mL/min, for F2- TMpr,,/pro 0.7  0.06 mL/min, for WT 0.7 

 0.04 mL/min, and for C57BL/6 mice 0.6  0.06 mL/min (no significant difference). Heart 

ratess ranging from 476 to 478 bpm did also not differ between groups. 

Occlusionn occurred in 4 of 21 (19%) mice, 2 in the WT and 2 in the C57BL/6 groups, 

consideredd as control mice presenting a normal PC pathway, while in 17 of the 21 (76%) animals 

inn the Fl-TMpro/pr" and F2- TMpro/pro groups had vessel occlusion (flow < 0.1. mL/min) by the 

endd of the observation time (p=0.0001). In those mice, in whom occlusion occurred, mean TTO 

wass not different between groups (726  358 sec for F l - T M ^ ^ a nd F2- TMpro/pro, 499  248 

secc for WT, 542  276 sec for C57BL/6). 

Amongg the animals with patent carotid arteries, there were five observed in the control group 

too have had occlusion for only one and two minutes with spontaneous recanalisation and re-

establishedd perfusion at the end of the observation time, whereas this occurred in two cases of 

thee Fl-TMpr" /pr" group with final occlusions at 870 and 720 seconds. Figure 1 shows TTO values 

inn seconds as measured in TMpro/pr", WT and C57BL/6 mice. Those animals with still 

measureablee blood flow at the end of the observation time (30 minutes) were assigned to TTO 

18000 sec. 
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FigureFigure 2 Tim-to-occfosioti (TTO) was significant/)/ different, when animais without an obtusion were included 

withwith TTO = 1800 seconds. Mean va/uesfor those animais, in which occtusion occurred, did not differ between 

groups. groups. 

Ann example of flow registration in a TMpro/pr" mouse before and during occlusion is presented in 
Figuree 2. 
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HistologicalHistological assessment ofthwmbosis 

Histologicall  assessment of the arterial segments revealed fibrin rich thrombi in 16 TWml?m mice 

withh evidence of complete or partial occlusion; in one animal, in which a clear flow stop 

occurred,, no clot was found. Consistency between flow stop registration and histological clot 

detectionn was found for 2 WT and 2 C57B1/6 mice in the control group. Those animals, in 

whichh blood flow could still be registered at the end of the observation time, no clots were 

detected.. Granulocytes were detected withing the thrombi and surrounding vessel wall segments 

suggestingg an inflammatory reaction to the chemical stimulus. 

Discussion n 

Arteriall  thrombosis commonly forms on an atherosclerotic lesion, such as a ruptured plaque. In 

additionn to local thrombogenic vascular factors, like enhanced tissue factor expression, 

circulatingg pro- and anticoagulant elements may be involved. Limited clinical data suggest a role 

forr the thrombomodulin -protein C mechanism in influencing the risk of arterial thrombotic 

events,, as for example myocardial infarction in young people. To determine the influence of a 

specificc defect in the PC activation pathway in arterial thrombosis, we performed the present 

study.. We showed for the first time, that in a murine model of a functional deficiency in TM, 

theree is indeed evidence for a direct impact on enhanced thrombus growth in a well-established 

andd reproducible model of arterial thrombosis. 

Thee FeCL thrombosis model has been applied to the carotid artery in mice before22. We 

adoptedd the method with slight modifications such as using the optimal concentration of FeCl3 

too cause vessel occlusion as a sensitive endpoint parameter. In a pilot experiment, we applied a 

25%% solution in 10 mice (5 WT and 5 TM) by which thrombosis was induced in all animals, 

whereass reducing the concentration to 10% resulted in an 80% occlusion rate in TM mice and 

20%,, respectively, in WT and C57BL/6. The induction of thrombosis in this model is probably 

duee to the toxic challenge of the endothelial and muscular cell membranes to FeCL causing 

inflammatoryy cells to produce oxygen radicals with subsequent endothelial and medial damage. 

Lightt microscopical analysis could not detect endothelial disrupture, but in two third of the 

cases,, in which thrombi were detected, there was also granulocyte influx described in the vessel 

wall,, independently from the mouse strain. This is suggestive of an inflammation mediated 

increasee in tissue factor expression. 

Inn order to exclude the possibility of a purely background related difference in thrombus 

induction,, we investigated a group of C57B1/6 mice, the background strain, to which TMpro/pro 

hadd been backcrossed. Such putative strain-related differences in thrombus growth, basal blood 

floww and heart rates could be excluded completely. We also used both genders, a group of male 
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andd female TM p m / p r" mice and found that there was no difference, neither in T T O, basal flow, 

heartt rates, nor in thrombus growth between genders within one group. This study represents 

thee first demonstrat ion derived from an experimental transgenic model pointing to a significant 

rolee of TM in arterial thrombus formation, a finding that gives further support to the hypothesis 

thatt TM gene variations might influence arterial thrombotic risk. 
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Summary y 

Basedd on clinical observations in human gram-negative sepsis, we postulated that a 

prothrombot icc state might lead to impaired host defense and enhanced development of sepsis in 

micee infected intraperitoneal]}' with Gram-negative bacteria. To investigate this we inoculated 

TM p r" p r""  mice, that have functionally impaired thrombomodul in, and wildtvpe littermates 

intraperitoneallyy with E. coli at doses of 5x10'\ 5xl04, and 1x10' colony forming units (CFU) . 

Thee endpoints assessed were: signs of illness, bacterial counts, cvtokine profiles in plasma, 

histologicall  evidence for inflammation, and thrombosis. Coagulation activation was evaluated by 

thee measurement of thrombin-antithrombin (TAT) complex levels in plasma. The results 

showedd comparable responses in mutant and wildtvpe littermates. The conclusion from this 

experimentt is that in the present model of gram-negative peritonitis, impairment of the protein C 

pathwayy by dysfunctional thrombomodulin does not lead to impaired host defense 



Introductio n n 

Thrombomodulinn (TM) is a transmembrane glycoprotein of the luminal endothelium with the 

capabilityy of serving as a specific receptor for thrombin. In complex with thrombin, TM 

acceleratess the activation of protein C (PC). Activated protein C (APC), proteolytically degrades 

coagulationn factors Va and Villa , thereby reducing thrombin formation1. In addition, thrombin 

losess its procoagulant properties upon binding to TM, including further activation of factors V 

andd VIII , inactivation of protein S (PS) and fibrinogen cleavage. Impairment of this 

anticoagulantt pathway through deficiencies in its components (PC, PS, and TM) results in 

enhancedd coagulation activation, increased fibrin production, and an increased risk of venous 

thrombosis2,3. . 

Thrombinn is known to exert pro- and anti-inflammatory effects and might play a key role in 

thee crosstalk between innate immunity and coagulation. These effects of thrombin may become 

importantt in infectious disease, when the coagulation cascade is initiated. Modulation of 

thrombinn production may therefore influence the outcome of infectious disease. Indeed, Gram-

negativee sepsis is associated with acquired deficiencies of coagulation inhibitors PC, PS, and 

antithrombinn (AT); low levels of these anticoagulant proteins predict poor disease outcome4"8. 

Moreover,, recent clinical and experimental studies show that supplementation of PC, PS and AT 

reducess mortality from Gram-negative sepsis9"11. 

Onn these data we based our working hypothesis, that a defective anticoagulant state leads to 

impairedd host defense and enhanced development of sepsis in mice infected intraperitoneally 

withh Gram-negative bacteria. To test this hypothesis, a mouse model presenting with a 

prothromboticc state due to a functional deficiency of TM (TMpro/pr") was chosen12. In the present 

studyy we find no difference in host defense between TMpro/pr" mice and WT littermates, which 

indicatess that in these mice alterations in thrombin generation do not contribute to bacterial host 

defense. . 

Materia ll  and methods 

Mice. Mice. 

Thee generation of mice lacking the capability of thrombomodulin binding to thrombin by a 

targetedd point mutation in the TM gene (TMpro/pro) was described elsewhere (12). These mice 

havee a severely impaired capacity to generate APC but are viable and without overt spontaneous 

phenotype.. Animals were bred and maintained in a 12-h dark and light cycle room in our animal 

facilityy department. The experiments were approved by the Institution Review Board for Animal 

Experimentss of the Academic Medical Center and performed according to the guidelines of the 

Americann Physiological Society and the Dutch Law for Animal Experiments. 
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I nn the present experiments mutant TM pm pr" mice were compared to wildtype sex and age 

matchedd littermates that were born from a cross between F2 heterozvgotes. The reasons for 

usingg littermates were the following. The mice that we imported into our facility as a gift from 

D rr R.D. Rosenberg (MIT , Boston, USA) were homozygous direct descendants from an Fl cross, 

andd thus genetically 50% C57B1/6 and 50% 129Sv. In a pilot experiment comparing these 

homozygotess with commercially available C57B1/6 mice (Harlan, The Netherlands) we observed 

strikingg susceptibility differences in a peritonitis model with E coli (not shown). In particular the 

T MM mice seemed much more resistant to E coli than wildtype C57B1/6. Moreover, the mice 

respondedd very differently to an intraperitoneal injection with LPS, but in this case the mutant 

micee did much worse. Given the mixed genetic background these results raised the question, 

whetherr background per se influences the outcome of peritonitis. Therefore, we resorted to 

usingg littermates, which in addition ensures identical health status between the animals that 

participatee in an experiment. 

Intraperitonea/Intraperitonea/ bacteria/ c/ja//enge wode/.  wode/. 

Peritonitiss was induced by Gram-negative E.coli 018:K1:H7, Bort, a pathogenic smooth, 

encapsulatedd strain presenting the 0 18 (LPS) seroptype and the capsular K l antigen'11:1 

(providedd by Dr P. Abraham). After growing in LB medium to mid-log phase, bacteria were 

washedd and adjusted spectrophotometrically to an optical density (OD) of 1.0 (at 650 nm), 

correspondingg to a bacterial concentration of approximatelv 2.2 x 10s CFU /mL. From this 

concentration,, inoculates of 5xl03, 5xl04, and 1x10' CFU/0.5 mL were prepared by dilution with 

physiologicall  saline. In an initial experiment, a dose of 1 x 10"" CFU of E. coli 018:Kl:H7Bort, 

wass injected intraperitoneally [Jp) in male TMpr" /pr" mice and WT littermates (n = 4 in each 

group),, causing lethal sepsis within 36 hours in both groups. Based on the assumption that 

differencess in host defense between the two groups might onlv be detectable when using a 

sublethall  bacterial challenge, a tenfold lower dose, 5 x 104 CFU, was ^ in jec ted in 7 TMpr" /pr" and 

77 W T mice (all males). Animals were sacrificed 24 hours later showing severe signs of illness in 

bothh groups. In parallel, four mice of each group were injected 5 x 104 CFU and sacrificed at 4 

hours,, in order to document early cytokine responses, that might explain potential differences in 

hostt defense. Finally, a relatively low dose of 5 x 101 CFU E. col i /mouse was administered in 10 

malee and 10 female TMpr" /pr" and WT littermates, which were sacrificed 24 hours following 

bacteriall  challenge. 

PreparationPreparation and ana/ys/s of peritonea/ /avage fh/d, b/ood, and //per tissue bomogenates. 

Bloodd and peritoneal fluid (PF) were collected at different time intervals after bacterial challenge 

forr cytokine measurement, granulocyte influx counts, and bacterial cultures. At least 1 mL of PF 

wass obtained after /p injection of 3 mL of physiological saline. Citrated blood was obtained by 
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cannulationn of the inferior caval vein. For cytokine measurements, plasma and PF were stored at 

-70°CC until assay. Bacterial counts were determined by plating 10-fold dilutions of blood, PF 

andd homogenized liver tissue samples on blood agar and incubating overnight at 37°C. 

CytokineCytokine assays. 

Concentrationss of tumor necrosis factor alpha (TNFa), interleukin-6, and 40 (IL-6,IL-10) in 

bloodd and peritoneal fluid were measured by specific ELISA kits (R&D Systems, I T K 

Diagnosticss BV, Uithoorn, the Netherlands) according to the instructions of the manufacturer. 

Thrvmbin-Antithrvmbw-Compkxes. Thrvmbin-Antithrvmbw-Compkxes. 

RabbitRabbit immunisation New Zealand White rabbits were immunized with mouse thrombin (Sigma, 

St.Louis,, M O, USA) and rat antithrombin (AT) (Sigma) and boosted at nine and fifteen weeks 

afterr the first immunization with thrombin and A T in combination with Freund's Incomplete 

Adjuvantt (Difco, 1475 Athens Hwy Grayson, GA 30017 USA). During the first three months 

testt samples of approximately 5 ml blood were obtained regularly and thereafter samples of 

approximatelyy 50 ml were obtained monthly from each rabbit. 

SandwichSandwich TAT-compkx ELJSA MaxiSorp plates were coated overnight at 4° C with purified anti-

thrombinn antibodies from the immunized rabbit. The plates were washed and incubated with 50 

u.LL standard or plasma samples diluted in PBS/Tween /FCS. After washing, the plates were 

incubatedd with 100 uE purified DIG-conjugated rabbit anti-AT, rewashed, and reincubated with 

HRP-1000 mL conjugated sheep F(ab)2 ant i -DIG fragments (Roche Diagnostics) diluted in 

PBS/Tween.. For quantitation, the OPD-method was applied with 1 M H 2S 04 for termination of 

thee reaction. The OD was determined at 490 and 650 nm. A standard for the mouse T A T 

ELISAA was made from two-fold serial dilutions of mouse serum (Sigma) in PBS/Tween/FCS 

buffer.. To test the linearity of the standard diluted in buffer, mouse serum was also serial diluted 

inn mouse plasma (Sigma) or pooled human plasma. The concentration of TA T complexes in 

serumm diluted in buffer of approximately 6000 ng /ml was determined by the human TA T assay 

(Enzygnostt TAT , Dade Behring, Marburg, Germany). The standard curve was pipetted on each 

platee from a freshly thawed aliquot in two-fold serial dilutions starting with a 100-fold dilution. 

GranulocyteGranulocyte influx in peritonea/fluid. 

Peritoneall  fluid was centrifuged at 140 0̂  for 5 minutes, the supernatant was kept and frozen for 

cytokinee measurements. The pellet was resuspended in 200 ul of PBS and white blood cells were 

countedd under a focal light microscope. The pellet was then diluted to white blood cell 

concentrationss of 105 cells/mL, for a cytospin. The cell smears were stained by 

hematoxylin/eosinn (Wright, MSG, Grogg, Bern) for cell count analysis under a focal light 
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microscope.. The number of macrophages, lymphocytes and granulocytes were expressed in 

percentage,, counting 100 cells per smear. 

TissueTissue fbtv/ffbosis and inflammation. 

Immediatelyy before sacrifice, the animals were heparinised with 400 IU through a tail vein in 

orderr to avoid postmortem thrombus formation. Liver, spleen, and lungs were collected 

followingg peritoneal lavage and blood collection. Lungs were perfused with PBS before 

resection.. After removing small portions from the tissues for homogenization, the organs wrere 

fixedd in 10 % buffered formalin and embedded in paraffin. Four um sections were stained with 

haematoxylinn and eosin. Tissue analysis was performed by one independent and experienced 

pathologistt who was unaware of the status of the mice.. For the evaluation of histological 

differencess in liver and lungs a four point semi-quantitative scale was used. Using this score, the 

sectionss were evaluated for the presence of fibrin, thrombosis, necrosis, inflammation, 

neutrophill  influx, and edema.For each mouse quantitation was performed in 5 different 

microscopicall  fields, and the mean of the different counts was calculated. 

DataData analysis. 

Al ll  values are expressed as mean + SE. Statistical analysis of differences between groups was 

performedd using the Mann-Whitney test. Data were considered significantly different when p < 

0.05. . 

Results s 

BacteriaiBacteriai ox/growth. 

Bacteriall  outgrowth in TMpro /p ro and WT littermates, inoculated with 5 x 104 CFU /mouse (high 

dose),, was high (WT: PF 1.7 x 10l 4 CFU/mL; blood 9.8 x 106 CFU/mL; liver 1.8 x 107 C F U / m L; 

TMp«./pn.. pp 4 1 x 10i 3 C F U / m L; blood 1.1 x 106 C F U / m L; liver 1.4 x 10" CFU/mL) at 24 hours 

andd did not differ in PF, blood, and liver between groups (Figure 1). This finding was consistent 

wit hh the poor condition of the animals, showing clear signs of sepsis in both groups. At 4 hours 

thee animals showed no signs of illness and bacterial outgrowth was equal in both groups (Figure 

2). . 

Malee TM p r o / p t"and WT mice, inoculated with 5 x 103 CFU/mouse (low dose), presented only 

minorr signs of illness, while females did not become il l at all. Bacterial counts in PF, blood, and 

liverr revealed moderate bacterial growth in males, while most of the females had cleared all 

bacteriaa (Figure 3,4). 
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Cj'foktfieCj'foktfie response />/ b/ood and peritonea/fluid. 

Overall,, in all animals IL-6, TNFa, and IL-10 concentrations in plasma corresponded to the 

amountt of bacteria found in the same individual, reflecting LPS challenge on cytokine expression 

elicitedd by the presence of Gram-negative bacteria. Mice inoculated with 5 x 104 C F U / mL 

showedd higher plasmatic IL- 6 levels in W T than in TMpr" /pr" mice (1.3 x 102 ng/ml for WT, 52 

ng /mll  for TM pr" pr", Figure 5), showing a tendency towards a stronger cytokine response in WT 

animalss (p = 0.09). At 4 hours, IL- 6 levels were higher in TMpr" /pr,i than in WT mice (1.5  0.5 

n g / m L,, 0.5  0.3 ng /mL, respectively, Figure 6), but not statistically significant. TNFa response, 

whichh was much weaker at 24 hours than IL-6, showed a tendency towards higher levels for WT 

animalss as well (231 and 186 pg /ml, respectively). 

wass almost as high as concentrations at 24 hours in TMpr" pr" mice (Figure 9). 

Inn those animals injected with 5 x 10 CFU, who did not show any signs (females) or slight 

signss (males) of illness with low bacterial counts, cytokine concentrations were proportionally 

lower,, demonstrat ing a clear dose-dependent relationship between bacterial challenge and 

inflammatoryy response (Figures 7-9). IL-10 at 24 hours had only detectable levels in two animals 

off  both groups with mean values of 23.4  29 (WT) and 32  40 pg /ml (TMpm pr") , while the 

otherr individuals had non-detectable levels. All results are consistent with the observation, that 

femaless are less sensitive to bacterial challenge than males. 
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Thrombin-yintithrombin-Compkxes. Thrombin-yintithrombin-Compkxes. 

T A TT levels in plasma did not reveal differences in activation of coagulation between groups. 

Meann plasmatic values of T A T complexes in n g / mL for WT and TMpro/pr" high dose (104 

CFU/mL)) and low dose (103 CFU/mL) in males and females, are shown below in Table 1. 

244 hours 

WTT males 
T M P » / P „ m a l e 8 8 

WTT females 

TM1" 0'1" 00 females 

44 hours 

WTT males 

TMFTMF m/pmm/pm males 

Highh dose(10*  CFU) 

(ng/mL) ) 

0.999  0.72 

1.155  0.68 

1.433  1.0 

0.799  0.2 

Loww dose(W CFU) 

(ng/mL) ) 

0.600  0.5 

0.511  0.3 

0.688  0.4 

0.666  0.5 

TableTable 1. TAT kveis were measured measured in titratedp/asma and did not differ between groups 

HistologicalHistological ana/ysis of /iper and lungs 

Inn the liver, sharply demarcated necrotic areas located chiefly around thrombosed vessels were 

observedd in both groups. The degree of inflammation was also comparable. Beside fibrin 

depositionn and few thrombi in small vessels, the pathological findings in the lungs consisted 

predominandyy of interstitial granulocytic inflammation. (Table 2). 

Liver r 
Lungs s 

Fibri nn Deposition 
Thrombosis s 

TM-/ -- WT 
++ ++ 
+++ + 

Necrosis s 

TM-/ -- WT 
++ ++ 

Inflammatio n n 
Granulocytee Influ x 

TM-/ -- WT 
+++ ++ 
++++ +++ 

TableTable 2. Histo/ogicaiana/ysis of/iper and /ungs showed comparab/e degrees of inflammation and thrombosis 

formation formation 
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Granu/ogfeGranu/ogfe influx inperitonea/fluid 

Thee means (and SE, Table 3) for the white blood cell counts and differentiation are shown in 

tablee 3. Granulocyte influx counts. At 24 hours, in both groups, wildtype and Tmpro /p ro, there 

wass an increase of granulocytes compared to the earlier t imepoint (4 hours) after bacterial 

inoculation.. Again, there was no significant difference detectable between groups. 

Totall  WBC 
x l t f /m L L 
Neutrophil ss % 

Macrophagess % 

Lymphocytess % 

TM24 h h 

10.3  4.8 

88 8 

2 2 

10 0 

WT24h h 

13.55  2.7 

93 3 

1 1 

6 6 

TM4 h h 

0.88  0.2 

75 5 

8 8 

17 7 

WT4 h h 

1.33  0.3 

78 8 

2 2 

20 0 

TableTable 3. Mean m/ues and SE for to fa/ white b/ood' ce/t'counts and percentage ofgranu/ocyte and macrophages 

forfor Twpro/pro and WT mice 24 hours and4 hours foi/owing high dose bacteria/ cha/knge (5 x 104 CFU). 

Discussion n 

Thee present study was performed in order to investigate whether a functional TM deficiency 

influencess host defense in a murine model of E. coli peritonitis. According to the present data, 

theree is no evidence to support this hypothesis. 

Ledd by a pilot experiment we took great care to ensure that genetic background differences, 

orr differences in health status between the animals, would influence the results. This proved to 

bee a well-chosen approach. In the pilot experiment we did a head-on comparison between 

homozygouss TMprn /pr" mice with commercial littermates. In that experiment striking differences 

weree observed between the mutant and wildtype mice. With a dose of 10s CFU E. coli wildtype 

micee became severely septic, whereas TMpr" /pr" mice almost all had cleared the bacteria after 24 

hours.. As is evident from the presented data this result could not be reproduced in the littermate 

experiment,, which underlines the importance of using littermates in evaluating disease 

susceptibilityy in genetically modified mice. 

I tt might be too early to conclude that the TMpr" /pro have a normal susceptibility to every 

infectiouss disease. The reason is that TM expression is particularly high in some organs, e.g. the 

lungs,, compared to other organs. The quantity of TM in the vasculature of the peritoneum is not 
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knownn but if low, this might lead to comparable local levels of thrombin between mutant and 

wildtypee mice. In other models of infection, e.g. pneumonia, local levels of thrombin might well 

bee very different, and disease susceptibility may vary between mutant and normal mice. 

I tt is also too early to conclude that a procoagulant state as such does not influence 

susceptibilityy to peritonitis. The reason for this is that TM not only functions to trigger the 

proteinn C pathway, but at the same time is crucial for the activation of TAFI (thrombin 

activatablee fibrinolysis inhibitor)'619. When TM cannot bind to thrombin, as in the present 

murinee model, TAFI is not or less well activated, leading to increased lysis. Thus, the 

prothromboticc state, which was mainly characterized as diminished protein C activation, might in 

factt be compensated by increased thrombolysis. Other prothrombotic mice, like mice carrying 

thee factor V Leiden mutation, should not show this defect in TAFI generation and could very 

welll  behave very differendy in the same peritonitis model. 
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Summary y 

Gram-negativee sepsis is associated with acquired deficiencies of anticoagulant proteins, such as 

proteinn C, protein S, and antithrombin, and low levels of these proteins predict poor outcome of 

thiss disease. Administration of (activated) protein C improves survival in sepsis patients. These 

observationss suggest that the activity of the coagulation system directly influences host defense. 

Inn previous experiments we tested this by evaluating host defense in mice that were homozygous 

forr a pro thrombotic thrombomodulin mutation (TMpr" /pro). These experiments showed litde 

evidencee for the hypothesis that an inherited deficiency of an anticoagulant protein interferes 

withh host defense. In the present experiment, we further disturbed the coagulation system in the 

TMpro/pr""  mice by pre-treatment with two thrombin inhibitors (hirudin and low molecular weight 

heparin,, LMWH) just before intraperitoneal challenge with Escherichia coli. As controls we used 

inoculatedd TMpro/pro mice that did not receive antithrombotics. With one exception, a significant 

increasee of bacterial outgrowth in peritoneal fluid, blood and liver of the anticoagulant treated 

micee was observed, in parallel with an increase of IL-6 and TNFa levels in peritoneal fluid and 

blood.. Female mice that were treated with LMWH formed the exception. The conclusion from 

thiss experiment is that thrombin inhibition in a prothrombotic mouse impairs host defense in a 

Gram-negativee peritonitis, which further underlines a key role for thrombin in the crosstalk 

betweenn the coagulation and the innate immune system. 
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Introductio n n 

Inn humans, gram-negative sepsis is associated with acquired deficiencies of the plasma 

coagulationn inhibitors protein C (PC), protein S (PS), and antithrombin (AT)10. Supplementation 

off  these coagulation inhibitors results in reduced mortality and morbidity, as shown in recent 

clinicall  trials''K. On the basis of these results, it is possible to hypothesize that poor coagulation 

inhibitionn leads to impaired host defense and escalation of sepsis. Inversely, administration of 

coagulationn inhibitors that inhibit thrombin action dirccdy or indirectly, such as hirudin or low 

molecularr weight heparin (LMWH) , may lead to improved host defense and protection from 

sepsis. . 

Inn a previous study (own unpublished data) using a mouse model with a prothrombotic state 

(TM-/-)' ,, we showed, that host defense was not different between mice with a functional 

deficiencyy in thrombomodulin (TMprn pr") and normal littermates. However, it was not certain 

whetherr the applied model was sensitive enough to provide evidence for the formulated 

hypothesis.. In the present study we inhibited the prothrombitic state in the TMprt)/pr" mice by 

treatmentt with hirudin and LMWH and evaluated the effect of this treatment on host defense in 

aa model of peritonitis. Quite surprising and in contrast with our hypothesis, the use of these 

thrombinn inhibitors appears to impair rather than enhance host defense. 

Materia ll  and methods 

Alice. Alice. 

Thee generation of mice lacking the capability' of thrombomodulin binding to thrombin by a 

targetedd point mutation in the TM gene (TMpr" pri) was described elsewhere12. These mice have a 

severelyy impaired capacity to generate APC but are viable and without overt spontaneous 

phenotype.. Animals were bred and maintained in a 12-h dark and light cycle room in our animal 

facilityy department. Animal experiments were approved by the Institution Review Board for 

Animall  Experiments of the Academic Medical Center and performed according to the guidelines 

off  the American Physiological Society and the Dutch Law for Animal Experiments. 

StudyStudy design. 

Malee and female mice, aged 9 —12 weeks were used throughout the study. In a preliminary 

survivall  experiment, 12 mice were inoculated intraperitoneally {ip) with 6.5xl04CFU Escherichia 

(E.)) coli; half of these mice were treated with LMWH (nadroparin, Sanofi Winthorp, Paris, 

France)) 30 minutes before inoculation. LMWH was administered as an intravenous dose of 5 IU 

anri-Xa-activityy (aXa ), and a similar dose subcutaneously (sc) The sc injection was repeated 12 

hourss after inoculation. On the basis of this survival experiment an experiment was devised, 
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wheree mice were sacrificed after 24 hours after inoculation with a ~ 10-fold lower number of 

bacteria.. An additional group of animals was pretreated with 200 i g per mouse of hirudin, a 

directt thrombin inhibitor provided by Knoll AG, Ludwigshafen, Germany. 

Intraperitoneal'bacteria/'Intraperitoneal'bacteria/' cba/knge mode/ 

Peritonitiss was induced by gram-negative E.coli 018:K1:H7, strain Bort, a pathogenic smooth, 

encapsulatedd strain presenting the 018 (LPS) seroptype and the capsular Kl antigen. After 

growingg in LB medium to mid-log phase, the bacteria were washed and adjusted 

spectrophotometricallyy to an optical density (OD) of 1.0 (at 650 nm), corresponding to a 

bacteriall  concentration of approximately 2.2 x 108 colony forming units (CFU) per mL. From 

thiss concentration, inoculates of 6.5 x 104 and 7.5 x 103 CFU/0.5 mL were prepared by dilution 

withh physiological saline. 

PreparationPreparation and analysis of peritonea/ /avagef/aid and b/ood 

Bloodd and peritoneal lavage fluid were collected 24 hours after bacterial challenge for cytokine 

measurementss and bacterial cultures. Blood was drawn from the inferior caval vein. The 

peritoneall  contents were lavaged with 3 mL of PBS and harvested after gentle massage. For 

cytokinee assays plasma was stored at -70°C until assay. Bacterial counts were determined by 

platingg 10-fold dilutions of blood, PF or homogenized liver tissue samples on blood agar and 

incubatingg overnight at 37°C. 

CytokineCytokine assays 

Plasmaticc levels of circulating early response cytokines TNFa and IL-6 were determined by 

enzyme-linkedd immunoabsorbent assay (FXISA, R&D Systems, ITK Diagnostics BV, Uithoorn, 

thee Netherlands) according to the instructions of the manufacturer. 

Coagu/ationCoagu/ation System (TAT, tissue thrombosis) 

Levelss of thrombin-anti-thrombin complexes in plasma were assessed using a sandwich ELISA, 

thatt was developed in our laboratory (described in Chapter 11). In brief, MaxiSorp plates were 

coatedd with purified anti-thrombin antibodies from immunized rabbits, the plates then incubated 

withh plasma and again incubated with purified DIG-conjugated rabbit anti-AT, and finally with 

HRP-conjugatedd sheep F(ab)2 anti-DIG fragments (Roche Diagnostics). Quantification was 

performedd using the OPD-method, and OD determined at 490 and 650 nm. The concentration 

off  TAT complexes in serum diluted in buffer of approximately 6000 ng/ml was determined by 

thee human TAT assay (Enzygnost TAT, Dade Behring, Marburg, Germany). 
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Histo/qgica/preparationHisto/qgica/preparation and ana/ysis 

Immediatelyy before sacrifice, the animals were injected with 400 IU heparin through a tail vein to 

avoidd postmortem thrombus formation. The liver was asserved following peritoneal lavage and 

bloodd collection, then carefully placed in a 3.7% formaldehyde solution for at least 1 week, 

togetherr with the other organs. The lung was perfused with PBS before asservation. The organs 

weree processed for paraffine blocks and sections. Staining was performed with 

hematoxyl in/eosinn and fibrin staining. Analysis was performed by two independent blinded 

investigatorss . For the liver, spleen and lungs a semiquantitative score was used, allowing findings 

forr the presence of fibrin deposition, thrombosis, necrosis, inflammation, neutrophil influx, and 

edemaa to be allocated to 1 to 4 points, depending on the amount or the observed degree. Counts 

weree performed in 5 different microscopical fields at a magnification of 125 x 12.5, and the mean 

off  the different counts was used. 

DaDa fa analysis 

Al ll  values are expressed as mean values  SE. Group comparison was performed using the non-

parametricc Mann-Whitney test. Survival of different groups was compared with the Kaplan-

Meierr survival curve. 

R e s u l ts s 

Suné'a/ Suné'a/ 

Afterr ip inoculation with a dose of 6.5 x 10 CFU, 2 of 3 males in the control group became ill 

andd died within 30 to 50 hours, whereas 3 of 3 females in the same group did not show any signs 

off  illness and survived 14 days of observation. In the group pretreated wnth LMW H all 6 animals 

diedd within 30 to 50 hours. This indicates that anticoagulation with LMW H severely 

compromisess the host response to the intraperitoneal bacterial load. 

Bacteria/Bacteria/ outgrowth 

Bacteriall  outgrowth in peritoneum and blood was assessed in a second experiment in which 

infectedd and control mice were sacrificed after 24 hours. Because the LMW H treated mice did so 

poorlyy in the survival experiment a ~T 0-fold lower number of bacteria were injected (7.5x10 

CFU).. In addition, a third group of animals was inoculated, that were intravenously pretreated 

wit hh the direct thrombin inhibitor hirudin ( ) with a dose of 200 i g per mouse. 8 Males and 11 

femaless per group were used in this experiment and sacrificed 24 hours after bacterial challenge 

forr assessment of bacterial outgrowth, cytokine expression and TAT-levels. In order to exclude 

bleedingg complications as the cause for illness and death, two additional control groups received 
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identicall  doses of LMWH or hirudin without being inoculated with bacteria. These animals 

survivedd the experiment in good health and were not analysed further. 

Meann values in CFU/mL and standard errors (SE) for bacterial counts of the three groups 

(controls,, hirudin treated, LMWH treated mice) in PF, blood and liver are shown for male and 

femalee mice in Table 1. The figures show, that pre-treatment with hirudin and LMWH in males 

leadsleads to 106 -107 fold higher bacterial counts in PF compared to the control group (p = 0.0002), 

1044 to 106 fold higher counts in blood (p = 0.002), and comparable values for the liver. Thus, 

thrombinn inhibition led to significandy attenuated bacterial clearance. In female mice, the 

respectivee values revealed 10- to 100-fold higher bacterial counts in PF for the hirudin group. 

Quitee surprisingly, however, 106fold lower counts for the LMWH group (p = 0.0001), 102 to 

104foldd lower values in blood for the LMWH group, and 102 to 103 for the liver were found. 

Males s 
nn = 8 

Controls s 

LMW H H 

Hirudi n n 

Females s 
nn = 8 

Controls s 

LMW H H 

Hirudi n n 

PF F 

2.6x10'' 1 x 10' 

1.99 x 101 2 12 

4.55 x 10l j u 

1.5xl010 66 xlO9 

5.00 x 104 5 x 104 

8.6xx 10" " 

Blood d 

7.66 x 104  5x 104 

2.66 x 10l o x 10IU 

9.99 x 10K  4x 10s 

1.88 x 105  1 xlO5 

1.77 x 10J  1.5 10J 

9.44 x 9 x 10' 

Liver r 

2.11 x 106 2x 10ö 

4.44 x 10' 3x 10' 

8.22 x 10' 5x10° 

6.77 x 105 5 

3.00 x 10J 1 xlO' 

7.55 x x 10" 

TableTable 1 Pre-treatment with hirudin and LMWH in males leads to 1(f ~1(f'fold'higher bacterial counts in 

PFPF compared to the con'trot'group (p = 0.0002), 10* to 106 fold higher counts in blood (p = 0.002), and 

comparablecomparable i>alues for the liver. 

CytokineCytokine response in blood 

Inn the acute experiment, 24 hours after bacterial inoculation, IL-6 levels in plasma of male mice 

weree 1000 pg/mL in control mice, 1800 pg/mL in the hirudin group, and 1400 pg/mL in the 

LMWHH group, reflecting the presence of more bacteria in the thrombin inhibitor treated groups. 

Inn females, control mice had higher levels (1800 pg/mL) than males, whereas the hirudin group 

reachedd slighdy lower levels (1400 pg/mL), and the LMWH treated group showed significantly 
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lowerr levels with 500 pg/mL. TNFa levels were much lower at 24 hours, but showed a pattern 

thatt was comparable to that of IL-6 (see Figure 1). 

IL-66 levels in male TM pro/pro mice 
244 hours after bacterial inoculation 

3000--

2000--

1000--

I I 
P P 

I I 
• • 

• • 
265SE E 

•.* * 
• • 

== 0.02 

I I 

og8 8 

I I 

• • 

• • 
956SE E 

• • • • 

Controlss Hirudin LMWH 

'Mannn Whitney test 
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IL-66 levels in male TM pro/pro mice 
244 hours after bacterial inoculation 

pp = 0.007* 

TNFaa levels in female TMpro/pro 

micee 24 hours after bacterial 
inoculation n 
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500--
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•• • 

pp = 0.03* 
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• • 
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Controls s 

FigureFigure 1. IL-6 response fo baeteriaJ cba/knge in mice pre treated'with hirudin or LAIWHas compared to non-

antifoaguiatedantifoaguiated controis. 
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Thrombin-Antiti/rombin-Comp/exes Thrombin-Antiti/rombin-Comp/exes 

Meann TAT levels in plasma were 5 ng/mL in control mice, 6.5 ng/mL in hirudin treated mice, 

andd 5.5 ng/mL in the LMWH group. No significant differences were seen between groups, as 

shownn for male mice in Figure 2. Thus, systemic activation of the coagulation system was not 

observedd in the infected mice. 

TATT levels in male TMpro/pro mice 
244 hours after bacterial inoculation 

Figuree 2 TAT /evels as a marker of activated coagu/ation were comparable betiveen groups 

Histological'analysisHistological'analysis of fiver and lungs 

Malee mice treated with hirudin had more fibrin deposition, thrombosis formation, and tissue 

necrosiss in the liver than controls and mice treated with LMWH. Male control mice had more 

granulocytee influx in the liver than those in the comparison groups. All control mice, 

independentt from their gender, had more thrombosis formation and fibrin deposition in the 

spleenn than those receiving either hirudin or LWMH. All mice showed equal signs of pulmonary 

inflammationn (Table 2) 
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Liver r 
Thrombosis/Fibri nn Gran. Influ x 

Colimm ++ ++ + 

Coli ff  ++ + + 

Coli+Hir mm +++ + ++ 

Coli+Hir ff  ++ + + 

Coli+Frax mm ++ + + 

Coli+Frax ff  ++ + + 

Spleen n 
Thromb/Fibri n n 

++++ + 

++++ + 

+++ + 

++ + 

++ + 

++ + 

Lungs s 

ThrombFibri nn Depos Inflamm . 

++++ +++ 

+++++ ++ 

++ +++ ++ 

+ /-- ++++ ++ 

++ ++++ +-f 

++ ++++ + 

T a b l ee 2 Thrombosis and in f be sp/een and signs of inflammation in the iungs were most most pronounced in coniro/ 
mire. mire. 

Discussion n 

I nn this report we demonstrate that prothrombotic mice react with impairment of their host 

defensee towards ip inoculation of Gram-negative bacteria, when pretreated with the direct 

thrombinn inhibitor hirudin or with the indirect thrombin inhibitor LMWH , although less 

distinctlyy in the latter case. These results support the hypothesis that a disturbance of the 

coagulationn system influences host defense. Surprisingly though, in particular in the light of 

recentt clinical success with the coagulation inhibitor activated protein C, thrombin inhibition 

seemss to favor sepsis rather than prevent it. 

I nn our model, TMpr" /p r" mice are prothrombotic because of their inability to bind TM to 

thrombin,, which leads to impairment of the anticoagulant protein C pathway9. In this situation, 

thee amount of thrombin present in the blood of these animals should be higher than in normal 

mice.. In addition to its role in coagulation thrombin is known to possess pro-and anti-

inflammatoryy effects1". By the administration of a direct thrombin inhibitor in this situation, it 

mayy be that the inflammatory activity of thrombin is inhibited, resulting in an attenuated host 

defensee reaction. This appears to be the case in males treated with hirudin and less pronounced 

inn the heparin group. In contrast, female mice reacted differently with slightiy increased bacterial 

countss after hirudin treatment, but significandy lower levels after LMW H administration. 
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Att present we have no reasonable explanation to offer for the strikingly opposite results in 

thee LMWH treated female mice. Experimental error is an unlikely explanation, because the 

experimentss were done on the same day with the same bacterial suspensions. Moreover, the 

preliminaryy survival experiment suggests impaired host defense in LMWH treated female mice 

whenn a large dose of E coli is administered, which is in keeping with what was observed in the 

malee animals. Possibly the susceptibility of mice to E coli under LMWH treatment follows a bell-

shapedd curve with improved defense at low doses and impaired host defense at higher doses of 

livee bacteria. Clearly further experimentation with varying doses of bacteria and anti-coagulants 

aree necessary to clarify this issue. 

Whateverr the interpretation, the male mice seemed much more susceptible than the female 

mice.. The existence of a gender dimorphism in autoimmune responses and host defense in 

septicc patients has been noted before1112. One explanation for this gender difference is the 

presencee of androsterones in males, inhibiting immune functions, while oestrogenes exhibit 

immunoprotectivee properties13. As recendy reported, IL-6 contributes essentially more in female 

thann in male mice to the stimulation of the adrenal response to stress, for example bacterial 

challenge,, resulting in enhanced glucocorticoid levels14. In our experiment, female controls had 

indeedd higher levels of IL-6 than males, leading perhaps to amplified stimulation of the adrenal 

responsee to bacterial stress. 

Regardingg the influence of antithrombotic agents on the immune system, hirudin and 

LMWH ,, have been shown to display anti-inflammatory effects in various settings of infection or 

inflammation10-11 !,lf\ For neither of the two substances has there been any evidence for the 

presencee of a direct bactericidal effect17. Mostly, influx of inflammatory cells was reduced by the 

administrationn of LMWH or hirudin18. However, data for hirudin in this respect are 

controversial,, as no evidence was found for its ability to reduce thrombin induced leukocyte 

infiltrationn in myocardial tissue19, but on the other hand, its ability of suppressing the invasion of 

inflammatoryy cells in the rat cerebral glia was shown in a cerebral ablation model20. For LMWH, 

theree seems to be a direct relation between TNF expression and LMWH, with the latter 

displayingg an inhibitory effect on TNF expression without affecting mast cell numbers or 

degranulationn in asthmatic reactions to allergen challenge"1. 

Inn conclusion, the data presented here indicate that anticoagulant treatment attenuates 

hostt defense against a localized infection with E coli. Future research should be aimed at 

elucidatingg why thrombin inhibition by way of activated protein C improves outcome in sepsis, 

andd thrombin inhibition through hirudin or LMWH seems to favor impairment of host defense. 
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Summary y 



Chapterr  1 gives an outline of the thesis and describes briefly the various antiplatelet and 

anti thromboticc agents used in the prevention of thrombosis in patients suffering from 

atheroscleroticc disease such as myocardial infarction, stroke and peripheral vascular disease. In 

chapterss two to four, meta-analytical studies are presented, that evaluate the optimal preventive 

treatmentt of patients with peripheral vascular disease, who had either undergone infrainguinal 

bypasss surgery or balloon angioplasty. 

Inn chapter  2 we evaluated whether antithrombotic treatment in patients with progressive 

atherosclerosiss of the lower limbs undergoing infrainguinal bypass surgery improves graft 

patencv,, limb salvage and survival by performing a meta-analysis of randomized clinical trials. 

Forr each trial, the number of patients originally allocated to each treatment group and outcomes 

weree extracted and pooled for an intention-to-treat analysis. An intention-to-treat analysis, which 

includedd three trials evaluating vitamin K antagonists (VKA ) versus no VKA , suggests that oral 

anticoagulationn favours venous, but not artificial, graft patency, as well as limb salvage and 

survival.. Two other studies comparing VK A with aspirin (ASA), or aspirin/dipyridamole 

(ASA/DIP),, supported a positive effect of VKA . on the patency of venous but not artificial 

grafts.. Randomized clinical trials with larger patient numbers comparing antithrombotic 

therapiess with either placebo or antiplatelet therapies are needed in the future. 

Inn the meta-analysis of chapter  3 we evaluated if antiplatelet treatment in patients with 

chromee peripheral arterial occlusive disease (PAOD) undergoing infrainguinal bypass surgery 

improvess graft patency, limb salvage and survival. Data from all available randomized clinical 

trialss comparing patients treated with one antiplatelet therapy to those treated with a placebo or 

anotherr treatment were pooled for an intention-to-treat analysis. It was shown that the 

administrationn of platelet-inhibitors such as ASA, ASA/DIP, ticlopidine, or pentoxifylline, 

resultss in improved venous and artificial graft patency compared to no treatment. However, 

subgroupp analysis for graft-type, i.e. venous versus artificial showed that patients receiving a 

prostheticc graft wil l profit more from ASA or ASA/D I P administration than those receiving a 

venouss graft. Antiplatelet therapy with ASA has an inferior effect on venous graft patency 

comparedd with VKA . For further improvement of antiplatelet therapy in venous grafts, it might 

bee worth, to combine aspirin and a thienopyridine, such as for example clopidogrel. In 

conclusionn of chapter 2 and 3, patients operated on for an infrainguinal venous graft should be 

treatedd with VKA , whereas patients receiving artificial grafts might profit more from platelet 

inhibitorss (aspirin). 

I nn chapter  4 the efficacy of antiplatelet or antithrombotic agents on reocclusion was 

investigatedd in patients suffering from P A O D, who had undergone balloon angioplasty. In a 

meta-analvsiss including all randomized clinical trials meeting current methodological standards, 

treatmentt effect was compared of one antiplatelet agent versus a placebo or versus another 

antiplatelett agent or versus an antithrombotic agent or versus another therapy strategy. A 30 % 
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reductionn of reocclusion was found with the administration of ASA/DIP compared to placebo 

att 6 months follow-up. Analysis of pooled data from four trials comparing high doses of ASA to 

loww doses revealed that higher doses of ASA (300 to 1000 mg) do not improve patency rates 

followingg angioplasty at any timepoint of follow-up. One trial found that ASA/DIP improved 

patencyy after femoropopliteal angioplasty in contrast to VKA . The presented data are highly 

suggestivee for antiplatelet agents to be the optimal therapy compared with no therapy or VKA in 

thee described patient group. 

Thee second part of the thesis concentrates on two new compounds applied in in vim models 

off  arterial and venous thrombosis in the rabbit. Chapter  5is a systematic review of published 

studiess containing experimental results obtained in venous thrombosis models in animals. The 

vastt majority of publications concerned pharmacological studies. Most experimental animal 

modelss of venous thrombosis are based on similar principles, although animal species, methods 

off  thrombus formation and outcome assessment may var)' considerably. Animal models of 

venouss thrombosis appear to play an important role in the study of venous thrombosis and the 

evaluationn of antithrombotic properties of novel anticoagulant agents. However, dose-finding 

studiess in experimental venous thrombosis models in animals and studies comparing the efficacy 

off  different antithrombotic strategies should be interpreted with caution, since the outcome of 

thesee studies often inaccurately predicts the effect in clinical studies. 

Inn chapter  6 a conjugate of low molecular weight heparin (LMW heparin) linked to 

autologouss erythrocytes is described. This compound was tested in vitro with rabbit red blood 

cellss and in vim in an acute experiment of venous thrombosis in the jugular vein of New Zealand 

Whitee rabbits. Evidence for its antithrombotic activity in vivo is presented in terms of reduction 

off  thrombus growth and of thrombin generation. Radioactive labeling of LMW heparin-coated 

erythrocytess ('heparinocytes*) and nuclear scanning showed presence of the cells in the 

circulationn for at least 72 hours after intravenous administration. In conclusion, autologous 

heparinocytess maintain their antithrombotic properties in a rabbit in litv model with a prolonged 

half-lifee compared to free LMW heparin. 

Inn chapter  7a cyclic RGD-peptide was conjugated to human albumin, in order to prolong its 

half-life.. RGD-peptides are potential inhibitors of platelet aggregation. The conjugate did not 

losee its antiplatelet inhibition potency in vitro and exhibited a 30fold prolongation in half-life ex 

vivovivo compared with the free peptide. In chapter  8the RGD-albumin conjugate was tested for its 

platelett inhibitory activity ex vivo in rabbit platelet rich plasma. In addition, the conjugate was 

evaluatedd in an arterial thrombosis model of the rabbit carotid artery using the ferric chloride 

method.. Doses of 3.5 mg/kg and 7.5 mg/kg of the conjugate were administered intravenously 

beforee thrombus induction and compared to the effect of aspirin and to physiological saline. E.v 

vivo,vivo, platelet inhibition was still effective two hours following the acute experiment of 

thrombosis.. Thrombus growth was prevented in 60% of the animals treated with the 7.5 mg/kg 
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off  the conjugate, whereas a lower dose (3.5 mg/kg) failed to show an effect. In conclusion, 

RGD-albuminn conjugate is still effective as a platelet inhibitor two hours after administration 

withh a 20- to 30-fold prolongation of half-life compared to free peptide. 

Partt 3 of the thesis reports on experiments evaluating the influence of a functional 

thrombomodul inn deficiency on coagulation and immunity in a genetically modified mouse 

model.. These animals present a dysfunction in the capability of binding thrombomodul in (TM) 

too thrombin. TM is a transmembrane glycoprotein of the endothelium, with a predominant 

presencee in the microvasculature. After activation by the TM/ th romb in complex, activated 

proteinn C proteolytically inactivates coagulation factors Va and V i l l a leading to impaired 

thrombinn generation. A dysfunction in TM binding to thrombin, as achieved in the genetically 

modifiedd mouse model (TMpr" /pr") , leads to the creation of a prothrombotic state without a 

visiblee phenotype if unchallenged. 

I nn humans, genetic mutations in the thrombomodul in gene were reported to be associated 

withh an increased risk for myocardial infarction. However, other reports could not confirm a clear 

associationn between arterial and venous thrombo-embol ic diseases and the mutation. Chapter  1Q 

presentss the results of a study investigating, if a functional deficiency of TM influences thrombus 

formationn in an acute experiment of chemically induced arterial thrombosis in the carotid artery 

off  XM pr"'pr" mice. Complete occlusion as assessed in transonic flow measurements and 

histologicall  analysis occurred in 76% of the TM pr" /pm mice, while only in 19% of the wildtype 

controls. . 

Gram-negativee sepsis is associated with acquired deficiencies of anticoagulant proteins, such 

ass protein C, protein S, and antithrombin, and low levels of these proteins predict poor outcome 

off  this disease. Administration of (activated) protein C improves survival in sepsis patients. 

Thesee observations suggest that the activity of the coagulation system directly influences host 

defense.. To investigate this, we performed the experiments described in chapter  \\ where 

TM p r""  pr" mice and wildtype littermates were inoculated intraperitoneal!}' with E. coli. The 

outcomee assessed were: signs of illness, bacterial counts, cytokine profiles in plasma, histological 

evidencee for inflammation, and thrombosis. Coagulation activation was evaluated bv the 

measurementt of thrombin-antithrombin (TAT) complexes levels in plasma. The results showed 

comparablee responses in mutant and wildtype littermates. The conclusion from this experiment 

iss that in the present model of gram-negative peritonitis, impairment of the protein C pathway by 

dysfunctionall  thrombomodul in does not lead to impaired host defense. 

I nn chap ter  12, we further disturbed the coagulation system in the TMpr" /pr" mice by pre-

treatmentt with two thrombin inhibitors (hirudin and low molecular weight heparin, LMWH ) just 

beforee intraperitoneal challenge with Escherichia coli. As controls we used inoculated TMprc /p r" 

micee that did not receive antithrombotics. With one exception, a significant increase of bacterial 

outgrowthh in peritoneal fluid, blood and liver of the anticoagulant treated mice was observed, in 
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parallell  with an increase of IL-6 and TNFa levels in peritoneal fluid and blood. Female mice that 

weree treated with LMWH formed the exception. The conclusion from this experiment is that 

thrombinn inhibition in a prothrombotic mouse impairs host defense in a Gram-negative 

peritonitis,, which further underlines a key role for thrombin in the crosstalk between the 

coagulationn and the innate immune system. 

Chapterr  9 is a systematic review of published experiments performed in genetically modified 

micee used in thrombosis and hemostasis research. Over the last five years the interest into 

experimentall  research in thrombosis and hemostasis has considerably shifted from evaluating 

antithromboticc effects of new anticoagulant or antiplatelet compounds to questions of molecular 

functionss of specific coagulation proteins. These models offer the opportunity not only to study 

thee pathophysiological process of thrombosis and hemostasis but also open the way to 

interdisciplinaryy research. This is illustrated by demonstration of the crosstalk between 

coagulationn and vascular development, coagulation and inflammation, coagulation and infection, 

andd coagulation with underlying internal diseases such as diabetes mellitus, collagen disease, and 

sepsis,, provided by transgene mouse models. However, this enthusiasm should not blind 

investigatorss to the fact, that explanations gained from successful transgenic mutations in mice 

mimickingg human disease, usually cannot directly be translated to the human organism. The 

chancee of obtaining phenotypes diat are possibly due to gene interference or compensation 

ratherr than purely to the desired targeted mutation is an important pitfall. However, we will 

undoubtedlyy obtain clue information helping us to better understand a pathological process, or 

thee network of relationships with other proteins into which a protein is imbedded. The more for 

examplee thrombus formation, has been investigated and compared in different mouse strains 

underr comparable circulation conditions, the more will strain-related differences regarding 

susceptibilitiess to the applied model be ruled out. One way of avoiding such misinterpretation 

mightt be to obtain the same results in more than just one mutagen strain. In addition, an 

internationall  definition on required background qualities, such as the number of back-crossings 

orr of littermate preconditions needed, might enable clearer communication through published 

articless between research groups. 
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Hoofdstukk 1 beschrijft in het kort de drie onderdelen waarin het proefschrift uiteenvalt. 

Daarnaastt wordt in dit hoofdstuk een korte beschrijving gegeven van verschillende bloedplaatjes 

remmendee en trombose remmende middelen die gebruikt worden bij de preventie van trombose 

inn patiënten die lijden aan de gevolgen van atherosclerose zoals myocard infarct, beroerte, en 

perifeerr vaatlijden. 

Deell  I van het proefschrift omvat hoofdstukken 2, 3 en 4. De rode draad in deze 

hoofdstukkenn is een meta-analyse van de optimale preventieve behandeling van patiënten met 

perifeerr vaatlijden die ofwel een infralinguale bypass operatie ofwel een dotterbehandeling 

hebbenn ondergaan. 

Inn hoofdstuk 2 evalueren wij met behulp van een meta-analyse van gerandomiseerde 

klinischee trials of de behandeling met stollingsremmers van patiënten met vergevorderde 

atherosclerosee van de onderste ledematen die een infralinguale bypass operatie hebben 

ondergaann verbetering geeft van de doorgankelijkheid van het transplantaat, van behoud van 

ledematen,, en van overleving. Voor elke trial werd het aantal patiënten dat oorspronkelijk aan 

elkee behandelingsgroep toegewezen was vastgesteld, en de uitkomsten werden geëxtraheerd en 

bijj  elkaar opgeteld voor een 'intention-to-treat' analyse. Een intention-to-treat analyse, die drie 

studiess omvatte waarin vitamine K antagonisten VKA ) vergeleken werden met geen VKA 

suggereertt dat orale antistollingsbehandeling gunstig is voor de doorlaadbaarheid van een 

veneuzee bypass, maar niet van een artificiële bypass, en ook voor het behoud van ledematen en 

overleving.. Twee andere studies waarin VKA met aspirine (ASA), of met aspirine/dipyridamole 

(ASA/DIP)) vergeleken werd, ondersteunde een positief effect van VKA op de doorlaadbaarheid 

vann een veneuze, maar niet een artificiële bypass. Gerandomiseerde klinische onderzoekingen 

mett grotere groepen patiënten die vergelijkingen maken tussen antithrombotische therapie met 

ofwell  placebo ofwel plaatjesremmers zijn in de toekomst nodig. 

Inn de meta-analyse van hoofdstuk 3evalueren we of behandeling met plaatjesremmers in 

patiëntenn met occlusie van de perifere slagaders (PAOD) die een infralinguale bypass operatie 

ondergaann verbetering geeft van de doorgankelijkheid van het transplantaat, van behoud van 

ledematen,, en van overleving. De gegevens van alle beschikbare gerandomiseerde klinische 

onderzoekingenn waarin patiënten die behandeld werden met een bepaalde plaatjesremmer 

vergelekenn werden met hen die placebo ontvingen of een andere plaatjesremmer werden bij 

elkaarr opgeteld en geanalyseerd voor een intention-to-treat analyse. Behandeling met 

plaatjesremmerss zoals ASA, ASA/DIP, riclopidine of pentoxifylline resulteerde in een verbeterde 

doorlaadbaarheidd van zowel veneuze als artificiële bypasses vergeleken met geen behandeling. 

Eenn subgroep analyse uitgesplitst naar type bypass, dat wil zeggen veneus versus artificieel, geeft 

echterr aan dat met name patiënten die een artificiële bypass ontvingen baat hadden bij 

behandelingg met ASA of ASA/DIP. Behandeling met de plaatjesremmer ASA heeft een minder 

gunstigg effect op doorlaadbaarheid dan behandeling met VKA . Voor de verder verbetering van 

dee behandeling met plaatjesremmers bij veneuze bypasses is het wellicht de moeite waard 

aspirinee te combineren met een thienopyridine, zoals clopidrogrel. De conclusie uit 

hoofdstukkenn 2 en 3 is dus dat patiënten met een veneuze infralinguale bypass behandeld dienen 



tee worden met VKA , terwijl patiënten met een artificiële bypass wellicht meer baat hebben van 

eenn behandeling met plaatjesremmers (aspirine). 

I nn h o o f d s t uk 4werd in patiënten met P A OD die een dotter behandeling ondergaan hadden 

dee doelmatigheid onderzocht van behandeling met plaatjesremmers of met stollingsremmers. In 

eenn meta-analyse die alle het gerandomiseerde klinische onderzoek omvatte dat voldoet aan de 

huidigee methodologische eisen, werd het effect vergeleken van één plaatjesremmer met placebo, 

off  met een andere plaatjesremmer of met een stollingsremmer of met een andere behandeling. 

Vergelekenn met placebo verminderde behandeling met A S A / D I P re-occlusie met 30 %, gemeten 

naa een follow-up van 6 maanden. Analyse van de resultaten uit een viertal trials waarin hoge 

dosess ASA vergeleken werden met lage doses gaf aan dat hogere doses ASA (300 to 1000 mg) 

geenn verbering geven van de doorlaadbaarheid, ongeacht wanneer dit tijdens de follow-up 

gemetenn werd. Eén onderzoek vond dat ASA /D I P verbeterde doorlaadbaarheid geeft na een 

femeropoplitealee dotterbehandeling vergeleken met VK A behandeling. De gepresenteerde data 

suggererenn sterk dat in de onderzochte patiënten plaatjesremmers de optimale therapie 

vertegenwoordigenn vergeleken met geen therapie of met VKA . 

Hett tweede deel van het proefschrift spitst zich toe op de toepassing van twee nieuwe 

verbindingenn in />/ in>o modellen van veneuze en arteriële trombose in het konijn. H o o f d s t uk 5 

omvatt een systematisch overzicht van gepubliceerde studies met experimentele resultaten die 

verkregenn werden met diermodellen voor veneuze trombose. De overgrote meerderheid van de 

publicatiess betrof farmacologische studies. De meeste experimentele diermodellen van veneuze 

t rombosee zijn gebaseerd op dezelfde principes, maar de gebruikte diersoort, de methode van 

stolselvormingg en de analyse van het eindpunt kan sterk verschillen. Diermodellen voor veneuze 

t rombosee blijken een belangrijke rol te spelen in het onderzoek van veneuze trombose en in de 

evaluatiee van de anti-trombotische eigenschappen van nieuwe stollingsremmers. Studies waarin 

optimalee doses van behandeling onderzocht worden moeten echter met de nodige 

voorzichtigheidd gd' nterpreteerd worden omdat deze studies veelal weinig accuraat het effect in 

klinischee studies voorspellen. 

I nn h o o f d s t uk 6wordt een conjugaat van laag moleculair heparine (LM W heparine) met 

autologee erytrocyten beschreven. Deze verbinding werd m W/TV getest met rode bloedcellen van 

konijnen,, en w i<iro  in een acuut trombose experiment in de vena jugularis van New Zealand 

Whitee konijnen. Bewijs voor de stollingsremmende activiteit van de verbinding wordt 

gepresenteerdd als reductie in trombus groei en in de vorming van trombine. Nucleaire 

scanningtechniekenn gecombineerd met radioactief gemerkte LM W heparine-bedekte erytrocyten 

('heparinocyten')) toonde aan dat de cellen na veneuze toediening tenminste 72 uur in de 

circulatiee blijven. De conclusie is dat autologe heparinocyten antistollende eigenschappen 

behoudenn in een konijnenmodel met een hafwaarde tijd die langer is dan die van vrij LM W 

heparine. . 

I nn h o o f d s t uk 7 wordt een cyclisch RGD-pept ide geconjugeerd aan humaan albumine 

teneindee de halfwaarde tijd te verlengen. RGD-pept iden zijn potentiële remmers van plaatjes 

activatie.. Het conjugaat verloor niet zijn plaatjesremmende activiteit, wanneer gemeten //? lifrv, en 

toondee een 30-maal verlengde halfwaarde tijd ex two in vergelijking met vrij peptide. In 
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hoofdstukk  8werd het RGD-albumine conjugaat ex vivo op plaatjesremmende activiteit getest in 

konijnenn plaatjesrijk plasma. Daarnaast werd het conjugaat geëvalueerd in een trombose model 

vann de konijnen-halsslagader met behulp van de ferri-chloride methode. Doses van 3.5 en 7.5 

mg/kgg van het conjugaat werden intraveneus gegeven voor de inductie van trombose en 

vergelekenn met aspirine en met fysiologisch zout. Ex vim plaatjes remming was twee uren na het 

acutee trombose experiment nog effectief. Trombus groei werd met 60 % geremd in de dieren die 

behandeldd werden met 7.5 mg/kg conjugaat, terwijl de lagere dosis (3.5 mg/kg) geen effect had. 

Concluderend,, RGD-albumine is nog steeds effectief als plaatjesremmer twee uren na 

toediening,, met een 20- tot 30-voudige verlenging van halfwaardetijd vergeleken met vrij peptide. 

Deell  II I van het proefschrift rapporteert over experimenten waarin de invloed bekeken werd 

vann een functionele trombomoduline deficiëntie op stolling en afweer in een transgeen 

muizenmodel.. In deze dieren kan het trombine niet goed binden aan trombomoduline (TM). TM 

iss een transmembraaneiwit van het endotheel, met name dat van de kleine bloedvaten. Na 

activatiee door het TM/thrombine complex, ontstaat geactiveerd proté" ne C dat op zijn beurt 

doorr middel van eiwitsplitsing de stollingsfactoren Va en Vill a inactiveert, hetgeen leidt tot een 

verminderingg in de vorming van trombine. Een dysfunctie in de binding van trombine aan TM, 

zoalss bereikt in het genetisch gemodificeerde muizenmodel (TMpr"/pro) leidt tot een 

protrombotischee toestand, maar zonder zichtbaar fenotype onder normale omstandigheden. 

Bijj  de mens is beschreven dat mutaties in het trombomoduline gen samengaan met een 

verhoogdd risico op hartinfarcten. Andere studies konden deze resultaten niet bevestigen, en 

vondenn geen duidelijk verband tussen mutaties en arteriële of veneuze trombo-embolische 

ziekten.. Hoofdstuk lObeschrijft de resultaten van een studie waarin onderzocht werd of een 

functionelee deficiëntie van TM invloed heeft op stolselvorming in een acuut experiment waarbij 

chemischh een arterieel stolsel opgewekt wordt in de halsslagader van TMpro/pr" muizen. Complete 

occlusie,, gemeten met een stromingsmeter en met histologische technieken, trad op in 76 % van 

dee TMpr" /pro muizen, maar in slechts 19 % van de controles. 

Gram-negatievee sepsis gaat samen met verworven deficiënties van stollingsremmende 

eiwittenn zoals proté' ne C, proté' ne S en antitrombine, en lage spiegels van deze eiwitten 

voorspellenn een slechte uitkomst van deze ziekte. Het toedienen van (geactiveerd) proté' ne C 

verbetertt de overleving van sepsis patiënten. Deze waarnemingen suggereren dat de activiteit van 

hett stollingssysteem een directe invloed heeft op de afweer. Om dit te onderzoeken voerden we 

dee experimenten uit die beschreven staan in hoofdstuk ll,waar TMpro/pro muizen en wildtype 

nestgenotenn gd' noculeerd werden met E. Coli. De eindpunten die gemeten werden waren: 

tekenenn van ziekte, bacterietellingen, cytokine profielen in plasma, histologische aanwijzingen 

voorr ontsteking, en trombose. De activering van de bloedstolling werd geëvalueerd met behulp 

vann het meten van trombine-antitrombine (TAT) complexen in plasma. De resultaten tonen 

vergelijkbaree uitslagen in mutante en wildtype nestgenoten. De conclusie uit dit experiment is dat 

inn het huidige model van Gram-negatieve peritonitis remming van de proté' ne C route door 

slechtt functionerend TM niet leidt tot een verminderde afweer. 

Inn hoofdstuk 12verstoorden we het stollingssysteem van de TMpro/pm muizen verder met 

behulpp van voorbehandeling met twee trombine remmers (hirudine en laag moleculair heparine, 
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LMWH )) kort voor de intraperitoneale toediening van E. coli. Als controles dienden TMpr"'pr,J 

muizenn die geen stollingsremmers ontvingen. Op een uitzondering na, zagen we een significante 

toenamee in bacterie uitgroei in peritoneaal vocht, bloed en lever van de muizen die met 

stollingsremmerss werden behandeld, en parallel een toename van 11-6 en TNF-Ct spiegels in 

peritoneaall  vocht en bloed. Vrouwelijke muizen die behandeld waren met LMW H vormden de 

uitzondering.. De conclusie uit dit experiment is dat trombine remming in een protrombotische 

muiss de afweer verzwakt in Gram-negative peritonitis, hetgeen verder onderstreept dat trombine 

eenn sleutelrol speelt in de interactie tussen stolling en de aangeboren afweer. 

H o o f d s t ukk 9 bevat een systematisch overzicht van gepubliceerde experimenten die 

uitgevoerdd zijn in genetisch gemodificeerde muizen die gebruikt worden in het hemostase en 

t rombosee onderzoek. Gedurende de laatste 5 jaar is er een opmerkelijke verschuiving opgetreden 

inn het experimentele t rombose en hemostase onderzoek van het evalueren van de 

stoll ingsremmendee effecten van nieuwe stollings- of plaatjcsremmers naar vraagstukken 

betreffendee de moleculaire functie van specifieke stollingsfactoren. Deze modellen geven niet 

alleenn de mogelijkheid de pathofysiologie van trombose en hemostase te bestuderen, maar 

openenn ook mogelijkheden voor interdisciplinair onderzoek. Een illustratie hiervan is het 

aantonenn van de interactie tussen stolling en de vorming van bloedvaten, tussen stolling en 

ontsteking,, tussen stolling en infectie, en tussen stolling en ziekten zoals diabetes mellitus, 

bindweefsell  ziekten, en sepsis in transgene muizenmodellen. Onderzoekers moeten echter niet 

hunn ogen sluiten voor het feit dat verklaringen die gevonden worden met behulp van succesvolle 

transgenee mutaties in muizen die humane ziekte nabootsen niet direct naar de mens vertaald 

kunnenn worden. De kans dat een fenotype verkregen wordt dat mogelijk het gevolg is van 

genetischee interferentie of compensatie in plaats van zuiver het gevolg van de gewenste mutatie 

iss een belangrijk gevaar. Toch zullen we ongetwijfeld belangrijke informatie verkrijgen die ons 

kann helpen pathologische processen beter te begrijpen, of het netwerk in kaart brengen tussen 

velee eiwitten. Hoe vaker we bijvoorbeeld trombus vorming bestuderen in verschillende 

muizenstammenn onder vergelijkbare omstandigheden, hoe beter we stamgerelateerde verschillen 

inn vatbaarheid kunnen uitsluiten. Een belangrijke mogelijkheid om foute interpretaties uit te 

sluitenn is om identieke resultaten in verschillende gemuteerde stammen te onderzoeken. 

Daarnaastt kan het behulpzaam zijn internationaal overeenstemming te bereiken over de 

gewenstee genetische achtergrondstatus, zoals het aantal terugkruisingen of de nestgenoot 

omstandigheden. . 
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