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CHAPTER9 9 

GENETICALLYY MODIFIED MICE IN THROMBOSIS 
ANDD HEMOSTASIS: A REVIEW 

Janinee Dörffler-Melly1"1, Lothar A. Schwarte2, Pieter H Reitsma', Marcel Levil1,4 
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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 a l m o d e l s 

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: thrombus 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. 

M u l t i f u n c t i o n a ll ro les o f c o a g u l a t i o n p r o t e i n 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 i cc m o u s e m o d e l s o f thrombos i s i n coronary heart d i s e a s e 

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. 

142 142 



Referencee List 

1.. Criqui MH, Langer RD, Fronek A, Feigelson HS, Klauber MR, McCann TJ, Browner D. 

Mortalityy over a period of 10 years in patients with peripheral arterial disease. N Engl J 

Medd 1992; 6;326(6):381-6 

2.. Tung CY, Granger CB, Sloan MA, Topol EJ, Knight JD, Weaver WD, Mahaffey KW, 

Whitee H, Clapp-Channing N, Simoons ML, Gore JM, Califf RM, Mark DB. Effects of 

strokee on medical resource use and costs in acute myocardial infarction. GUSTO I 

Investigators.. Global Utilization of Streptokinase and Tissue Plasminogen Activator for 

Occludedd Coronary Arteries Study. Circulation. 1999 Jan 26;99(3):370-6. 

3.. Sarasin FP,Bounameaux H Cost-effectiveness of prophylactic anticoagulation prolonged 

afterr hospital discharge following general surgery. Archives of Surgery 1996;131:694-697 

4.. van Beek EJR. Epidemiology of venous thromboembolism. In: van Beek EJF (ed) The 

epidemiologyy and diagnosis of pulmonary embolism Amsterdam ISBN 90-9007143-1, 

ppl5-49 9 

5.. Levi M, Dörffler-Melly J, Johnson GJ, Drouet L, Badimon L. The Usefulness and 

limitationss of animal models of venous thrombosis. Accepted for publication in Thromb 

Haemostt 2001 

6.. Dörffler-Melly J, Schwarte LA, Ince C, Levi M Mouse models of focal arterial and venous 

thrombosis.. Basic Res Cardiol 2000 

7.. Hossmann KA Experimental models for the investigation of brain ischemia. Cardiovasc 

Ress 1998;39:106-120 

8.. Carmeliet P,Moons L,Collen D Mouse models of angiogenesis, arterial stenosis, 

atherosclerosiss and hemostasis Cardiovasc Res 1998;39:8-33 

9.. Schaper W, Winkler B. Of mice and men -the future of cardovascular research in the 

molecularr era. Cardiovasc Res 1998;39:3-10 

10.. Capecchi MR The new mouse genetics: altering the genome by gene targeting. Trends 

Genet.. 1989;5:70-76 

11.. Kühn R,Schwenk F,Aguet M,Rajewsky K (1995) Inducible gene targeting in mice. Science 

269:1427-1429 9 

12.. Rajewsky K,Gu H,Kuhn R,Betz UAK,Muller W,Roes J,Schwenk F (1996) Conditional 

Genee Targeting. J Clin Invest 98:600-603 

13.. Ramirez-Solis RR,Liu P,Bradley A (1995) Chromosome engineering in mice. Nature 

378:720-724 4 

14.. Mortensen R. Gene targeting by homologous recombination. Overview of gene targeting 

byy homologoul481-1488 recombination. In Current Protocols in Molecular Biology, ed J 

Wileyy & Sons 1999;9.15.1-9.15.10 

143 3 



15.. Williams RS, Wagner PD . Transgenic animals in integrative biology: approaches and 

interpretationss of outcome. J Appl Physiol 2000 Mar;88(3):l 119-26 

16.. Parry GC, Erlich JH, Carmeliet P, Luther T, Mackman N. Low levels of tissue factor are 

compatiblee with development and hemostasis in mice. J Clin Invest 1998 Feb 1;101(3):560-

599 9 

17.. Healy AM , Rayburn HB, Rosenberg RD, Weiier H. Absence of the blood-clotting 

regulatorr thrombomodul in causes embryonic lethality in mice before development of a 

funcdonall  cardiovascular sytem. Proc Nad Acad Sci 1995;92:850-854 

18.. Jalbert LR, Rosen E D, Moons L, Chan JCY, Carmeliet P, Collen D. lnacrivation of the 

genee for andcoagulant protein C causes lethal perinatal consumptive coagulopathy in mice. 

JJ Clin Invest 1998;102 

19.. Toomey JR, Kratzer KE, Lasky NM, Broze GJ. Effect of tissue factor deficiency on mouse 

andd tumor development. Proc Nad Acad Sci 1997;94:6922-6926 

20.. Huang ZF, Higuchi D, Laskv N, Broze GJ .Tissue factor pathway inhibitor gene disruption 

producess intrauterine lethality in mice. Blood 1997;90(3):944-951 

21.. Sun WY, Witte D P, Degen JL, Cobert MC, Burkart MC, Holmback K, Xiao Q, Bugger 

TH ,, Degen SJF. Prothrombin deficiency results in embryonic and neonatal lethality in 

mice.. Proc Nad Acad Sci 1998; 95(13):7597-602 

22.. Dewerchin M, Liang Z, Moons L, Carmeliet P, Castellino FJ, Collen D, Rosen E D. Blood 

coagulationn factor X deficiency causes partial embryonic lethality and fatal neonatal 

bleedingg in mice. Th romb Haemost. 2000 Feb;83(2):l85-90. 

23.. Weiler-Guettier H (1998) A targeted point mutation in thrombomodul in generates viable 

micee with a prethrombot ic state. J Clin Invest 101:1983-1991 

24.. Carmeliet P (1994) Physiological consequences of loss of plasminogen activator gene 

functionn in mice. Nature 368: 419-424. 

25.. Farrehi PM.Ozaki CK.Carmeliet P.Fay WP. (1998) Regulation of arterial thrombolysis by 

plasminogenn activator inhibitor-1 in mice. J Clin Invest 97: 1002-1008 

26.. Zhu Y,Carmeliet P,Fay WP (1999) Plasminogen activator inhibitor-1 is a major 

determinantt of arterial thrombolysis resistance. Circulation 99:3050-3055. 

27.. Bugge T H, Suh TT, Fuck MJ, Daugherty CC, Romer J, Solberg H, Elli s V, Dano K, Degen 

JLL (1995) The receptor for urokinase-type plasminogen activator is not essential for mouse 

developmentt or fertility . J Biol Chem 14;270(28): 16886-94 

28.. Xiao Q, Danton MJ, Witte DP, Kowala MC, Valentine MT, Bugge TH, Degen JL (1997) 

Plasminogenn deficiency accelerates vessel wall disease in mice predisposed to 

atherosclerosis.. Proc Nad Acad Sci U S A 16;94(19):10335-40 

144 144 



29.. Suh TT, Holmback K, Jensen NJ, Daugherty CC, Small K, Simon DI, Potter S, Degen JL. 

(1995)) Resolution of spontaneous bleeding events but failure of pregnancy in fibrinogen-

deficientt mice. Genes Dev 15;9(16):2020-2033 

30.. Lou XJ, Boonmark NW, Horrigan FT, Degen JL, Lawn RM (1998) Fibrinogen deficiency 

reducess vascular accumulation of apolipoprotein(a) and development of atherosclerosis in 

apolipoprotein(a)) transgenic mice. Proc Natl Acad Sci U S A 13;95(21):12591-5 

31.. Bi L, Lawler AM, Antonarakis SE, High KA, Gearhart JD, Kazazian HH Jr. Targeted 

disruptionn of the mouse factor VII I gene produces a model of haemophilia A. Nat Genet 

1995;10(1):119-121 1 

32.. Connelly S, Andrews JL, Gallo AM, Kayda DB, Qian J, Hoyer L, Kadan MJ, Gorziglia MI, 

Trapnelll  BC, McClelland A, Kaleko M. Sustained phenotypic correction of murine 

hemophiliaa A by in vivo gene therapy. Blood 1998;91(9):3273-3281 

33.. Wang L, Zoppe M, Hackeng TM, Griffi n JH, Lee KF, Verma IM. A factor IX-deficient 

mousee model for hemophilia B gene therapy. Proc Nad Acad Sci U S A 

1997;94(21):11563-11566 6 

34.. Gailani D, Lasky NM, Broze GJ Jr. A murine model of factor XI deficiency. Blood Coagul 

Fibrinolysiss 1997; 8(2):134-144 

35.. Bronson SK, Plaehn EG, Kluckman KD, Hagaman JR, Maeda N, Smithies O. Single-copy 

transgenicc mice with chosen-site integration. Proc Natl Acad Sci U S A . 

1996;20;93(17):8824-8828 8 

36.. Guillot PV, Liu L, Kuivenhoven JA, Guan J, Rosenberg RD, Aird WC. Targeting of 

humann eNOS promoter to the Hprt locus of mice leads to tissue-restricted transgene 

expression.. Physiol Genomics 2000;2(2):77-83 

37.. Christie PD,Edelberg JM,Picard MH,Foulkes AS,Mamuya W,Weiler-Guettler H,Rubin 

RH,Gilbertt P,Rosenberg RD (1999) A murine model of myocardial microvascular 

thrombosis.. J Clin Invest 104:533-539. 

38.. Pinsky DJ, Liao H, Lawson CA, Yan SF, Chen J, Carmeliet P, Loskutoff DJ, Stern DM. 

Coordinatedd induction of plasminogen activator inhibitor-1 (PAI-1) and inhibition of 

plasminogenn activator gene expression by hypoxia promotes pulmonary vascular fibrin 

deposition.. J Clin Invest 1998;102(5):919-928 

39.. Lawson CA, Yan SD, Yan SF, Liao H, Zhou YS, Sobel J, Kisiel W, Stern DM, Pinsky DJ. 

Monocytess and tissue factor promote thrombosis in a murine model of oxygen 

deprivation.. J Clin Invest 1997;99(7):1729-1738 

40.. Yan SF, Zou YS, Gao Y, Zhai C, Mackman N, Lee SL, Milbrandt J, Pinsky D, Kisiel W, 

Sternn D. Tissue factor transcription driven by Egr-1 is a critical mechanism of murine 

pulmonaryy fibrin deposition in hypoxia. Proc Nad Acad Sci U S A 1998;95(14):8298-8303 

145 5 



41.. Iver NV , Leung S\X', Semenza GL. The human hypoxia-inducible factor lalpha gene: 

H IF II  A structure and evolutionary conservation. Genomics 1998;52(2): 159-165 

42.. Nagase H,Kitazato KT,Sasaki E,Hattori M,Kitazato K (1997) Antithrombin I l l -

independentt effect of depolymerized holothurian glycosaminoglycan (DHG) on acute 

thromboembol ismm in mice. Thromb Haemost 77:399-402 

43.. Gomi K, Zushi M, Honda G, Kawahara S, Matsuzaki O, Kanabayashi T, Yamamoto S, 

Maruvamaa I, Suzuki K. Antithrombotic effect of recombinant human thrombomodul in on 

thrombin-inducedd thromboembolism in mice. Blood 1990;75(7):1396-1399 

44.. TTJit tman WA,Majerus PW (1988) A role for thrombomodul in in the pathogenesis of 

thrombin-inducedd thromboembolism in mice. Blood 71:728-733 

45.. Broersma RJ,Kutcher LW.Heminger EF,Krstenansky JL,Marshall FN (1991) 

Anti thromboticc activity of a novel c-terminal hirudin analog in experimental animals. 

Th rombb Haemost 65:377-381 

46.. Beviglia L,Poggi A,Rossi C,McLane MA,Calabrese R,Scanziani E,Cook JJ,Niewiaro\vski S 

(1993)) Mouse antithrombotic assay. Inhibition of platelet thromboembol ism by 

disintegrins.. Th romb Res 71:301-315 

47.. Nordov A, Hamlin JT, Chandler AB, Newland H. The influence of dietary fats on plasma 

andd platelet lipids and A D P induced platelet thrombosis in the rat. Scand J Haematol 

1968;5(6):458-473 3 

48.. Teng CM,Wu CC,Ko FN,Lee FY,Kuo SC (1997) YC-1, a nitric oxide-independent 

activatorr of soluble guanylate cyclase, inhibits platelet-rich thrombosis in mice. Eur J 

Pharmacoll  320:161-166 

49.. Fabre J E.Nguyen M.Latour A.Keifer JA.Audoly LP.Coffman TM.Koller BH. (1999) 

Decreasedd platelet aggregation, increased bleeding time and resistance to 

thromboembol ismm in P2Y1-deficient mice. Nat. Med. 5:1199-202 

50.. Choudhri TF.Hoh BL.Zerwes HG.Prestigiacomo CJ.Kim SC.Connolly ES Jr.Kottirsch 

G.Pinskyy DJ. (1998) Reduced microvascular thrombosis and improved outcome in acute 

murinee stroke by inhibiting GP l l b / I I I a receptor-mediated platelet aggregation. J Clin 

Investt 102: 1301-1310 

51.. Badimon L (1997) Models to study thrombotic disorders. Thromb Haemost 78:667-671. 

52.. Goguen J D, Bugge T, Degen JL. Role of the pleiotropic effects of plasminogen deficiency 

inn infection experiments with plasminogen-deficient mice. Methods 2000;21(2):179-83 

53.. Gebbia J A, Monco JC, Degen JL, Bugge TH, Benach JL. The plasminogen activation 

systemm enhances brain and heart invasion in murine relapsing fever borreliosis. J Clin 

Investt 1999;103(1):81-87 

54.. Dörffler-Melly J, Franco RF, Florquin S, P. Groot AP, Timmerman JJ, Spek CA, van 

Deventerr SJH, van der Poll T, Cate H, Reitsma PH. Host-defense in a murine Escherichia 

JJ 46 



colii  peritonitis model is not influenced by functional thrombomodulin deficiency. 

Submittedd for publication 

55.. Levi M, Dörffler-Melly J, Reitsma PH, Biiller HR, Carmeliet P. Aggravation of endotoxin-

inducedd disseminated intravascular coagulation in mice with heterozygous deficiency of 

proteinn C. Abstract for XVII I Congress of the International Society on Thrombosis and 

Haemostasis s 

56.. Silver LM. Mouse genetics: concepts and applications. Oxford University Press, New York, 

1995;p47. . 

57.. Rosen ED, Chan JC, Idusogie E, Clotman F, Vlasuk G, Luther T, J albert LR, Albrecht S, 

Zhongg L, Lissens A, Schoonjans L, Moons L, Collen D, Castellino FJ, Carmeliet P. Mice 

lackingg factor VI I develop normally but suffer fatal perinatal bleeding. Nature 

1997;390(6657):290-294 4 

58.. Dewerchin M, Liang Z, Moons L, Carmeliet P, Castellino FJ, Collen D, Rosen ED. Blood 

coagulationn factor X deficiency causes partial embryonic lethality and fatal neonatal 

bleedingg in mice. Thromb Haemost 2000;83(2):185-190 

59.. Enjyoji K, Sevigny J, Un Y, Frenette PS, Christie PD, Esch JS 2nd, Imai M, EdelbergJM, 

Rayburnn H, Lech M, Beeler DL, Csizmadia E, Wagner DD, Robson SC, Rosenberg RD. 

Targetedd disruption of cd39/ATP diphosphohydrolase results in disordered hemostasis 

andd thromboregulation. Nat Med 1999;5(9):1010-1017 

60.. Fabre JE, Nguyen M, Latour A, Keifer JA, Audoly LP, Coffman TM, Koller BH. 

Decreasedd platelet aggregation, increased bleeding time and resistance to 

thromboembolismm in P2Y1-deficient mice. Nat Med 1999;5(10):1199-1202 

61.. Johnson EN, Brass LF, Funk CD. Increased platelet sensitivity to ADP in mice lacking 

platelet-typee 12-lipoxygenase. Proc Natl Acad Sci U S A 1998;95(6):3100-3105 

62.. Ware J, Russell SR, Marchese P, Ruggeri ZM. Expression of human platelet glycoprotein 

lbb alpha in transgenic mice. J Biol Chem 1993;268(ll):8376-8382 

63.. Denis QMethia N,Frenette PS,Rayburn H,Ullman-Culleré M,Hynes RO,Wagner DD A 

mousee model of severe von Willebrand disease: Defects in hemostasis and thrombosis. 

Procc Natl Acad Sci U S A 1998;95:9524-95249 

64.. Nossuli TO, Lakshminarayanan V, Baumgarten G, Taffet GE, Ballantyne CM, Michael 

LH,, Entman ML. A chronic mouse model of myocardial ischemia-reperfusion: essential in 

cytokinee studies. Am J Physiol Heart Circ Physiol 2000;278(4):H1049-55 

65.. Bush LR, Shebuski RJ. In vivo models of arterial thrombosis and thrombolysis. FASEB J 

1990;4(13):3087-98 8 

66.. Verdouw PD,van den Doel MA,de Zeeuw S,Duncker DJ, Animal models in the study of 

myocardiall  ischaemia and ischaemic syndromes. Cardiovasc Res 1998;39:121 

147 7 



f)"7.. Hossmann KA. Experimental models for the investigation of brain ischemia. Cardiovasc 

Ress 1998;39(l):106-20 

148 148 


