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Preface 

The Workshop on Animal Models of Thrombosis and Hemorrhagic 
Diseases was developed by the Institute of Laboratory Animal Re­
sources and held at the National Academy of Sciences, Washington, 
D.C., March 12-13, 1975, under terms of a contract with the Division 
of Blood Diseases and Resources, National Heart and Lung Institute, 
National Institutes of Health. Participants in the workshop, who 
included specialists from the United States, Canada, the Netherlands, 
and England, examined the past, present, and future uses and limita­
tions of animal models in scientific investigations of thrombosis and 
hemorrhagic diseases. The workshop was intended to facilitate ex­
change of information and establish guidelines for maintaining diffei;ent 
types of stocks and strains and to assure their availability to qualified 
investigators. It was further intended that the workshop result in a 
series of recommendations to serve various granting agencies as a basis 
for formulating policy. 

Although a substantial amount of comparative work is being done on 
thrombosis and hemorrhagic diseases, the workshop was deemed 
necessary to overcome the lack of communication among specialists in 
the various scientific disciplines. It was deemed essential that informa­
tion concerning the recognition, maintenance, and treatment of animals 
with hemorrhagic and thrombotic diseases be made available to 
investigators using them. A better understanding of hemostasis through 
education, practical experience, and availability of materials would 
enable more effective diagnosis, management, and treatment of ani-

iii 
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iv Preface 

mal~ with these disorders. The workshop offered a means of lntema­
tional, as well as national, communication among veterinarians, physi­
cians, and allied scientists of information about the similarities and 
differences in clotting mechanisms of man and animals. 

The workshop was divided into seven sessions, six of which were 
devoted to specific topics. The seventh was divided into four working 
groups, charged with providing detailed evaluations of various animal 
models (present and future), dealing with problem areas, and recom­
mending remedies. The working groups were composed of participants 
in the workshop, including the public. l)le workshop results (ii;icluding 
the seven sessions) were then evaluated by the Committee on Animal 
Models for Thrombosis and Hemorrhagic Diseases, which generated 
the series of recommendations at the end of this volume designed to 
advance health research and resources in the field of thrombosis and 
hemorrhagic disease. 

The Committee wishes to acknowledge the special assistance of the 
four working group co-chairmen who helped prepare Part VI of these 
proceedings: Dr. Louis M. Aledort, Vice Chairman, Department of 
Medicine, Mount Sinai School of Medicine, New York; Dr. Daniel 
Deykin, Chief, Medical Service, Veterans Administration Hospital, 
Boston; Dr. Albert M. Jonas, Chief, Section of Comparative Medicine, 
Yale University School of Medicine, New Haven; and Dr. Edwin 
Salzman, Professor of Surgery, Harvard Medical School, Boston. 

W. Jean Dodds, D.V.M. 
Chairman 
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STANFORD WESSLER, M.D. 

Introduction: 
What Is a Model? 

The Oxford English Dictionary defines a model as something that 
accurately resembles something else. Complex mathematical models 
are coming into increasing vogue, for example, in economics, industry, 
and meteorology to predict outcome in advance of the event, though 
arguments over their efficacy abound. 

No dictionary describes an animal model, much less an animal model 
of disease, and so we can define it for our purposes here as· a living 
organism with an inherited, naturally acquired, or induced pathological 
process that in one or more respects closely resembles the same 
phenomenon occurring in man. Animal models, in this sense, never 
provide final answers but offer only approximations, for no single 
animal model can ever duplicate a disease in man. Thus, animal models 
should not be expected to be ideal, nor to be universally suited to all 
forseeable uses. On the other hand, for a model to be a good one, it 
must provide a new insight, have relevance to a particular problem and 
respond predictably. 1 

In his Introduction to the Study of Experimental Medicine Claude 
Bernard stated: "I not only conclude that experiments made on 
animals from the physiological, pathological and therapeutic points of 
view have results that are applicable to theoretic medicine, but I think 
that without such comparative study of animals, practical medicine can 

Supported in pari by Grant No. HL 1833 from the National Heart and Lung Institute, 
National Institutes of Health. 
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xii STANFORD WESSLER 

never acquire a scientific character," and he goes on to quote Buff on 
as saying that if animals did not exist, man's nature would be still more 
incomprehensible. 2 

I mention Bernard because there is resistance to using animal 
models. Individuals of this bent refer to Pope's line: "The proper study 
of mankind is man"; or to Koch's admonition: "Gentlemen, never 
forget that mice are not human beings." They also point to the use of 
"experiments of nature" among human subjects and to the ability to 
test hypotheses as well as therapies through human clinical trials. 

Man, however, is not only a slow-breeding creature with a long life 
and few offspring but, in terms of heterozygosity, is unmatched in the 
animal kingdom. These are motives enough to search out animal 
models, aside from the issues offeasibility, of rights of individuals, and 
of cost effectiveness. 

There are special reasons for desiring animal models in the areas of 
thrombosis and hemorrhage. For one thing, we are in the midst of an 
explosion of in vitro knowledge within the field of hemostasis, and 
animal models can help separate the trivia from the observations of 
potential intrinsic biological importance as well as from those of 
potential clinical value. The animal model can thus serve as a conve­
nient and at times essential bridge between an understanding of nature, 
on the one hand, and its conquest, on the other. It is also clear that 
problems associated with clinical trials may be alleviated by meaning­
ful experimentation in animal models. The record of clinical trials in 
thromboembolic disease in the past 25 years has been a sad one­
attributable, largely, to our naivete in methodology. Many of the 
difficulties are the result of a profound underestimation of the size of 
the required trial population. 3 

Why do we want animal models of hemostasis? To seek or create an 
animal model of a disease one must have an understanding of the 
disease process itself, an appreciation of the unanswered questions to 
be resolved, and an awareness of the state of the art. 

Let me use thrombosis as an. illustration. One can divide this subject 
today into four parts: arterial, venous, microcirculatory, and foreign 
surface thrombosis. Each of these four forms of intra vascular coagula­
tion is different and requires a different model. Arterial thrombosis is 
so intimately related to atherosclerosis that if the latter condition could 
be prevented, arterial thromboembolism, as a major contributor to 
arterial occlusion, would be essentially eliminated. On the other hand, 
the question of whether thrombosis causes atherosclerosis is still 
unanswered; the likelihood that deposits of platelet debris and fibrin 
contribute to the growth of the atherosclerotic lesion is real; and, . 
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lntro4uction: What ls a Model? xiii 

finally, the sudden gelation of fluid blood on an atherosclerotic plaque 
often is the terminal event converting a partially narrowed vessel into a 
total vascular occlusion. 

Experimental atherosclerosis has been produced in chickens, dogs, 
pigs, and nonhuman primates, usually through dietary manipulation. 
Atheroma that occludes 60 percent of the lumen of the coronary 
arteries has been induced in primates, and further dietary alteration has 
resulted in regression. In thrombus formation, the intrinsic anatomy of 
the atherosclerotic lesion may be even more jmportant than the extent 
of the obstruction itself. Thus, atheromatous lesions that undergo 
hemorrhage and ulceration with only moderate narrowing may be more 
conducive to thrombosis than lesions producing 90 percent obstruction 
without ulceration. Preliminary, anecdotal studies have, in fact, 
suggested that ulcerative, atheromatous lesions associated'with throm­
bosis can be produced in nonhuman primates; but, unless new 
techniques are uncovered, these experimental models may suffer from 
the fact that experiments with them require years rather than months to 
reach fruition. It may also be of significance that although the greatest 
obstructions have been achieved in the rhesus monkey, the best 
correlations with levels of procoagulant concentrations in man have 
been observed in the baboon. 

A second illustration is venous thromboembolism, in which inves­
tigators are concerned with the prediction of thrombosis. This has led 
not only to a codification of "risk" factors' but also to efforts to 
identify alterations in the circulating blood that reflect "hypercoagu­
lability." Although the concept of hypercoagulability is more than 
three centuries old, evidence for its existence in Q1an has remained 
elusive. The persistence of the term reflects not so much accept­
able evidence of its existence but rather its usefulness, conceptually, in 
explaining intravascular coagulation under certain circumstances. If 
hypercoagulability were to be demonstrated, one or more blood tests 
might be devised to alert the physician to the patient's increased 
tendency to thrombosis; such tests might also allow a definitive 
classification of high-risk populations, so desirable for further 
epidemiological studies of thrombotic states. 

The term hypercoagulability has often been abused in the literature: 
It has been invoked to explain or describe a wide variety of experimen­
tal and clinical phenomena, often for the convenience of a specific 
investigation. One definition, attractive to me, states that hyper­
coagulability represents an altered state of circulating blood in which a 
smaller quantity of a clot-initiating substance is sufficient to induce 
intravascular coagulation than is required to produce comparable 
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xiv STANFORD WESSLER 

thrombosis in a normal subject. This definition has one cardinal 
advantage over many previous formulations: It can be tested not only 
in man but also in experimental models-whether they be primitive 
forms, animals with deficiencies in sp~cific clotting enzymes, or 
animals with altered physiological states, such as pregnancy, hiberna­
tion, or shock. 

Actually, there is no paucity of induced animal models for the study 
of arterial, venous, microcirculatory or foreign surface thrombosis. 
Such models are well described in comprehensive reviews by Henry, 5 

Beller,6 and Didisheim,7 as well as by other investigators. One draw­
back has actually been their profusion. It seems that almost every 
investigator requiring an induced animal model of thrombosis finds it 
necessary to develop his own model or his own modification of 
someone else's model. While ingenuity and originality are to be 
applauded, the result has been difficulty in comparing data reported by 
different laboratories. A workshop that could establish a few models as 
prime examples of their classes might limit the present chaos in this 
field. 

In striking contrast to the plethora of induced varieties stands the 
paucity of natural models of thrombosis. There are, of course, a few, 
such as the warfarin-resistant rats, which will be discussed by O'Reilly 
and Pool (p. 21). Surveys have also revealed naturally occurring 
arterial lesions in primates. 8 Spontaneous thrombosis of the left atrium 
is common in aged hamsters. 9 Cardiomyopathy in cats, an acquired 
heart disease of unknown etiology, is frequently complicated by the 
formation of systemic and especially aortic thromboembolism. 10 In 
Aleutian mink disease the disseminated intravascular coagulation is 
similar to that secondary to the Shwartzman phenomenon induced in 
rabbits by endotoxin.11 

In addition to the completely induced models of thrombosis, 
moreover, there are the models that can be termed partially induced. 
Swiss albino mice fed special diets develop mitral atrial thrombi, 12 and 
guinea pigs bearing a human transplantable tumor develop a 
coagulopathy that can be manipulated to produce thrombi. 13 

Natural animal models of disease have made their greatest contribu­
tions in the field of infectious disease and tumor formation; they have 
less often been useful in studies of retrogressive phenomena such as 
thrombosis. 

The utility of animal models is influenced by a number of key factors, 
including appropriateness, standardization, simplicity, reproducibility, 
versatility, and the recognition of species differences. There are two 
additional factors that are not often emphasized in seeking good animal 
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Introduction: What ls a Model? xv 

models: The first is the necessity of examining one's assumptions and 
the second can best be encompassed by the word serendipity. 

If one assumes that one can translate data from a microcirculatory 
model to the arteries and veins, one is asking for trouble, for normal 
spontaneous fibrinolytic activity plays a greater antithrombotic role in 
arterioles, venules, and capillaries than it does in medium-sized 
arteries and veins; this difference is probably related to the initial cross 
section lumenal. 14 

Perhaps more important than false assumptions in devising useful 
models is serendipity. In a 1970 address before the General Session of 
the 62nd Meeting of The American Society of Animal Science, Roy 
Greep15 pointed out that the conquests of many diseases are based on 
the fortuitous discovery of an animal model in which a particular 
disease could be studied systematically; he referred to the classic 
contributions of Pasteur, Koch, Osler, Rous, and Shope. 15 Greep goes 
on to point out how the study of strictly animal diseases resulted in 
unexpected fallout benefits to man. In our own field this approach led 
.to Henrik Dam's recognition of vitamin Kand Paul Link's isolation and 
chemical characterization of dicumarol. 
' In conclusion, as one looks at the present status of natural animal 
models in hemostasis, one is reminded of an incident purported to have 
occurred on Winston Churchill's final day in the House of Commons. 
By way of introduction, the speaker remarked that if all the brandy that 
the statesman had consumed during his lif etim~ were poured into the 
chamber, it would reach the level of the podium. When Churchill rose 
to speak, he looked down at the podium and sighed: "Ah, so little 
accomplished"; then, looking up at the chandelier, he added, "and, so 
far to go." 
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KENNETH M. BRINKHOUS, M.D. 

Animal Models of 
Hemophilia 

HEMOPHILIA A (FACTOR VIII DEFICIENCY; CLASSICAL 

HEMOPHILIA) 

Genetic models of hemophilia A have been successfully exploited over 
the years and have contributed much to the understanding of the 
disease and to the improved medical care of persons with this inherited 
disorder. The number of hemophiliacs in the human population in the 
United States was estimated in 1972 at between 10,000 and 25,000, with 
80 percent of them suffering from hemophilia A. 1 Of hemophilia A 
patients, 60 percent had the severe form of the disease. Large amounts 
of human blood are required to normalize the clotting mechanism. The 
antihemophilic factor (AHF), or factor VIII, from all of the nearly 18 
million units of whole blood or plasma collected by plasmapheresis 
annually in this country would be needed for treatment of the 
hemophilic population if each hemophiliac received his daily require­
ment of AHF to normalize his clotting mechanism. 

The advent of modem therapy of hemophilia was a direct outgrowth 
of studies ofhemophilic dogs. The animal model has helped us advance 
from essentially no technology a quarter of a century ago to the present 
half technology, and it may well be that the same models will be 
instrumental in helping us arrive at a full technology, where the 

Supported by research grants HL 01648, HL 06350, and HL 14228 from the National 
Heart and Lung Institute, National Institutes of Health. 
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4 KENNETH M. BRINKHOUS 

hemophiliac's body .will make its own AHF and will thus be ho different 
in its hemostatic capacity from the nonhemophiliac. 

Hemophilia A has been encountered in dogs, cats, and horses, all 
apparently X-linked and comparable to hemophilia A in humans. 
Hemophilia in horses was first recognized in 1961 2 ; it occurs in 
thoroughbreds2•3 and standardbreds. M Four separate cases of feline 
hemophilia have been recently recognized. 8 It is the canine model, 
however, that has been most extensively studied since the 1940's and 
that has made the ll)Ost direct contributions to human welfare. 7 

Hemophilia A has been recognized in most breeds of dogs, 8 includ­
ing Irish setters,9•10 German shepherds and collies, 11 •12 Labrador 
retrievers, 11 ·1 3 beagles ,1 2 • 14 Shetland sheepdogs, 111 greyhounds ,18.1 7 

weimaraners and chihuahuas,1 8 samoyeds,19 vizslas,20 St. Bernards,21 

English bulldogs, miniature poodles, schnauzers, 11 and mongrels. 23 

There are three large breeding colonies for canine hemophilia A in the 
United States: Department of Pathology, School of Medicine, Univer­
sity of North Carolina, Chapel Hill; College of Veterinary Medicine, 
Oklahoma State University, Stillwater; and Division of Laboratories 
and Research, New York State Department of Health, Albany. Ttte 
oldest, at Chapel Hill, has been in existence for 28 years. 10 There are 
other breeding colonies elsewhere in the United States, in Canada at 
Guelph, in England at Oxford, in the Netherlands at Leiden, and in 
Scandinavia. 

To keep a breeding colony going, one must raise the dogs to a 
breedable age. The natural history of the Chapel Hill strain of the 
disease is that most of the affected dogs are either severely affected or 
die of extensive internal hemorrhages by the age of 3 months. The 
oldest untreated hemophilic dog that we have seen was 10 months 
old. 10 Transfusions, either with fresh-frozen plasma or cryoprecipitate, 

_correct the hemorrhagic tendency, and death from hemorrhage is 
prevented. The genetic model has many advantages over acquired 
models, as it provides opportunities for studies with antibodies to AHF 

or transplantation of a hemophilic liver to a normal animal, economy, 
and an exactly predictable phenotypic expression from dog to dog. 
Like human hemophilia, canine hemophilia presents a stereotyped 
clinical picture. 

A large number of studies done with the canine hemophilia model 
have provided basic information on the nature of hemophilia. Initial 
investigations in the dogs have also pointed the way for current 
diagnostic and therapeutic studies in humans with hemophilia. A few of 
these studies will be briefly outlined to illustrate the value of exploiting 
an animal model to advance the understanding and management of the 
human disorder. 
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One of the most practical developments stemming from studies on 
canine hemophilia was the one-stage partial thromboplastin time (FIT) 
and the assay of factor VIII. 24 This test and its current modifications 
with kaolin or ellagic acid probably account for the majority_ of factor 
VIII assays performed in the world today. The canine hemophilic 
plasmas served as the substrate in the original test; The FIT assay has 
been invaluable for diagnosing hemophilia in man and animals, in 
assessing the results of treatment, and in preparation and testing of 
plasma clotting factor concentrates. Gi¥en an assay and a hemophiiic 
animal, it became possible for the first time to follow accurately the 
post-transfusion level of factor VIII. 25•28 The rapid increase in plasma 
AHF following transfusion and the subsequent fall were recognized. 
This spike in AHF levels is often referred to as the first-phase fall-off 
and has been attributed to distribution of AHF from plasma to extravas- . 
cular space. The slower second-phase fall-off was also recognized as 
the biologic half-life of transfused factor VIII. This half-life was 
estimated as being 8 to 10 hours in dogs. Refinements in these basic 
studies have been carried out in humans by a number of workers, even 
up to the present.27 

The biochemical characterization of factor VIII was f~mentary and 
even inaccurate until work with the dogs could be undertaken. The first 
dissociation studies of AHF by ultracentrifugation were accomplished 
through the comparison of normal and hemophilic dog plasmas. 28 

Hemophilic canine plasma in dissociation studies continues to be a 
valuable resource in the elucidatiori of the exact nature of factor VIII. 29 

In a more practical way, the preparation of concentrates of canine 
factor VIII and their testing in hemophilic animals30 was a direct 
precursor of high-potency human concentrates. · 

More recent studies on the characterization of the canine factor VIII 
molecule have shown that canine hemophiliacs, like their human 
counterparts, have normal or increased levels of factor VIII-related 
antigen in their plasma. 31 •32 This finding has been particularly useful for 
carrier detection amongst female progeny of affected human and 
canine families, as carriers have reduced factor VIII procoagulant 
activity but normal or increased levels of factor VIII-related anti­
gen. 33•34 Other immunologic studies of the canine factor VIII-related 
antigen are discussed in the following paper on von Willebrand's 
disease. 

One of the significant but unsung contributions of the animal model 
of hemophilia A relates to recognition of a seemingly promising 
research lead as, in fact, a dead end. It has been well documented in the 
history of disease and advances in therapy that the route from idea to 
goal is circuitous indeed, and many dead ends, often costly, are 
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explored. 35 The sooner the dead ends are recognized, the quicker is the 
direction of research changed to fruitful and more cost-effective 
channels. Two examples of the contribution of the canine hemophilia 
model in this manner will be cited. One is the relative inefficacy of 
subcutaneous and intramuscular injections of factor VIII concentrates 
in correcting the hemostatic defect in hemophilia, compared to in­
travenous injections. 28 Another relates to the role of the spleen in 
hemophilia. The uselessness of splenectomy38 and of splenic transplan­
tation37-39 in correcting the hemostatic defect was clearly dem­
onstrated. 

One of the greatest boons for the hemophiliac today is the availabil­
ity of dry concentrates that can be administered at home at the first 
indication of a hemorrhagic episode. 40 Such·home treatment programs 
have made possible a nearly normal life in the school, on the job, and 
socially for the hemophiliac. The first successful home treatment was 
carried out with the Chapel Hill strain of hemophilia A dogs; the results 
of a comparative study of two types of transfusion therapy were 
reported41 (Table 1). In one period, 1947-1952, transfusions with 
fresh-frozen plasma were given only after serious hemorrhages. While 
deaths from massive hemorrhage were rare with this regimen, serious 
and crippling joint disease frequently occurred. 42 In contrast, in 
1956-1964, a program of intensive transfusion therapy was instituted at 
the first sign of joint or other hemorrhage. These animals suffered no 
disability and no crippling resulting from their hemorrhagic state. 
However, it was demonstrated at autopsy that these animals still had 
synovial alterations in their large joints. 43 While there were minimal 
pathologic changes of limited functional significance compared to 
changes in animals with minimal therapy, these findings illustrate that 
even intensive transfusion therapy will not completely prevent joint 
alterations. 

TABLE 1 Effect of Early and Intensive Transfusions with Fresh-
Frozen Plasma on Joint Crippling of Hemophilic Dogs 

AHF 

Transfusion Animals Transfusion (units per Joint Crip-
Regimen Period (no.) (no./yr/dog) episode) piing at 1 year 

Late and 
limited 1947-1952 10 18 110 yes 

Early and 
intense 1956-1964 10 102 525 no 
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Many genetic studies have been done on these hemophilic dogs. 
These studies have been related mainly to Mendelian genetics, 
X-chromosome mapping or linkage, and dosage compensation. Studies 
on the genetics of the AHF-like antigen are in progress. The colony has 
been maintained most efficiently by mating homozygous females with 
hemophilic males, following the demonstration that the hemophilic 
female is viable and fertile. 44 Linkage of hemophilia A to male 
pseudohermaphroditism45 and to carpal subluxation48 was demon­
strated. The free recombination of the hemophilia A and hemo­
philia B (Christmas disease) genes on the X chromosome permit­
ted the development of a new entity, double hemophilia (or hemophilia 
AB), in both the male and female. 47 The animals with the heavier 
genetic load are more difficult to maintain than either of the single­
hemophilia strains. It was shown early that the female carriers of 
hemophilia A can be identified early in life by their reduced plasma AHF 
level, averaging about 50 percent of normal, as predicted by the Lyon 
hypothesis. 48•49 In the double-hemophilia carriers, the levels of both 
factors VIII and IX are reduced, often below the expected 50 percent 
value. 47 

Considerable information is available on the genetics of hemophilia 
in humans and dogs. 7•44•48•47 Should genetic engineering become a 
reality, the animal model could be used in attempts to normalize the 
genome and provide the hemophiliac with his own AHF-synthesizing 
mechanism. 

One of the great values of the animal model has been its use in organ 
transplantation studies. 50 There has been a great deal of interest in the 
relationship of the spleen to hemophilia. Years ago, it was suggested 
that splenectomy was useful in the treatment of hemophilia. This was 
disproven by Gross and associates. 36 With the perfusion studies of 
Weaver, Price, and Langdell51 and of many other workers, 52 - 53 it 
became obvious that the spleen was a reservoir for factor VIII and 
might indeed be the organ source of the antihemophilic factor. How­
ever, splenic allografts to hemophilic dogs resulted in only limited 
increase in factor VIII in the circulation,37•38•54 little more than was 
brought about by single transfusion of normal whole blood. After 4 
days, the antihemophilic factor level was back to baseline. 

Transplantation of normal kidneys to hemophilic dogs gave an even 
less impressive response in factor VIII. In contrast, an orthotopic 
normal liver transplant to hemophilic dogs cured them of their 

. hemophilia. The dog that survived the longest, 4 months, died from 
immunologic rejection of the transplant. This survival time compares 
favorably to survival in liver transplants in man for other conditions, 
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when the relative longevity of dog and man is considered. While these 
studies show conclusively the role of the liver in the manufacture of the 
antihemophilic factor, they do not by themselves indicate the cell of 
manufacture. The relative role of the reticuloendothelial cell and of the 
liver cdl remains to be elucidated. That the liver cell alone is not 
concerned with the fabrication of the antihemophilic factor was illus­
trated by the reverse transplantation experiment of trying to make a 
normal dog hemophilic by transplanting a hemophilic liver to the 
normal animal. While the AHF was moderately depressed, classical 
hemophilia could not be produced in this manner. If the immunologic 
complications of liver transplant are overcome, hemophiliacs might be 
considered candidates for such transplants on the basis of the experi­
ence with the hemophilic dogs. 

In spite of tremendous advances in the management of hemophilia 
growing out of studies on the hemophilic dogs, the fundamental 
biologic defect remains uncertain and is the subject of much difference 
of opinion. About 20 years ago, in part because of the contributions of 
the hemophilic dogs, there was a symposium published in the journal 
Blood entitled ''What Is Hemophilia?'' 55 Today, the question is ''What 
Is Factor VIII?" A macromolecule with repeating subunits? A carrier 
protein and a dissociable small active piece? Or some other mac­
romolecular complex? Many tentative or certain answers are given by 
various investigators. Whatever the outcome of the current debate, 
knowledge will be advanced. Should new therapeutic preparations 
appear, whether on the basis of replacement therapy or on the basis of 
alteration in the genome, we should all be thankful that the hemophilic 
dog model is available to help in our definitive understanding of the 
disease. 

_HEMOPHILIA B (FACTOR IX DEFICIENCY; 

CHRISTMAS DISEASE) 

Animal models of hemophilia B or Christmas disease were first 
reported in 1%0. 56•57 The disorder was recognized in a family of inbred 
cairn terriers and was found to be identical in its genetic, clinical, and 
laboratory aspects to human hemophilia B. Since that time, the disease 
has been reported in three other breeds of dog-black and tan 
coonhounds, 7•22 St. Bernards, 7•22 and most recently in cocker spaniels 
(W. J. Dodds, personal communication). It has not yet been recognized 
in other animal species. Breeding colonies of dogs with hemophilia B 
are maintained at the University of North Carolina in Chapel Hill, at 
the New York State Department of Health in Albany, and at the 
l.J:niversity of Guelph in Guelph, Ontario. 
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The inheritance of canine hemophilia B is identical to that of its 
human counterpart; like hemophilia A, it is an X-linked recessive 
trait.11·57•58 As with hemophilia A, females affected with hemophilia B 
can be produced by mating affecte~ males with heterozygous 
females. 11 •22 Additional genetic data have been derived from the 
linkage studies with hemophilia A dogs discussed earlier. 47 

Detection of female carriers heterozygous for the hemophilia B gene 
can readily be achieved by factor IX assays. 11 •2M 7 The ease of 
identifying carriers of canine hemophilia A or B, as compared with 
their human counterparts, probably reflects the uniformity of these 
inbred canine populations raised under constant environmental condi­
tions. 7 

Each of the recognized mutant strains of canine hemophilia B 
manifests a severe hemorrhagic diathesis and has factor IX levels 
below 1 percent. This contrasts with canine hemophilia A, in which three 
clinical forms of the disease exist-severe, moderate, and mild. 7•22 

The larger breeds of dog affected with either hemophilia A or B tend to 
experience more severe and frequent clinical bleeding episodes than do 
the smaller breeds. 22 The St. Bernards with hemophilia B have the 
most clinically severe form of the disease and usually do not live 
beyond early adulthood despite extensive transfusion therapy. 22 

One important and practical use of dogs with hemophilia B has been 
the utilization of their plasma as a deficient substrate for assaying 
factor IX activity of animals and humans. 7•59 A new quantitative 
bioassay for factor IX was developed with this canine substrate 
reagent. 59 

The half-life of canine factor IX was determined to be 12-24 hr by 
transfusion of normal serum and plasma into dogs with hemophilia 
B.50•58 The data agree with comparable human studies and resolve the 
previous conflict about the relative efficacy of serum and plasma for 
treatment of this disease. 7 

Hemostatic plug formation in normal dogs, dogs with hemophilia A 
and B, and dogs with drug:.induced multiple coagulation defects was 
studied by Hovig et al. 80•81 These studies showed that, as in hemophilia 
A, the primary bleeding time was normal in hemophilia B, but the 
secondary bleeding time was markedly prolonged. 

Dogs with hemophilia B have also been used to investigate the site(s) 
of synthesis and release of factor IX. 50•82 These studies involved 
orthotopic transplantation of normal livers and spleens into hemophilia 
B dogs and indicated that the liver is the primary site of factor IX 
synthesis. 

Other studies have included the in vitro and in vivo effect of 
adrenalin on blood coagulation of normal and hemophilia B dogs. 83 
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These experiments demonstrated that adrenalin produces a nonspecific 
thromboplastic or clot-promoting effect. 

The principles of management and treatment of canine hemophilia B 
are similar to those used for hemophilia A. 22 Therapy with fresh-frozen 
canine plasma or prothrombin-complex concentrates is effective in 
controlling bleeding episodes22 and can be used prophylactically to 
prepare an affected animal for major surgical procedures. 82 Thus, 
although the hemophilia B model has not been as extensively utilized 
as that of hemophilia A, it has made major contributions to basic 
studies of coagulation and to the better understanding of its human 
counterpart. 
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Porcine and Canine 
von Wille brand's Disease 

Many hemostatic abnormalities have been described in von Wille­
brand's disease. In von Willebrand's original description1•2 prolonga­
tion of the bleeding time was the main abnormal finding. Since that 
time decreased levels of factor VIII coagulant activity, 3 decreased 
retention of platelets in glass bead columns, 4•5 and absent or reduced 
aggregation of platelets by ristocetin have also been reported. 8 One of 
the most intriguing characteristics of the disease is that the level of 
coagulant factor VIII rises after transfusion of normal or hemophilic 
plasma or serum. 7-9 The rise is quite different from that in hemophilia, 
because within a few hours the factor VIII reaches a peak much higher 
than can be explained by the amount of factor VIII transfused. 

An important observation was made by Zimmerman and col­
leagues, 10 who showed that'an antibody raised against a factor VIII 
preparation detects an antigen in normal plasma that is present at much 
lower levels in von Willebrand plasma. By contrast, this factor 
VIII-like antigen is present in normal or increased amounts in plasma 
from patients with classic hemophilia. 

There is compelling evidence that the abnormality of platelet func­
tion in von Willebrand patients consists of a reduction or absence of 
activity rather than an intrinsic abnormality of the platelets. 5 The 
platelet retention and ristocetin aggregation defects can be corrected 
by the addition of normal plasma or of an isolated high-molecular-

Supported in part by USPHS grants HL 17430 and HL 09902 from the National Heart and 
Lung Institute, National Institutes of Health. 
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weight component of plasma closely related to factor VIII. 11 -1• 
Several workers have now reported variants of von Willebrand's 

disease in which the levels of factor VIII activity, factor VIII-related 
antigen, and von Willebrand factor detected by ristocetin-induced 
aggregation are not reduced in parallel. 15- 19 Factor VIII activity, for 
example, may be much higher than the rest. 

PORCINE VON WILLEBRAND'S DISEASE 

As the early knowledge of human von Willebrand's disease was 
developing, a bleeding disease of Poland China swine was described by 
Hogan and colleagues.20 A year later, Mertz21 reported that pigs with 
this disease had long bleeding times as measured by the saline 
immersion method, and in 1952 Brinkhous and associates22 reported 
reduced levels of factor VIII activity. The animals bled severely, and 
the defect was reported to have an autosomal recessive inheri­
tance.13·24 When the pigs were transfused with plasma or serum from a 
normal pig, their factor VIII level showed the over-response typical of 
human von Willebrand's disease. 25•28 Splenectomy did not alter the 
factor VIII level or this response to transfusion. 27 The factor VIII­
stimulating activity was identified in fractions of plasma and serum 
chromatographed on Sephadex G200 and DEAE cellulose. 28 The 
molecular weight of the stimulating substance was estimated to be over 
200,000. 

Cornell and colleagues28 showed that platelet adhesiveness was 
decreased in the bleeder swine. This finding with a Celite system has 
been confirmed by a glass-bead method. 24 Further platelet studies have 
shown that the bleeder pigs have normal platelet counts and normal 
platelet aggregation with ADP and epinephrine. 24 

In contrast to human platelets, pig platelets do not aggregate upon 
the addition of ristocetin to platelet-rich plasma. 29 It is possible, 
however, to measure the ristocetin-Willebrand factor using a washed 
gel-ftltered human platelet system.30 This activity is low or absent in 
the bleeder pigs. It has recently been shown that the factor VIII-related 
antigen is also low or absent in these pigs (Fass, D. N., unpublished 
observations). It would appear, therefore, that these animals manifest 
the same findings as humans with von Willebrand's disease and afford 
an excellent model for investigations of this complex disorder. 

Inheritance of porcine and human von Willebrand's disease is 
autosomal, 23·31 unlike that of classic hemophilia. It has been difficult to 
recognize heterozygote pigs on the basis of their bleeding time, factor 
VIII activity, and platelet retention. However, discrimination was 
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improved by use of a hemostatic score, 31 based on data from all three 
tests, that distinguished 57 percent of the carrier pigs from the normal 
population. Because there is considerable genotypic heterogeneity, it is 
possible that more than one gene locus is involved. A recent report that 
the von Willebrand factor is reduced approximat-ely 50 percent in 
heterozygous pigs suggests a promising way of identifying these 
animals32 (Fass, unpublished observations). The carriers of porcine 
von Willebrand's disease have also been shown to have two different 
kinds of factor VIII. 33 Factor VIII from normal pigs, when incubated at 
37°C, has a half-life of approximately 6 hours. Carriers of porcine von 
Willebrand's disease have both a labile and a stable component of their 
plasma factor VIII. 

In other genetic studies the disease has been bred into a strain of 
Yorkshire-Hampshire pigs and into a strain of miniature pigs. It has 
also been possible to produce a line of pigs with long bleeding times and 
decreased platelet retention and levels of ristocetin-Willebrand factor, 
but normal levels of factor VIII. 33 These characteristics are similar to 
those of one of the human variants of von Willebrand's disease. 

The availability of an animal model allows the investigation of the 
organ or organs responsible for the reduced or absent plasmatic 
activity in von Willebrand's disease. Webster and colleagues34 showed 
that the reduced factor VIII activity, platelet retention, and long 
bleeding time were corrected by a normal hepatic allograft. Normal 
kidney allografts did not affect the hemostatic abnormalities. In 
another series of liver transplants using the auxiliary liver technique, 35 

somewhat different results were obtained. When a normal liver was 
transplanted into a pig with von Willebrand's disease (leaving the 
original liver intact), factor VIII activity rose to normal levels and then 
gradually decreased, reaching low levels after about 2 weeks, con­
comitant with the rejection of the liver. The bleeding time and platelet 
retention, however, were not corrected, and the ristocetin-Willebrand 
factor remained low. When a von Willebrand liver was inserted 
orthotopically into a normal pig, there was no change in any hemostatic 
parameter. It was concluded from these experiments that the reduced 
activity or activities in von Willebrand's disease are not completely 
attributable to the liver and that there are extrahepatic sites of 
synthesis. 

CANINE VON WILLEBRAND'S DISEASE 

A family of German shepherd dogs with von Willebrand's disease was 
described by Dodds in 197038•37 and has now been studied for three 
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generations.38 The discovery of von Willebrand's disease in dogs was 
of particular interest because classic hemophilia and several other 
bleeding diseases have also been described in dogs. These animals 
manifest all the characteristics of the human and porcine diseases, 
including prolongation of the bleeding time, decreased platelet reten­
tion, and low levels of factor VIII activity. They also show an 
over-response of factor VIII after transfusion with normal dog plasma, 
the level reaching a peak at 4-8 hours and being sustained for 24 
hours. 38 Since the original description in German shepherds, the 
disease has also been identified in families of golden retrievers, 
miniature schnauzers, Doberman pinschers, and Scottish terriers. 
Several other isolated cases have been recognized in dogs. Studies of 
the factor VIII-related antigen using a rabbit anticanine factor VIII 
shows low levels in von Willebrand dogs and increased levels in 
hemophilic dogs. 38•39 Platelet aggregation with a variety of aggregating 
agents is normal. Platelet aggregation induced by ristocetin is de­
creased in von Willebrand dogs. 

The survivals of platelets and fibrinogen using [75Se]methionine were 
normal, a8.4o but platelets from affected dogs- incorporated more 
radioactivity than the platelets from normal dogs. 

Platelet nucleotides, ATP/ADP ratio, and platelet protein content were 
normal in 21 dogs with von Willebrand's disease. The bleeding times of 
these animals were measured by direct microscopic observation of the 
subcutaneous tissue of the inner thigh, and hemostatic plug formation 
was found to be markedly delayed. On examination by light and 
electron microscopy, however, the hemostatic plugs appeared normaI. 

The effect of repeated pregnancy on the severity of the disease was 
studied in several bitches. 38•38 The defect became less severe with 
successive pregnancies and also with advanced age. In contrast to the 
human disease, the hemostatic tests never returned to the baseline 
levels after delivery. Several other multiparous bitches with von 
Willebrand's disease had hemQstatic tests that overlapped the normal 
range. 

Like human and porcine von Willebrand's disease, the canine 
disorder is autosomally inherited and affected progeny show a 
phenotypic heterogeneity. 38 Mating of mildly affected dogs produced 
mildly to moderately affected animals, a few normal animals, and 
several with an incomplete form of the disease. Incompletely affected 
dogs may have only a reduction of factor VIII activity or decreased 
platelet retention with normal factor VIII activity and either normal or 
prolonged bleeding times. As in the porcine form of the disease, 
severely affected animals always have prolonged bleeding times. 
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CONCLUSION 

The evidence is now convincing that there are porcine and canine 
models of human von Willebrand's disease.41 The availability of such 
models allows the investigator to perform transfusion studies, con­
trolled genetic studies, and organ transplantation, which would be 
impossible in human subjects. The results of these studies will be of 
direct benefit to the human patient and will allow better management 
and treatment of the disease in both the human and animal invalid. 42 
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JUDITH G. POOL, Ph.D.* 

W atf arin and the 
Watfarin-Resistant Rat 

This presentation reviews the development of the Stanford strain of the 
warfarin-resistant rat, its relevance to warfarin-resistant man, the 
alterations of vitamin K metabolism in the disorder, its use in the 
development of rodenticide for both sensitive and resistant'rats, and 
current theories on vitamin K metabolism and warfarin action. 

WARFARIN-RESISTANT RAT 

Warfarin resistance was first discovered in 1958 in Scotland by Boyle. 1 

In 1961, we discovered the first human kindred with hereditary 
resistance to oral anticoagulant drugs. 2 In 1963, Price-Evans of the 
United Kingdom became aware of this family and began correspon­
dence with us because he had received representative resistant rats 
from both Scotland and Wales. 3 In 1965 resistant rats from Wales were 
brought to Stanford, where the resistant wild rats were successfully 
bred into the Sprague-Dawley strain oflaboratory rats. 4 Figure 1 shows 
a dark resistant wild rat, a normal albino Sprague-Dawley rat, and an 
albino but resistant fifth-generation Stanford rat. 

The resistant rats were selected by adding warfarin to their drinking 
water at a concentration of 250 ppm. This resulted in a marked 

Supported in part by U .S, Public Health Service Grants HL 8058-12 and HL 5280 and the 
Bank of America-Giannini Foundation. 
*Deceased. 
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FIGURE 1 Photograph of wild rat with warfarin resistance (dark color), Sprague­
Dawley rat with normal response to warfarin (albino), and a fifth-generation Stanford rat 
with warfarin resistance (albino). 

depression of the prothrombin-proconvertin (P&P) activity to essen­
tially infinite clotting time in the P&P test for sensitive rats and 10 to 100 
percent activity for resistant rats (Figure 2). When the resistant rats 
were then mated to normal Sprague-Dawley rats in succeeding genera­
tions, about 50 percent of the offspring were resistant in the F 3, F 4, and 
F5 generations. Thus, resistance to warfarin was characterized as a 
bimodal distribution of an autosomal dominant trait. 

The vitamin K requirement of the warfarin-resistant rat was studied 
by Hermodson, Suttie, and Link. 5 Normal and resistant rats were fed a 
vitamin-K-deficient diet that resulted in a significant prolongation of 
the one-stage prothrombin time and a significant reduction in the 
two-stage prothrombin assay. To reverse the hypoprothrombinemia of 
this vitamin-K-deficient state in the resistant heterozygote, four times 
as much vitamin K was required as in the normal rat, and the resistant 
homozygous required ten times as much. 
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WARFARIN-RESISTANT MAN 

In 1970, we reported the second kindred with hereditary resistance to 
oral anticoagulant drugs. 6 The propositus had a documented pulmo­
nary embolism in 1965 and intravenous heparin therapy produced a 
normal response; oral anticoagulants were not prescribed. In 1967 
signs and symptoms of pulmonary embolism developed and sodium 
warfarin was administered, but no hypoprothrombinemic response 
could be obtained even at a dosage of 50 mg a day; the patient was 
referred to us. All drugs were stopped, and a series of single-dose 
experiments was carried out. The blood levels of warfarin after a large 
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FIGURE 2 Distribution of response for prothrombin-proconvertin 
(P&P) clotting test in four generations of offspring from back-crosses 
of warfarin-resistant rats and Sprague-Dawley rats 48 hours after 
ingestion of drinking water containing 250 ppm warfarin. All rats 
with less than I percent P&P activity at 48 hours were considered 
warfarin responsive. 
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FIGURE 3 Plasma drug concentrations and prothrombin re­
sponses in the propositus of human kindred with warfarin resistance 
after single oral doses of 1.5 and 11 mg of warfarin per kg of body 
weight. Data are plotted semilogarithmically. Shaded areas repre­
sent the effects of a single oral dose of 1.5 mg of warfarin per 
kilogram body weight in 50 normal subjects. 

single oral dose of warfarin, 1.5 mg/kg, or 82.5 mg, were entirely within 
the normal range for our laboratory for the same dose of warfarin, but 
the hypoprothrombinemic response was almost nil (Figure 3). 

Similar results were obtained when the same dose of warfarin was 
given intravenously. When the single dose of warfarin was increased to 
660 mg orally, a response that was in the normal hypoprothrombinemic 
range did occur for the first 48 hours but then reversed rapidly to 100 
percent prothrombin activity. Thus, the propositus had normal absorp­
tion and elimination of warfarin, yet was highly resistant to the 
hypoprothrombinemic effect of warfarin. On chronic maintenance 
therapy, the propositus required 75 mg of warfarin, ten times the 
average dose, to achieve normal therapeutic hypoprothrombinemia, 
and the blood levels of warfarin were tenfold greater (Figure 4) than 
those of normal subjects achieving therapeutic hypoprothrombinemia. 
The warfarin-resistant propositi require a chronic daily dose of warfa-
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rin of 80 and 120 mg to maintain a therapeutic level of anticoagulation7 

(Figure 5). 
The pedigree of the kindred of the second propositus is shown in 

Figure 6. Twenty members of the kindred were as resistant to the 
hypoprothrombinemic effect of warfarin as the propositus. Of the 19 
children in generation III from eight resistant parents in generation II, 
10 had a resistant response. Male-to-male transmission of the resis­
tance to four sons (IIl-26, III-27, III-29, and III-30) from two fathers 
(11-22 and 11-23) ruleii out a locus for the gene on the X chromosome. 
These data indicate the transmission of a single-gene effect as an 
autosomal dominant trait. 

The hypoprothrombinemic response of all 59 members of botlt 
resistant kindreds compared with that of 50 normal subjects given 1.5 
mg sodium warfarin/kg body weight is shown in Figure 7. The average 
decline in one-stage prothrombin activity for the normal subjects was 
82 ± 4 percent; 34 kindred members showed a normal response, and 25 
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FIGURE 4 Concentration of drug in plasma and activity of the prothrombin complex in 
the propositus of the second human kindred with warfarin resistance during long-term 
treatment with sodium warfarin . The warfarin dose and warfarin levels in plasma were 
tenfold greater than in normal subjects. 
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FIGURE 5 Clinical summary of propositus of the second kindred 
with warfarin resistance and the graph showing the chronic daily 
dose of warfarin for propositi of the first ( 120 mg) and second (80 mg) 
kindreds with warfarin resistance and for 105 patients (6.8 ± 2.8 mg) 
on long-term anticoagulant therapy. cec, complete blood count; 
WNL, within normal limits; so, standard deviation. 
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FIGURE 6 Pedigree of the second kindred (McC) with warfarin resistance. 
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FIGURE 7 Mean reduction of one-stage prothrombin activity in the 59 members of 
both kindreds with warfarin resistance 0 to 48 hours after a single oral dose of sodium 
warfarin, 1.5 mg/kg body weight. The dotted lines represent the 99 percent confidence 
limits (mean ± 3 standard deviation equals 82 ± 12 percent) for the 0- to 48-hour response 
in 50 normal subjects given the same single dose. The 34 members of both kindreds with a 
normal response are indicated by the hatched bars and the 25 members with a resistant 
response are indicated by the dark bars. The means of this bimodal distribution (82 
percent and 10 percent respectively) are 18 standard deviations apart . 

members showed a markedly lessened response, with a mean decline 
of 10 percent and a range from 0 to 25 percent. The difference between 
the two means, lO percent for the resistant members and 82 percent for 
the nonresistant members of the kindreds, was 18 standard deviations 
apart, a highly significant difference. This bimodality of the prothrom­
bin response allowed an unbiased assessment of the data for genetic 
analysis. 

MECHANISM OF RESISTANCE 

The two human kindreds of warfarin-resistant man and the warfarin­
resistant rats showed a remarkable similarity with respect to the 
pharmacology of the oral anticoagulant drug, the genetic transmission 
of the resistant trait, and the physiologic responses to vitamin K. 4 The 
possible mechanisms for the hereditary resistance to oral anticoagulant 
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FIGURE 8 Antidotal effect of vita­
min K1 on the chronic hypoprothrom­
binemia induced by warfarin in the 
propositus of the first kindred and in a 
normal subject. Daily dose of warfarin 
was 145 mg for the propositus and 7.5 
mg for the normal subject. A striking 
difference in the responses of the pri>­
positus and the normal subject is seen. 

drugs in man and rat are as follows: decreased gastrointestinal absorp­
tion of drug, increased metabolism of drug, hypervitaminosis K, 
increased production of clotting factors, decreased requirement for 
clotting factors, alternate pathway bypassing vitamin K, and mutation 
of receptor site for vitamin K and drug. 8 The resistance could not result 
from reduced gastrointestinal absorption or enhanced elimination of 
the anticoagulant drug because the blood levels of the drug were within 
normal limits. The possibility of hypervitaminosis K was essentially 
ruled out by the finding that resistant subjects were quite sensitive to 
minute doses of vitamin K when administered as an antidote to the 
hypoprothrombinemia of chronic warfarin therapy. The synthesis of 
the vitamin-K-dependent clotting factors, as well as their biologic 
half-life in plasma, was entirely normal. The last remaining possibilities 
are a mutation of the receptor site for vitamin K and oral anticoagulant 
drugs that alter the affinity for the enzymes or membranes for the 
activity or metabolism of vitamin K and warfarin. 

Figure 8 shows the response to vitamin K in the propositus of the 
first kindred on chronic therapy with warfarin at a level of 145 mg a 
day, which resulted in a one-stage prothrombin activity of about 25 
percent, and in a normal subject receiving 7 .5 mg of warfarin a day with 
a similar degree of hypoprothro'mbinemia. When both were given just 
0.5 mg of vitamin Ki. the response in prothrombin activity was 
marked, averaging about 50 percent, in the propositus, whereas almost 
no response occurred in the normal subject. Figure 9 shows the 
response in the propositus of the second kindred to even smaller doses 
of vitamin Ki. as low as 0.125 mg a day, while on chronic maintenance 
therapy of warfarin. A highly significant rise in prothrombin activity 
toward the normal range occurred with this extraordinarily small dose 
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of vitamin K, a dose that does not elicit any response in normal 
subjects during therapeutic hypoprothrombinemia with warfarin. 

VITAMIN K 

The response to vitamin K in the propositus of the second kindred and 
four normal subjects on a vitamin-K-deficient diet for at least 30 days is 
shown in Figure IO. 9 Throughout the course of the experiment, the 
normal subjects maintained a one-stage prothrombin activity that did 
not fall below the normal range, whereas the propositus showed 
marked hypoprothrombinemia within 14 days after introduction of the 
vitamin-K-deficient diet. These data indicate that the propositus has a 
markedly increased requirement for vitamin K, compared with normal 
subjects in the absence of any anticoagulant therapy, as was observed 
in the warfarin-resistant rats. 

To determine whether the warfarin-resistant rat showed the same 
marked sensitive response to vitamin K during warfarin administration 
that was ~een in warfarin-resistant man, the experiments depicted in 
Figure 11 were performed. 10 Warfarin was added to drinking water at a 

100 -
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> 
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> 60 • 0.125 mg 

j::: 
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< 40 z 
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°' Q. _, 
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FIGURE 9 Antidotal effect of0.5, 0.25, and 0.125 mg of vitamin K1 during the chronic 
hypoprothrombinemia induced by 75 mg of sodium warfarin/day in the propositus of 
second kindred. A highly significant response is seen with even the smallest doses of 
vitamin K. 
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FIGURE 10 Mean (± standard error of the mean) one-stage prothrombin times in 
percent of normal activity for four normal subjects and the propositus of the second 
kindred after a vitamin-K-deficient diet and oral antibiotics. The propositus became 
hypoprothrombinemic on the regimen within 14 days, whereas the normal subjects did 
not become hypoprothrombinemic in 30 days. 

level of IO ppm for the normal Sprague-Dawley rats and 250 ppm for 
the resistant Stanford strain of rats. Both groups showed similar 
marked hypoprothrombinemia at 48 hours, with 94-98 percent reduc­
tion of activity. When each group received the same level of warfarin 
plus IO ppm of vitamin K, no significant protection against warfarin­
induced hypoprothrombinemia occurred in the normal rats, but total 
proteation occurred in the resistant rats (Figure 11). A highly signifi­
cant degree of protection also occurred in the resistant rats when as little 
as 3 ppm of vitamin K was administered. These data indicate that the 
warfarin-resistant rat, like warfarin-resistant man, had a marked re­
sponsiveness to the antidotal effect of vitamin K administered with 
warfarin. 

A halogenated analogue of vitamin K (chloro-K) was prepared by 
Lowenthal et al. in Canada by replacing the methyl group in the 2 
position of the naphthoquinone nucleus. 11 When single doses of 
chloro-K were administered to normal and warfarin-resistant rats 
(Figure 12), the highest concentrations of chloro-K were lethal to 
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warfarin-resistant rats, but some of the normal rats survived. Con­
versely, single doses of warfarin were lethal in normal rats but 
ineffective in warfarin-resistant rats. When chloro-K and warfarin were 
combined into a single rodenticide, all warfarin-sensitive and warfarin­
resistant rats were killed within IO days. Thus, the combination of 
chloro-K and warfarin is perhaps the most effective rodenticide yet 
produced for the control of all rats. 

The present theory on the relationship of warfarin and vitamin K is 
shown in Figure 13. The role of vitamin K1 oxide in the metabolism of 
vitamin K is controversial. 12 The conversion of the precursors of the 
prothrombin complex into active clotting factors through the action of 
vitamin K can be blocked at two or more sites, a warfarin-sensitive site 

WARFARIN, ppm 

V. K1 ppm 

P & P TEST 
IN~ 

20 

RATS 

250 250 250 250 

0 10 3 

I S.E.M. 

10 

0 

10 

10 

o'--~~~~~~~~~.__-=-=~~~ 

RESISTANT NORMAL 

FIGURE 11 Mean ( ± standard error of the mean) hypoprothrom­
binemic responses from 0 to 48 hours, measured by the P&P test, in 
resistant and normal rats after continuous oral ingestion of various 
concentrations of sodium warfarin and vitamin K (versus K ,) added 
to the drinking water. The stippled area indicates the normal range 
of the P&P test in percent of normal activity. Vitamin K 1 at 10 ppm in 
the resistant rats completely blocked the hypoprothrombinemic 
effect of warfarin but did not protect the normal rats. 
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FIGURE 12 Effect of diets containing varying amounts of waifarin (WARF) or chloro-K (Cl-K) or mixtures of the two 
anticoagulants on the survival of normal (N) and waifarin-resistant (WR) rats. The diets containing the anticoagulants were the only 
foods available to the rats during the 20-day period. The closed circles (male rats) and open circles (female rats) indicate the 
number of days after exposure to the diets that each rat was found dead. (Reprinted with permission from Suttie, J. W. 1973. 
Anticoagulant-resistant rats: Possible control by the use of the chloro-analog of Vitamin K. Science 180:741-743. Figure l, 18 May 
1973. Copyright© 1973 by the American Association for the Advancement of Science.) 
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FIGURE 13 Relationships ofvitamin K, and prothrombin comple­
tion and its blockade by the halogenated analogue of vitamin K 
(chloro-K) and by coumarin anticoagulant drugs (CAD). Vitamin K, 
converts a precursor protein of the prothrombin complex to active 
prothrombin by facilitating the addition of a calcium-binding moiety 
to the protein while itself being converted into inactive vitamin 
K1-epoxide. This step is chloro-K sensitive and warfarin insensitive, 
whereas the regeneration step of vitamin K.-epoxide is warfarin 
sensitive and may be the mutation site for the development of 
warfarin resistance. 
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and a chloro-K-sensitive site. Vitamin K converts a postribosomal 
precursor protein of prothrombin into active clotting factor by car­
bonation of eight or more glutamyl residues to form gamma­
carboxyglutamic acid. 13 This novel amino acid, unique to the 
N-terminal end of the four vitamin-K-dependent clotting factors, binds 
calcium and thereby permits attachment of prothrombin (factor II) to a 
lipoprotein complex of phospholipid (PL) and factors V and Xa 
(activated form of factor X), which produces active thrombin (Ila)14 

(Figure 14). Mutation of the warfarin-sensitive step for the regeneration 
of vitamin K from its epoxide form in warfarin-resistant man and rat 
may produce the warfarin resistance, 15 but many other theoretic 
possibilities fit the existing data. 16 

SUMMARY 

The danger in the emergence of warfarin-resistant rats has been 
reduced considerably by the finding that the Stanford strain is so 
sensitive to chloro-K. The Stanford strain of the warfarin-resistant rat 
has proved invaluable in unraveling vitamin K metabolism and 
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FIGURE 14 Reaetion sequence for the intrinsic system and the 
extrinsic system of blood coagulation. Both systems lead to the 
formation of a urea-insoluble fibrin clot (factor la'). The four 
encircled factors are all vitamin K dependent and coumarin sensi­
tive. Ionic calcium, which facilitates most of the reactions depicted, 
has been omitted from the illustration for the sake of clarity. PL is 
phospholipid, which provides the sutface on which calcium binds 
prothrombin (factor II) for its cleavage to thrombin (Ila) by factor 
Xa (activated form of X) in the presence of factor V. 

physiology, in testing rodenticidal agents, and in understanding the 
interaction of warfarin and vitamin K. This strain of the warfarin­
resistant rat must be maintained as a colony in one or more research 
centers so that rats will be available to serious investigators of the 
physiology of vitamin K and the pharmacology of the oral anticoagu­
lant drugs. 
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W. JEAN DODDS, D. V .M. 

Survey of Other 
Available Models 
of Inherited 
Hemorrhagic Diseases 

Comparative studies of the hemorrhagic diseases of man have concen" 
trated during the past 30 years on animals with hemophilia and von 
Willebrand's disease. By contrast, other models of the hemorrhagic 
disorders have only recently been described and have not yet been 
exploited to their full potential. 

This paper reviews the history and current status of inherited 
hemorrhagic disorders, other than hemophilia and von Willebrand's 
disease, described to date in domestic animals. Most of these models 
have been described in dogs, but other species, including horses, 
cattle, goats, swine, cats, and rats, are also involved. 1 Animal models 
for hereditary deficiencies of prothrombin, factor V, and factor XIII 
have yet to be discovered. 

FACTOR VII DEFICIENCY 

In 1962 Mustard and associates2 reported the first animal model of 
human factor VII deficiency' in a family of beagles. Subsequent reports 
by Garner et al., 3 Capel-Edwards and Hall, 4 Poller et al., 5 and Spurling 
et al. 6 also involved colonies of beagles. The condition has been 
recognized in other commercial beagle colonies and in an Alaskan 
malamute. 1 The apparent high incidence in beagles probably reflects 

Supported in part by USPHS grant HL 09902 from the National Heart and Lung Institute, 
National Institutes of Health. 
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the widespread use of this breed for biomedical research. The disease 
has most often been discovered fortuitously during hematologic screen­
ing for drug testing. 

Affected beagles have a mild disease that may manifest itself in easy 
bruisability but that results in few or no clinical bleeding problems. 
There is an apparent predisposition to systemic demodicosis probably 
because the defective extrinsic clotting system provides an ideal, moist 
tissue environment for mange mites. 1 

This coagulation defect is inherited as an autosomal dominant trait: 
The heterozygous state can be readily detected by prothrombin times 
measured with human brain thromboplas(m 1 or by specific factor VII 
assays. 1•3 - 8 The clinical expression of the disease, however, follows an 
autosomal recessive mode of inheritance; heterozygotes are 
asymptomatic, and homozygotes rarely bleed. 

Factor VII-deficient animals have prolonged prothrombin times but 
normal Russell's viper venom times. The factor VII levels vary from 1 
percent to 4 percent in homozygotes and from 35 percent to 65 percent 
in heterozygotes. 1 

Studies of this animal model have made several significant contribu­
tions to medical science. Factor VII-deficient dog plasma provides an 
excellent standard source of deficient substrate for use as Jl diagnostic 
and investigational reagent. I.3·11•7 The optimum. sensitivity is obtained 
when this reagent is used with human brain tissue extract as the 
activator, rather than commercial rabbit brain thromboplastin. 1•5•7•8 

The plasma also provides a substrate for quality-control studies of 
various tissue thromboplastins. 5 

Beagles with factor VII deficiency and normal controls were used by 
Garner and Evensen9 to investigate the role of factor VII in mediating 
endotoxin-induced intravascular coagulation and shock. These studies 
showed that the development of shock and thrombotic lesions was 
delayed or prevented in the deficient dogs. Cross-circulation studies to 
determine the in vivo half-life of factor VII in deficient beagles10 have 
confirmed the rapid turnover of this clotting factor, as previously 
reported for man. 

FACTOR X DEFICIENCY 

Factor X deficiency, manifest as a mild to moderate bleeding diathesis, 
has been studied in a large family of inbred cocker spaniels. 11 Over 900 
related dogs have been screened for this disorder to date because it 
affects one of the top-quality show lines of cocker spaniels. The disease 
has not been reported in other breeds or other animal species. 
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Most affected mature dogs have a clinically mild disease, although 
some young adult dogs have experienced life-threatening or fatal 
bleeding. By contrast, hemorrhagic problems are frequently serious or 
lethal in newborns, probably because of the concomitant physiologic 
hypoprothrombinemia common to all newborn mammals. The disease 
mimics the "fading puppy syndrome," as some affected puppies live 
for up to 2 weeks, then suddenly fade and die. 11 

Genetic studies of 14 test matings involving each of the three 
possible mating types (normal to normal; affected to normal; affected 
to affected) indicated that the defect is inherited as an autosomal 
dominant trait with variable expression. 11 These data agree with 
studies of the analogous human disorder. The trait appears to be lethal 
in the homozygous state, as 30 of the 48 puppies born from the test 
matings of mildly affected dogs died within the first weeks of life. 
Denson et al. 12 have postulated that in man the complete absence of 
factor X may be a lethal mutation because of the central position of 
factor X in the clotting mechanism. Our studies agree with theirs; all 
affected animals that survived to maturity have had some factor X 
activity, which suggests that they are heterozygotes. 1•11 

Treatment of affected pregnant bitches and newborns with oral 
administration of vitamin K1 to promote the synthesis of vitamin 
K-dependent clotting factors has not been successful in reducing or 
preventing neonatal mortality. We have not yet tried transfusion of 
newborns via the umbilical vein with prothrombin-complex concen­
trates. 

The coagulation defect of affected animals is measured by mild to 
moderate abnormalities of extrinsic and intrinsic clotting and reduction 
of factor X activity to 18--69 percent of normal. 

The analogy of this animal model to human factor X deficiency has 
been established. Its potential usefulness has yet to be determined but 
could include genetic cross-breeding studies with models of the other 
prothrombin-complex deficiencies. By cross-breeding animals with 
factor II, VII, IX, and X deficiencies, it might be possible to investigate 
Seeger' s hypothesis that these clotting factors form part of a single 
molecular complex. 13 

FACTOR XI DEFICIENCY 

Factor XI (plasma thromboplastin antecedent, or PTA) deficiency 
analogous to that of man was reported first by Kociba et al. in Holstein 
cattle14 and subsequently by our laboratory in an inbred family of 
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springer spaniels. 15 Another report of this disorder in cattle was 
recently published. 16 The disorder is characterized by autosomal, 
incompletely dominant inheritance; minor spontaneous bleeding 
episodes, such as hematuria; and severe, protracted, or lethal hemor­
rhage 12-24 hr after surgical procedures. 

Affected animals have an intrinsic system coagulation defect with 
low factor XI activity. Homozygotes have 1-10 percent and heterozy­
gotes 25-60 percent factor XI activity. 

As in treatment of the disease in man, small doses of fresh-frozen 
plasma infused before surgery usually prevent excessive bleeding, 
whereas massive doses are required to control bleeding once it starts. 15 

The major contribution of the bovine model thus far has been to 
provide an excellent source of deficient substrate for factor XI assays 
in man14 and other species. 15 Relatively large quantitities of plasma are 
readily obtained from the affected cattle. The canine model is not 
currently available, as the propositus died recently of acute gastric 
torsion and the owners of her heterozygous offspring have been 
reluctant to use them for breeding. 

FIBRINOGEN DEFICIENCIES 

Afibrinogenemia 

In 1972 Breukink and associates reported afibrinogenemia in a large 
family of Saanen dairy goats.17 The defect is characterized by an 
extremely severe or fatal hemorrhagic diathesis ·in newborn and young 
goats. Fibrinogen levels varied from total absence to a trace as 
measured by biologic, immunologic, and physical methods. Reduced 
platelet retention, erythrocyte sedimentation, and plasma viscosity and 
prolonged bleeding times were also observed. · 

The trait appears to follow an autosomal, incompletely dominant 
inheritance. The heterozygous state is usually detected by finding 
subnormal fibrinogen levels in relatives of affected goats and/or by 
transmission of the defect in test matings. The current status of this 
animal model has not been reported. 

Hypofibrinogenemia 

A family of St. Bernards with hypofibrinogenemia was described by 
Kammennan et al. in 1971. 18 The propositus manifested a severe 
bleeding diathesis and died despite massive transfusions of fresh whole 
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blood. Several of his relatives of both sexes were found to have 
low-normal fibrinogen levels and were considered to be heterozygotes. 
As far as is known, these animals are no longer available for study. 

PLATELET FUNCTION DEFECTS 

Thrombasthenic Thrombopathia 

In 1967 we described a family of otterhounds with a hereditary platelet 
function defect similar, except for a large number of bizarre giant 
platelets, to human Glanzmann's thrombasthenia, in which the 
platelets usually appear normal. 19•20 The morphologic abnormality 
resembles that of the Bernard-Soulier syndrome, so this defect appears 
to be mixed, i.e., thrombasthenic thrombopathia. A human patient 
with a similar platelet function defect has also been studied in our 
laboratory. 21 

Platelet function tests that identify the canine disorder as primarily 
thrombasthenic are poor clot retraction; long bleeding time; low 
platelet retention; defective platelet aggregation with all aggregating 
agents, except cobra venom factor22 ; normal platelet release reaction; 
reduced platelet fibrinogen and prothrombin consumption; and failure 
of intact platelets to support thromboplastin generation. The throm­
bopathic component is manifested by reduced platelet factor 3 avail­
ability and the high proportion (50--80 percent) of giant platelets, which 
are readily identified by phase contrast22 and electron microscopy. 19•20 

The giant platelets may represent the thrombopathic population, and 
the normal-appearing platelets, 1 the thrombasthenic population. 

Further support for the presence of two platelet populations in these 
animals comes from platelet survival studies with [75Se]methionine. 1 

Platelets from the affected dogs developed two peaks of radio­
activity, the first representing a rapidly labeled, short-lived 
population and the second, a more slowly labeled population with a 
normal survival time. Plasma fibrinogen levels and turnover rates 
were normal. 1 

The defect is inherited as an autosomal dominant trait with variable 
expression. Both the homozygous and heterozygous states are ex­
pressed and can be readily detected by platelet function tests. 1• 19 The 
clinical severity of the disease varies from moderate in homozygotes to 
mild in heterozygotes. 

The large size of these dogs permits collection of sufficient volumes 
of blood for molecular characterization of the platelet abnormality and 
comparison of the defect with that of similar human disorders. Studies 
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of the membrane and subcellular fractions of these platelets are in 
progress. 

Thrombopathia 

Another family of dogs with an inherited platelet function defect has 
·been studied by Lotz and associates. 23 The disorder, in basset hounds, 
is a thrombopathia attributed to a platelet membrane defect and 
manifested primarily by defective platelet aggregation with adenosine 
diphosphate (ADP). Other platelet abnormalities were observed, 1•23 but 
a more detailed characterization of this model is not available. 

Two additional cases of congenital platelet dysfunction have also 
been recognized. 1 One involved a young foxhound with a platelet 
defect similar to that in the otterhounds; the other, a primary hemo­
static disorder in a Scottish terrier puppy. In the latter case, a diagnosis 
of von Willebrand' s disease cannot be ruled out, since platelet function 
tests and specific coagulation factor assays were not performed. 1 

The most extensively characterized animal model of thrombopathic 
disorders involves an inbred line of fawn-hooded (FH) rats. The 
disorder was first reported in 1972 by Tschopp and Zucker, who 
determined it to be a platelet storage pool deficiency similar to that 
observed in man. 24•211 Recent studies in our laboratory have confirmed 
the original observations and have extended the characterization Qf the 
model to include other hemostatic and metabolic parameters. 28 

The defect in FH rats is characterized by long bleeding times; normal 
clot retraction, ADP-induced platelet aggregation and platelet ADP; 
variable aggregation with collagen; minimal aggregation with adren-

. aline and cobra venom factor; and reduced platelet retention, 
platelet ·ATP, ATP/ADP ratio, serotonin and nucleotide content; and 
[14C]serotonin release. 24•28 In comparison to age- and sex-matched 
normal Wistar rats, FH rats have significantly prolonged partial throm­
boplastin times, shortened Russell's viper venom times, and increased 
factor X and XI activity. 28 Other coagulation values are normal, as are 
plasma proteins, glycoproteiris, ceruloplasmin, and preliminary studies 
of immunoglobulins and complement. An interesting, as yet un­
explained, finding was significantly lower glucose and higher choles­
terol levels in FH rats than in matched Wistar rats. 

Several colonies of FH rats are currently maintained for ongoing 
hemostatic and behavioral studies. The advantages of this laboratory 
animal model include its size, short gestation period, multiple births, 
docile nature, and relatively low maintenance costs. Further charac­
terization of the model with respect to the genetic transmission of the 
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defect and the molecular aspects of the platelet release abnormality is 
in progress in several laboratories. Studies of this animal should yield 
useful information about the analogous human disorders. 
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Spontaneous Disseminated 
Intra vascular 
Coagulation in Animals 

Spontaneous disseminated intravascular coagulation (DIC) has been 
recognized as a pathophysiologic state associated with a variety of 
diseases in many species besides man, including the dog, cat, horse, 
cow, pig, sheep, mink, and chicken. Even though the dog has been 
used in many experimental studies of induced forms of DIC, the number 
of reported cases of DIC associated with spontaneous diseases has been 
limited. This does not appear to reflect the true incidence of the 
disease. During the last 2 years increased awareness and the availabil­
ity of improved diagnostic methods have led to the recognition of a 
significant number of spontaneous diseases with associated DIC in the 
Veterinary Teaching Hospital at Ohio State University. The laboratory 
criteria used for the diagnosis of this syndrome are described below 
(p. 46). 

An early indication that DIC may be associated with spontaneous 
diseases of animals was the recognition of bilateral renal cortical 
necrosis in pigs 1 and horses. 2 These lesions suggested that a generalized 
Shwartzman-like reaction does occur as a spontaneous disease of 
domestic animals. One horse with bilateral renal cortical necrosis was a 
pregnant mare in the late stages of gestation. 3 The horse appears to be 
very sensitive to endotoxin, and the above cases may be linked to 
syndromes characterized by endotoxemia. 

The greatest number of reported cases of spontaneous DIC in 
nonhuman species ·involve the dog. 4 -s DIC has been found in associa­
tion with carcinomas, heat stroke, shock, hepatic necrosis, pneumonia, 
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valVUlar fibrosis, lymphatic leukemia, dirofilariasis, and trypano­
somiasis. Other canine diseases in which we have diagnosed 
DIC are leptospirosis, suppurative bronchopneumonia, gastric torsion, 
trauma, hemangiosarcoma, myeloproliferative disease, acute pan­
creatitis, and infectious canine hepatitis. 

The majority of cases of DIC that we have observed in ho.rses have 
been associated with intestinal lesions and possible endotoxemia. 
These animals generally had colic related to severe intestinal lesions 
such as torsion of the large colon. A single case of DIC was associated 
with metastatic hepatoceUular carcinoma. , Equine viral arteritis, a 
virus-induced disease of horses that is characterized by widespread 
endothelial cell damage, has been suggested as a disease possibly 
associated with DIC. 11 Fluctuating coagulation factor activity and 
platelet levels have been detected in equine infectious anemia and were 
interpreted as evidence for DIC related to hemolysis. 10 

We have detected DIC in only four cows with the following diseases: 
colibacillosis, bovine virus diarrhea, vegetative endocarditis, and 
tetralogy of Fallot. 

DIC has been associated with some cases of panleukopenia in the cat 
by Hoffman 11 and in our laboratory. 

Hog cholera virus induces endothelial lesions and multiple defects in 
hemostasis that are related to DIC, direct platelet damage, and 
megakaryocyte degeneration. 12•13 Platelet alterations that suggest ac­
celerated thrombocytopoiesis do occur; these alterations include an 
increase in size, increased content of dense granules and mitochondria, 
and presence of endoplasmic reticulum. The coagulation parameters 
and morphological features of platelets of the pig are quite similar to 
those of man. This disease has been proposed as an excellent model for 
the study of virus-related hemorrhagic diatheses of man. 13 DIC has also 
been recognized in association with spontaneous E. coli enterotoxemia 
in swine. 14 

Mink with Aleutian disease have been shown to have increased 
platelet and fibrinogen consumption suggestive for DIC. 15•16 

Deer with epizootic hemorrhagic disease have thrombocytopenia, 
prolonged coagulation screening tests, hemorrhages, and fibrin thrombi 
compatible with Dic.17·1s 

Fowl plague, an acute disease of chickens, is characterized by 
widespread hemorrhages and hepatic necrosis, 19 as well as by throm­
bocytopenia and depletion of factors I, II, VIII, and X. Fibrin thrombi 
are detectable in necropsy specimens. The disease is caused by a 
myxovirus that replicates in many cells, including endothelial cells, and 
has been proposed as an animal model for virus-induced DIC. 19 
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Clinical signs in spontaneous DIC of animals have been quite 
variable, with evidence of severe systemic disease attributable to the 
primary disease process. Abnormal bleeding from venipuncture sites 
and petechial hemorrhages have been common findings. Hematuria 
and gastrointestinal bleeding have been noted in some cases. 

The laboratory findings in DIC are quite variable (as they are in man); 
thrombocytopenia, prolonged one-stage prothrombin times, prolonged 
.activated partial thromboplastin times, and prolonged thrombin times 
·are expected. Increased levels of fibrinolytic split products are a 
consistent finding. Variable degrees of clotting factor depletion have 
been noted in the dog, especially of factors V and VIII but also involving 
factors I, II, VII, and X. 6 Microthrombi and/or fibrin deposits have 
been noted in capillaries in some cases. Schistocytes have been 
observed in some dogs with DIC. 8 Variable degrees of azotemia have 
been associated with DIC in the dog. 6 

The vast majority of the cases of spontaneous DIC that have been 
recognized in nonhuman species have been severe with dramatic 
hemostatic defects. Less severe syndromes with variable amounts of 
compensation for intravascular coagulation and fibrinolysis undoubt­
edly must occur but are as yet uncharacterized. 

We have studied infectious canine hepatitis (ICH) in our laboratories 
as an experimental model for virus-induced DIC. 20 The disease is 
readily reproduced by inoculating dogs with canine adenovirus type I. 
This virus has a tropism for endothelium and hepatic parenchymal 
cells, and it induces widespread vascular lesions and hepatic ne­
crosis. 21 -za Clinical features of the disease include petechial hemor­
rhages, gastrointestinal bleeding, and abnormal bleeding from veni­
puncture sites. The hemostatic defect is fairly reproducible, with 
thrombocytopenia, prolonged one-stage prothrombin time, prolonged 
activated partial thromboplastin time, and abnormal platelet-retention 
tests. Circulating fibrinolytic split products are found in increased 
concentration using a latex agglutination test and serial dilution pro­
tamine sulfate procedure. Although changes in fibrinogen concentra­
tion are not as consistent, decreases in fibrinogen do occur in associa­
tion with ICH. Significant decreases in factor VIII activity also occur. 
Thrombin times are usually normal. The changes in the hemostatic 
mechanism suggest that the hemostatic defect in ICH is related to DIC. 

Complicating features of the disease that are potential disadvantages of 
this model are hypoplasia of the bone marrow related to virus infection 
and the possibility of direct virus effects on platelets and megakaryo­
cytes. This disease may provide an animal model for controlled in vivo 
studies of the pathogenesis, detection, and therapy of virus-induced 
hemostatic defects. 
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The potential of spontaneous diseases of animals with associated DIC 

has not been exploited. Diseases such as infectious canine hepatitis or 
hog cholera might be effectively used as animal models for mc. These 
diseases are easily reproduced with a viral inoculum. The dog and pig 
are of convenient size for serial sampling procedures. The hemostatic 
mechanism is becoming better characterized for these species, and a 
number of congenital hemostatic defects are available for utilization. 
The anatomy and temperament of the dog facilitates serial treatment 
and sampling procedures. 

The spontaneous syndromes of DIC accurring in domestic animals 
are inadequately characterized, and only a few are reported. Recogni­
tion and characterization of these defects will very likely provide some 
very useful animal models for DIC. Although the numerous species 
differences may appear to be a disadvantage, the natural species 
variations and congenital abnormalities in hemostatic mechanisms may 
be exploited in studies of pathogenic mechanisms of acquired hemo­
static defects. The further characterization and utilization of these ani­
mal diseases will lead to advances in the recognition and treatment of 
hemostatic defects in man and our domestic animals. 
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Disseminated Intravascular 
Coagulation Induced 
by Endotoxin: 
Rabbit Model and Man 

Bloodstream infections due to endotoxin-producing gram-negative 
bacteria prevail as a cause of disseminated intravascular coagulation 
(DIC) in man.1-3 Nevertheless, we have observed DIC in sepsis due to 
Staphylococcus aureus, 4 fungal infections with Histoplasma cap­
sulatum, 5 and in Rocky Mountain spotted fever. ii Dr. Kociba's discus­
sion of infectious canine hepatitis illustrates the role of viruses or 
virus-antibody complexes7 in triggering DIC. Thus, the syndrome of 
DIC may complicate a variety of infections of bacterial, fungal, rickett­
sial, and viral etiology. 

Patients suffering bacteremia due to endotoxin-producing gram­
negative. rods represent the highest-risk group for development of DIC. 

Approximately 71,000 patients per year in the United States develop 
gram-negative bacteremia; it is estimated that 18,000 deaths result. 8 

DIC and shock complicating these bacteremic episodes contribute 
substantially to mortality in this large population of patients. 9 Many of 
the patients undergo a variety-of procedures (surgery, immunosuppres­
sion for organ transplants, and cancer chemotherapy), and infections 
associated with DIC become serious and costly consequences of 
medical progress. The need for a model of gram-negative bacterial 
infection that uniformly results in DIC is apparent. 

Any model of disease resulting in DIC needs to correspond to the 
accepted clinical and laboratory criteria of DIC in man. The clinical 
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criteria include bleeding tendency with or without hypotension. 1 The 
laboratory criteria include (a) reduced platelet count (relative or 
absolute), (b) prolongation of prothrombin and partial thromboplastin 
times, (c) reduced factor V and VIII activity levels, and (d) evidence of 
enhanced fibrinolysis manifested by increased amounts of degradation 
products of fibrinogen and fibrin (FDP, fibrin breakdown products, 
fibrinogen-related antigen). FDP are detectable in serum by immu­
nologic techniques as developed by Dr. Merskey and associates10 or 
by the staphylococcal clumping test. 11 The rise in the level of FDP in 
serum is accompanied by a significant decrease in the plasminogen 
level. 3 

Enhanced fibrinolysis is probably responsible for the disappearance 
of fibrin thrombi in advanced cases of DIC, making it difficult to det~ct 
them at autopsy. However, reports by Israeli workers and by a Boston 
group indicate that it is possible to detect the presence of capillary 
thrombi by skin biopsy in some patients with Dic. 11.13 Additional 
evidence of DIC is based on red cell deformities characteristic of micro­
angiopathic anemia. 14 

The experiments of Sanarelli and Shwartzman, 15•18 who used gram­
negative bactei;ia or the endotoxin obtained from them to induce 
intravascular coagulation, represent the most popular and most studied 
of several models of DIC. Rabbits challenged with sequential injections 
of two doses of endotoxin develop capillary thrombosis in the kidneys, 
lungs, and other organs (generalized reaction) or in the skin 
Oocal reaction). Studies on pathogenesis of the endotoxin-induced 
Shwartzman reaction in rabbits suggest that cellular elements of the 
blood such as platelets and granulocytes play a role.17·18 Vascular 
effects of endotoxin in rabbits appear to be mediated by complement. 
Elimination of complement with an anticomplementary agent, cobra 
venom factor, prevented development of intravascular coagulation. 19 

However, endotoxin elicited the Shwartzman reaction in rabbits defi­
cient in C6, suggesting a lack of involvement of the late-acting 
complement components. 20 

Therapeutic approaches to intravascular coagulation were examined 
in rabbits with endotoxin-induced DIC. Heparin given before the 
second injection of endotoxin prevented the development of vascular 
changes. 21 Streptokinase infused after the second dose of endotoxin 
reversed the process of DIC. 22 A similar effect was obtained with the 
defibrinating agent Arvin, the venom of Agkistrodon rhodostoma. 23 In 
contrast, the inhibitor of fibrinolysis, E-aminocaproic acid (EACA), 

enhanced development of diffuse capillary thrombi in the kidneys and 
other organs. 24 
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TABLE 1 Intra vascular Coagulation Induced by Endotoxin in Rabbit 
and Man 

Characteristic 

Sensitivity to endotoxin 
(pyrogenic dose) 

Blood platelet storage pool 
of serotonin 

Blood platelet immune adherence 
C3b receptor 

Blood fibrinolytic response 
Plasminogen activator content in 

PMN leukocytes 

Rabbit 

0.05 µglkg 

High 

Present 

Slow and low 
Low 

Man 

0.005 µg/kg 

Low 

Absent 

Prompt and high 
High 

Despite numerous observations, accumulated over the past 40 years, 
on the nature and mechanism of endotoxin-induced intravascular 
coagulation in rabbits, it would still be presumptuous and premature to 
extrapolate from these data to man. Table 1 illustrates the reasons for 
such caution. They are based on the following differences between 
rabbit and man in terms of biologic characteristics important in 
endotoxin responsiveness. 

• Sensitivity to endotoxin. Injection of endotoxin into rabbit and 
man evokes a fever. This pyrogenic response serves as an index of the 
biologic activity of endotoxins. u In this respect, the rabbit is approxi­
mately" to times more resistant to endotoxin than man. 

• Blood platelet characteristics. Rabbit platelets differ in many 
respects from human platelets. Rabbit platelets contain about 50 times 
more serotonin, a potent amine causing vasoconstriction, than human 
platelets. 28 Immune adherence receptor for C3b is easily demonstrable 
on rabbit platelets, whereas human platelets lack the receptor or it is 
not detectable under in vitro conditions. This receptor appears to play 
an important role in complement-dependent injury of rabbit platelets 
by endotoxin. 27 

• Fibrinolysis. The response of the rabbit fibrinolytic system to a 
variety of known inducers of fibrinolysis is slow. In contrast, the 
fibrinolytic response in man is prompt and reaches a high level of 
activity. 28 This is illustrated by experiments on 67 volunteer patients. 
They revealed that intravenous injection of two different bacterial 
lipopolysaccharides (endotoxin) in doses of 0.2 and 300 µ,g, respec­
tively, caused striking activation of fibrinolysis within 2 hours follow-
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ing a single endotoxin injection. 211 Activation of fibrinolysis could dot 
be induced experimentally with the same preparation of endotoxin in 
rabbits. This suggests that reactivity of the fibrinolytic system to 
endotoxin differs in man and this experimental animal. Interestingly, 
comparisons of plasminogen activator release measured by the 125I­
fibrin plate method30 revealed that human polymorphonuclear leuko­
cytes are significantly richer in plasminogen activator than those of the 
rabbit (J. Hawiger, unpublished observations). These leukocytes play a 
role in host response to endotoxin. 31 They possess material in their 
lysosomes that interacts with fibrinogen and its derivatives. 32 A high 
reserve of plasminogen activator releasable by endotoxin from human 
cells may facilitate prompt dissolution of fibrin deposits under favor­
able 'Conditions. 

These examples of differences in the selected elements of blood 
clotting and fibrinolytic systems of the rabbit and man may shed light 
on the well-known fact that with 'endotoxin it is extremely difficult to 
elicit changes suggesting intravascular coagulation in the blood of 
normal healthy people. 25 In contrast, similar injections into rabbits33 or 
guinea pigs34 induce such changes. This paradox calls for caution in 
applying the results of endotoxin-induced DIC in rabbits to the clinical 
situation in man. 

The efforts to find new models of DIC induced by endotoxin, 
resembling more closely human response, should take into considera­
tion those characteristics of blood clotting and fibrinolytic systems that 
are responsible for sensitivity or resistance to endotoxin. The 
dynamics of response to endotoxin in elements of blood clotting and 
fibrinolytic systems may produce an entirely different pattern of 
changes in different species. 
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Conditions Associated 
with Thrombosis 
in Animals 

The purpose of this report is to present an overview of the common 
causes as well as the spontaneous or naturally occurring conditions 
associated with thrombosis in animals. Although very little information 
is available on the incidence of thrombosis in a given animal species, 
the identification of the conditions and causes associated with throm­
bosis may aid in the better understanding of its pathogenesis and the 
discovery of potential new animal models. 

Thrombosis, in this report, is defined as the formation of blood clots 
in the living animal within the lumina of blood vessels and/or chambers 
of the heart. 8•88•72 Classically, the basic factors contributing to throm­
bosis are (a) damage to the endothelium, (b) changes in the blood flow, 
and (c) changes in the constituents of the blood. 88•72 Most of the 
thrombotic conditions presently recognized in animals are associated 
with infectious agents that result in inflammation and damage to the 
vascular endothelium. Other types of thrombosis undoubtedly occur in 
animals but are usually not readily apparent microscopically or recog­
nized clinically. In this report the commonly diagnosed thrombotic 
conditions are classified by the infective agent associated with the 
lesions or are discussed under a broad heading that includes entities of 
known or unknown causes. 

The opinions or assertions contained herein are the private views of the authors and are 
not to be construed as official or as reflecting the views of the Department of the Army, 
of the Air Force, or of Defense. 
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PARASITIC CAUSES 

In this type of thrombus, both the endothelium and the vessel wall are 
traumatized by a parasite whose life cycle includes moving into and out 
of the cardiovascular system of the host. 

Dirofilariasis, which is caused by Dirofilaria immitis, is primarily a 
parasitic disease of the dog; foxes, wolves, coyotes, dingoes, cats, and 
man are considered accidental and unusual hosts. D. immitis is widely 
distributed throughout the world, and in the United States it is most 
common along the coastal regions of the southern and eastern states, 
where there is an associated high density of mosquitoes. 60 The adult 
worms are generally found in the right ventricle of the heart, but they 
can also be found in the pulmonary arteries, right atrium and vena cava 
and in vessels of the peripheral circulatory system. The principal effect 
of these worms is their interference with blood flow in the right heart, 
which can result in cardiac. insufficiency. It is well documented that 
within the pulmonary arteries, the live adult worms cause a rugose and 
villous endarteritis and the dead parasites cause thrombosis and a 
granulomatous inflammatory response. 1 Cerebral infarction can occur 
when D. immitis finds its way to the cerebral arteries. 63 

Strongylosis, due to Strongylus vulgaris, is a common parasitic 
disease in both young and adult horses, asses, and mules. The adult 
worms are found in the cecum, and in severe infestation affected 
animals are debilitated and anemic. The most serious damage is caused 
by migrating larvae, resulting in severe endarteritis, thrombosis, and 
aneurysms in various arteries, especially in the anterior mesenteric. 19 

Though the exact migratory pathway of the larva in its host is not 
completely understood, an explanation of the possible routes will aid in 
a better understanding of the development of the arterial lesions. It is 
generally assumed that larvae invade the intestinal mucosa, and those 
penetrating the blood vessels eventually reach the heart and become 
deposited in the arterial system. 80 Recently, it has been shown 
experimentally that the larvae invade an4 enter the lumina of the small 
arteries of the intestine and migrate to the anterior mesenteric artery. 21 

The ultimate localization of the larvae in the anterior mesenteric artery 
is not fortuitous but a definite and necessary stage in the development 
of the parasite. 79 

Elaeophorosis in elk2 and in sheep, 39 caused by Elaeophora 
schneideri, is a common parasitic disease in the Rocky Mountain 
region of the United States. In elk, the disease is generally seen in 
calves and yearlings; the principal clinical signs are blindness and neuro­
logic disorders that can be attributed to the vascular lesions induced by 
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this parasite. In the development of the vascular lesions, the fourth and 
fifth larval stages occur predominantly in the arteries supplying the head 
of the animal, including the ascending aorta and the common brachio­
cephalic trunk to the small arteries of the brain and eyes. Microfilariae 
are found mostly in the small arteries and capillaries of the brain, eyes, 
optic nerve, and other tissues of the head. The vascular lesions pro­
duced by both the microfilariae and the fourth and fifth larval stages 
are similar, in that mechanical irritation on the endothelium results in 
swelling and degeneration of the endothelial cells, which is followed by 
thrombosis, endarteritis, and vascular obstruction. 2 

Another parasitic condition that is accompanied by thrombosis is 
schistosomiasis, caused by trematodes, the adults of which are found·. 
in the veins of various organs. In sheep and cattle, phlebitis and venous 
thrombosis may be caused by these adult flukes. 55 The ova of these 
parasites may cause a granulomatous endarteritis, periarteritis, 
phlebitis, and thrombosis. There are many genera and species of this 
group of flukes, which infect various mammals and birds. 79 

The lung mite Pneumonyssus simicola is a common pulmonary 
parasite in the rhesus monkey. Occasionally, the adult mites penetrate 
the pulmonary arteries, resulting in intimal sclerosis, asymmetric 
muscular hyperplasia, and thrombosis. 90 • 

A necrotizing vasculitis with thrombosis has been associated with 
Encephalitozoon cuniculi infection in dogs. 5 

SEPTIC CAUSES 

Most of the septic thrombi are of bacterial origin, while others are of 
viral or fungal origin. Thrombi in the heart may accompany endocar­
ditis and may be located on the atrioventricular or semilunar valves, or 
they may be mural, with the thrombi occurring on the walls of the left 
or right chambers. A predisposing factor in the development of 
endocarditis is the presence of a suppurative inflammatory process 
elsewhere in the body leading to septicemia. Though the mechanism is 
not clearly understood, it is believed that swelling of the endothelium 
exposes the underlying collagen, which attracts platelets, thus initiat­
ing thrombus formation. Cardiac insufficiencies and the threat of 
embolism are important considerations in cardiac thrombi. 74 

Bacteria 

A high incidence of endocarditis accompanied by valvular thrombosis 
caused by Streptococcus viridans has been reported in captive opos-
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sums; the disease can also be produced experimentally by a single 
intravenous injection of this organism. 70 Spontaneous cases of en­
docarditis have been reported in various animals: in horses from 
Shigella equirulis, 34 in pigs from Streptococcus sp. 1s and Erysipelo­
thrix insidiosa, 75 in sheep from Streptococcus sp. 37 and Listeria 
monocytogenes, 59 and in chickens from Streptococcus faecalis. 42 

Infectious thromboembolic meningoencephalitis is an acute sep­
ticemic condition of young cattle that causes fever, neurologic disor­
ders, and death. While vessels in many organs can be involved, those 
in the central nervous system are most seriously affected and are 
characterized by intense vasculitis and thrombosis, with or without 
infarction. The disease, first reported in 1956,25 is caused by a 
gram-negative bacterium that has been identified by various names, 
including Actinobacillus actinoides-like organism4 and Haemophilus­
like organism. 44.81 

An acute septicemia in lambs caused by Hemophilus agni and 
characterized by rapid onset a.r,d death was reported in 1958. 45 Multiple 
hemorrhages throughout the carcass were the principal necropsy. 
findings. The basic histologic lesions were generalized septic thrombi 
and vasculitis with predilection for the vessels of the liver and skeletal 
muscles. 

A pseudotuberculosis in monkeys, caused by Yersinia enterocoliti­
ca, is characterized by multiple areas of necrosis, especially of the 
liver, spleen, and lymph nodes. 54 Large colonies of bacteria are readily 
observed in the sinusoids of the liver and in the capillaries of the 
affected organs. 

Actinobacillosis, a common infection in horses caused by Ac­
tinobacillus equuli, has also been observed in several species of 
monkeys. 57 The disease is characterized by widespread thromboem­
bolism, especially in the kidney, where numerous emboli containing 
bacteria are found in the glomerular and intertubular capillaries. 

Necrobacillosis of the liver, caused by Spherophorus necrophorus, 
is a common observation in young cattle. 38 Multiple large, discrete 
areas of coagulation necrosis of the liver are frequently the only 
significant necropsy finding. Large colonies of bacteria are found in the 
sinusoids adjacent to the necrotic areas. Infected ulcers of the rumen 
may serve as a source of the hepatic infection. 

Septic thrombophlebitis caused by Salmonella enteritidis in the 
lungs of golden hamsters has been reported both as a spontaneous and 
an experimental phenomenon. Hamsters with this infection may be a 
useful animal model for the study of certain aspects of venous 
thrombosis. 35 It is of interest that these thrombi are not accompanied 
by bronchopneumonia or other inflammatory processes in the lungs. 
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There are other causes -and conditions associated with bacterial 
thrombosis. For example, thrombosis is a frequent histologic observa­
tion in vessels, especially veins and lymph vessels, in areas of 
extensive inflammation such as those occurring in suppurative mas­
titis, metritis, and pneumonia. 

Viruses 

Phlebothrombosis with little or no evident vasculitis is a principal 
manifestation of simian hemorrhagic fever, a highly fatal virus dis­
ease. 3 Thrombi are found in the veins and venules of various organs. In 
cats affected with feline infectious peritonitis, another disease in which 
a viral cause is suspected. phlebitis and thrombophlebitis of the 
subserosal vessels are well demonstrated. 86•89 

Thrombosis resulting from direct viral invasion of the endothelial 
cells is a characteristic observation in several viral diseases, including 
hog cholera in pigs, 12•22 viral hemorrhagic encephalopathy in rats, 52 

and epizootic hemorrhagic disease in deer. 83 The measles virus has 
been suspected of causing venous angiitis and thrombosis of the 
placental base plate in pregnant rhesus monkeys caught in the wild. 27 

Abortion occurred at or near term. Eosinophilic intranuclear inclusions 
were found in the vascular endothelial cells. 

Thrombosis occurs in the arteries of the intestinal tract, spleen, and 
lungs of horses affected with equine viral arteritis. 40 The lesions 
include fibrinoid necrosis of the media of the small arteries. This is a 
secondary effect resulting from a direct viral attack on the vascular 
endothelium. A similar situation exists in cattle affected with malignant 
catarrhal fever, in which there is generalized necrotizing vasculitis and 
thrombosis. 73 

Fungi 

Though there are few reports involving fungal origin of thrombi, fungi 
of the class Phycomycetes have been incriminated in arteritis and 
thrombosis in nonhuman primates. 9•28•53 

OTHER CAUSES OF THROMBI 

Mural endocarditis with thrombus formation in the left atrium of dogs 
has been associated with acute renal insufficiency. 65 A high incidence 
of thrombi has been reported in the left atrium of inactive BALB/c 
female breeding mice. 24 Pregnancy and having large litters have been 
correlated with this high incidence. 58 Gonadectomy appeared to induce 

Copyright © National Academy of Sciences. All rights reserved.

Animal Models of Thrombosis and Hemorrhagic Diseases
http://www.nap.edu/catalog.php?record_id=19903

http://www.nap.edu/catalog.php?record_id=19903


60 MIGAKI AND CASEY 

thrombi in the left atrium of aged male Syrian hamsters, Qut females 
were not affected. 16 In rats, cardiac thrombi are often seen as an 
incidental finding in older animals. 87 

Numerous reports have appeared in the literature concerning aortic 
embolism occurring at the terminal aorta in the cat. 8·23·29·50 Posterior 
paralysis. is a principal clinical sign. The emboli are often associated 
with atrial thrombi, but the cause is undetermined. 

Thrombosis has been associated with indwelling vascular cathe­
ters32·91 and fragments of hair in dogs. 7 

A high incidence of thrombi in the pulmonary arteries of dogs 
affected with renal amyloidosis h~s been reported. 78 Though the 
pathogenesis of the thrombi is not fully understood, it is suggested that 
increased viscosity of the blood from dehydration, hemoconcentration, 
and hyperfibrinogenemia may contribute by slowing the blood flow. 

Neoplasms have been associated with thrombosis. Adenocarcinoma 
of the prostate gland in a. dog36 was associated with thrombosis of the 
left external iliac and femoral arteries. In another canine case, throm­
bosis was found in the right external iliac artery. 62 This dog had an 
osteosarcoma of the right hind foot. " 

Microthrombi have been reported in the small vessels of the 
myocardium in vitamin-E-deficient pigs. 58 Endothelial damage is a 
consistent finding in this microangiopathy and no doubt precipitates 
the development of the thrombi. 

Polyarteritis is a term used to describe a primary necrotizing 
inflammatory condition, generally of the small and medium-sized 
arteries, in which the entire arterial wall eventually becomes involved. 

· The cause and pathogenesis are not completely understood, but the 
cpndition may be the result of a hypersensitivity or immune-complex 
disease. This condition has been reported in rats,1 7·92 sheep, 26 mice, 84 
cats, 51 and a dog. 43 It is easily induced by injection of foreign serum 
into rabbits. 30·67 Though the lesions are not identical in all species, the 
initial microscopic findings are necrosis of the media and infiltration by 
leukocytes, both mononuclear and polymorphonuclear, followed by 
fibrosis and luminal occlusion. Thrombosis may be seen at various 
stages in the development of the lesions. 

Atherosclerosis is a common condition associated with thrombosis 
in human beings, and controversy still exists among investigators 
concerning the relationship between atherosclerosis and thrombosis in 
animals and people. Pertinent reports on atherosclerosis are included 
in the reference list for the reader's convenience. 14·18·20,41·64.69 Spon­
taneous atherosderosis, often accompanied by thrombosis, has been 
described in many, animal species, including pigs,16.46·71 ·77 dogs,49 
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nonhuman primates, 10•11 •82 rabbits, 13•33 zoo animals, 81 cattle, 47 cats, 48 

kangaroos,85 pigeons,66 chickens,64 and rats. 31 Experimental animal 
models of human atherosclerosis have also been reviewed. 88 
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CHRISTINE HAWKEY, Ph.D. 

Hemostasis in 
Mammals 

For the past 10 years the Haematology Department at tile Nuffield 
Institute of Comparative Medicine has been carrying out a survey of 
blood coagulation and related mechanisms in mammals in the collec­
tion of the Zoological Society of London. The main purpose of this 
survey is to establish the normal pattern of hemostasis among mam­
mals so that individuals and groups of animals that do not fit the 
expected pattern can be identified. Detailed study of these variants 
should provide basic information about the mammalian hemostatic 
mechanism in the same way that study of human patients with 
hemostatic defects has contributed to the understanding of the 
mechanism in man. The survey also provides the opportunity of 
discovering animals with congenital or acquired abnormalities that may 
be useful as models of specific human hemorrhagic diseases. In 
addition, the accumulated data provide a background for the selection 
of species suitable for particular experimental investigations. 

So far, more than 1,000 individual animals of about 160 different 
mammalian species have been studied. Some domesticated and 
laboratory species have been included for purposes of comparison. 
This paper reports the results of tests of coagulation and fibrinolytic 
activity on clinically normal mammals classified in the orders Primates, 
Carnivora, Artiodactyla, Lagomorpha, and Rodentia. In some in­
stances other species of particular interest are also discussed. 

69 
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MATERIALS AND METHODS 

Full details of species studied and methods of obtaining blood samples 
are reported elsewhere. 1 Throughout the survey man has been consid­
ered the reference species, and standard laboratory tests in general 
use for investigating human hemostasis have been employed whenever 
possible. Calibration curves for the interpretation of clotting factor 
assays are prepared from pooled normal human plasma, and factor­
deficient substrate plasmas are derived from human sources. Average 
results for each species have been compared with the normal human 
range. Only those results that have been obtained in test systems not 
influenced by species specificity of reagents are discussed in detail. 

RESULTS 

Platelets 

Total platelet counts for the groups of animals studied are given in 
Figure I. For many species the count lies within the normal human 
range but in some the count is high. In our series the highest counts 
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FIGURE I Platelet counts (shaded band represents the normal human range). 
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(greater than I x 106 per mm3 of blood) have been recorded in 
elephants and some rodents. Counts below the normal human range are 
found in some Perissodactyla and Cetacea. 1 There is much species 
variation in platelet size, and observation suggests an inverse relation­
ship between size and count, indicating that the total circulating 
volume of platelets may be relatively constant from species to species. 

Tests of platelet activity have shown species differences in response 
to adenosine diphosphate and other aggregating agents2 - 7 and also to 
inhibition of aggregation. 4•6 •8 The relative amount of platelet adenine 
nucleotides6 •11 and of 5-hydroxytryptamine and histamine 10•11 varies 
with species, and species differences in platelet surface glycoproteins 
have been identified. 12• 13 Thus, great caution is necessary when results 
of platelet studies on animal models are extrapolated to man, but 
comparative studies could be very rewarding in elucidating relation­
ships between platelet structure and function. 

Blood Coagulation 

The Conversion of Fibrinogen to Fibrin Plasma fibrinogen, measured 
as clottable protein, 14 is rarely below but often above the normal 
human range (Figure 2). These high fibrinogen .levels are also reflected 
in the wide maximum amplitude (ma value) recorded in most species 
by thrombelastography (Figure 3). There are no significant species 
differences in the rate of conversion of fibrinogen to fibrin using 
standardized bovine thrombin solution. Factor XIII is present in all 
mammals tested. 1 High levels of plasma antithrombin levels have been 
found in some Perissodactyla and in the aotus monkey (Aotus trivir­
gatus) 1 ; in other species plasma antithrombin activity is within the 
normal human range. 

Prothrombin (Factor II) Prothrombin levels measured by direct acti­
vation with Taipan snake venom 15 are high in some Camivora, but 
levels below the normal human range have been found in many other 
species (Figure 4). These animals show no evidence of abnormal 
bleeding, they do not have liver disease as judged by liver function 
tests, and they do not respond to injection of vitamin K 1• Their factor V 
activity is, however, very high, and since factor V influences not only 
the rate of conversion of prothrombin to thrombin but also the amount 
of thrombin produced, it is possible that high levels of factor V 
compensate for low prothrombin. Alternatively, the low prothrombin 
levels might be explained by reduced reaction with Taipan venom. This 
would imply species differences in prothrombin at a molecular level. 
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FIGURE 2 Fibrinogen levels (shaded band represents the nonnal human range). 

Prothrombin Activation In man the rate of prothrombin activation by 
the extrinsic pathway is usually measured by the one-stage prothrom­
bin test using human or rabbit tissue factor. This reaction is, however, 
complicated by the fact that the protein component of tissue factor is 
species specific 16 and may not react optimally with heterologous 
factors VII and X.17·18 Ideally. tissue factor and plasma should be 
homologous for each species tested, but in comparative surveys this 
raises the problem of how to standardize the multiple tissue reagents 
that would then be necessary. 

From our comparative survey we have evidence that in homologous 
test systems, each species will give a one-stage prothrombin time 
similar to the accepted normal human value, implying that prothrombin 
activation via the extrinsic pathway is effective. Furthermore, we have 
evidence that brain extract from any individual of a given zoological 
order will cross-react equally well with plasma from other species of 
the same order. Thus the reaction between tissue factor and plasma 
may be designated order specific rather than species specific. How­
ever, our results are far from complete and are not reported in the 
present communication. 
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FIGURE 3 Thrombelastograph tracings on a series of mammals. 
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• 

i 
1- . . . 

I. 

FIGURE 4 Prothrombin (factor II) assays (shaded band represents the normal human 
range). 

The rate of activation of prothrombin via the intrinsic pathway has 
been measured by the partial thromboplastin test 19 and by thrombelas­
tography.20 For the partial thromboplastin test, human brain phos­
pholipid has been used21 ; this reaction is not complicated by in­
terspecies lack of cross-reactivity. Compared with man, the partial 
thromboplastin time in many species is short, suggesting a more rapid 
rate of generation of intrinsic prothrombin activator (Figure 5). This is 
particularly evident in Cebidae and Camivora and is confirmed by 
thrombelastography (Figure 3) which shows shorter reaction times (r 
values) and times reflecting the rate of increasing elasticity of the clots 
(K values) in most other species compared with man. Significantly 
prolonged partial thromboplastin times and abnormal thrombelas­
tograph r times have been recorded in the species Tragelephas strep­
siceros (greater kudu). These findings are explained by a deficiency of 
factor XI (see below). 

Factor V Factor V activity in most mammals is higher than that found 
in human plasma (Figure 6). The possible influence of this on pro­
thrombin conversion has already been discussed. 

Factor Vil Assay of this factor is complicated by lack of availability 
of suitable substrate plasma for most groups of animals. Those tests 
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that were possible indicate that factor VII activity is higher in nonhu­
man primates and in most Camivora than in man. 1 

Factor VIII Factor Vlll activity is very high in most nonhuman 
mammals. In many species the activity is ten times that found in 
normal human plasma (Figure 7). Factor VIII is one of the coagulation 
factors known to be increased in man by stress and by adrenaline 
infusion,22 and high levels of this factor have been suggested as a 
possible contributory cause of thrombosis. 23 •24 However, the factor 
VIII increases recorded in these situations in man are rarely more than 
2-3 times the original level, so the activity remains far lower than is 
apparently normal for most other species. Since spontaneous throm­
bosis is rare in animals other than man, these findings suggest that high 
factor Vlll is not an importaat risk factor in thrombosis. 

Factor IX The level of Factor IX in Pongidae and Cebidae is within 
the normal human range, but low activity has been recorded in the 
Cercopithecidae. In other mammals the level is generally high 
(Figure 8). 

I 
j 

I 

FIGURE 5 Partial thromboplastin times (shaded band represents the normal human 
range). 
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FIGURE 6 Factor V assays (shaded band represents the normal human range). 

Factor X Levels of factor X measured by activation with Russell's 
viper venom25 are within the normal human range in many species, 
although high levels have been found in Canidae and low levels in some 
Cercopithecidae, Felidae, and Bovidae (Figure 9). There is an interest­
ing difference between the two Camivora families that have been 
tested, high levels of activity being present in Canidae and low levels in 
Felidae. 

Factor XI The activity of this factor is high in Cebidae and Camivora 
but low in Camelidae and some Bovidae (Figure 10). Values of less 
than I percent factor XI have been recorded in three Tragelephas 
strepsiceros (greater kudu)~ these animals also have prolonged partial 
thromboplastin times and abnormal thrombelastograph tracings (Fig­
ures 3 and 5) but show no evidence of abnormal bleeding. It is not yet 
known if the deficiency is a congenital abnormality present in the group 
of greater kudu available for study or if it is a characteristic of the 
species, perhaps as an extreme manifestation of the generally low 
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FIGURE 7 Factor VIII assays (shaded band represents the normal human range). 

levels found in Bovidae. It is interesting that congenital factor XI 
deficiency has been found in Holstein cattle. 28•27 These animals, 
however, suffer mild haemorrhagic symptoms. 

Factor XII Factor XII activity is near to the normal human range in 
nonhuman primates but higher in most other groups studied (Figure 
11). An interesting exception reported by Robinson, Kropatkin, and 
Aggeler28 and confirmed in this laboratory is that in members of the 
Cetacea (e.g., whales, dolphins) this factor is absent. Like human 
beings with congenital factor XII deficiency, these animals do not have 
an increased tendency to bleed. It has been suggested that activation of 
factor XII by acidosis during diving is a cause of the diffuse intra vascu­
lar coagulation in severe decompression sickness29 and that absence of 
factor XII may therefore be advantageous in diving mammals. How­
ever there is no evidence of a similar deficiency in members of the 
Pinnipedia (seals and sea lions). 

In primates an inverse relationship has been found between factor 
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FIGURE 9 Factor X assays (shaded band represents the normal human range). 
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FIGURE JO Factor XI assays (shaded band represents the normal human range). 

XII and plasminogen. This is interesting in light of the fact that factor 
Xlla is an activator of plasminogen. 30 This relationship does not hold 
for other groups of mammals examined. In cetaceans circulating 
plasminogen activator can be demonstrated in the absence of factor 
XII. 

Fibrinolytic Activity 

Blood Activator Circulating levels of plasminogen activator measured 
by a modification of the euglobulin lysis test 1 are within the normal 
human range in Pongidae, Carnivora, Cervidae, and some Cer­
copithecidae and Rodentia, but very little activity can be detected in 
Suidae, Camelidae, or Bovidae (Figure 12). Cebus monkeys have 

, relatively high activity; this group therefore shows evidence of a 
coagulation/fibrinolysis equilibrium. In some mammals circulating 
plasminogen activator cannot be detected by the euglobulin lysis test; 
in elephants, for example, the euglobulin clot remains stable for longer 
than 48 hours. 
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FIGURE 11 Factor XII assays (shaded band represents the normal human range). 

Plasminogen Plasminogen has been measured by caseinolysis after 
activation by human urokinase. Compared with man the level is high in 
nonhuman primates, Carnivora, Rodentia, Marsupialia, and some 
Perissodactyla; levels below the human range have been found in some 
Bovidae and in rabbits (Figure 13). Since the rate of lysis of artificially 
prepared in vitro thrombi increases directly in proportion to their 
plasminogen content, 31 it appears likely that high plasma plasminogen 
levels offer potential protection against intravascular thrombosis. This 
may be an important factor in explaining the rarity of spontaneous 
thrombosis in animals other than man. 

Fibrinolytic Inhibitors No significant species differences in the in­
hibitory action of plasma on fibrinolysis has been found in our study. 

DISCUSSION 

Although our survey has so far covered only a small proportion of the 
more than 4,000 living species of mammals, some interesting and 
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important principles are already evident that should contribute to the 
basic understanding of mammalian hemostasis and ultimately to the 
pathophysiology of hemostasis in man. With few exceptions (absence 
of factor XII in Cetacea, possible absence of factor XI in the greater 
kudu), the same factors take part in the blood coagulation process in all 
mammals, including man. However, there are considerable species 
variations in levels of clotting factor activity as measured in human test 
systems by conventional laboratory methods. If the validity of using 
this methodology for interspecific surveys is accepted, it appears that, 
judged by human standards, some groups of mammals normally have 
low levels of factors II, IX, X, and/or XI and high levels of factors V, 
VIII, and' sometimes IX, XI, and XII. This information is important to 
the understanding of results obtained in experimental a.nimal models, 
and it also has .interesting implications with regard to the usefulness of 
comparative hemostatic studies. 

Those species with low levels of some clotting factors show no 
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FIGURE 12 Euglobulin lysis times as a measure of circulating plasminogen activator 
(shaded band represents the normal human range). 
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FIGURE 13 Plasminogen levels (shaded band represents the normal human range). 

evidence of liver disease or vitamin K deficiency, nor do they have an 
increased tendency to bleed, although in some instances the levels of 
activity detected would be incompatible with normal hemostasis in 
man. The deficiencies may therefore be counterbalanced by some 
other factor; the possibility that high levels of factor V compensate for 
reduced factor II has already been discussed. It would be of interest to 
study the kinetics of various stages of the coagulation reaction in 
species selected for differences in the activity of relevant clotting 
factors. This approach would help to establish the relatiye importance 
of individual clotting factors and might provide answers to questions 
such as why the hemorrhagic symptoms of factor VIII and IX 
deficiencies are worse than those of deficiencies of other clotting 
factors. 

With regard to the high levels of some clotting factors found in many 
groups, it is difficult to know what this means in terms of hemostasis in 
the animals concerned, but the results of basic tests such as the whole 
blood clotting time and thrombelastography suggest that the potential 
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coagulation activity in these mammals is high compared with man; the 
results obtained in many species would be interpreted as indicating 
hypercoagulability if they were found in human patients. Either these 
animals are comparatively hypercoagulable or the test systems used 
are imperfectly understood. It is conceivable that wild animals in their 
natural habitat require a more efficient hemostatic mechanism than 
civilized man in his protected environment. However, by this reason­
ing, primitive man must have been relatively vulnerable; the apparent 
reduction in potential coagulation activity now evident may therefore 
be a secondary adaptatiorJ and, if so, the interesting questions of how 
and why this happened are raised. Also of great interest is the fact that 
thrombotic diseases are rare in mammals other than man; apparently, 
high clotting factor lev«;!s are not a primary risk factor in these 
diseases. 

Apart from the symptomless factor XI deficiency found in the 
greater kudu, which may be an inherited defect, wild animals with 
congenital coagulation disorders have not been detected in our survey 
and have not been reported in the literature, although, judging by the 
fact that the mutations causing these conditions occur in man and 
domesticated animals, they probably have a widespread distribution. 
However, considering the hemorrhagic problems associated with these 
diseases, affected animals would be unlikely to survive the processes 
of natural selection in the wild. It is perhaps surprising that very few 
cases of congenital coagulation deficiencies have been described in 
laboratory animals; the probable explanation for this is that coagula­
tionists do not usually work on rats and mice and people who do 
use these animals are not interested in the survival of individual 
animals with symptoms of bleeding. Acquired coagulation disorders in 
wild animals could theoretically be similar in etiology to those occur­
ring in man, but it would appear important that species differences in 
baseline coagulation activity be taken into account when assessing 
these defects. 

The main function of the blood fibrinolytic mechanism is probably to 
counterbalance coagulation and to prevent the buildup of intravascular 
fibrin deposits. The mechanism should therefore be present in all 
animals in which hemostasis involves the production of a fibrin clot. In 
our survey the inactive fibrinolytic precursor, plasminogen, has been 
found in all mammals tested, although circulating plasminogen ac­
tivators cannot be detected in some species. There ·are interesting 
differences in the amount of plasminogen present. In man the level is 
relatively low; this may be significant as a risk factor for thrombosis, as 
the rate of lysis of artificial thrombi is dependent on the plasminogen 
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content. In nonhuman primates and Camivora, plasminogen is usually 
above the normai human range. Thus. these groups have high potential 
fibrinolytic activity, which may offset their relative hypercoagulability. 
These findings appear to support the hypothesis that coagulation and 
fibrinolysis are present in a balanced equilibrium; such an equilibrium 
cannot be demonstrated, however, in terms of circulating plasminogen 
activator levels. When measured by the euglobulin lysis test, activator 
levels are high only in the Cebidae among those groups of animals 
showing relatively increased coagulation activity. In some species, 
circulating activator is apparently very low, and in some it is undetect­
able. There may be methodological reasons for this since we have used 
standard conditions for precipitating the euglobulin fraction; these may 
not be optimal for all species. An alternative explanation that should be 
considered is that there are species differences in activator availability 
and release. A comparative study of this possibility would be of 
interest. · 

Less can be said about blood platelets because fewer species have 
been fully studied. Although it appears that platelets carry out similar 
hemostatic functions in all mammals, it is increasingly apparent \hat 
species differences in levels of active constituents and surface struc­
ture as well as in behavior in conventional laboratory tests, are 
widespread. A much wider comparative survey of platelet similarities 
and differences should be undertaken, not only to reduce the present 
difficulty in extrapolating results from one species to another' but also 
because the comparative approach is likely to contribute greatly to the 
understanding of relationships between platelet structure and function. 
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Blood Coagulation in the 
Horseshoe 'crab 
(Limulus polyphemus): 
A Model for Mammalian 
Coagulation and Hemostasis 

COAGULATION IN Limulus 

Amebocytes 

The amebocyte is the only type of circulating cell in the blood of 
Limulus polyphemus, the horseshoe crab.* It is a nucleated cell, the 
cytoplasm of which is packed with granules (Figure 1). When Limulus 
blood is shed or exposed to bacterial endotoxins, there is rapid 
aggregation of the amebocytes. Aggregation is associated with marked 
changes in cell shape, flattening with an- apparent increase in cell 
diameter, development of long processes that extend from cell to cell, 
and striking degranulation 1- 3 (Figure 2). 

Although the important role of amebocytes in the coagulation of the 
blood of Limulus has been recognized for many years, 4 - 7 it was not 
until the development of new techniques that it was unequivocally 
shown that amebocytes contain all components of the coagulation 
system of Limulus blood.8 •9 Not only the clottable protein but all other 

Supported in part by Research Grant HL 01601 from the National Heart and Lung 
Institute, National Institutes of Health, Bethesda, Maryland. Dr. Levin was a John and 
Mary R. Markle Scholar in Academic Medicine during the performance of some of these 
studies and is the recipient of a Research Career Development A ward (K04 29906) from 
the National Heart and Lung Institute. 

*The term horseshoe crab is a misnomer in the zoological sense because Limulus is not 
a crustacean, but a member of the class Merostomata (subclass, Xiphosura). 
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FIGURE I Photomicrograph of a single Limulus amebocyte . Densely packed granules 
are present in the cytoplasm of the amebocyte (magnification x 4,300, using a polarizing 
microscope). 

factors required for coagulation are contained within amebocytes. 
Cell-free plasma does not clot and is not required for coagulation, since 
extracts of washed amebocytes (amebocyte lysate) are gelled following 
incubation with bacterial endotoxins . 8 •11 Therefore , it is important to 
discriminate between aggregation of amebocytes and the subsequent 
coagulation of blood, which can occur only after disruption of amebo­
cytes and their granules (see below) , with release of the various 
factors required for coagulation. 

The morphological prominence of granules in the cytoplasm and 
their rapid disruption and disappearance during aggregation of amebo­
cytes (at a time when other investigations indicated that the coagula­
tion system was being released from amebocytes) led to studies of their 
possible role in the coagulation of Limulus blood. Utilization of 
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propranolol and a sucrose gradient that contained heparin allowed 
preparation of amebocyte granules essentially free of other cellular 
components. to Studies of extracts of washed granules have dem­
onstrated that the granules contain substances that are apparently 
identical to those present in lysates of washed amebocytes, as indi­
cated by analytical ultracentrifugation and polyacrylamide gel elec­
trophoresis. to Extracts of granules are gelled by bacterial endotoxin, in 
a manner similar to the reaction between endotoxin and amebocyte 
lysate. Therefore, it appears that the factors required for blood 
coagulation in Limulus are contained within the cytoplasmic granules 
of the amebocytes and are released into the surrounding medium (i.e., 
into the plasma, in vivo) following disruption or'the granules. 

The number and nature of the factors that constitute the coagulation 
system of Limulus are still unknown. However, some important data 
are available. Column chromatography using Sephadex G-50 has 
revealed three protein peaks, one of which contains the clottable 
protein. 11 The molecular weight of the clottable protein is approxi­
mately 25,000.11·t 2 Another fraction contains other factors that are 
necessary if coagulation is to occur. Coagulation produced by endo­
toxin is the apparent result of activation by endotoxin of an enzyme or 
series of enzymes that in tum react with -the clottable protein.tr 
Endotoxin does not react directly with the clottable protein. The 
reaction, the rate of which depends upon the concentration of endo­
toxin, provides the basis for the most sensitive in vitro assay for 
endotoxin now available. t3•14 Following coagulation, the clottable 
protein is not detectable in the serum. The gel that forms is stable, but 
mechanically fragile. Furthermore, following mechanical disruption, 
the gel does not re-form but remains a viscous, semifluid mass. These 
gels do not retract. 

Summary 

These data indicate that the coagulation system of Limulus is contained 
exclusively within the amebocytes, which circulate in the blood. 
Recent studies suggest that factors necessary for blood coagulation are 
localized within the cytoplasmic granules of amebocytes. Aggregation 
and disruption of cells follow exposure of amebocytes to foreign 
surfaces. This is not prevented by nonwettable surfaces, heparin, or 
agents that chelate calcium. Endotoxin produces similar changes and, 
in addition, results in coagulation of the blood. Heparin or calcium and 
magnesium-free solutions do not prevent coagulation. In the absence of 
endotoxin, disruption of amebocytes, in vitro, is not followed by the 
coagulation of blood, despite the release into the plasma of the factors 
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required for coagulation. 8 •9 N-ethyl maleimide, which effectively pre­
vents aggregation and disruption of amebocytes , does not block the 
reaction between endotoxin and amebocyte lysate. 11 

Although it is reasonable to presume that other exogenous agents 
produce disruption of amebocytes and/or coagulation, this is difficult to 
evaluate because of the ubiquitous nature of endotoxins, the contami­
nation by endotoxin of many reagents and of equipment not specifically 
prepared to b.e endotoxin-free, and the marked sensitivity of amebo­
cytes or their extracts to minute concentrations of bacterial endo­
toxins. 

COAGULATION IN Limulus AS A MODEL FOR MAMMALIAN 

COAGULATION AND HEMOSTASIS 

The Shwartzman reaction is a model used by many investigators to 
study hemorrhage and thrombosis. The similarity between this reaction 
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FIGURE 2 Photomicrographs of Limulus amebocytes obtained with a phase-contrast 
microscope . After Limulus blood was shed , the amebocytes ofteri developed long 
filamentous processes (Figure 2A) (magnification x 180). At the same time, the cells 
aggregated (Figure 28). degranulated. and assumed irregular and varied shapes (Figure 
2C) (magnification x 423). (Modified with permission from Levin . J., and F. B. Bang. A 
description of cellular coagulation in the Limulus . Bull . Johns Hopkins Hosp. 115:337-
345, 1964. © The Johns Hopkins University Press.) 
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to endotoxin in rabbits1s·18 and the response of the coagulation system 
of Limulus to gram-negative organisms or endotoxin (Table I) was 
recognized by Dr. Frederik Bang17 and led to subsequent studies of 
blood coagulation in this species. 1•8 ·u It is currently believed (although 
it has not been proven) that endotoxemia, associated with gram­
negative infection, also activates coagulation in man, with production 
of thrombocytopenia, hypofibrinogenemia, and the syndrome now 
defined as "disseminated intra vascular coagulopathy." 18•1 u 

Table 2 provides a comparison between Limulus amebocytes and 
mammalian platelets. In both limuli and mammals, disruption of the 
integrity of the circulatory syste~ or exposure of blood to foreign 
surfaces results in aggregation of amebocytes or platelets, with sub­
sequent changes in shape, disruption of their granules, and release of 
cellular constituents into the surrounding environment. Some platelet 
factors (i.e., platelet factor 3 and ADP) accelerate or facilitate hemo­
stasis and coagulation .. Booyse et al. 20 have reported that following 
activation, platelets extrude a material they have designated 
"cytogel"; their photomicrographs of this phenomenon resemble those 
we have obtained in our studies of amebocytes. Both cell types ~e 
capable of preventing loss of blood from damaged blood vessels. 

Both cells are required for hemostasis but, in addition, amebocytes 
are necessary for the coagulation of blood, since they contain the 
factors required for coagulation. True coagulation can occur only after 
these components have been released into the plasma of Limulus. In 
contrast, in mammals the coagulation factors are present in solution in 
the blood plasma. Both amebocytes and platelets contain clottable 
protein, but in Limulus the amebocyte is the sole source of the clottable 
protein, whereas the mammalian platelet is associated with only a small 
proportion of the fibrinogen present in blood. 21 The presence of the 
entire coagulation system, including the clottable protein, in the 
amebocytes provides the basis for suggesting that coagulation in 
animals was initially a cellularly based function and that, as evolution 

TABLE 1 Effects of Gram-Negative Infection 
or Endotoxin in Limulus 

Amebocytopenia 
Intravascular coagulation 
Clots contain gram-negative organisms 
Blood becomes incoagulable 
Death 
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TABLE 2 Comparison of Limulus Amebocytes and Mammalian 
Platelets 

Limulus Mammalian 
Characteristics or Functions Amebocyte Platelet 

Hemostasis Essential Essential 
Blood coagulation Essential Ancillary 
Clottable protein Yes Yes 
Nucleus Yes No 
Viscous metamorphosis Yes(?) Yes 
Cellular processes Yes Yes 
Granules Yes. Yes 
Response to endotoxin Yes Yes 
Phagocytosis No(?) Yes 
Antibacterial function Yes Yes 

occurred, this function gradually shifted into the plasina. 21.23 Limulus 
also provides a biological precedent for the concept that mammalian 
platelets contain functionally significant fibrinogen. 24 

Amebocyte'> and platelets both contain granules, and both degranu­
late during the initial stages of blood coagulation. Clotfable protein is 
present in these granules, and a significant proportion of the fibrinogen 
in platelets is present in their granules. 21 However, whereas amebo­
cyte granules apparently primarily contain coagulation factors, the 
granules of mammalian platelets contain a variety of substances, such 
as serotonin, that may have no direct relatior:iship to coagulation. 
Platelet granules alsQ contain hydrolytic enzymes characteristic of 
lysosomes. 25 In contrast, preliminary studies indicate that beta­
glucuronidase is not present in ameb9cyte granules. 10 

Phagocytosis has not been reported in amebocytes, although defini­
tive studies have not yet been done. 26.27 In contrast, although this is 
not considered one of their primary functions, platelets are capable of 
phagocytosis and have been shown to have limited bactericidal activ­
ity. 28 Amebocytes, which clearly play an important role in the control 
of bacterial infection by sealing wounds and trapping bacteria in 
masses of ge12u 7 also have been shown to have some bactericidal 
activity. 27 

Endotoxin, a lipopolysaccharide present in the cell wall of all 
gram-negative organisms, is capable of interacting with amebocytes or 
platelets and of triggering blood coagulation. However, there are 
considerable species differences in the ability of endotoxin to produce 
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TABLE 3 Initiation of Coagulation in 
Invertebrates by Endotoxin or Bacteria a 

Animal 

Limulus polyphemus 

Sacculina carcini 

Homarus americanus 

Carcinus maenus 

Maia squinado 

Crassostrea virginica 

Agent 

Vibrio sp. 
E.coli 
Shigella 

Vibrio sp. 
E.coli 
Gaffkya (?) 
Gram-negative bacillus 

Shigella 
Gaffkya (?) 

Gram-negative bacillus 

Gram-positive bacillus 

Bacteria (?) 

JACK LEVIN 

"Modified from Levin.• The original citations from which these data 
were collected are listed in reference 3. 

these effects. 29 For example, as indicated previously, amebocytes and 
blood coagulation in limuli are sensitive to bacterial endotoxins. Blood 
coagulation in rabbits is activated by endotoxin; in fact, this is the only 
animal in which the Shwartzman reaction can be produced by two 
sequential injections of endotoxin. In contrast, the platelets of humans 
and other primates are relatively resistant to the effects of endo­
toxin. 29•30 

The roles of the amebocyte in providing hemostasis and controlling 
infection and its reaction to endotoxin suggest that the response of 
platelets and the blood coagulation system in various mammals to 
gram-negative infection or endotoxin is a remnant of this mechanism. 
in humans, this mechanism occasionally subverts its presumed protec­
tive function by overresponding in a manner that results in un­
physiologic thrombosis or hemorrhage. 18 • 19 •22 •31 Similarly, the 
rudimentary ability of mammalian platelets to phagocytose particles 
and kill bacteria may be another remnant of functions that are more 
important in amebocytes (or thrombocytes of other invertebrates). 

These observations and investigations of pathophysiologic states of 
coagulation in other invertebrates (Table 3)3 suggest that studies of 
blood coagulation in Limulus, and in other invertebrates, will provide 
insights into the various mechanisms by which platelets react to 

\ 

i 

Copyright © National Academy of Sciences. All rights reserved.

Animal Models of Thrombosis and Hemorrhagic Diseases
http://www.nap.edu/catalog.php?record_id=19903

http://www.nap.edu/catalog.php?record_id=19903


Blood Coagulation in the Horseshoe Crab 95 

different stimuli and by which mammalian blood coagufation is 
initiated. 
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DISCUSSION 
A COMMENT ON THE ULTRASTRUCTURE OF AMEBOCYTES 

FROM THE HORSESHOE CRAB (Limulus polyphemus) 

James G. White, M.D. 

97 

Dr. Levin has set forth both here and in his previous work lucid and convincing 
arguments for consideriiig the process of coagulation in the horseshoe crab 
(Limulus polyphemus) as a model for human hemostasis. 1- 3 Ample support for 
this position has been obtained in the course of invc:stigations carried out in 
other laboratories. 4 --e Although my experience with nonmammalian thrombo­
cytes is very limited, I concur in emphasizing the importance of investigations 
into host defense mechanisms protecting the integrity of the vascular system in 
nonmammals. In addition, I would like to urge the extension of such studies 
into other areas basic to the understanding of human biology and pathology. I 
have in mind two problems that are of particular interest: the secretory process 
and the mechanism of sol-gel transformation. 

The transport of chemical substances confined to specific storage organelles 
from a cytoplasmic location to the exterior of cells is a generally accepted 
phenomenon throughout nature. Yet, the fundamental mechanisms involved i~ 
the secretory process remain obscure. For example, Grette7 was the first 
worker to characterize the extrusion in parallel of specific chemical substances 
from blood platelets without loss of cytoplasmic constituents, a process he 
termed the release reaction. Subsequent efforts have established the critical 
role of secretion in the platelet hemostatic response8 and failure of platelet 
secretion as a pathological basis for some hemorrhagic disorders. 9 While 
considerable progress has been made, we still lack a clear understanding of 
precisely how the products stored in platelet secretory organelles reach the 
exterior after stimulation of the cells by aggregating agents. 10 

Aniebocytes constitute approximately 90 percent of the cells in the 
hemolymph of the horseshoe crab. The hemolymph lacks a clottable protein, 
and hemostasis is entirely dependent on the response of amebocytes to 
vascular injury. Adhesion and aggregation of amebocytes at the site of vessel 
damage provides a first line of defense. Secretion of clottable protein from 

· storage organelles within the cell supplies additional protection as well as a 
means of sealing off invasive foreign particulates such as endotoxin. Thus, 
amebocyte secretion is a critical facet of the limited defense mechanisms in this 
primitive species. 

The secretory p!Qcess in amebocytes, as in most cells, involves the 
movement of secretory organelles to the surface, fusion of membranes 
enclosing storage contents with the cell wall, and extrusion of the storage 
products into the surrounding hemolymph (Figure 1). 2•4•8 Initial investigations 
into amebocyte secretion suggest that the membrane-membrane interaction 
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FIGURE I Limulus amebocytes fixed during the process of se~retion 
and gel formation . A, granular material is being extruded (arrow) from 
two cells (magnification x6,500). B, several cells are imbedded in the 
gel (magnification x3,000). 
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leading to fusion of storage granules with the cell wall is relatively simple 
compared to similar events in mammalian cells. Secretion can occur in the 
absence of extracellular calcium and is not inhibited by most of the agents 
which block secretion in human blood cells .2.4-e Careful study of secretion in 
the amebocyte may provide clues essential for our understanding of the more 
complex but similar process in mammalian cell systems. 

Sol-gel transformation is also a basic process common to nearly all biological 
systems. Cell movement, cytoplasmic streaming, cytoskeletal support , and 
blood coagulation are typical manifestations of this phenomenon. Sol-gel 
transformation can be involved in the genesis of human disease, and sickle cell 
anemia is a classic example. 11 Conversion of liquid hemoglobin inside sickled 
erythrocytes into a gel of rodlike polymers after exposure to low oxygen 
tension causes distortion of the cells, development of extreme rigidity. early 
removal by the reticuloendothelial system, and occlusion of the microcircula­
tion (Figure 2). Thus, in si~kle cell anemia sol-gel transformation is a 
pathological process resulting in all of the morbid features of the disease . 

Efforts to define the nature of the sickling process have generally been 
confined to intact erythrocytes and cell-free hemoglobin solutions from pa­
tients with sickle cell anemia. Animal models of sickle cell anemia have been 
reported , 12 but the conditions under which erythrocyte sickling develops and 
the structure of the polymers formed differ significantly from those observed in 

·,'. 

AGURE 2 Thin section of a sickled human erythrocyte (£). The 
rodlike polymers (P) of sickled hemoglobin extend in all directions but 
remain separated from each other (magnification x 27 ,000). 
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FIGURE 3 Thin section of Limulus amebocyte. Portions of three 
granules are shown. The internal matrix of granule I is homogeneous. 
Granules 2 and 3 contain tubular polymers (P) similar in many respects 
to polymers of sickled hemoglobin (magnification x33,000). 

the human disease. No attention has yet been given to the possibility that 
polymerization of nonhemoglobin proteins might provide a useful approach to 
understanding the basic process of sol-gel transformation as well as the 
pathogenesis of sickle cell disease. 

It is of some interest, therefore, to observe the transformation that occurs 
within the storage granules of amebocytes from the horseshoe crab before and 
during the process of their extrusion from the cytoplasm (Figure 3). 4 The 
protein content of the organelles is homogeneous in undisturbed organelles and 
resembles in appearance hemoglobin in thin sections of normal human red 
blood cells. 11 Before and during secretion, however, the homogeneous material 
in the granules is transformed into rodlike polymers that are strikingly similar 
to those observed inside sickled erythrocytes and cell-free solutions of sickled 
hemoglobin from human patients. The granule transformation must occur very 
rapidly. because organelles containing polymers are evident in amebocytes 
fixed immediately after aspiration. Labilization of granule membranes, akin to 
the response of lysosomes in human leukocytes after ingestion of bacteria, is 
probably involved in initiating granule transformation. However, the sub­
sequent polymerization of granule protein appears to be spontaneous. As a 
result, the process is of great interest to those concerned about the nature of 
sol-gel transformation and the pathogenesis of human sickle cell disease. 
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I hope that this comment will stimulate other workers to study the amebo­
cyte. Investigations of fundamental processes in these simple cells may help 
clarify phenomena involved in the genesis of human disease. 
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DISCUSSION 
NATURE OF THE CONTENTS OF LARGE GRANULES OF Limulus 
AMEBOCYTES 

Frank A. Belamarich, Ph.D. 

Examination of Limulus amebocytes at the Boston University Marine Pro­
gram, Woods Hole, has revealed differences in the nature of the contents of the 
large granules that occur in these cells. This has also been shown by Dumont, 
Anderson, and Winner. 1 The appearance of the granule contents seems to be 
time dependent, for if cells are fixed immediately, the contents are extremely 
electron dense and amorphous. Within minutes, and perhaps seconds, granules 
are noted that have a highly ordered interior. Further changes are noted with 
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time, and it is our belief that the granular contents undergo transition from one 
form to the other until the contents are released. This, of course, needs a great 
deal of further study. 

I would like to point out that with respect to the gelation induced by 
endotoxin, the time course for this occurrence is quite long compared with the 
time course of aggregation of the amebocytes. In a system stirred at approxi­
mately 300 rpm, aggregation is essentially complete in 30 seconds, while 
gelation measured in the usual way will not occur for 30 minutes or longer. The 
initial hemostatic event in Limulus appears to involve aggregation. of the 
amebocytes, which then may be followed by protein coagulation if endotoxin is 
present. 
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III 

AREAS TO BE 
DEVELOPED 

Copyright © National Academy of Sciences. All rights reserved.

Animal Models of Thrombosis and Hemorrhagic Diseases
http://www.nap.edu/catalog.php?record_id=19903

http://www.nap.edu/catalog.php?record_id=19903


Copyright © National Academy of Sciences. All rights reserved.

Animal Models of Thrombosis and Hemorrhagic Diseases
http://www.nap.edu/catalog.php?record_id=19903

http://www.nap.edu/catalog.php?record_id=19903


ROBERT W. BULL, D.V.M. 

Canine 
Immunohematology 

The development of animal models of thrombosis and hemorrhagic 
disease, in addition to the search for appropriate animals, also requires 
supportive efforts for the long-term maintenance of such animals. For 
optimal preservation of a thrombosis and/or hemorrhagic disease 
model, administration of therapeutic biologic agents, i.e., specific 
blood component therapy, is routinely necessary. This requires ap­
propriate matching of the potential donor of the agent with the 
recipient. The current studies to better characterize these disease 
states by tissue transplantation necessitate histocompatibility matching 
by serological and biological tissue-typing techniques. Finally, since a 
single animal that exhibits a disease state is generally not suilicient for 
extensive study, there is always a pressing need for propagation of the 
strain and characterization of the genetic expression of the condition. 
Immunogenetic markers, such as blood groups, histocompatibility 
antigens, and serum and cellular enzyme polymorphisms, are excellent 
tools for the genetic characterization of described models. 

The purpose of this presentation is to outline, with reference to the 
dog, the current status of the immunohematology supportive services 
and to emphasize the pressing need to expand these services. 

CANINE ERYTHROCYTE ANTIGENS 

As early as 1910, 14 four different blood groups in the dog were 
recognized. Subsequently, numerous investigators 7- 10•18- 18 mentioned 
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TABLE 1 Dog Erythrocyte Antigens (DEA) 

Locus Groups 

New Old New Old Alleles 

DEA-I A DEA-1.1 A, DEA-1.1 
DEA-1.2 A2 DEA-1.2 

DEA-3 B DEA-3 

DEA-4 c DEA-4 

DEA-5 D DEA-5 

DEA-6 F DEA-6 

DEA-7 Tr DEA-7 

DEA-8 He DEA-8 

dog blood group systems only in the context of incompatibilities 
following either isoimmunization or infusion of red cells. Order was 
brought to the field in 1961 11 with the characterization of the currently 
recognized blood group system. 

The reagents that identify the canine erythrocyte antigens have been 
established as international standards, and the system has been ex­
panded by the recognition of several additional antigens. 1•15 Seven loci 
have now been identified, only one of which has an allelic expression 
(Table I). The nomenclature has changed recently, and both the old 
and new nomenclature are listed in Table I. The new nomenclature is 
in binomial format in order to reduce confusion as the system expands; 
DEA (dog erythrocyte antigen) is followed by a number that denotes a 
specific blood group based on the principles set forth by Swisher et al. 11 

The DEAS are serologically identified by hemagglutinating and/or 
hemolytic reagents that are produced by repeated isoimmunization.12 

The dog blood group systems segregate independently; there are no 
observed linkages between any of the groups. The inheritance of the 
determinants follows the Mendelian laws of dominance. As with most 
animal blood group systems, the dog has a low incidence of naturally 
occurring isoantibodies for the various erythrocyte antigens, except 
possibly for DEA-7. Incompatibility is, as a rule, not manifested with 
initial presentation of blood; rather, it appears only with subsequent 
exposure to an antigen. 

The DEA-7 blood group is of particular interest for several reasons. 
The antigen appears to be similar to the A antigen of the human ABO 

system and because of this, dogs that lack the DEA-7 antigen will 
respond to the common A substance of the environment and develop 
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antibodies that will react with DEA-7-positive erythrocytes. 1- 3 DEA-7 is 
a soluble antigen secreted in the saliva and can be found in the serum 
(Bull and Zweibaum, unpublished). The antigen appears not to be 
manufactured by cells but is rather taken up by them after develop­
ment; this is suggested by the fact that bone marrow graft recipients 
never change their DEA-7 status after grafting, even though there is 
ample evidence from other markers that grafting has occurred. 4 A 
positive correlation has been found between DEA-7 and the A antigen of 
the canine secretory antigen system. 19 

CANINE HISTOCOMPATIBILITY ANTIGENS 

The major histocompatf.bility complex (MHC) of the dog, DL-A, is very 
similar to the MHCs of other mammalian species, including the human 
HL-A complex. It consists of a cluster of closely linked genetic systems. 
Two series of multiple alleles that segregate in a haplotypic manner 
control the antigens that are identified by serological means. 1s At 
present there are 14 recognized serologically defined determinants in 
this system of the complex (Table 2). In addition, there are at least two 
other series of multiple alleles that control reactivity in mixed lympho­
cyte culturess· 13 and that are found at the lymphocyte-defined loci of 
the MHC. The biological significance of these determinants in the 
immunology of transplantation, their possible linkage with other sys­
tems, and their value as genetic markers are currently the subject of 
considerable study and interest. 

OTHER GENETIC MARKER SYSTEMS 

In the dog there are several polymorphic serum protein and enzyme 
systems that are genetically controlled; these are excellent for genetic 

TABLE 2 .DL-A Antigens 

First Series 

DL l 
DL 2 
DL3 

DL 7 
DL8 

DL9 

DL IO 

Second Series 

DL 4 
DL 5 + 13 
DL 5-13 
DL6 

DL II 
DL 12 
DL 14 
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TABLE 3 Seruµi and Enzyme Polymorphism 

Loci 

Serum or plasma 
Tf (transferrin) 
Al (albumin) 

Red cell enzymes 
Pep-D (peptidase-D) 
POM2 (phosphoglucomutase) 
o-To (dimerictetrazolium oxidase) 

White cell enzymes 
POM3 (phosphoglucomutase) 

Alleles 

TfA, TP, Tf'C 
A', A2 

Pep-I>", Pep-Db, Pep-I>" 
POM21, POM22, 

D·T08 , 0-TOb 

characterization of the species. These include (Table 3) transferrin, 
albumin, peptidase-D .(Pep-D), phosphoglucomutase (PGM2 and PGMa) 

and dimerictetrazolium oxidase (D-T0).6• 15 An additional allelic system 
of antigens, the canine secretory antigens (CSA) within and secreted by 
mucosal cells of the digestive tract has been described. 19 Natll(Wly 
occurring antibodies are present against the antigens. The A antigen of 
this system is antigenically cross-reactive with DEA-7 of the red cell 
group as well as with the A of the human ABO blood group system. 

SUMMARY 

It is evident that considerable progress is being made in the im­
munohematologic and immunogenetic characterization of the dog. This 
knowledge can be of benefit and aid in the preservation and mainte­
nance of dogs with thrombotic and hemorrhagic diseases. The field is 
not yet fully developed, but recognition of the supportive role of 
immunohematology is paramount to the success of any program that 
utilizes these animal models. 
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ALBERT M. JONAS, D. V .M. 

Cost-Effectiveness of 
Developing Animal Models 

An animal model may be defined as a disease or condition that occurs 
naturally in a particular species, has significant features similar or 
identical to a known human disease, and can be reproduced or obtained 
in enough animals to be studied effectively. 

If any of these three components is lacking, the term animal model is 
inappropriate. For example, if a naturally occurring canine disease 
mimics a human disease but animals are not available for study, it is not 
an established animal model, but rather a potential animal model. 
Similarly, a sterile mutant may have a disease identical to a human 
condition, but its value as a model system is extremely limited. 

The costs of developing animal models encompass a wide array of 
factors which may be summarized as follows: 

1. Maintenance of the primary healthy population 
2. Screening of animals for naturally occurring diseases of potential 

medical interest 
3. Characterization of the condition to determine its possible merit 

as a model system for a human disease 
4. Procurement of enough animals for study 

FJfectiveness is more difficult to quantitate, but it may be evaluated 
by considering such factors as (a) number of models obtained, (b) 
number of research projects using the model, (c) research dollars 
funded for research projects using this model, (d) quantity and quality 
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of scientific publications related to this model, (e) impact of the 
research on the treatment of human patients, (0 contribution to training 
of medical scientists, and (g) feedback information to the veterinary 
profession enabling improved animal patient care. 

It is unlikely that all of these factors will be included and properly 
weighed in determining "effectiveness." Potential biases and gross 
inaccuracies must be recognized and considered in any figures gener­
ated by cost-effectiveness ratios. 

Animal models have been obtained from four main sources: 

Domestic animals (horses, cattle, sheep, swine, poultry, dogs, and 
cats). Populations of these animals number in the millions and repre­
sent an immense reservoir of natural diseases of significant interest to 
comparative medicine. The cost to research is negligible for mainte­
nance of these animal stocks. Screening for disease is routinely 
performed by animal owners who refer these animals to veterinarians. 
In the course of their daily practice veterinarians recognize and identify 
a wide range of diseases, many of which have potential relevance to 
comparative medical research. Veterinary and comparative medical 
literature is rich with descriptions of these diseases. Characterization 
and procurement, however, involve significant costs. Suspect animal 
diseases must be characterized, and if they are of sufficient interest, a 
mechanism must be established to obtain adequate numbers of animals 
for study. Examples of models among domestic animals familiar to 
investigators include dogs, cats, and pigs with hereditary clotting 
disorders. Identification is followed b)C characterization, but until a 
colony of animals is established, usually at rather' high cost, an animal 
model is not available for research purposes. Success is contingent 
upon developing contacts with veterinarians and establishing good 
professional relationships. In order to tap this resource some research 
groups have specifically recruited veterinary scientists as liaison 
personnel. The cost of such recruitment may be critical to success 
(effectiveness) of developing models for that research group. 

Feral animals. Much that was stated about domestic animals applies 
to feral animals. Zoos such as the Philadelphia Zoo (Penrose Labora­
tory) have been studying diseases in their animal collections for many 
years. Aquatic mammals, fish, nonhuman primates, and many other 
species have potential diseases and physiological and/or behavioral 
characteristics that, if properly identified, may stimulate their estab­
lishment as animal models. The cost structure is similar to the previous 
category' but since only a fraction of the existing healthy populations is 
under scrutiny, the discovery of models may be more difficult. 
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Establishing animals with diseases or desirable characteristics may 
require more ingenuity, and cost factors will be extremely variable. . 

Systematic breeding of normal animal stocks and strains for the 
specific purpose of discovering hereditary diseases. This approach has 
not been practiced except in unusual circumstances. The breeding of 
animals to uncover genetic abnormalities is difficult and costly. A large 
number of strains with genetic diseases are now available but these 
animals were obtained from animal research colonies (see below). The 
developmental costs include all four cost factors associated with 
prospective breeding for genetic abnormalities. 

Animal research colonies. Millions of laboratory animals are seen 
and examined by investigators during the course of their animal 
experiments. These colonies are composed largely of normal animals, 
but occasionally an interesting model may be detected. All too often, 
however, the investigator thinks of the abnormal situation strictly as a 
problem and is interested only in its elimination. A condition may exist 
in a colony for years at a low level before someone takes an interest in 
it and establishes its importance. With the increase in numbers of 
comparative pathologists on medical school faculties and the estab­
lishment of veterinary diagnostic laboratories to monitor animal re­
search colonies, more of these "problems" can be studied and 
potential animal models identified. Cost factors in developing models 
from research animal colonies are favorable in that animal maintenance 
costs are shared by existing grants, and detection of models is usually a 
spinoff from these projects. Costs of screening are borne by inves­
tigators or by the diagnostic laboratory, which must diagnose cases as 
part of its quality control obligations. Characterization must be funded 
separately. Costs of developing animal models are relatively low in 
animal research colonies since maintenance and screening costs are not 
added to initial projects. 

The word "effectiveness" in cost-effectiveness has been deliber­
ately downplayed during this discussion. Cost for establishing previous 
models can be estimated as projected costs in the four main areas 
discussed (domestic animals, feral animals, systematic breeding, and 
animal research colonies), but estimations of effectiveness may have to 
be more qualitative than quantitative. 

There are pitfalls in applying cost-effectiveness ratios prospectively. 
Poor animal care or insufficient veterinary medical staffing may reduce 
basic animal costs, but this certainly is not the direction scientists 
should take. The benefit to science· and human health should be of 
paramount concern, and spurious cost:-effectiveness ratios that favor 
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poor conditions should be recognized and challenged. Costs will also 
vary in different parts of the country. Animal costs should be audited 
by standard accounting procedures1 to establish proper documentation 
of costs, rather than making them comparable to those established by 
other institutions. Quality and creativity should always be the critical 
factors in evaluating costs and effectiveness. 
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PETER H. LEVINE, M.D. 

Cost-Effectiveness of 
Replacement Therapy in 
Animal Models of 
Hemorrhagic Disorders: 
Lessons from Experience 
with H. sapiens 

Our present level of knowledge about hemophilia and related diseases, 
and the therapeutic advances that have resulted from this knowledge, 
owe a great deal to studies on animal models of these disorders. One 
has only to read the recent hematologic literature to see the continuing 
benefits of maintaining colonies of animals with bleeding tendencies. 
The maintenance of such colonies is expensive. Is this expense 
justified? 

The extensive national survey of blood resources carried out re­
cently by the National Heart and Lung Institute5 outlines the mag­
nitude of the hemophilia problem in humans. Given this country's 
25,500 currently treated severely and moderately severely affected 
hemophiliacs, the presently available therapeutic material, and the 
presently available supply of blood donors, the application of 
prophylactic therapy to all hemophiliacs would more than exhaust the 
present national blood supply, and probably would also exhaust the 
budgets of most third-party health care providers. Further, it is highly 
unlikely that we will approach 100 percent efficiency in blood fraction­
ation within the next several years. For these reasons, and because of 
the already tremendous welfare burden attributable to patients with 
hemophilia, cost-benefit analyses of spending federal money on animal 
models of the hemophilias are highly likely to yield data that strongly 
support such spending. 

It seems crystal clear to me, a physician who deals only with human 
animals with hemorrhagic tendencies, that we must maintain colonies 
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of nonhuman an'imals with hemorrhagic tendencies in order to answer 
the many new questions that continuously arise as our data base 
expands. Many such questions cannot be studied in man. How may the 
benefits of animal models be maximized, and costs minimized? 

Recent clinical research studies at our center have yielded certain 
principles that are applicable to future maintenance and study of animal 
models. (There is no reason why information should not flow in both 
directions.) 

In a program that now involves approximately 90 severely and 
moderately severely affected hemophiliacs of all ages, an attempt has 
been made to apply replacement therapy in a way that would guarantee 
immediate correction of the coagulation defect at the very earliest 
suspicion of hemorrhage, and that also guarantees that hemostatically 
effective levels of factor VIII or factor IX are reliably achieved in the 
plasma. In order to achieve these goals, the patients themselves were 
provided with intensive theoretical and practical instruction, and 
necessary therapeutic materials, and were indoctrinated in a general 
philosophy that states, "When in doubt, infuse." Further, the 
therapeutic material used was either lyophilized cryoprecipitate or 
factor VIII or IX concentrate, because of the reliability in dose 
calculation when using these therapeutic materials. We have come to 
use standard nonlyophilized cryoprecipitate less and less, because of 
multiple episodes of in vivo therapeutic failure with this material. These 
failures were explained by in vivo factor VIII levels far below the 
expected ones, explained in tum by particular batches of cryoprecipi­
tate that assay out as containing 25-35 factor VIII units/bag as opposed 
to the expected 100-150 units/bag. Further, at a cost to us of $10.00/ 
bag, this material becomes extremely expensive. 

What are the benefits of immediate and predictably intensive re­
placement therapy? We have previously reported some of the benefits 
attributable to this sort of therapy using data collected during a year of 
standard, emergency-room-based health care delivery as a control and 
comparing this to a year of patient-administered therapy given at the 
very earliest sign of hemorrhage.2 In that study, we reported obvious 
improvement in all parameters of health and well being. For example, 
there was a 74 percent decrease in days lost from work or school 
because of ill health, an 89 percent decrease in days hospitalized, and a 
76 percent decrease in number of physician visits made. Furthermore, 
in an evaluation of one of the most important long-term sequelae of 
hemophilia, hemophilic arthropathy, we showed that during the control 
period we could demonstrate a 90 percent incidence of new or 
progressive hemophilic arthropathy as opposed to an incidence of 
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approximately 10 percent following a year of immediate aproication of 
intensive therapy. 3 · 

What are the costs of this sort of therapy? For the human, this 
intensive therapy achieves great reduction in cost, even though many 
more hemorrhagic episodes are treated. In our initial study, we 
demonstrated the yearly per capita cost of health care for a group of 45 
patients with severe or moderately severe hemophilia A or B could be 
reduced from a mean of $5, 780 to a mean of $3 ,209. This reduction in 
cost was due not only to a decrease in days spent in the hospital but 
also to a 15 percent decrease in the mean number of factor VIII 
infusion episodes per year, which fell from 32.8/patient/year to 27.9/ 
patient/year. It should be emphasized that these patients had many 
more individual episodes of hemarthrosis treated under the self­
therapy regimen, but that because a single infusion given early suffices 
to shut off a bleeding episode, their overall health was much improved 
at decreased expense. Further, the arthropathy failure rate occurred in 
a small group of patients whose therapy was significantly less intensive 
than that of the group as a whole. One limitation must be stressed. In 
order to achieve these results, with maximum benefit to the patient~ 
and, parenthetically, maximum yield of useful data, care should be 
delivered through a limited number of large hemophilia centers, which 
have the necess;uy professional expertise, health care facilities, and 
laboratory capability. 

Colonies of bleeder animals are an important national resource that 
must be maintained. They are expensive, and they are difficult to 
manage. The problem is compounded by the lack of canine typing sera 
and by the difficulties in obtaining canine plasma and plasma products. 
Thus, hemorrhage must often be treated with plasma or whole blood. 1 

This is clearly suboptimal and may lead to the death of valuable 
experimental animals. These conditions in the animal colonies are 
entirely analogous to the human situation a number of years ago. It 
seems clear to me that we should bring our animal colony capabilities 
to a more modem level so that these colonies can answer some of the 
questions now being raised in humans. Aside from basic research 
projects of obvious importance, certain applied clinical research proj­
ects require study. For example, the effects of repeated infusions of 
plasma products need study, as do the hepatic abnormalities frequently 
observed in the intensively infused hemophiliac4 and the occurrence of 
splenomegaly in approximately 25 percent of these patients (Levine, 
unpublished data). All could easily be studied in animal colonies, with 
great potential gain to afflicted humans. 

In conclusion, two principles derived from human clinical research 
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deserve emphasis. First, there should be a limited number of carefully 
chosen, nationally funded centers that maintain colonies of animals 
with hemorrhagic tendencies. These centers should be willing to make 
their models, facilities, and academic talents available for appropriate 
collaborative projects. Second, a single center should be funded to 
produce and distribute a canine factor VIII preparation, presumably a 
lyophilized cryoprecipitate, as well as other appropriate animal plasma 
products. 
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STEPHEN W. J. SEAGER, M.V.B., 

M.R.C.v.s. 

Cost-Effectiveness: 
Utilization of a 
Sperm Bank in Animal 
Breeding Colonies 

Frozen semen has proven invaluable in the storage of genetic lines in 
the bovine, ovine, and porcine species. Investigators have utilized 
these stored specimens, particularly from bulls, for many years after 
the sire has died, either for the utilization of his good qualities or to 
trace inheritance pathways of congenital anomalies. Bull semen has 
been frozen successfully for as long as 12 years. 1 Until comparatively 
recently, canine genetic material could not be stored for extended 
periods. Seager published the first reported pregnancy from the use of 
frozen canine semen,2 and Van Gemert3 and Anderson4 have since 
reported successful pregnancies. These achievements have opened up 
great possibilities for frozen semen utilization in the study of canine 
genetics. 

During the past 5 years studies have been conducted in the labora­
tories at the University of Oregon Medical School and Baylor College of 
Medicine · into the preservation of genetic material of an inbred, 
histocompatible line of dogs, as well as intensively investigating frozen 
dog, cat, and other mammalian semen. Genetic material from male 
dogs with congenital diseases and rare blood groups has been stored in 
liquid nitrogen. This stored material has subsequently been used in 
attempting to determine the pathways of such congenital diseases as 
hip dysplasia. 5 Semen of dogs suffering from a variety of conditions has 
been frozen: these conditions include entropion, extropion, 
anophthalmia, hip dysplasia, monorchidism, various types of hernias, 
maxillary and mandibular prognathism, heart conditions (including 
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ventricular and atrial septal defects, pulmonic and aortic stenosis, and 
tetralogy of Fallot), and a number of neurological conditions (including 
epilepsy). We are presently investigating semen freezing of males 
whose direct descendents have been diagnosed as narcoleptic. 

There are a number of reasons why frozen semen is of great benefit 
to investigators of animal models. The cost of keeping research animals 
has increased alarmingly in the past few years. If a breeding colony is 
being maintained for the study of genetic traits as part of a research 
program, semen from the afflicted mature males can be collected and 
frozen. Once a sufficient amount of semen has been stored, the males 
no longer need to be kept in the colony for breeding purposes. The 
semen can subsequently be used to artificially inseminate suitable 
heterozygous females. 

For example, the sperm count of normal dogs ranges from 500 
million to 2.5 billion spermatozoa per ejaculate. If the sperm have a 
normal recovery rate after the freezing process, one can expect to 
inseminate four to ten bitches from each ejaculate. This expectation 
may not be valid in dogs afflicted with certain forms of congenital 
disease. Males afflicted with congenital heart diseases often,show poor 
libido, possibly due to hormonal deficiency or to inability to withstand 
the physical stress of mounting a bitch. This low libido is often coupled 
with either oligospermia or aspermia. If the total sperm count in such 
dogs is as low as 25 million, a number of ejaculates may be pooled to 
obtain sufficient live sperm for insemination. Many of these dogs are 
incapable of fertilizing a bitch naturally because of their physical 
inability or the poor quality of their semen. Do,gs suffering debilitating 
anatomical conditions such as hip dysplasia, achondroplasia of the 
shoulder, or lower lumbar malformations may desire to mount and 
breed naturally, but their affliction causes such a severe physical 
limitation on them that successful copulation is impossible. 

Air shipment of frozen canine semen has become desirable as a 
result of the increasing reluctance of airlines to ship large dogs, plus the 
shipping expenses and danger to the dog's life from overexcitement or 
trauma (particularly those suffering from heart conditions). Research 
involving the study of genetic anomalies in animal colonies in various 
institutes could greatly benefit from shipment of frozen semen. The 
ease and safety of transport of frozen semen has been documented. 
Canine semen has been shipped in liquid nitrogen from the University 
of Oregon Medical School and inseminated successfully in St. Louis, 
Missouri. 6 Large shipments of canine semen have been sent to Hawaii 
and Alaska, evaluated, and returned by air with no visible loss in 
motility or apparent morphological change. 
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Space and housing of dogs has become an increasingly important 
factor in research institutions, in large part because of the increased 
kennel space requirements for the housing of dogs. The rising costs for 
square footage and new cage design further enhance the utility of 
frozen semen in the maintenance of dog breeding colonies, as only 
relatively few sires need to be retained for breedipg. Frozen semen is 
an inexpensive and safe method of securing the viability of at least half 
the genetic material if a colony is destroyed by disease or disaster. 

METHODS AND MATERIALS 

Dog semen has been frozen in the Baylor laboratory using three 
methods: (a) in 1.0-ml glass vials; (b) in 0.25-, 0.50-, and 1.0-ml plastic 
straws; and (c) in "pellets. " 7 To date, the pellet method has been the 
most successful. 8 Over 500 puppies have been born from frozen semen 
thus far in the study. Conception rate in one trial with 13 beagle bitches 
using frozen beagle semen was 92 percent. This rate was obtained 
under laboratory conditions. 

Freezing semen by the pellet method involves dilution in an egg 
yolk-glycerol solution, equilibration at 5"C, depositing the semen 
dropwise on a block of solid carbon dioxide, inverting the block over a 
bath of liquid nitrogen and thus depositing the pellets into the liquid 
nitrogen. 8 In preparation for final storage, the pellets are placed in 
Nalgene vials identified by sire and date frozen. Position of the semen 
in the liquid nitrogen tank is recorded in a catalog. The semen is thawed 
just before insemination in 0.9 percent saline at 38"C. 9 Insemination is 
performed as soon as possible after thawing. The thawed semen is 
inseminated by means of a 10-ml disposable syringe attached by a 
1/2-inch rubber connector to a bovine artificial insemination rod. The 
semen is deposited at the external cervical os. The bitch is elevated for 
approximately 10 minutes after insemination. -

RESULTS AND DISCUSSION 

To date in this study, no adverse effects of the frozen semen have been 
shown in either the puppies or the dam. Male dogs that have ejaculated 
many times by manual stimulation are willing and able to breed 
naturally unless there is a physical condition that prevents it. A number 
of bitches have had a litter of frozen semen puppies, followed by 
one with natural breeding, followed by further ones from frozen semen. 

One of our aims is to record any adverse factors appearing in a 
number Qf successive generations of frozen semen puppies, such as 
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reproductive failure, poor growth, or abnormal inheritance of genetic 
traits. A litter of fourth-generation frozen semen puppies was whelped 
January 9, 1975. So far, no dogs in the first through fourth generations 
of frozen semen litters have experienced any congenital or acquired 
defect that could be attributed to the semen freezing process. Sex 
ratios, litter sizes, and birth and weaning 'weights of all frozen semen 
litters have been within the average for the group. 

A litter of nine healthy puppies born recently resulted from artificial 
insemination using semen frozen for over 3 years. Semen has been 
stored in the program since 1968, and as of this date shows excellent 
motility upon thawing. As mentioned above, bull semen has been 
stored for extended periods; results thus far indicate that canine semen 
will have a similar longevity. Extensive data-gathering continues in this 
program on the utilization of frozen dog, cat, and captive wild mammal 
semen. 
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Requirements for Diagnostic 
Procedures Used in the 
Definition and Interpretation 
of Animal Models of 
Hemorrhage and Thrombosis 

Animal models for the study of genetically determined hemorrhagic 
disorders have to be carefully investigated before conclusions relevant 
to human pathology can be reached. Points of concern are the clinical 
picture of the disease in the animal, the pattern of inheritance, and the 
nature of the biochemical defect. 

The first point, i.e., the clinical picture of the disease in the animal, 
has to be elucidated by clinical observation of a certain number of 
animals. The dogs with severe classic hemophilia in the Leiden and 
Albany colonies rarely suffer from hemarthroses. Whether this is due 
to their housing conditions, their gait, the nature of their biochemical 
defect, or modifying genes is not known. Hemophilic dogs in Chapel 
Hill, living in similar housing and by present standards having the same 
biochemical defect, are reported to have seriously damaged joints (see 
Brinkhous, this volume, p. 3). The importance of gait in provoking 
joint bleeding might be suggested by the high incidence of hemar­
throses in hemophilic horses. 

A bleeding site, very rare in man, but quite common in our dogs is 
the mediastinum, in which bleeding might be evoked by barking. Not 
only the site of bleeding but also the sequelae of bleeding can be very 
different: The dog's skin is in many places very loosely attached to the 
underlying musculoskeletal structures; this results in an enormous 
extension of subcutaneous bleeding, rare in man, which, without 
intervention by substitution therapy, leads to death. Furthermore, in 
our experience, the smaller cages without a walking area sometimes 
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employed to house a dog with a bleeding episode are not helpful in 
prevention of further bleeding. Thus, our hemophilic dogs are not a 
good model in which to evaluate the effect of prophylactic treatment, 
which aims at the prevention of the most disabling bleedings in man 
and their sequelae, a syndrome called hemophilic arthropathy. 

Apart from the important contributions of hemophilic dogs to the 
development of a rational therapy-Le., to obtain a survival rate of 
transfused material, to determine optimal routes of administration of 
such material, and to develop control methods to monitor substitution 
therapy (see Brinkhous, this volume, p. 3)-very important questions 
remain to be answered, and the investigations must be carried out in 
animals. One of those qu'{stions pertains to the elucidation of the 
occurrence and treatment of circulating anticoagulants, i.e., inhibitors 
of clotting factor activity. To find the underlying mechanism for 
antibody formation, whether it is a genetically determined predisposi­
tion of the recipient or is due to heterogeneity of the normal factor, it 
will be important to have access to all available hemophilic mutations 
in animals. This could be accomplished by development of regional 
centers in which all animal models are freely exchanged. 

The ascertainment of dogs with hemophilia is best carried out in a 
small-animal clinic or similar animal diagnostic facility. For example, 
blood samples from dogs with hemorrhagic diatheses were sent from 
the small-animal clinic in Utrecht to our laboratory for diagnostic 
evaluation. First, we found a number of dogs with acute myeloid 
leukemia showing a bleeding tendency because of severe throm­
bocytopenia. Our first dog with severe AHF deficiency, a 3-month-old 
Labrador puppy, had been imported from England and was reported to 
have normal siblings. His mother had previously given birth to several 
litters in which no bleeding disorders were apparent. Therefore, in 
order to prove the assumption of classic hemophilia in this dog, we had 
to mate him and study his progeny. Sex-linked inheritance of the 
clotting defect was subsequently established. 

When assaying dog plasma for factor VIII activity according to the 
partial thromboplastin time method in a human-specific system-i.e., 
human AHF-deficient plasma as substrate, human brain phospholipid as 
accelerator, and human pooled normal plasma as standard material­
one will find that dogs have on the average six to ten time.s higher AHF 
activity than humans. This figure corresponds fairly well with the 
observation that clinically severely affected dogs show about 4 to 5 
percent of human AHF activity in this assay, a figure that could be 
interpreted as less than I percent of dog AHF. Indeed, when using a 
human system with a normal dog standard, it was found that the 
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severely affected dogs showed less than I percent of normal canine 
AHF activity. Because of the high relative activity of dog plasma 
compared to human plasma, not only for AHF but for most clotting 
factors, including those of the prothrombin complex, samples of dog 
plasma are usually assayed at relatively high dilutions. This is neces­
sary to stay in the rectilinear part of the normal human standard 
reference curve, which is S-shaped on the log-log plot (clotting time 
versus calculated clotting factor activity) that most of us use for 
empirical reasons. In a canine-specific assay system, such high dilu­
tions of normal and test plasmas need not be used. 

Until now, a more representative plot, where linear clotting time is 
plotted against the inverse of the clotting factor concentration, could 
not be applied to the AHF assay. This new method, in use for factor II, 
V, VII, and X assays, 1 not only yields a rectilinear relationship but also 
provides a means of calculating the true clotting factor activity in the 
so-called deficient plasma. By contrast, extrapolation from the experi­
mentally determined conventional log-log plot will lead to error, which 
is unacceptable for critical experimental situations. This is also true for 
the low activity area of the plot, where clotting times will lead to an 
overestimation of AHF activity when extrapolated (Figure 1). 

The specificity of our dog AHF activity assay was tested when it was 
used to measure rather low levels of AHF in hemophilic dogs after lung 
transplantation.2 In liver transplants, i.e., grafting normal livers into 
hemophilic recipients, large amounts of AHF are produced. 3- 5 These 
relatively high levels of AHF could readily be detected by conventional 
factor VIII assays. In the lung transplant experiments, samples were 
assayed in the I : IO and I : 20 dilutions, which added another IO percent 
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FIGURE I Part of the S-shaped standard-reference graph on log-log scale (clotting 
time versus calculated clotting factor activity). The dotted line would result if extrapola­
tion beyond the 1/200 dilution of reference plasma were applied. 
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or 5 percent, respectively, of the other clotting factors to the system 
and resulted in artifactually high values for factor VIII activity. By 
comparing the data on a standard normal plasma dilution curve with 
those for hemophilic dog plasma diluted in buffer ~o as to provide the . 
same final concentration of other clotting factors as in the 1: 10 dilution 
of experimental plasma, we found the contribution of the other factors 
to be about 0.3 petcent of (pseudo) factor VIII activity.2 

As reference material for the ~anine AHF assay we used ·pooled, 
high-spun, deep-frozen ( -80°C) c~rated plasma from 4 normal male 
dogs from the same colony. Our experience with AHF levels in random 
stray dogs is that variability seems to be even greater than in normal 
dogs derived from one colony; therefore, it is advisable to establish 
normal values for a specific model by using strain-specific reference 
material. Our reference dogs were about 1 year old when utilized. 
Influence of age on coagulation factor levels is most marked for those 
of the prothrombin complex but be.insignificant except in the neonatal 

. period for other coagulation factors such as AHF. 8 Sex-related effects 
are also to be considered when interpreting assay data and establishing 
normal reference standards. 

As discussed already by O'Reilly and Pool (see this volume, p. 21), 
the sensitivity of the vitamin K receptor in liver cells of various rooents 
for competitive occupation by coumarin drugs is genetically deter­
mined. 7 From the work of Pyoriila8 it is also known that the turnover 
rate of coagulation factors in rats, after a blocking dose ofwarfarin, can 
be different from strain to strain. 

All these facts indicate that we should be concerned about the 
signific~ce of diagnostic assays or routine surveillance carried out for 
the testing of drugs because so little is known about pharmacogenetics. 
This is pertinent not only to the genetic differences between strains of 
animals but also to the diagnostic procedures. Recently, we observed 
that in a strain of inbred Wistar rats, now in its sixty-fifth generation of 
brother-sister matings, prothrombin times with ox-brain thromboplas­
tin were very long and therefore poorly reproducible, whereas with 
rabbit brain thromboplastin, warfarin anticoagulation could be moni­
tored quite well. 9 

For coagulation factor assays on rat plasma, we prepared rat brain 
thromboplastin to avoid problems of species specificity. We found, in 
contrast to other investigators, 10 that rat clotting factor assays per­
formed with human brain thromboplastin were insensitive, as the 
standard reference curve produced a plot with a very shallow slope and 
so had poor reproducibility. 

For long-term coagulation studies, only male rats should be used 
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because of the variation of coagulation factor levels in female rats due 
to the estrous cycle. 11 

Turning to the practical problems of keeping animal colonies, we 
must mention that one of the biggest problems is funding, especially for 
long-range planning. We have been able to use our hemophilic dog 
colony for several purposes and have thus used funds- from various 
sources for its support: 

1. As a source of normal dogs for blood banking and experimental 
surgery per se 

2. For breeding experiments to elucidate the genetic transmission of 
dog leukocyte antigens; this is not hampering the production of 
hemophilic ·dogs as long as obligatory carrier bitches are used in the 
breeding program 

3. For the study of the effects of antilymphocytic serum on platelet 
behavior 

4. For transplantation of organs into the hemophilic dogs. 
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Detection and Comparison 
of Fibrinogen and Its 
Derivatives in Different 
Species by the 
Staphylococcal Clumping Test_ 

Specific, sensitive, and simple diagnostic tests are essential for current 
and future study of thrombotic and hemorrhagic diseases. Such diag­
nostic tests need to meet the following criteria: (a) They should be 
relatively uniform to allow comparisons of the same factor studied in 
man and animal models, and (b) they should be simple to allow routine 
laboratory use by personnel not necessarily familiar with intricate and 
complex procedures. The staphylococcal clumping test for quantitative 
measurement of fibrinogen and fibrin degradation products (FDP) 
appears to meet these criteria. In this method the same test reagent can 
be used to measure and compare fibrinogen and its derivatives in man 
and in several animal species. This is an advantage over immunologic 
techniques, which are usually limited to fibrinogen derivatives of one 
species only. For each species a monospecific antiserum needs to be 
prepared to achieve optimal sensitivity. Thus, for comparative studies 
of the role of fibrinogen and its derivatives in hemorrhagic and 
thromboembolic disorders of man and animal models, the staphylococ­
cal clumping test may serve as a valuable laboratory tool. 

The origin of the staphylococcal clumping phenomenon' dates back 
to 1908, when the German bacteriologist, Much, observed that some 
staphylococci, when emulsified in plasma, form thick clumps visible to 
the naked eye. 1 He suggested that the plasma protein responsible for 
clumping was related to fibrinogen. Almost 50 years later, Duthie 
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proposed that fibrinogen molecules were solely responsible for the 
staphylococcal dumping phenomenon. 2 However, this postulate did 
not take into account the observation that serum obtained after clotting 
of fibrinogen still contained material that clumped staphylococci. This 
observation remained unexplained until Allington3 and Lipinski and 
associates4 established that the staphylococcal clumping phenomenon 
is also caused by fibrinogen derivatives such as fibrin monomers, 
large-molecular-weight ("early" ) FDP, and soluble complexes formed 
between fibrin monomer and FDP. 5 

Figure 1 illustrates , diagrammatically the interaction between 
staphylococci possessing clumping factor and fibrinogen or its deriva­
tives. This reaction can be observed on a microscopic slide (slide test), 
in the test tube (tube test), or on microtiter plates. Staphylococcal 
clumping factor appears to be a polypeptide bound to the cell wall of 
pathogenic strains of Staphylococcus aureus . Staphylococci with 

STAPHYLOCOCCI 
YLill! CLUMPING 

FACTOR 

FIBRINOGEN 
OR ITS DERIVATIVES 

SLIDE METHOD 

POSITIVE NEGATIVE 

STAPHYLOCOCCAL 
CLUMPING FACTOR 
POLYPEPTIDE (CATIONIC?) 
BOUND TO STAPHYLOCOCCAL 
CELL WALL 

CLUMPING REACTION 
POSHIVE 

POSITIVE NEGATIVE 

{

FIBRINOGEN, FOP 
<::=:> FIBRIN MONOMER 

SOLUBLE FIBRIN MONOMER 
COMPLEXES (SFMC) 

FIGURE 1 The mechanism of staphylococcal clumping reaction. The reaction occurs 
between staphylococci containing clumping factor and fibrinogen or its derivatives. The 
end point (highest dilution of material giving a positive reaction) is shown for a slide 
method and a test tube method. 
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clumping factor have binding sites on that portion of the fibrinogen 
molecule or its derivatives that is not associated with fibrinopeptides 
but that is located between the N-terminal disulfide knot and the 
C-terminal end of polypeptide chains. 8 The reaction between fibrino­
gen and staphylococci is extremely sensitive, and it is possible to 
obtain visible clumping in a slide test with as little as 0.03 µg of human 
or bovine fibrinogen, 5 indicating that approximately four molecules of 
fibrinogen per bacterial cell are necessary te- induce the clumping 
reaction. 

Previous attempts to use the staphylococcal clumping reaction to 
detect traces of fibrinogen in biological fluids were impeded by 
difficulty in obtaining a standardized source of staphylococci contain­
ing the clumping factor that would give reproducible and quantitative 
results. The majority of workers were using various strains of 
staphylococci that gave a somewhat different reaction from day to day, 
making results difficult to compare. These difficulties led us to work 
out a procedure which provides standardized, specific, sensitive, 
stable, and safe material for the clumping reaction. 5 The strain used for 
the test is a coagulase-negative variant of Newman D2 strain of 
Staphylococcus aureus. Lack of detec!able staphylocoagulase.affords 
an opportunity to increase the specificity of the interaction between 
cells and fibrinogen. For use, nonviable bacterial powder is resus­
pended at a concentration of 10 mg/ml in buff er containing a slight 
amount of albumin to stabilize cells, and this suspension is examined 
with purified human fibrinogen to determine the smallest amount of 
fibrinogen that will give a positive clumping reaction. Values necessary 
for optimal clumping should be on an average 0.5 µg of fibrinogen per 
ml in the test tube and 0.04 µg per ml on the slide. These concentra­
tions represent so-called fibrinogen equivalents, so if the material 
tested gives a clumping reaction only in undiluted samples, it means 
that it contains 0.5 µg of fibrinogen equivalent per ml as measured in a 
test tube method. Analogous values can be established for fibrinogen of 
different origin, e.g., bovine; in this case the smallest concentration of 
bovine fibrinogen giving positive clumping reaction was identical with 
that of human. 

The species whose fibrinogen was tested for staphylococcal clump­
ing reaction in our laboratory and in other laboratories are listed below: 

Positive: man, monkey, ox, horse, pig, dog, cat, rabbit, mouse, rat, 
fox, raccoon, mink, seal, echidna, wallaby, hedgehog, armadillo, 
porpoise, manatee, guanaco 

Negative: sheep, goat, guinea pig, opossum, elephant 
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The binding sites for staphylococci were localized by us on A (a) and B 
({I) chains of human fibrinogen between the N-terminal disulfide knot 
and the C-terminal end of polypeptide chains. 6 The negative clumping 
reaction for some species7 raises an interesting possibility about the 
species differences in polypeptide chains of the fibrinogen molecule. 

The staphylococcal clumping test has been used to measure the level 
of FOP in serum of patients with disseminated intravascular coagula­
tion, 8 - 10 in patients with thromboembolic complications such as deep 
vein thrombosis11 and pulmonary emboli, 11 •12 and in patients with 
preeclampsia and eclampsia, 13 liver cirrhosis, 5•8 and hepatic vein 
thrombosis. 14 The clumping assay was also applied to measure abnor­
mal fibrinogens with a defect in the N-terminal portion causing 
impaired reactivity with thrombin. 6 

Potential for use of the staphylococcal clumping test in animal 
models of intravascular coagulation is well illustrated by elegant 
experiments with the generalized Shwartzman reaction in rabbits 
described by Fong and Good. 15 Rabbits that received an intravenous 
injection of 270 µg of endotoxin demonstrated marked elevation of FDP 

in serum as measured by the staphylococcal clumping test. A second 
injection of endotoxin 24_ hours later caused a persistence of elevated 
FOP for at least 3 days and resulted in the generalized Shwartzman 
reaction. The staphylococcal clumping test was also used to detect 
fibrinogen derivatives in experimentally induced inflammatory exudate 
in rabbits. 16 FOP were also found in the cytoplasmic fraction of 
polymorphonuclear cells migrating to the inflammatory exudate. The 
staphylococcal clumping test was thus measuring the end products of 
ingestion and intracellular degradation of fibrin by inflammatory cells 
in the rabbit peritoneal cavity. 

The staphylococcal clumping test can therefore provide a rapid and 
simple method of obtaining information about the level of fibrinogen 
and its derivatives in the blood and other biologic fluids of different 
species. In addition, it can be used to follow and compare the dynamics 
of disseminated intravascular coagulation in animal models and to 
monitor development of pulmonary emboli in established models in 
which appearance of FOP has been documented. 17 The staphylococcal 
clumping test illustrates how a scientific observation made by Much 
and of curiosity to other workers for 50 years can be put to practical 
use. 

REFERENCES 

1. Much, H. 1908. Uber eine Vorstufe des Fibrinfermented in Kulturen von 
Staphylokokkus aureus. Biochem. Z. 14:143-155. 

Copyright © National Academy of Sciences. All rights reserved.

Animal Models of Thrombosis and Hemorrhagic Diseases
http://www.nap.edu/catalog.php?record_id=19903

http://www.nap.edu/catalog.php?record_id=19903


Detection and Comparison of Fibrinogen and Its Derivatives 131 

2. Duthie. E. S. 1955. The action of fibrinogen on certain pathogenic cocci. J. Gen. 
Microbiol. 13:383-393. 

3. Allington. M. J. 1967. Fibrinogen and fibrin degradation products and the clumping 
of staphylococci by serum. Br. J. Haematol. 13:55a-567. 

4. Lipinski, B .. J. Hawiger, and J. Jeljaszewicz. 1967. Staphylococcal clumping with 
soluble fibrin monomer complexes. J. Exp. Med. 126:979--998. 

5. Hawiger, J., S. Niewiarowski, and D. P. Thomas. 1970. Measurement offibrinogen 
and fibrin degradation products in serum by staphylococcal clumping test. J. Lab. 
Clin. Med. 75:93-108. 

6. Hawiger, J., D. K. Hammond, and S. Timmons. 1975. Pathobiology of human 
fibrinogen. Binding site for staphylococci on Aa. and B/3 chains of fibrinogen 
molecule. Page 592 in Program of the Vth Congress of the Int. Soc. on Thrombosis 
and Haemostasis, Paris (abstract). 

7. Lewis, J. H., and J. H. Wilson. 1973. Variation in abilities of animal fibrinogens to 
clump staphylococci. Thromb. Res. 3:419--421. 

8. Thomas. D. P., S. Niewiarowski, A1.R. Myers, K. J. Bloch. and R. W. Colman. 
1970. A comparative study of four methods for detecting fibrinogen degradation 
products in patients with various diseases. N. Engl. J. Med. 283:66~. 

9. Satterwhite, T. K .. J. Hawiger, S. L. Burklow, and M. G. Koenig. 1973. Degradation 
products offibrinogen and fibrin in bacteremia due to gram-negative rods. J. Infect. 
Dis. 127:437-441. 

10. Marder, V. J., M. 0. Matchett, and S. Sherry. 1971. Detection of serum fibrinogen 
and fibrin degradation products. Am. J. Med. 51 :71-82. 

11. Gurewich, V ., and B. Hutchinson. 1971. Detection of intravascular coagulation by a 
serial-dilution protamine sulfate test. Ann. Intern. Med. 75:895-902. 

12. Rickman. F .. R. Handin. J.P. Howe, J. S. Alpert. L. Dexter, and J.E. Dalen. 1973. 
Fibrin split products in acute pulmonary embolism. Ann. Intern. Med. 79:664--668. 

13. Henderson. A. H .. D. J. Pugsley. and D. P. Thomas. 1970. Fibrin degradation 
products in pre-eclamptic toxaemia and eclampsia. Br. Med. J. 3:545-547. 

14. Hawiger. J .. R. C. Hartmann, and D. E. Jenkins. Unpublished data. 
15. Fong. J. S. C., and R. A. Good. 1971. Prevention of the localized and generalized 

Shwartzman Reaction by an anticomplementary agent, cobra venom factor. J. Exp. 
Med. 134:642--t>55. 

16. Hawiger. J., A. Hawiger, and M. G. Koenig. 1971. Staphylococcal clumping and 
fibrinogen and fibrin degradation products in inflammatory exudate. Proc. Soc. Exp. 
Biol. Med. 136:132-136. 

17. Cade, J. F., J. Hirsh, and E. Regoeczi. 1974. Mechanism for elevated fibrin/ 
fibrinogen degradation products (FDP) in acute experimental pulmonary embolism. 
Blood 44:95a-95 I. 

Copyright © National Academy of Sciences. All rights reserved.

Animal Models of Thrombosis and Hemorrhagic Diseases
http://www.nap.edu/catalog.php?record_id=19903

http://www.nap.edu/catalog.php?record_id=19903


SEAN ~OORE, M.B. 

Atherosclerosis 

SUMMARY 

There has been a recent revival of interest in the thrombogenic theory 
of atherogenesis following the demonstration that smooth muscle cells 
in tissue culture can be induced to proliferate by a factor present in 
platelets. An intimal plaque composed of smooth muscle cells is the 
classical response to injury of arteries in animals fed a standard diet 
without lipid supplement. Further, it has been shown that repeated or 
continuous intimal injury causes a range of lipid-containing and non­
lipid-containing atherosclerotic lesions in normolipemic rabbits. Both 
mechanical and immunological injury cause these lesions. In the 
development of the lesions, fatty streaks and edematous plaques are 
initially observed and are inore evident during regression of raised 
lipid-containing lesions. Lesions that heal, i.e., develop a new covering 
of endothelium or endothelium-1.ike cells, seem to change from fatty 
streaks or edematous lesions to fibrous plaques composed of smooth 
muscle cells free of lipid. Lesions that progress are covered by fresh 
thrombus and lack an endothelial covering; they eventually develop 
into atheromas .with a central lipid pool. Since we do not know whether 
injury or tl)e thrombosis accompanying injury is necessary for the 
induction and progression of lesions, it is important to study this 
process in situations where the thrombotic process is modified or 
impaired. Animals showing defects in the coagulation system would 
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provide an opportunity to define the relative importance of injury and 
thrombosis in lesion development. 

INTRODUCTION 

It is widely recognized that thrombosis occurs as a complication of 
advanced atheroma1 - 11 and that it may contribute to the increase in 
size of atherosclerotic lesions. 5•18 - 18 Its role in the inception of this 
disease process in the arterial wall17 has been Qvershadowed in the last 
50 years by the idea that lipid infdtration ii the primary event in 
atherogenesis. 18 Lesions develop first where perturbation of blood 
flow might facilitate the development of endothelial injury11•11- 37 or 
facilitate influx of plasma lipoproteins. 11•88-48 Such sites are suscepti­
ble to increased permeability and focal endothelial injury, 11•15•81•45 

formed element accumulation, 11•15.45•47- 53 , the eventual development 
of fatty streaks, 87•54 and, especially in man, subsequent occurrence of 
atheromas. 55 There is as yet no clear understanding of what might 
cause such lesions. A single intimal injury, as slight as the removal of 
only the endothelial cell layer, causes an intimal plaque composed of 
smooth muscle cells devoid of lipid. 58.57 Ross has recently shown that a 
factor or factors in platelets stimulates smooth muscle cell proliferation 
in tissue culture. 58 Repeated or continuous intimal injury induces the 
development of all the lesions seen in human atherosclerosis. 59•80 

These occur in the arteries of rabbits maintained on a diet without lipid 
supplement. Similar lesions have been observed in human neonates as' 
a response to the presence of an indwelling aortic catheter placed to 
monitor blood gases. 81 

ARTERIAL WALL INJURY 

The universal response of the arterial wall to injury of any type, 
whether physical, chemical, or biological, is the development of a 
proliferation of smooth muscle cells within the intima. 91 - 74 There is 
good evidence to support the idea that these cells migrate from the 
media to the intima,83•75 - 85 although what proportion of the lesion that 
evolves is made up of cells that have migrated or proliferated from 
intimal or medial myocytes is not clear. Such lesions eventually 
become covered by cells that resemble endothelium, 84•88•87 and the 
lesion is somewhat reduced in size· by decrease in the original cell 
population and by reduction in size of the cells. 57•74 Collagen produc­
tion also tends t0 increase with time. 

It is important to note that these lesions do not show stainable lipid. 
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A single injury, in the presence of hyperlipemia induced by dietary lipid 
supplement, results in a foam-cell-rich intimal lesion. 88 - 102 Such le­
sions may be marked even though the injury is as little as the removal 
of the endothelium. This method has been used to produce markedly 
stenosing lesions of the coronary arteries of pigs. 101 These and other 
experiments have given information on the synergism of injury and 
hyperlipemia in the induction of atherosclerotic lesions. 103 - 105 With 
repeated immunological injury and dietary lipid supplement, fatty 
proliferative lesions were produced in rabbits. 103 - 105 Lipid feeding 
subsequent to repeated immunological injury caused the plaques 
formed to take up lipid preferentially. 108 

CONTINUOUS OR REPEATED INJURY 

The types of lesion that develop after continuous or repeated injury 
without dietary lipid supplement differ in a number of respects from the 
smooth-muscle-cell (fibrous) plaque that follows a single episode of 
injury. 

We have studied two experimental designs. The first, the insertion of 
an indwelling aortic polyethylene catheter, provides an injury that is 
either continuous or repeated. 59•60 However, it is difficult to know 
where and for how long injury has existed at any one site. This 
experimental design came about accidentally, since in the course of 
experiments designed to produce embolism of the kidneys, catheters 
were inserted into rabbit aortas for periods of 6 months and occasion­
ally as long as 8 months. 107•108 At points where there seemed to be 
contact between the catheter and the aortic wall, raised lipid­
containing lesions covered by fresh thrombus material were observed. 80 

These lesions had a central lipid pool and often showed calcifica­
tion and occasionally bone formation. In other areas where the catheter 
had become embedded in the aortic wall or did not seem to be in 
contact with it, fibrous lesions without lipid were seen. However, in 
some of the tunnel lesions (where the catheter was incorporated into 
the wall) lipid was seen in relation to thrombus material in the central 
cavity. 

Further study of this experiment revealed other lesions-namely, 
fatty streaks and edematous plaques that occurred earlier after catheter 
insertion and were not seen after 3 weeks. It seemed likely that these 
lesions resulted from injury shortly after catheter insertion but, once 
the catheter became fixed in position, they did not progress, healed to a 
fibrous non-lipid-containing plaque, or (less likely) disappeared. 109 

Raised lipid-containing lesions show marked accumulation of choles-
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terol ester as early as 2 weeks after catheter insertion, and this 
accumulation increases further at 2 months and 4 months. 110 Part of 
this increased accumulation results from synthesis in the arterial wall. 
Since raised lesions are also characterized by the continuing presence 
of thrombus material and lack of a complete endothelial covering, 
continuing thrombosis or continuing injury may contribute to this 
synthesis and accumulation. It is of some importance to determine 
which of these factors might be involved or if both are necessary. 

The patterns of lesion regression during 2 weeks following placement 
of aortic catheters for 1 week shows fatty streak lesions increasing in 
amount to a maximum around 7 days and thereafter declining to 0 at 14 
days. 109 At the same time, the area of fibrous plaque lesions begins to 
increase sharply at 9 days and continues to increase. This suggests that 
early-that is, fatty streak-lesions, in the absence of continuing injury 
or thrombosis, regress to fibrous non-lipid-containing plaques. This is 
associated with the development of a covering of endothelium-like 
cells. 

Because of the difficulty in this experiment of determining where 
injury was occurring and the duration of injury, we decided to 
investigate this problem using repeated injury induced by immunologi­
cal damage to the endothelium. O'Connell and Mowbray have shown 
that human serum injected into a segment of rabbit carotid artery 
results in a fibrous intimal thickening, which in the presence of 
hyperlipemia contains stainable lipid. 99•102 We have modified this 
experiment to produce repeated intimal injury in rabbits on a normal 
diet, unsupplemented by lipid. Human serum was injected into a 
segment of carotid artery at weekly intervals for4 we6ks. 111 The serum 
was not effective in inducing lesions unless it was shown to be 
cytotoxic for rabbit lymphocytes. When the animals were killed 1 week 
after the 4-week injection regimen, raised thromboatherosclerotic 
lesions were found. These often contained a central lipid pool and 
always showed lipid-containing cells and a covering thrombus. The 
lipid-containing cells were present in a thickened intima, which some­
times also showed calcification. During regression of these lesions, 
fatty streak lesions composed of lipid-filled foam cells were ob­
served.112 Eventually, fibrous plaques without raised lesions or fatty 
streaks were found. This again indicates that raised lipid-containing 
lesions occur as a response to repeated injury. During regression of 
these lesions, fatty streaks and eventually fibrous non-lipid-containing 
plaques occur. 

This healing or regression is associated with disappearance of 
thrombus and acquisition of a new covering layer of endothelium-like 
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cells. This suggests that endothelial integrity or, rather, the ability of 
endothelium to ·regenerate may be important in preventing progression 
of lesions. 113 This is supported by the observations of Bondjers and 
Bjorkerud on restoration of normal wall structure. including disappear­
ance of lipid, following a deep transverse injury to the rabbit aortic 
wall. 114 These authors conclude that accumulation of cJ:iolesterol and 
cholesteryl esters appears to be related to decreased endothelial 
integrity of the lesions. 

One curious observation for which we have no explanation at this 
time is that serum cholesterol increases significantly during progres­
sion of the lesions and decreases again during regression. This finding, 
although preliminary and in need of confirmation, indicates that the 
presence of raised thrombotic lesions in arteries is associated with an 
elevation in serum lipids, particularly cholesterol. The mechanism by 
which this increase in serum cholesterol is brought about needs 
investigation. 

RELEVANCE TO ANIMAL MODELS 

In general, the experiments that I have briefly described indicate that 
continuing injury and thrombosis may be of importance in the de­
velopment and progression of atherosclerotic lesions. It is clearly of 
importance to know whether injury per se or thrombosis per se is 
significant in this process. One approach to this problem.is to study the 
outcome of repeated intimal injury in animals having a genetic defect in 
the hemostatic process. Since platelet function is compromised in von 
Willebrand's disease, 115•116 animals with this disease might provide 
useful information on how their vessels respond to repeated intimal 
damage. Information on atherosclerosis in humans afflicted with von 
Willebrand's disease is sparse. 111-119 

The.re is another aspect of this problem in which an appropriate 
animal model might be of great value. Benditt and Benditt have 
provided evidence that the smooth muscle cells of atherosclerotic 
plaques in man are monoclonal. 120•121 This conclusion rests on the 
observation that about a third of all black women in the United States 
are heterozygous for glucose-6-phosphate dehydrogenase and exhibit 
mixtures in tissue extracts of the A and B types of this enzyme as an 
expression of their mosaicism. If an animal model were available, it 
could be of great interest to study the lesions produced by repeated 
injury to determine if the cells are monoclonal. Female hybrid offspring 
of two wild European hares, Lepus europaeus and Lepus timidus, are 
heterozygous for glucose-6-phosphate dehydrogenase. 122 The finding 
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that early lesions might be monoclonal would support the injury 
hypothesis. If early lesions were polyclonal and older lesions were 
shown to be monoclonal, this might indicate selection of one cell type 
as the lesions mature. 123 • 

The concept that injury may lead to the development and progres­
sion of atherosclerotic lesions rests on the anim'al experiments I have 
outlined. The evidence in man is largely circumstantial. Recently, we 
have had the opportunity to observe similar lesions in human subjects 
in two clinical situations. The presence of an active neonatal unit in the 
McMaster University Medical Centre has permitted the observation of 
lesions at autopsy on premature babies who have had indwelling aortic 
catheters placed to monitor blood gases. Lesions similar to those 
produced in rabbits were observed. 81 

Patients on hemodialysis for chronic renal failure have provided the 
opportunity to study venous segments distal to the shunts, when these 
are removed for obstruction to blood flow. 124 These show abundant 
lipid staining, both intracellular and extracellular, in the intimal thick­
ening related to thrombus deposition; lipid is also often present in the 
medial smooth muscle cells. Stehbens has described somewhat similar 
findings in veins distal to an arteriovenous carotid-jugular fistula in 
sheep125 and more recently in the veins of hemodialysis shunts. 128 

These observations, which show that mechanical or hemodynamic 
injury to vessels can cause lipid-containing atherosclerotic lesions in 
man, impart some urgency to the search for appropriate animal models 
to study the effects of repeated or continuous ir.jury to vessel walls and 
their relationship to the thrombotic process. 
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GEORGE A. PADGETT, D. V .M. 
AND 
G. A. HEGREBERG, D.V.M. 

How To Find an Animal 
Model of Human Disease 

Locating animal models of human disease is not an easy task. Although 
it is clear that there are numerous undefined, naturally occurring 
hemorrhagic and thrombotic disorders of animals that could be used for 
study, getting those animals into the hands of the appropriate inves­
tigator often takes one on a very circuitous pathway. 

The standard screening procedures used in human medicine to 
identify various genetic traits in the newborn are ineffective if applied 
to a search for animal models. Few animals are born in an animal 
hospital, so access to the newborn is difficult, if not impossible, to 
achieve under ordinary circumstances. In addition, breeders may 
know of traits that occur in their animals and from experience know 
that animals with the traits will not survive. As a result, they often 
dispose of animals with a genetic defect, and a veterinarian may never 
see them. Furthermore, the yield of models that would result from a 
random screening process clearly would not justify the cost of such a 
program. Finally, the expectation that a significant number of different 
models would pass through any given clinical institution, so that 
screening tests could be appropriately applied, would be hazardous. To 
expect such a situation to occur would be tantamount to expecting 
numerous mutations to occur within a 50- or even a 100-mile radius of 
that institution, as opposed to all other institutions.· 

The location and identification of models on an economical and 

This work was supported in part by Public Health Service grants RR 00515 and FR 05465. 
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effective basis requires the use of numerous "free" services. These 
''free'' services can be, and are, provided by local practicing veterinar­
ians, breed clubs, individual breeders of animals, and other interested 
people. Services range from a specific diagnosis of a disease entity by 
the veterinarian to general descriptions of the disease by others, who 
frequently assist in obtaining those animals, locating additional ani­
mals, and shipping them to a research institution for complete studies. 
Tracing and furnishing complete pedigrees are of considerable benefit 
in developing a genetics program, and this type of support is generally 
provided without charge. 

However, perhaps more important than the "free" services pro­
vided by these individuals is their access to animals, their knowledge of 
a particular breed and its problems, and the information they can 
provide about who is most likely to cooperate in future work. To my 
knowledge, there is not one major veterinary institution that could 
compete with three or four dozen strategically selected practicing 
veterinarians with regard to numbers of animals observed and breadth 
of experience in new animal disorders. It is the use of these practition­
ers, not mass screening procedures, that will economically locate the 
diseases we are interested in. Publication of lay articles in breM club 
newsletters and magazines may not enhance a researcher's scientific 
reputation, but it will surely provide him with access to thousands of 
pairs of eyes that he can reach in no other way. Furthermore, those 
eyes are doing exactly what you want them to. They are watching the 
purebred animal populations. It is clear that most recessive diseases 
are found with greater frequency among inbred and line-bred animals 
and, therefore, more often in purebred stock. Thus, breeders of 
purebred animals are an important group of individuals who should be 
reached in a program to develop animal models. 

To obtain long-term cooperation from veterinarians and breeders is 
not a particularly difficult task. It requires, as one would expect, effort 
on their part as well as your own. You must be able to clearly describe 
what you are looking for in terms of changes that can be readily 
recognized, and you must be able to get that description into the hands 
of breeders and veterinarians. This requires seminars for local and 
state veterinary assodations, as well as for breed clubs. It requires 
articles in practitioner-aimedjoumals, as well as in breed magazines and 
newsletters. You must provide services, such as genetic counseling, 
that are critically needed by breeders, breed clubs, and veterinarians 
alike. Definition of genetic disorders and genetic counseling are 
services that clearly must be emphasized to a greater extent in the 
veterinary profession. You must see that information derived from the 
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animals under study goes back to the source of the animals, as well as 
on to the scientific community. You must be able to provide assurances 
as to humane care and handling of the animals involved, in order to 
counter the negative connotations that animal research has for some 
people. Finally, you must be able to assure some breeders of the 
confidentiality of the source of animals, since the public knowledge ofa 
defect in their animals may clearly damage their source of income. 

After locating and obtaining the animals, one must be able to provide 
the scientific base to adequately define the model. This, of course, 
means that there must be a group of people interested in the problem at 
band, since it is unlikely that one individual would have all the 
necessary techniques in his or bee scientific armamentarium. Further, 
it is necessary that the individuals involved in the primary studies of 
the models have some knowledge about, and interest in, human 
disorders, so that they can describe the model in the appropriate 
context. Collaboration between veterinarians and physicians is vital to 
the rapid and economical development of models. 

A major point for consideration of any model is the reproducibility of 
• the system. Genetic disorders meet this criterion very well, since, 
within the limits of variability of any disease, they are usually repro­
ducible from the clinical and pathologic standpoint. Induced disorders 
are generally more variable and require strict control of the methods of 
induction. · 

The location, acquisition, and definition of models are important 
steps in the development of an essential biomedical resource. How­
ever, the culmination of these efforts lies in making use of the animals 
in basic research, as well as in clinical studies. Results of studies on 
models, whether applicable to man or other animals, must be inter­
preted with caution and applied with restraint until an assessment of 
their value has been made. It is clear that experimental methods of 
therapy, as well as long-term effects of therapy, can be evaluated in 
spontaneous or induced animal models of human disease with speed 
and effectiveness. Further, the effect of a given disease on the 
peripheral aspects of the disorder may be examined in models, even 
when there is no clear benefit to be derived for the animal itself, as is 
required for experimental procedures on man. 

The methods available for making use of models are manifold, and in 
an effective program all will probably be employed at one time or 
another. Methods include shipping affected animals and/or breeding 
stock to other laboratories; shipping appropriate affected and control 
tissues to other laboratories; shipping semen to other laboratories, so 
that new colonies can be established; and locating affected animals in 
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the area of the laboratory that desires them and making space avail­
able, so that investigators can come and work on the animals in the 
laboratory where the models originate. Clearly, few models will be 
appropriately or adequately utilized if they are restricted to one 
investigator or one laboratory. 

The last point to be made is a significant one in relationship to 
success of a program that is intended to develop model systems. Our 
laboratory has been looking for an animal model system for a specific 
disease, cystic fibrosis, for 12 years, and we have not found it. 
However, we have located and defined 25 other genetic diseases that 
we believe will contribute significantly to medical research. If a 
program is designed to locate a specific disease, its chances of success 
are dim. On the other hand, if we look for any model within an area 
such as hemorrhagic and thrombotic disorders, we are certain to 
achieve success, and the use of these models will lead to major 
advances in the diagnosis and treatment of such disorders in man and 
other animals. 
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Humane Considerations for 
Animal Models 

I was asked to speak on ''the humane care of animals as it relates to the 
specific study of spontaneous animal disease." The title "Humane 
Considerations for Animal Models" was suggested as appropriate, but 
those animal models that suffer from diseases chemically or mechani­
cally induced by man do not fall into the area marked out for me to 
discuss at this workshop. 

The animals whose welfare I will address have, therefore, departed 
from the norm in a natural manner. Their ailments may or may not 
bother them very seriously-for example, white cats with inherited 
deafness can live comfortable, contented lives as pets. They do not 
need therapy. At the same time, those deaf white cats involved in 
studies on the causes of deafness and disturbances of the inner ear at 
the University of California College of Medicine at Irvine are not 
subjected to experiments that are painful, frightening, or dangerous. 
According to a news report, 1 the ''cats ride up and down in a lift while 
their eye movements are observed and photographed. That is the 
extent of the experimentation to which they are subjected." With 
friendly treatment, good food, and comfortable quarters, these cats can 
contribute to science in much the same way as a human volunteer. 

A second category of animal model is exemplified by the allergic fox 
terrier who was a much publicized subject of research at the University 
of Michigan Medical School some years ago. 2 While not disabling, the 
dog's allergies, similar to those of human hay fever and asthma 
sufferers, were unpleasant. Trying potential remedies on her was, 
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when they worked, helpful to her. Again, so long as friendly treatment, 
good food, and comfortable quarters are provided in a situation of this 
kind, the animals can live a good life, whether in a scientific institution 
or, preferably, at home with short visits to the institution for observa­
tion and testing. 

In a third category, animals with very serious diseases, such as the 
most severely affected hemophilic dogs cared for by Dr. Dodds, 3 may 
require constant professional supervision. In such cases, the question 
arises of the availability of such supervision and the dedication of the 
staff caring for such delicate animals. Standards for their care and 
treatment must exceed the relatively simple requirements of the first 
two categories of animals-those that, despite some disability, are 
relatively healthy. A high grade of nursing care by dedicated workers 
with a genuine interest in the animal patients is required and must be 
carried out in surroundings that are pleasant for the animal nurses as 
well as for the subjects of the studies. 

The fourth and final category comprises animals so ill that euthanasia 
is necessary to prevent further suffering. Like aborted human fetuses, 
the dead bodies of these animals, before decomposition sets in, may 
prove useful for some studies. Such animals must be killed by an 
anesthetic overdose while their owners (if they are owned animals) 
hold or stroke them to prevent them from suffering fear. 

"Fear," as Dr. Lawrence Abel has stated, "is the psychological 
aspect of pain in experimental work with animals. " 4 As such, it is to be 
avoided in the care, handling, and treatment of laboratory animals to 
the very greatest extent possible. An understanding of animals, and 
especially of the species being studied, and a personal lack of fear is 
essential. People who are afraid of animals are very likely to frighten 
the animals by the unnecessary roughness they so often use. 

Too many laboratories resemble prisons, with their combination of 
overcrowding of some and isolation of other inmates, their bad food, 
inferior sanitation, and unsympathetic and sometimes brutal caretak­
ers. 

Frederick Wiseman's documentary film, Primate, which has caused 
some scientists to bristle defensively, in fact showed remarkably high 
standards of sanitation, space for animals, availability of trained staff, 
lack of rough handling, and generally advanced standards of care. Had 
Mr. Wiseman wished to make a point of showing the seamy side of 
laboratory animal treatment and care, as the National Society for 
~edical Research seems to think he did, 5 he surely would have 
selected a grimier and less well-financed institution for his cinema 
verite. I recently showed a documentary to veterinarians of the 
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Department of Agriculture to demonstrate the inadequacy of enforce­
ment of the Animal Welfare Act. This film shows animals at Right in a 
large and badly run series of research animal rooms. Numerous 
violations of the federal law were visible. In Primate no violations were 
to be seen, no filth, no crowding of six or eight creatures in a cage 
scarcely large enough for two, no suppurating wounds, no births on 
bare, cold metal, no wild rodents, no insect infestations, as in the 
simpler documentary. In short, the American public saw in Primate a 
standard of laboratory animal treatment that is far above average. Yet 
there is no doubt the public was shocked, and I believe I am correct in 
summing up the cause of the shock as the self-explained attitudes of the 
scientists. 

The public likes to think of research scientists as selfless fighters 
against disease struggling under difficult circumstances of the kind that 
Paul de Kruif used to describe. In Primate, however, they saw 
something else; as one major journal' put it: 

Primate is a tough film, and like almost all of Wiseman's previous work, it is raising 
outraged bowls from its subjects. As usual, these take the form of demands for a 
narration that would "explain" what they think they are doing. But Wiseman believes 
that showing unpremeditated behavior (plus the subjects' own dialogue) tells more about 
the human reality of an institution than after-the-fact Mtionalizations of that behavior. He 
does not pretend to be an objective reporter. Primate is obviously one man's honest, if 
controversial view of an institution. Nevertheless, this assault on scientism and social 
scientism, the unquestioning belief that "pure" research must-perhaps because people 
insist on calling it pure-be valuable for its own sake, raises an issue of extraordinary 
urgency. More than that, and more than any of the Yerkes experiments, it also raises 
questions about the nature of man and suggests disturbing answers. 

At the end of the film, the viewing public heard a round-table 
discussion by research scientists on how to get more money for 
research. The rationale presented was weak and self-serving to the 
point of comedy, and the New York Times headline, "Fred Wiseman's 
Primate Makes Monkeys Out of Scientists," 7 seemed an impolite but 
accurate assessment. 

This brings us to the question that has long been skirted: Once 
standards of care, housing, and handling of animals have reached those 
shown in Primate, is society justified in leaving the rest to the 
institution and its funders? I doubt if most viewers would answer 
atrmnatively. 

Since this session is entitled "Public Relations," I assume public 
relations advice is wanted from those of us assigned to this part of the 
program. The advice I have to give, based on 23 years as a full-time 
volunteer with the Animal Welfare Institute, is for everyone associated 
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in any way with animal experimentation to start looking at animals as 
animals, not as useful items of laboratory equipment or as "tools." In 
order to develop a broader perspective, biomedical researchers should 
do more reading in other disciplines. Ethologists, field zoologists, and 
some psychologists are publishing work that may often be just as good 
as or better scientifically than that in the biomedical researcher's own 
special field of interest. 

If he uses rats, for example, he should be familiar with the work of 
Bennett et al.,8•9 which has demonstrated that rats in an "enriched 
environment" develop brains that weigh more than those oflittermates 
confined to the usual bare laboratory cage devoid of any objects of 
interest to a rat. Bennett et al. have used larger cages with a few simple 
additions-ladders, nest boxes, and exercise wheels among them-to 
be used communally by a number of rats. 

The studies of Lee Kavanau with Peromyscus reveal that these wild 
deer mice like to control their own environment, particularly the 
degree of light in their cages. 10 Since they are nocturnal, the equivalent 
of pale moonlight appeals to them, and they readily operate switches to 
attain the particular amount oflight they prefer. They also run for miles 
in a single night in exercise wheels if these are provided. 

In an article on zoos entitled "The Shame of the Naked Cage," 
Desmond Morris decried the barrenness of cages generally provided 
for zoo animals. 11 It is an unfortunate fact that most laboratory cages 
for the same species are even more barren and usually smaller to boot. 
Yet it has been known for a good many years that the great apes have 
individual artistic styles12 not necessarily corresponding with what 
might be expected from their appearance. For example, the delicate, 
wavy, tentative lines consistently produced by a tremendous female 
gorilla who sat towering over her keeper at their drawing sessions 
compare surprisingly with the bold and colorful creations of a very 
small young male chimp. 

I once had a chance conversation with the wife of a French abstract 
painter who had the misfortune to follow a chimpanzee at a New York 
gallery. The chimpanzee's paintings were a matter of dismay to the 
young woman, who assured me that it was "not good for art." 

The joke told at the recent Forum on Human Experimentation13 held 
here about the chimpanzee who communicated so well that it was asked 
if he had given his informed consent points in a direction that users of 
primates should consider. Already the early work with American sign 
language is being stepped up, 14 and a chimpanzee infant has learned the 
signs far earlier even than the famous Lucy, who was once observed 
trying to teach her pet cat the sign for ''book'' (open palms joined like a 
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book cover}. So far, Lucy has not succeeded in bringing still another 
species into the magic circle of expression in specific words and 
sentences (R. Fouts, personal communication, 1975), but it's clear she 
has an open mind! No interspecies prejudice mars her outlook. 

When Konrad Lorenz, Niko Tinbergen, and Karl Von Frisch won 
the Nobel Prize for Physiology and Medicine in 1973, the world was put 
officially on notice that ethology must be taken seriously by the 
medical research establishment. However, these laureates, not unlike 
Darwin, who also raised the dignity of animals and who is still under 
attack for daring to do so, have not really penetrated the conscious­
ness, the thinking, the general mentality of the vast majority of people 
who use animals for research or testing. 

If the weight of the'-scientific achievements of Lorenz, Tinbergen, 
and Von Frisch have not been able to do so on their own, my advocacy 
is indeed a weak reed-except that public relations is a real considera­
tion. And the public has grown conscious of animals and their needs in 
a way that is quite foreign to the attitudes of those old-fashioned bogey 
men, the antivivisectionists. In 1975, even the word itself has an 
unreal, dated ring that goes with antivaccinationists, and now that 
smallpox vaccination itself is no longer a stem requirement for 
travelers every 3 years, the whole structure of the early confrontations 
seems to be falling apart. 

As it falls apart, the old-fashioned animal room with its series of 
identical cages, like the old-fashioned zoo with its rows of barred 
cages, should be giving way to the more truthful, realistic, and 
certainly more scientific way to see animals through the eyes of serious 
students of their behavior. Konrad Lorenz wrote: " ... one can only 
get to know the higher and mentally active animals by letting them 
move about freely. How sad and mentally stunted is a caged monkey or 
parrot and how incredibly alert, amusing and interesting is the same 
animal in complete freedom." 15 

Jane Goodall has sought to translate some of what she has learned at 
the Gombe Stream from the wild chimpanzees to ways to keep captive 
animals at the Stanford Primate Center. She wrote (J. von Lawick­
Goodall, personal communication, 1972): 

The design of this facility has been deliberately influenced by an understanding of the 
requirements of chimpanzees gleaned from 12 years of association with these apes in the 
wild. Each enclosure will be one and a quarter acres, will provide· structures for climbing 
and locomotor exercise, structures designed so that the individuals in a group (6 to 10) 
can escape visual contact with each other, and will provide the maximum amount of 
interesting stimuli possible in the setting. 

We know from countless experiments on isolation stress that solitary 
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confinement for the large majority of warm-blooded animals is un­
biological.11-20 We know that the wild ancestors of Canis familiaris, 
the dog, were social pack animals adapted to running long distances to 
capture prey, yet, with a degree of stubborn defiance of the obvious 
that will surely be looked back upon with amazement and disgust, a 
segment of the scientific community has fought almost a decade against 
a regulation to require institutions that maintain their experimental 
dogs in cages to let them out once a day21 ! This must be one of the 
lowest of low points in public relations for the medical establishment. 

Albert Schweitzer called for a boundless ethics that will include the 
animals also. He wrote: ''Thought cannot avoid the ethic of reverence 
and love for all life. It will abandon the old confined systems of ethics 
and be forced to recognize the ethics that knows no bounds. " 22 Those 
words should be applied to all use of animal models. Dr. Schweitzer's 
entire philosophy .focuses on the development of individua~ 
conscience-and that, of course, is the very opposite of what is 
generally thought of as public relations. But there could be no better 
way to develop public approval than to conscientiously and in \t!Very 
single instance give consideration to the feelings and the well-being. of 
each individual animal studied in conducting biomedical research. If 
that were done, there would be a huge reduction in laboratory animal 
suffering. 

However, it would be extremely naive to suppose that an ethical 
revolution is about to occur spontaneously in animal experimentation. 
If a reasonable facsimile of ethical progress is to be made, those who 
think of animals as mere tools must be controlled by suitable incentives 
and regi.ilations. 

If we look at the problem from the standpoint of Powers' Behavior: 
The Control of Perception, 23 it is clear that a failure of perception of 
animals as sentient beings with individual desires and needs is likely to 
result in callousness. Those whose education and training have created 
blind spots with respect to animals are incapable of creating the trust 
that could exist if the double standard for experimental animals were 
ended. 

Animal models with spontaneous disease, especially pet animals 
studied on an out-patient basis with the cooperation of their owners, 
can help to end this unfair and inhumane double standard from which 
laboratory animals have suffered so long. A friend of mine regularly 
took her dog for immunotherapy at oncology clinics in New York City 
for a period of 3 months. The dog lived at home and made a temporary 
partial recovery as a result of the experimental treatments. The owner 
at no time gave up responsibility for or control of the dog but, in effect, 
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acted in a role comparable to a parent of a sick child too young to 
understand or give consent for experimental therapy. It takes more 
human effort to test experimental treatments in this manner than it 
would to collect sick animals and maintain them in a .single facility, but 
the latter system would mean that many of the animals would lte 
subject to anxiety and mental suffering. In the case of aged dogs used 
to the personal attention of a loved owner, the degree of such suffering 
can be extremely severe. Thus it w~uld be unacceptable both from the 
humane standpoint and from the standpoint of sound scientific proce­
dure in which the introduction ~f variables should be kept to the 
minimum. Even if a treatment in itself is beneficial, it may be 
impossible to judge its benefits if the animal subject is in a constant 
state of depression and protest against being kept captive in a strange 
restrictive environment away from the owner to which it has been 
bonded for years. 

Under no circumstances should an attempt be made to persuade 
owners to abandon diseased animals to be caged for the remainder of 
their lives, under conditions provided by the average laboratory at the 
present time. 

As in all experimentation, efforts should be made to keep the 
experimental treatments as pleasant as possible, and, if a promising 
treatment cannot be pleasant, the numbers of animals receiving it 
should be very small in preliminary tests. 

To sum up, animals suffering from spontaneous diseases that approx­
imate human disorders can be considered in a category for experimen­
tation that parallels similar research in man. If the animals receive 
carefully designed and administered experimental treatments aimed at 
alleviating or curing their diseases, and if the attention and care they 
receive is successful in maintaining them in a contented condition, 
either in the homes of their owners or in quarters specifically arranged 
to meet their basic needs and individual preferences, the main criteria 
for acceptable use of their spontaneous disease to learn how best to 
control or manage it will have been met. 
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Legislative Considerations 
for Studies with 
Animal Models 

It is clear that biomedical research on animals is becoming increasingly 
necessary. The constraints being placed by legislation and regulations 
on human research, in conjunction with the Edelin case in Boston, 
have created a deep mood of uncertainty among all biomedical 
researchers about what the future is likely to hold. It is certain that 
these interrelated issues will not be settled this year or next, nor 
perhaps in the next decade. 

We believe that the new respect for human life and environment that 
is surfacing among the young well may contain an element of respect 
for animal life that would militate against greater acceptance of the use 
of animals for research. 

We can expect from the Congress an increasing interest in human 
research, especially with regard to the right of informed consent. It is 
clear that two groups will continue their competition-the groups 
supporting right to life of the unborn, and others supporting the right of 
the parents, especially the mother, to determine their own future. It is 
to be expected that these conflicts will continue for many years. They 
are unlikely to be resolved on a judicial level. Solutions are more likely 
to evolve through national debate that will result in legislation largely 
based on lay and scientific input. 

Along with these themes, Congress is demonstrating a heightened 
. concern with the delivery of health care to all, almost certainly 
accompanied by a decreasing interest in science and research. This 
attitude will undoubtedly cause national health insurance to be a reality 
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in one form or another in the next several years. The problems caused by 
broadening the delivery of care, with its ensuing shortage of man­
power, the regularization of reimbursement programs, peer review, 
and other matters, will take much of the energies of the Congress and 
Administration that would ordinarily be expended in the other health 
issues. 

Thus the emphasis of public policymakers will be on health delivery, 
to the detriment of biomedical science. Probable consequences include 
lower funding than is required for animal research, at a time of 
increasing need. At the same time, constraints on human research will 
make research utilizing animals more vital than it is now. 

During the 1960's and through the year 1970, there was a good deal of 
public agitation for more humane laws regulating many aspects of the 
care of animals. It was no historical accident that the drive for the 
"Great Society" for the people of the United States corresponded with 
the drive for more humane animal laws. The book Animals and Their 
Legal Rights, was published in 1968 by the Animal Welfare Institute. 
Chapter IV of the book, written by Christine Stevens, gives a fascinat­
ing account of the struggle of the humane groups for a comprehensive 
Laboratory Animal Welfare Act. It is an interesting case study of a 
lobby putting together a coalition for a legislative victory. 

The landmark Act of 1966 (Public Law 89-544), commonly referred 
to as the Laboratory Animal Welfare Act, and the amending legislation 
of 1970 (Public Law 91-579), known as The Animal Welfare Act, were a 
direct result of the strenuous efforts of the humane groups, and were 
the first federal laws to protect nonfarm animals. 

The laws cover the usual laboratory research animals-dogs, cats, 
monkeys, and others. Highly specific standards were set, including 
those for research (adequate veterinary care of animals before, during, 
and after research, including appropriate use of anesthetic, analgesic, 
or tranquilizing drugs), as well as for shelter, handling, watering and 
feeding, sanitation, and ventilation. While research facilities are re­
quired to submit annual reports showing that standards of care have 
been met, the law specifically prohibits federal regulation of design and 
performance of actual research or experimentation. 

It is important to understand that the agency most deeply involved in 
the animal programs, the Department of Health, Education, and 
Welfare, was distrusted by the humane groups, and the central struggle 
over the legislation had to do with the question of which agency would 
enforce the regulatory authorities. 

The National Institutes of Health were perceived as researcher-

Copyright © National Academy of Sciences. All rights reserved.

Animal Models of Thrombosis and Hemorrhagic Diseases
http://www.nap.edu/catalog.php?record_id=19903

http://www.nap.edu/catalog.php?record_id=19903


Legislative Considerations for Studies with Animal Models 161 

dominated, with such strong ties to the academic scientific society .that 
there would be little protection for animals. 

On the other hand, the Department of Agriculture, generally per­
ceived by the public to be concerned almost exclusively with farm 
matters, was the humane groups' agency of choice to carry out the law. 
Their judgment was perceptive: In fact, the USDA's Animal Health 
Division was structurally well suited to a national task of protection of 
animals, and, since the passage of the laws, the humane groups, like 
every other interest group in our society, have made every attempt to 
make their interests those of the agency and, as we will see later, have 
met with a good measure of success. 

The choice of agency, Agriculture, was paralleled in the House of 
Representatives by the choice of legislative committee, the Agriculture 
Committee, rather than the Interstate and Foreign Commerce Commit­
tee and its Subcommittee on Public Health and Environment. In the 
Senate the choice of committee was Commerce because of the sym­
pathetic chairman and members there. Because the 1966 and 1970 bills 
were reported out by the Agriculture and Commerce Committees, it 
will be difficult in the future for the health committees to reclaim 
jurisdiction over the field. 

Herein lies a central problem of the biomedical community: Those 
congressional committees, and those federal agencies, that have an 
understanding of the issues that confront the field do not have authority 
over the regulation of activities regarding research animals. To be sure, 
HEW has adopted policies on the use of animals in research, including 
those in NIH-supported studies. At present approximately half of all 
programs involving animal research are supported by the NIH. But 
these policies do not have the force of law, whereas the rules and 
regulations promulgated by the Department of Agriculture do. 

Let us consider for a moment the impact of this separation: While 
legislation emanates from the Agriculture Committee and regulations 
are issued from the Department of Agriculture, it is in fact the 
Department of HEW that is responsible for national biomedical research 
programs. The HEW appropriations subcommittee must fund the 
changes and improvements mandated by the Agriculture Committees. 

The Agriculture Committees, especially now, when economic dif­
ficulties are affecting farmers everywhere, cannot be expected to 
exercise legislative supervision on these issues with the understanding 
required for good biomedical research policy. However, it should be 
noted that the new Chairman of the House Agriculture Committee is 
very much aware of the biomedical research issues and has indicated as 
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late as February l, 1975, his assurances that medical research utilizing 
animals would continue unhampered.* 

Generally, it is true that the HEW appropriations committee members 
are heavily supportive of biomedical research, but it is likely that in an 
era of tight funds, they will much prefer to spend funds on research 
rather than on protection of animals. Consequently, USDA regulations 
enforcing improvements in animal housing and the like can require 
improvements to take place more rapidly than federal funding is made 
available for them. 

Although NIH has worked to improve the treatment of research 
animals, especially since the publication of the policy directives on 
"Care and Treatment of Laboratory Animals" in June 1971 and the 
subsequent policy paper of May 14, 1973, on "Animal Welfare" (both 
stemming from Agriculture regulations published consequent to the 
1970 Act), the funding problems have been severe. For example, in 
Fiscal Years 1971, 1972, 1973, and 1974, the number of institutional 
improvement projects for animal care has increased from 14 in 1971 to 
24, 28, and 48 for the next 3 years; dollars awarded have increased from 
$673,000 to $2.1 million, $2.3 million, and $3.2 million. While the 
increases do not seem large at first glance, especially in the last 3 years, 
it should be noted that in order to produce these sums the budgetary 
effect on the Laboratory Animal Sciences Program (LASP) has been 
severe, with the percentage of the LASP budget spent for such im­
provements going from 11 percent in 1971, to 35 percent in 1972, to 37 
percent in 1973, and to 55 percent in 1974. In spite of this increase, 
there were, as of FY 1974, 19 projects approved but not funded. 

The drain upon this budget is very severe and very important to us as 
researchers. The Laboratory Animal Sciences Program is responsible 
for research programs, including support for animal colonies of unusual 
and special value for research, of studies directed at finding animal 
models that are needed for research on human diseases, of laboratories 
for the diagnosis and control of diseases of laboratory animals, of 
research related to improving health care and determining environmen­
tal responses of animals used in research, and of training specialists 
in the field of laboratory animal medicine. It is also responsible for 
complying with the legal and policy statements for care of laboratory 
animals. 

Consider the budgetary implications, and the public policy implica­
tions that result. The LASP program has had a budget in the $6 million 

*H.R. 5808, introduced by Congressman Foley (D.-Wash.) on April 9, 1975, does not 
impinge on freedom of biomedical research. 
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range, with some diminution in 1974, since 1971. From this generally 
constant dollar figure, the amount for institutional improvement proj­
ects for animal care rose almost 500 percent between 1971 and 1974. In 
1972, an extra $1.5 million was spent beyond the 1971 figure; in 1973, it 
was $1.7 million, and 1974, $2.6 million. Conservatively then, $5.8 
million was lost from the other vitally important activities of the 
program at the precise time that the need for animal models has been 
increasing. 

It seems to us that concomitant with the drive to improve the care of 
animals on the part of humane groups, there should be a drive by the 
same interest groups to increase the funding for the NIH programs 
responsible for animal care so that improving the lot of the animals 
does not interfere with rese~ch for human health. 

These examples of policymaking at cross purposes bring us to the 
next point that should be made. There is a wide range of legislative and 
regulatory proposals that are being offered to improve animal protec­
tion. It is to be hoped that they will not impede our research efforts 
further. The humane groups may well continue to press for a more 
restrictive laboratory animal act. They are now pushing for their 
interests by means of regulation, through the Department of Agricul­
ture, as well as through other regulatory agencies. In addition, there 
are some who propose the use of tissue culture and computer models in 
lieu of animal research. 

There are several issues confronting the research community and the 
regulatory agencies, including the scientific use of impounded animals, 
the proposed "injurious wildlife" regulations, and Civil Aeronautics 
Board proposals on air carrier shipments, with the researchers seeking 
a lack of hindrance in their work and humane groups seeking a better 
situation for the animals. 

But one issue stands out at the moment, because of the severity of 
the budget crunch. That issue involves the proposed regulations of the 
USDA published in the Federal Register on September 25, 1974, which 
would impose greatly increased costs on research institutions. 

The requirements are well known: Random-source dogs must be 
released, after 21 days, from minimum-size cages into larger areas, 30 
minutes each day for 5 days every week; institutions must provide 
communal housing of dogs, give prompt care and treatment or sacrifice 
dogs that develop abnormal behavior, and allow dogs and .cats to have 
audiovisual contact with their own species. 

It is not our purpose here to discuss the efficacy of these measures: 
You will be hearing a good deal of argument on the issue here. We all 
can agree that heavily increased costs for research institutions will 
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result. Facilities will Jiave to be redesigned and rebuilt, and labor costs 
for personnel will be increased. 

The research institutions, already having financial difficulties be­
cause of severe budget cuts, inflation, and the low~level 1976 Adminis­
tration budget, will be in even worse straits if these new regulations are 
enforced, unless the regulations carry with them increased funds for 
implementing them. 

We have several recommendations to make: 

I. That researchers and humanitarian groups, whenever they talk to 
the Congress about these matters, whether in appropriations, authori­
mtions, or overview hearings, stress the need for increased funding for 
the animal care programs to prevent lessened biomedical research. In 
addition, it is essential to collect data on the cost-effectiveness of re­
search and to characterize research goals. 

2. That regulations, when established, be contingent for their im­
plementation upon increased availability of funds to the research 
institutions required to make changes. 

3. That researchers and humane groups alike work to convince th~ 
ultimate arbiter off ederal funding programs to have the Administration 
budget reflect the increased requirements caused by the regulations. 

4. That regulations give sufficient time for performance. Lead-time 
is important, as no institution of any complexity moves swiftly. 

5. That the research community, already under the severe strains 
described above, not be subject to unnecessary governmental red tape 
regarding data collecting and reporting. 

These recommendations, we feel, are important to assure continued 
good biomedical research. However, we feel that still another recom­
mendation is necessary: 

6. That our young people be taught the value of the use of animals in 
research as part of their science education, so that the pro-life trends 
will not result in lowered support for research. 
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ROBERT W. PRICHARD, M.D. 

Animal Models in 
Human Medicine 

The history of animal models of disease goes back into the time of 
Hammurabi at least, and likely much further. 6 WheJl a god accepted an 
animal sacrifice in an important matter, which included disease in the 
case of wealthy and prominent people, the god's intentions concerning 
that person were revealed in the organs of the animal, especially the 
liver. An extremely elaborate ritual developed around this practice of 
hepatoscopy, and there are echoes of it in modem medical practice, in 
some cases even the medical practice of physicians. 

Much closer to the ways of today's scientists (though not to the 
ways of the magic-oriented public) was the use of animal models for 
anatomy and physiology by a few Greek physicians in Alexandria, and 
most notably four centuries later by Galen. 5 Though he became a 
symbol of medical conservatism a thousand years after his death, when 
he could not defend himself, he was in his day a most progressive 
investigator. Greek anatomy an~ physiology were extremely limited by 
the attitudes of the times concerning human dissection. Leaving aside 
some stories of Galen's dissecting bodies washed out of graves by 
floods, his main innovations involved dissection and experimentation 
upon animals, notably the misnamed Barbary ape, Macaca sylvanus. 
The innovative approaches of his earlier years culminated in much 
teleologically oriented philosophy, mixed with religion, and delivered 
to the Dark Ages something they could appreciate and ossify. Thus it 
was to be more than a thousand years until experimentation was 
revived in Europe during the Renaissance. 

169 
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Perhaps animal experimentation was carried on during this mil­
lennium in times and places of which we have no record; all we can say 
is that written and illustrated accounts of experiments involving 
animals began to,appear again, notably in Vesalius' great sixteenth 
century anatomic text, which closes with a chapter on vivisection. 

One recognizes in these early animal models a more or less random 
approach-whatever animal was available was used, except for Ga­
len's no doubt anthropomorphic interest in primates. Even in the 
massive amount of animal experimentation done by John Hunter there 
is little to suggest the selection of a species for characteristics that 
might bear analogy to the human condition. Part, perhaps the major 
part, of this hit-or-miss approach could be related to the very poorly 
developed concept of specific disease entities that existed prior to the 
late eighteenth century. 

It is really in the mid-nineteenth century's creation of the science of 
microbiology that one finds the direct antecedents of our modem views 
about animal models. The early bacteriologic experimenters quickly 
found marked differences in species susceptibility to the microbiologic 
agents of disease, and these observations have been codified in the 
popular notion of Koch's postulates. Specifically, they are stated in the 
usual version of his third postulate as • •. . . inoculations from such 
[pure] culture must reproduce the disease in susceptible animals .... " 3 

Lester King, in an incisive review of these postulates,3 points out 
that the third is the most misunderstood and does not represent what 
Koch actually said. Koch asked that an isolated bacterium produce 
"the same clinical picture . . . as is obtained empirically by the injec­
tion of naturally developed" material. For example, the sputum of a 
patient with pneumococcal lobar pneumonia, injected intraperitoneally 
in a mouse, will produce peritonitis and kill the mouse, but it does not 
produce lobar pneumonia. However, if that same sputum is cultured 
and four bacteria are isolated, three of which do not affect mice and the 
fourth of which kills by producing peritonitis, Dr. Koch's actual 
statement is fulfdled; the pure culture killed the mouse in the same way 
as did the "naturally developed" material, i.e., the sputum. King thus 
points out that an animal model does not have to reproduce the exact 
human disease to be satisfactory. As he says, 

It makes very little difference whether a disease transmitted to animals reproduces the 
original disease of humans. The important thing is that there be a correlation between a 
human disease and some manifestation in an experimental animal. The condition in the 
artificial host must be a/unction, in the mathematical sense, of the condition in the 
original host. There must be constancy of response so that, given certain attendant 
circumstances, certain results may be predicted and verified; given variations in the 
original host, concomitant variation can be demonstrated in the experimental host. 
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I have described what can be regarded as two eras of animal model 
use-the thousands of years in which animals provided magical mirrors 
of disease or rough approximations of human anatomy and physiology, 
followed by a short, intense period of animal model activity in 
infectious disease research. The insights gained from the infectious 
disease work allowed evolution into the third, and present situation, in 
which animals are sought for comparison with human disease at the 
molecular level. The increasing difficulties that attend human experi­
mentation-that indeed attend primate experimentation generally­
make this new sophistication important practically as well as in­
tellectually. For example, certain strains of swine can mimic human 
malignant hyperthermia in some respects, motivating investigators 
to work with their isolated muscle, where increased cycling of 
fructose-6-phosphate has be~n shown in both species, despite a differ­
ent environmental trigger for the clinical syndrome. No longer, in this 
case, is the approach of Koch a matter of concern. The etiology of the 
hyperthermia seems to be different, but at least in part the metabolic 
changes are similar, affording reason to think that pigs are worthy of 
trial in therapy, for instance. 1 The occurrence of increased amounts of 
acid-soluble collagen in the skin of men and dogs with the Ehlers­
Danlos syndrome2 cannot but whet the enthusiasm with which that 
animal model is studied. 

One aspect of animal model development that has received little or 
no attention is the light it sheds on deficiencies in the descriptions of 
human disease. Often one selects an animal model on the basis of 
resemblance to a given human disease, only to find the presence or 
absence of certain characteristics of the disease in the animal model 
that are not known in the human being. An example is the description 
of small-vessel disease in the human myocardium; there is no study of 
these vessels that parallels the depth of studies, anatomic and 
epidemiologic, of the large human coronary vessels or of the small 
vessels of various animal models of atherosclerosis. Alternatively, we 
may demand of animal models certain features that tum out later to be 
less surely, if at all, characteristic of the human disease. An example is 
the hope that animal models of diabetes would show the capillary 
basement thickening that occurs in human diabetes, and that now 
seems related to a separate genetic defect. 4 Ironically enough, it is 
often easier to obtain research funding for studies of animal models 
than for studies of the descriptive characteristics of human disease, 
which are often derisively referred to as "fishing expeditions" in grant 
review groups. 

At present the search for animal models seems to have at least two 
objectives. First, to seek a system that approximates the human as 
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closely as possible on the basis of present anatomic and physiologic 
knowledge and, second, to take whatever animal provides' a usable 
manifestation of the normal physiologic/metabolic process or disease 
state under study. If the model is far removed from the human being on 
the phylogenetic scale, yet offers something that appeals to the 
experimenter, no one objects strenuously. But if the model is close to 
the human being, acceptance is more ready, even though a detailed 
study of the particular phenomenon under investigation might show an 
ameba to be closer to the human condition than a chimpanzee. 

Unless we recognize our innate biases in animal model choice, we 
limit our potential as experimenters. Two biases seem common from 
my observations. First is the anthropomorphism that we all seem to get 
from the monkeys in zoos and circuses, coming as it does long before 
we aspire to be scientists. Second is for the animal or animals with 
which we worked during our early days in our fields. Both of these are 
easy to understand and .are forgivable. What has neither of these 
saving attributes is an unwillingness to consider the entire biologic 
kingdom as a source of possible models of one or another human 
function, normal or diseased. 
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LAURENCE A. HARKER, M.D. 

The Need for 
Human Experimentation 

SUMMARY 

Since most research in hemostasis and thrombosis is directed toward 
characterizing the pathophysiology and rational management of human 
disease, clinical investigation is essential to demonstrate relevance to 
man of findings in experimental animals. Some disorders are found 
uniquely in humans, and other studies are most efficiently carried out 
in man. Many biologic questions, however, are reliably clarified only in 
the controlled experimental situation, free from the genetic and 
economic limitations of clinical research. The fallacy of applying 
experimental animal data to man is well illustrated by the species 
variability characteristic of platelet function studies and antiplatelet 
drug effects both in vitro and in vivo. Similar frustration is experienced 
in the application to man of conflicting observations in various animal 
models of thrombosis. Considerable confusion has resulted from the 
many studies of so-called disseminated intravascular coagulation (DIC) 
in animals when the results were translated directly to therapy of 
consumption coagulopathy in man. Without controlled clinical 
therapeutic trials, no therapeutic regimen developed in animals can be 
assumed to apply to man. 

Since governmental support for biomedical research is justified by 
potential improvements in patient care, investigation is appropriately 
directed toward advancing the understanding of the pathogenesis and 
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management of human disease. Clinical investigation is essential in this 
strategy. Animal experimentation is useful in formulating hypotheses 
about basic biological phenomena when direct invasive examination 
and strictly controlled experimental design are required. The patho­
physiologic relevance of animal research to human disease must, how­
ever, be established by direct studies in man. Therefore, progress in 
clinical medicine ultimately depends on human experimentation despite 
the inherent ethical, genetic, and financial considerations. 

RESEARCH UNIQUE TO MAN 

Autoexperimentation 

Basic biological concepts have often been derived from observations 
made originally in man. Indeed, the investigator himself has frequently 
served as the experimental subject; medicine has a rich tradition of 
autoexperimentation. 1 The experiments of Hunter and Forssman illus­
trate the pitfalls and benefits, respectively, of conclusions inferred 
from the results of autoexperimentation. 2- 5 Forssman performed the 
daring autoexperiment of cardiac catheterization on himself and 
proved a scientific concept of sufficient importance to warrant a share 
in the Nobel Prize in physiology and medicine. Hunter, on the other 
hand, inoculated himself with the urethral discharge of a patient who 
apparently had a dual infection of syphilis and gonorrhea that resulted 
both in disastrous consequences to himself and in the erroneous 
conclusion that gonorrhea and syphilis are the same disease. Phar­
macologists have frequently made initial determinations of the effects 
of new drugs on themselves. 

Harrington's experiments illustrate autoexperimentation in the field 
of hemostasis. 8 He transfused himself with plasma from a patient with 
idiopathic thrombocytopenia purpura and reproduced the entire clini­
cal and laboratory syndrome in himself within 3 hours. Subsequently, 
he required hospitalization for 5 days. Obviously, there are limitations 
to self-experimentation, which serves to emphasize that autoex­
perimentation should not be used to justify experimentation on other 
~individuals. 

Hereditary Disorders 

Our understanding of hemostasis and thrombosis has, to a very 
significant degree, been dependent upon the characterization of geneti­
cally determined inborn errors affecting the hemostatic mechanism. 
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Abnormal bleeding results clinically from a spectrum of genetic ab­
normalities affecting each component of the hemostatic mechanism, 
i.e., vessel, platelet, coagulation factors and fibrinolysis. Our current 
concepts of coagulation factors have evolved in large part through the 
careful and systematic study of patients with hereditary defects. 7- 9 It 
seems likely that similar insights into platelet function will follow work 
presently being conducted in patients with hereditary defects of 
platelet function such as thrombasthenia, Bernard-Soulier syndrome, 
and platelet storage diseases. 10- 12 It is also hoped that greater under­
standing of vascular function will result as examples of hereditary 
abnormalities are characterized. 13 

There are several examples of genetically determined defects that 
predispose to thrombotic occlusion. Hereditary thrombophilia in the 
venous system is reported in families demonstrating antithrombin III 
deficiency, 14·15 antiplasmin excess, 18 and familial elevation of specific 
clotting factors. 17 Genetically determined arterial occlusion is found in 
association with homocystinemia mediated through vascular injury and 
accelerated atherogenesis. 18- 20 Undoubtedly, as underlying 
mechanisms are worked out, our understanding of thrombogenesis in 
man will be advanced. 

Applied Research 

Obviously, new treatment programs for human disease must be based 
upon appropriately controlled trials. The developmental work usually 
involves a variable amount of background animal research. Since valid 
controlled clinical trails have special design requirements in addition to 
ethical limitations, they are generally difficult to carry out, time­
consuming, and expensive. 21 

Trials testing the antithrombotic efficacy of antiplatelet drugs in the 
prevention of arterial thromboembolic occlusion illustrate many of the 
associated difficulties. 22·23 Despite the large number of trials, only 
dipyridamole in combination with anticoagulants24 and sulfin­
pyrazone25 have been convincingly shown to have antithrombotic 
efficacy, although the results with aspirin are promising. 28·27 Clofibrate 
has been clearly shown to have no benefit. 28 Most of the other studies 
proved to be inadequate when critically reviewed. 22.23 

RESEARCH EFFICIENTLY PERFORMED IN MAN 

Frequently, both basic and applied research can be performed initially 
in man without the use of an animal intermediate. For example, the 
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biochemical and immunologic characterization of coagulation factors, 
including factor VIII and von Willebrand's factor, have been studied 
largely in man. 29•30 Similarly, other human blood components are 
rapidly accessible for study. 

There is additional rationale for conducting investigation directly on 
human blood components that are required therapeutically. Studies of 
the development of techniques for preparing and storing platelet 
concentrates illustrates the efficiency of this approach. 31 •32 In these 
studies it was shown that 85 percent of the platelets in whole blood 
could be harvested by optimal differential centrifugation, i.e., 1,000 g 
for 9 minutes to form platelet-rich plasma and 3 ,000 g for 20 minutes to 
produce the platelet pellet. Storage of the resultant concentrates 
without loss of viability or function required 60 ml of plasma and 
continuous mixing at room temperature in special plastic bags (Figures 
1 and 2). Since human platelets are more sensitive to collection and 
storage injury than other mammalian platelets, little practical purpose 
would have been served by carrying out preliminary experiments in 
animals. The optimal preparation of cryoprecipitated concentrates of 
factor VIII has been similarly characterized in man. 33 

RESEARCH TO DEFINE RELEVANCE IN MAN 

Models of "Disseminated Intravascu}ar Coagulation" 

The fallacy of translating the results from animal studies directly to 
patient management without experimental substantiation in man is well 
illustrated by the current controversy regarding heparin treatment in 
patients with "disseminated intravascular coagulation" (DIC). Animal 
studies have generally been simplistically interpreted as providing 

FIGURE I Platelet viability index of 
acid-citrate-dextrose (Aco) (•), acidi­
fied ACD (0), and CPD(V') concen­
trates stored at 22°C at specified storage 
intervals demonstrates a progressive 
Joss of viability over 72 hours and a 
marked Joss at 96 hours. 

24 48 72 
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96 
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FIGURE 2 Direct inverse linear cor­
relation between bleeding times and 
platelet counts I ¥.z hours after the 
transfusion of platelet concentrates 
stored at 22°C for 72 hours following 
infusion into nonimmunized aplastic 
thrombocytopenic patients. The 
shaded area represents the 95 percent 
confidence limits of the relationship 
between bleeding time and platelet 
count in aplastic thrombocytopenic 
nontransfused patients. The regression 
line for the transfused platelets is not 
statistically different and is given by 
the equation y = -3.37 + 110.05. 
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evidence of the protective role of anticoagulation in DIC. 34•3 ~ The 
complexities of human pathology, however, became apparent when 
platelet and fibrinogen survival and turnover measurements were 
carried out in a large number of patients with consumptive disorders. 36 

In this study tl).ree consumptive processes involving the hemostatjc 
mechanism were described. The first, characterized by combined 
platelet and fibrinogen consumption, represents an exaggeration of the 
physiologic hemostatic response. It occurs in patients with venous 
thrombosis, tissue trauma, widespread cancer, obstetric complica­
tions, and bacteremia (Figure 3). The result of activation of the 
coagulation system, this process may be modified by heparin. 

The second process, characterized by selective platelet destruction, 
appears to reflect platelet thrombus formation on abnormal surfaces in 
the arterial system, including prosthetic devices and arterial throm­
bosis, thrombotic thrombocytopenic purpura, hemolytic-uremic syn­
drome, and vasculitis syndromes (Figure 4). This process may be 
reversed by certain inhibitors of platelet function or adrenocortico­
steroid suppression of vascular inflammation. 

The third process involves selective destruction of ftbrinogen and 
follows the infusion of urokinase (Figure 5). Isolated fibrinogen de­
struction seems typical of drug-induced primary ftbrinolytic syn­
dromes. 

It is not surprising that patients undergoing severe depletion of 
hemostatic components caused by massive activation of coagulation in 
vivo pose difficult, complex, and sometimes insoluble management 
problems. Although there are no adequate animal models available, 
and definitive controlled clinical studies regarding therapeutic efficacy 
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FIGURE 3 Direct relation between platelet and fibrinogen consumption in patients 
with surgical trauma, venous thrombosis, widespread neoplasia, bacteremia, and obstet­
ric complications. (Reprinted, by permission, from the New England Journal of 
Medicine 291: 1302-1305, 1970.) 

are not yet completed, there are some basic principles that are useful in 
arriving at theral>eutic decisions. 

Since intravascular coagulation is always secondary to some initiat­
ing pathological process, therapy should be directed primarily toward 
the underlying cause, e.g., antibiotics for bacteremias, chemotherapy 
for malignant disease. Other therapy should be considered supportive 
only and not of fundamental consequence. No hemostasis-related 
therapy is nee<Jed if self-limited consumptive episodes are largely 
completed and unassociated with bleeding, e.g., obstetrical defibrina­
tion, transfusion reaction, traumatic or anoxic necrosis. Identification 
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FIGURE 4 Selective platelet consumption produced by prosthetic and altered vascular 
sulfaces, including thrombotic thrombocytopenic purpura (TIP), hemolytic-uremic 
syndrome (H-US), vasculitis, and arterial thrombosis. Normal values ±I so are shown by 
the shaded area. (Reprinted, by permission, from the New England Journal of Medicine 
291:1302-1305, 1970.) 

of an ongoing consumptive process of itself is not justification for 
anticoagulant intervention. Kinetic studies show that platelet and 
fibrinogen consumption, usually compensated, are commonly found in 
many different diseases without pathological sequelae; e.g:, all patients 
with metastatic malignancy show platelet and fibrinogen consumption 
by the tumor mass. 

Abnormal bleeding caused by consumptive depletion of platelets and 
clotting factors requires transfusional replacement of the deficient 
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FIGURE 5 Independent destruction of platelets and fibrinogen. Selective platelet 
destruction is observed in patients with idiopathic thrombocytopenic purpura (~ 
selective fibrinogen destruction is produced by urokinase infusion. The shaded area 
indicates the results in 35 normal subjects ±1 so. (Reprinted, by permission, from the 
New England Journal of Medicine 291:1302-1305, 1970.) 

components in order to restore hemostasis. Platelets are supplied as 
concentrates, and clotting factors are provided by whole blood when 
intravascular volume is also needed (as is usually the case), by 
fresh-frozen plasma, or, rarely, by concentrates, e.g., cryoprecipitates. 
Since heparin is a potent inhibitor of fibrin formation, bleeding is 
usually aggravated by its use. The rise in fibrinogen concentration that 
usually follows heparin blockade of fibrinogen conversion should not 
be interpreted as evidence of improved hemostatic competence but 
rather as a reflection of defective fibrin formation. A decrease in 
bleeding after heparin therapy frequently is the result of coincident 
platelet transfusions and resultant improved platelet plug formation. 
Platelet counts are usually not increased by heparin administration 
alone. 

Microcirculatory occlusion ("organ dysfunction") is usually due to 
endothelial injury and resultant microcirculatory occlusion by platelet 
plugs, rather than to primary fibrin deposition, as illustrated by 
endotoxin-induced injury to glomerular endothelium, hemolytic­
uremic syndrome, thrombotic thrombocytopenic purpura, and other 
vasculitides. Ordinarily, the appearance of "fibrin" on pathologic 
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sections prepared from such patients reflects expected deposition of 
platelet plugs rather than primary intravascular fibrin deposits. The 
sequelae of microcirculatory occlusion are more likely to be prevented 
by inhibiting platelet function or suppressing vasculitis with steriods, 
although the further addition of anticoagulation can complement the 
antithrombotic effect. The latter possibility may explain the excep­
tional effectiveness ofheparinization reported in pediatric patients who 
develop the rare, infection-related, purpura fulminans. Since fi­
brinolysis plays a major role in re-establishing and maintaining microcir:­
culatory patency' fibrinolytic inhibitors such as epsilon-aminocaproic 
acid (EACA) may be harmful. Platelet tninsfusions in these patients 
should logically be held to the minimum heeded for hemostasis in order 
to limit the thrombotic mass formed. It is therefore concluded that 
heparin and EACA, alone or in combination, are seldom, if ever, useful 
in the management of patients with combined platelet and fibrinogen 
consumption. This conclusion contrasts with the initial implication of 
animal work. 

Models of Thrombosis 

Many induced animal models of thrombosis have been Ul)satisfactory 
since they have produced conflicting findings_ and do not appear to 
predict human thrombus formation. Useful techniques for studying 
thrombogenesis and its prevention in man have been recently de­
veloped that enable quantitative, predictive, and in vivo studies to be 
completed. 

For example, platelet, fibrinogen, and plasminogen kinetic mea­
surements appear to measure the rate and predominant composition of 
ongoing thrombus formation. 3s-3s The effectiveness of antithrombotic 
therapy can be quantitatively determined in vivo by measuring its 
capacity to interrupt thrombotic consumption (Figure 6). 

Venous thrombosis results in combined platelet and fibrinogen 
consumption, which reflects the predominant role of fibrin in thrombus 
formation. Interruption of the consumptive process by heparin, but not 
by dipyridamole, correlates with the antithrombotic effectiveness of 
anticoagulant therapy and the reported failure of platelet-function 
inhibitors to decrease venous thrombosis. In contrast, arterial throm­
bosis involves selective platelet consumption that is interrupted by 
dipyridamole but not by heparin administration. Circulating fibrinogen 
is not consumed in this setting because procoagulants are swept away 
from the thrombogenic focus by the rapid arterial flow before coagula­
tion becomes fully activated. These observations are in accord with the 
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FIGURE 6 Effects of heparin and dipyridamole treatment on thrombotic disorders. 
Heparin interrupts the platelet and fibrinogen consumption of venous thrombosis, 
whereas dipyridamole prevents the platelet consumption of arterial thrombosis. 

ineffectiveness of anticoagulants in arterial thrombotic disease and 
predict that inhibitors of platelet function will be useful in the preven­
tion of arterial thrombosis. 

Models of Atherosclerosis 

Research in atherogenesis and its prevention requires effective integra­
tion of animal an<J human studies. Animal models are essential because 
of the need for long-term, well-controlled observations that include 
direct examination of tissues. Unfortunately, many nonprimate species 
develop atherosclerosis only by unusual means that appear to be 
somewhat removed from the process in man. The use of primates to 
define atherogenetic mechanisms in homocystinemia20 illustrates the 
useful integration of animal and human experimentation (Figures 7 
and 8). 
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FIGURE 7 Inverse, first-order relation between platelet survival and homocystine 
concentration (millimolar). This relation, observed in both humans and baboons, 
presumably reflects the amount of de-endothelialized surface exposed to circulating 
platelets. The triangles identify studies performed in association with pyridoxine 
administration. The open symbols show the effect of dipyridamole inhibition in prevent­
ing platelet consumption. (Reprinted, by permission, from the New England Journal of 
Medicine 291 :537-543, 1974.) 

Arterial smooth-muscle cells are currently thought to play a funda­
mental role in the development of atherosclerosis. They are the 
principal cells accumulating in the lesions and are responsible for the 
formation of the extracellular matrix components of atherosclerosis. 
They accumulate intracellular lipid in the presence of increased matrix. 
In vivo and in vitro studies suggest that endothelium provides a 
protective barrier for the smooth-muscle cells of the arterial wall. 39•40 

De-endothelialization is followed by proliferation of smooth-muscle 
cells that appears to be mediated, in part at least, by a platelet-derived 
stimulator. Re-endothelialization in normocholesterolemic animals is 
followed by gradual resolution of the lesions. It seems likely that the 
sustained endothelial injury that appears to be occurring in homo­
cystinemia is responsible for the accelerated development of athero­
sclerotic lesions, including cell proliferation, connective-tissue syn­
thesis and lipid accumulation. 20•41 
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FIGURE 8 Homocystine-induced arteriosclerosis in a baboon. Homocystinemia 
causes patchy endothelial cell loss that results in typical focal intimal lesions of 
proliferating smooth muscle cells and the connective tissue matrix composed of collagen 
and elastic fibers. Dipyridamole therapy markedly reduces lesion formation . 

CONCLUSION 

In today's climate of ethical and financial restrictions, 42.43 clinical 
investigation is becoming increasingly difficult to carry out. Despite 
the resultant appeal of exclusive reliance upon animal experimentation, 
human research remains vital if improved patient care is to be achieved. 
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VI 

PROJECTED NEEDS AND 
RECOMMENDATIONS 

Specific discussion and recommendations pertaining to genetic and 
spontaneous animal models of thrombosis and hemorrhage were the 
main focus of the workshop. Other experimentally induced models, 
although considered, were not emphasized because of the tremendous 
variety of such models and the wealth of published information 
available on this subject. 

The projected needs and recommendations listed in this section were 
contributed by Working Groups that discussed the following topics: 

A. Preservation of Unique Models 
B. Developmental Needs 
C. Diagnostic Methods of Identifying Models 
D. Mechanics of Support and Cost-Effectiveness 
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WORKING GROUP A 

Preservation of 
Unique Models 

1. It is recommended that unique animal models of thrombosis and 
hemorrhage be preserved. 

2. In order to achieve the above, it is recommende<J that animal 
research resource facilities to study thrombosis and hemorrhage be 
organized as follows: 

a. Establishing four or five regional research and resource centers 
distributed nationally to breed, maintain, and develop individual 
models or groups of models of thrombosis and hemorrhage for re­
search; each center would be capable of diagnosis, maintenance, 
treatment, clinical research, and investigations 

b. Establishing a centralized national sperm bank 
c. Establishing a centralized registry for information exchange 
d. Establishing a national animal blood products reference center 

(to include reagents for blood typing, histocompatibility matching, 
immunogenetic marker assays, deficient substrates, and therapeutic 
materials) 

Establishing such centers of research on thrombosis and hemorrhage 
would (a) ensure accessibility of resources to the scientific community; 
(b) establish the scientific validity of newly discovered models; (c) 
provide a repository of expertise to maintain and utilize the model; and 
(d) screen and refer potential models to experts for evaluation. In 
addition, the use of such centers would require fewer animals to supply 
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the needs of the scientific community, would be more productive, 
provide more potential, and should be more cost-effective than multi­
ple individual programs. 

3. It is recommended that regionalization not inhibit an individual 
investigator from developing his own model of thrombosis and hemor­
rhage and applying for an individual grant to study that model on its 
own scientific merit. 

4. It is recommended that criteria for defining a model as unique be 
established. For example, one of kind, one of group, one species, 
strains within species, or common model with new application. 

5. It is recommended that the feasibility of preserving a specific 
model of thrombosis and hemorrhage be defined in terms of cost, 
maintenance, life span, chance of contagion, and biohazard. 
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WORKING GROUP B 

Developmental Needs 

1. It is recognized that an urgent need exists for animal models of 
spontaneous thrombotic disease as well as for improved induced 
models. Inherited or acquired spontaneous thrombotic models, not 
readily available, provide an important resource for comparative 
studies. It should be emphasized, however, that induced models have 
been and will continue to be useful if they closely resemble the disease 
of interest. It is suggested that a current survey of potential models of 
arterial thrombosis be undertaken. Some potential models are 
atherosclerosis in pigeons, hypercholesterolemia in rats, saddle em­
bolism in cats, and equine viral arteritis. Additional models of venous 
thrombosis are probably not needed because the condition is common 
and readily studied in humans. 

2. Some aspects of the animal model should mimic the human 
counterpart. It is not necessary that the model be identical to all 
aspects of the human disease process, since, for instance: 

a. Infectious canine hepatitis represents a useful animal model for 
the coagulopathies associated with acute and chronic liver disease. The 
coagulopathy involves both decreased synthesis and increased utiliza­
tion of platelets and clotting factors, and a disseminated intravascular 
coagulation syndrome may occur. However, the viral agent and lesions 
produced differ from those of infectious hepatitis in man. 
· b. Intra-articular hemorrhages are common in human hemo­
philiacs and they result in joint disabilities, whereas in some 
strains of hemophilic dogs joint lesions are minimal as hemorrhage 
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192 WORKING GROUP B 

tends to be periarticular; Other strains of dogs have severe hemar­
throses. This variability does not detract from, but enhances, the scope 
of the model. 

3. More than one animal species with a disease: analogous to one 
found in humans should be maintained and supported, as this will 
enhance the credibility of the model-e.g., Chediak-Higashi syndrome 
in cattle, mink, and mice. 

4. It is recognized that pound animals are a source of research 
material to provide blood products for support of the medical services 
required under the regionalization concept and for acute experiments 
such as surgical techniques and to provide tissues. It is also recog­
nized, however, that they are inferior to purebred or kennel-reared 
animals of defined background for chronic or physiological experi­
ments. 

5. It is strongly urged that national and international cooperation be 
encouraged among veterinarians, breed organizations, animal welfare 
organizations, and the biomedical community for exchange of informa­
tion mutually beneficial to animals and humans. Areas of specific 
interest are prevention, prognosis, disease processes, necropsy, 
maintenance, therapeutic regimens, and research findings. If re­
gionalization is adopted, the above groups would interact with the 
centers. 

6. It is recommended that an investigator developing an animal 
model supported by federal funds be allowed whatever time is required 
to develop the model. After this time, other appropriate investigators 
should have access to the model and/or sperm stored in central banks 
for development of their own satellite colonies. Additional long-range 
goals to be supported are the development of functional ovum and/or 
embryo banks. 

7. It is recognized that the following defined specific models still 
need to be developed: 

a. Antithrombin-111-deficient animals to provide insight into 
thrombotic tendencies in humans. 

b. Animals with spontaneous clotting factor inhibitors (e.g., 
those occurring in hemophilia, autoimmune disease, and drug dys­
crasias) because of the difficult problems encountered in treating 
patients. 

c. Models of factor I, II, V, and XIII and kallikrein-kinin de­
ficiencies. Factor I and II deficiencies would provide models for the 
dysfibrinogenemic and dysprothrombinemic states of humans. Factor­
V-deficient animals could be crossbred with hemophilic animals to 
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create the combined factor V-VIII defect for re-examining the one­
locus hypothesis for these clotting proteins. Factor-XIII-deficient 
animals would be valuable for studying the processes of tissue repair 
and wound healing. Kallikrein-kinin-deficient animals could be used to 
study the interactions between initiating events of the coagulation, 
-kinin, and complement mechanisms. 

d. Models of disseminated intravascular coagulation; these are 
more common in animals than realized and should be further investi­
gated to provide useful data on this important syndrome in humans and 
animals. 

e. Atherosclerotic and arteriosclerotic models, e.g., spawning 
salmon; these may generate new insight into the pathogenesis of these 
disease processes. 

f. Models of complement deficiencies. Complement deficiencies 
such as C6-deficient rabbits and C4-deficient guinea pigs have already 
provided important information on the interactions of complement and 
hemostasis. Other such models would therefore be desirable. 

g. Miscellaneous models: e.g., hemorrhagic gastroenteritis in 
dogs; aortic embolism in cats; equine viral arteritis; thrombocyto­
penias-idiopathic, immune-mediated, and drug:induced. 

8. It is recommended that maintenance of muitiple mutant strains of 
such models as hemophilia A and B be supported because of their value 
to studies of potential heterogeneity of the abnormal proteins and of the 
different levels of clinical severity of these diseases in humans and 
animals. The most practical way to maintain all of these mutations 
would be through sperm-banking. 

9. It .is recognized that it is important to maintain the specific 
genotype of animal models: e.g., for basic studies of the molecular 
defect, a hemophilic dog should be transfused only when essential in 
order to minimize stimulation of the immune mechanism. By contrast, 
in order to mimic the multiply transfused .hemophilic patient, one 
should give the animal many-transfusions. 

10. It is recognized that studies of spontaneously acquired hemor­
rhagic and thrombotic diseases should be continued, e.g., equine viral 
arteritis, infectious canine hepatitis, and thrombocytopenic states. 
Additional information on the incidence of thrombosis is obtainable 
from retrospective studies of necropsy material. 

11. It is recommended that random-source populations of animals as 
well as specific purebred strains be maintained. In a search for certain 
genetic characteristics such as blood group and histocompatibility 
antigens and enzyme polymorphisms, the random-source dog is ex­
tremely valuable because of its relatively low inbreeding coefficient. 
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WORKING GROUP C 

Diagnostic Methods of 
Identifying Models 

1. It is recognized as extremely important in identifying models by 
diagnostic methods to have appropriate homologous, age- and sex­
matched controls. These controls should be both random and strain­
specific. 

2. It is recommended that new areas of diagnostic investigation be 
developed for animal species: 

a. Establish standard diagnostic methods for screening animals 
for potential bleeding or thrombotic abnormalities. 

b. Devise assays for progressive antithrombins, e.g., antithrom­
bin III, a 1-antitrypsin and armacroglobulin assays. 

c. Improve methods for identifying carriers of hemophilia and the 
heterozygous state of other clotting defects. 

d. Establish standard techniques and reagents for assays of coagu­
lation, platelet function, and fibrinolysis for each animal species. 

e. Establish diagnostic criteria for defining models of dissemi­
nated intravascular coagulation. 

f. Develop better tests for evaluating hemostatic parameters in 
thrombotic diseases of animals and man. 

3. It is recommended that diagnostic substrate plasmas from the 
various clotting-factor-deficient animals be made available for perform­
ing routine coagulation assays. These animal substrate plasmas have 
been proven to be reliable for specific clotting assays of all species, 
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including man, and should be kept at the regional centers and at the 
centralized resource facility for blood products. Another advantage of 
the animal substrates is their ready availability in large quantities from 
a specific mutant strain of animal. 

4. It is suggested that animals at risk for thrombosis following such 
procedures as reconstructive hip surgery (e.g., for correction of severe 
canine hip dysplasia) be evaluated by a series of hemostatic tests. 
Monitoring of these animals before, during, and after reconstructive 
surgery may provide information about the development of thrombotic 
complications with or without disseminated intravascular coagulation. 
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WORKING GROUP D 

Mechanics of Support 
and Cost-Effectiveness 

1. It is recommended that the current NIH policy with regard to 
federal funding continue: i.e., (a) for resource grants, the investigator 
must make the animal model accessible to other investigators (after a 
period of development has passed); (b) for research grants, the, 
investigator has the option of collaborating or providing accessibility. 

2. Because of the concerns expressed regarding the cost of upgrad­
ing obsolete animal quarters and proper designs of such quarters, a 
representative of the ILAR Committee on Animal Models for Thrombosis 
and Hemorrhagic Diseases has been made a member of the Organizing 
Committee for the Symposium on Laboratory Animal Housing, which 
is to take place in the fall of 1976 at the National Academy of Sciences. 

3. It is recommended that a uniform cost-accounting method for 
specific animal models be utilized, e.g., the Cost Analysis and Rate 
Setting Manual for Animal Resource Facilities, prepared by the 
Division of Research Resources, NIH, and the Association of American 
Medical Colleges, 1974. Although animal models require maintenance, 
care, and facilities that differ from those required by normal animals, 
this does not necessarily influence the type of cost-accounting 
procedure to be utilized. The reason for utilizing an established cost­
accounting method is to assure NIH and the public that funds are 
properly allocated and that charges against research grants are correct 
in that they reflect actual costs of the care of these research animals. 

4. It is further recommended that additional funding be provided to 
the Animat Resources Branch, Division of Research Resources, NIH, 

for the specific purpose of providing institutional grants for moderniza­
tion of research-holding facilities. It is to be emphasized that the 
scientific community is in favor of good animal facilities and wishes to 
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mee\ and/or exceed the guidelines established by DREW and the Animal 
Welfare Act of 1970 but that this requires financial aid by the granting 
institutions. For example, in 1971 $92.5 million additional funds were 
estimated to be required for optimal compliance with the Animal 
Welfare Act ($50 million for construction, $18 million for renovation, 
$21 million for cages and equipment, $3.5 million for training and 
additional operating costs).* 

5. It is recommended that animal models of thrombosis and hemor­
rhagic diseases be maintained in an environment specifically designed 
to minimize injury. By its nature (i.e., individual or dual units), this· 
type of housing is more expensive. The overall costs associated with 
housing such an animal colony, and the high cost of providing the 
proper veterinary care, experienced personnel, and special materials 
for maintenance and treatment, are not fully recognized by the funding 
agencies. In order to optimize the use of these animals and their 
productivity, increased funding is needed. Such costs are real and 
should be covered when properly documented in research proposals. It 
may be possible to reduce the cost by utilizing the sperm bank concept, 
which ·should limit the numbers of animals required but not the 
potential of the resource. 

6. Under the regional center concept (the recommendations of 
Working Group A, p. 189) support must be given to provide! laboratory 
facilities for in-house and visiting scientists to utilize the resource. A 
grant-application mechanism should be established to decide which 
investigators both within and outside the center qualify to use the 
resource. The grant proposal should include a statement of assurance 
from the director of the center where the research is to be performed 
that the center can accommodate the project. It is recommended that a 
peer review committee evaluate applications according to their scien­
tific merit. This committee could be appointed by NIH and should 
exclude the directors of regional centers. 

7. It is recognized that the level of current support for animal models 
of thrombosis and hemorrhage is inadequate in terms of allocating 
funds for developing new model programs and for establishing the 
regional centers. Although funds are available for existing meritorious 
programs, they are insufficient for maximizing productivity and for 
allowing justified expansions. Thus, a higher proportion of funds 
allocated to the various categorical institutes of NIH should be available 
for animal model support and development. 

*Charles W. McPherson. 1975. Personal Communication. Animal Resource Branch, 
NIH, DHEW. 
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