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To explore the role of the key coagulation factor, fibrinogen, in development, hemostasis, wound repair, and 

disease pathogenesis, we disrupted the fibrinogen As  chain gene in mice. Homozygous, As  chain-deficient 

( A s - / - )  mice are born normal in appearance, and there is no evidence of fetal loss of these animals based on 

the Mendelian pattern of transmission of the mutant Ac~ chain allele. All of the component chains of 

fibrinogen (A¢~, B~, and y) are immunologically undetectable in the circulation of both neonatal and adult 

As  - / -  mice, and blood samples fail to either clot or support platelet aggregation in vitro. Overt bleeding 

events develop shortly after birth in --~30% of Ac~-/- mice, most frequently in the peritoneal cavity, skin, and 

soft tissues around joints. Remarkably, most newborns displaying signs of bleeding ultimately control the loss 

of blood, clear the affected tissues, and survive the neonatal period. Juveniles and young adult A s - / -  mice are 

predisposed to spontaneous fatal abdominal hemorrhage, but long-term survival is variable and highly 

dependent on genetic background. The periodic rupture of ovarian follicles in breeding-age As  - / -  females 

does not appear to significantly diminish life expectancy relative to males; however, pregnancy uniformly 

results in fatal uterine bleeding around the tenth day of gestation. Microscopic analysis of spontaneous lesions 

found in A s  - / -  mice suggests that fibrin(ogen) plays a fundamental role in the organization of cells at sites of 

injury. 
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Fibrin(ogen) is the ultimate target of two sophisticated 

and opposing regulatory systems, the coagulation and 

fibrinolytic cascades, that together preserve vascular in- 

tegrity and maintain hemostatic balance (Davie et al. 

1991; Esmon 1993; Collen and Lijnen 1994). The coagu- 

lation system includes more than a dozen soluble and 

cell-associated factors that initiate, promote, and ulti- 

mately limit the formation of insoluble fibrin polymer 

(Davie et al. 1991}. A key step in coagulation is the gen- 

eration of the serine protease, thrombin, which triggers 

platelet activation (Majerus 1994), converts fibrinogen 

into a spontaneously polymerizing fibrin monomer 

(Doolittle 1994), activates the transglutaminase (factor 

XIII) that covalently cross-links fibrin matrices (Chung 

and Ichinose 1995), and activates regulatory pathways 

that both promote and suppress coagulation (Davie et al. 

1991; Dahlb/ick and Stenflo 1994). Fibrinogen is funda- 

mentally important in hemostasis in that it constitutes 
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the primary building block of blood clots. In addition, as 

a symmetrical dimer (Ao~aBf3a~2) carrying multiple spe- 

cific binding motifs for the platelet integrin GPIIb-IIIa 

(O~.bf3~), fibrinogen serves as the primary bridging mole- 

cule linking adjacent activated platelets in platelet plug 

formation (Bennett 1991 ). A counterbalancing fibrinolyt- 

ic system, which includes the fibrin-binding proteins, 

plasminogen, plasminogen activator, and a2-antiplas- 

min, provides a means for the timely disposal of fibrin 

clots (Collen and Lijnen 1994). The importance of under- 

standing the biochemical events that lead to the forma- 

tion and ultimate dissolution of fibrin-rich hemostatic 

plugs is underscored by the fact that the inauspicious 

formation of a fibrin clot in a coronary or cerebral artery 

is a major cause of morbidity and death worldwide. Fur- 

thermore, spontaneous and frequently catastrophic hem- 

orrhage or thrombosis is associated with many congeni- 

tal and acquired disorders in the coagulation and fibri- 

nolytic systems (Collen and Lijnen 1994; Dahlb/ick and 

Stenflo 1994; Doolittle 1994; Marder et al. 1994; Sadler 

and Davie 1994). 

Interestingly, there is considerable evidence that fi- 
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Fibrinogen-deficient mice 

brin(ogen) may play a much broader physiological role 

than simply stemming the loss of blood. First, a variety 

of cell types specifically bind to and migrate on fibrin(o- 

gen) matrices, including endothelial cells (Dejana et al. 

1985), macrophages (Sherman and Lee 1977; Altieri et al. 

1986), leukocytes (Wright et al. 1983; Altieri et al. 1993), 

smooth muscle cells (Naito et al. 1992), fibroblasts 

(Brown et al. 1993), keratinocytes (Donaldson et al. 

1994}, and tumor cells (Dvorak 1986; Dvorak et al. 1992). 

Direct binding to fibrin(ogen) through both integrin [e.g., 

~v~3, aM~2 (Mac-l); Altieri et al. 1993, Simon et al. 1993; 

Katagiri et al. 1995] and non-integrin receptors (e.g., 

I-CAM-l; Languino et al. 1995) appears to contribute to 

these cell-fibrin interactions. Second, defective and de- 

layed wound repair has been observed in individuals 

with congenital fibrinogen deficiency (A1-Mondhiry and 

Ehmann 1994). Third, fibrin(ogen)appears to be neces- 

sary for inflammatory responses in vivo (Colvin et al. 

1973; McRitchie et al. 1991; Tang and Eaton 1993)and 

directs leukocyte transendothelial cell migration (Lan- 

guino et al. 1995). Finally, fibrinogen fragments have 

been shown to have both chemotactic and immunosup- 

pressive activities (Plow and Edgington 1986; Skogen et 

al. 1988). One hypothesis that emerges is that fibrin pro- 

vides a critical provisional matrix at sites of infection or 

injury in which cells can proliferate, organize, and carry 

out specialized functions. 

If correct, then fibrin(ogen) is likely to play a key role 

in the pathobiology of common diseases that promote or 

result from chronic tissue injury, including cancer, ath- 

erosclerosis, and sickle cell disease. Notably, fibrin(ogen) 

is a significant component of atherosclerotic lesions 

(Bini and Kudryk 1992) and interacts with many of the 

cells that appear to contribute to plaque development, 

including platelets, endothelial cells, macrophages, leu- 

kocytes, and smooth muscle cells (Sherman and Lee 

1977; Wright et al. 1983; Dejana et al. 1985; Altieri et al. 

1986; Bennett 1991; Naito et al. 1992; Majerus 1994). 

Nevertheless, the lack of a suitable in vivo system for 

manipulating fibrinogen levels and/or its functional 

properties has precluded definitive studies regarding a 

role of fibrin(ogen} in atherogenesis. Similarly, fibrin is a 

common component of tumor tissue and has been sug- 

gested to contribute significantly to tumor pathogenesis 

(Dvorak 1986; Nagy et al. 1995). However, the advan- 

tages and/or liabilities of local fibrin{ogen) deposition for 

tumor progression are still obscure. 

To define precisely the role of fibrin(ogen) in develop- 

ment, hemostasis, wound repair, and the inflammatory 

response and to provide an in vivo model system for 

testing the proposed relationships between fibrin(ogen) 

and cancer biology, atherosclerosis, and other common 

diseases, the fibrinogen Ao~-chain gene was disrupted in 

mice. We report that fibrinogen Ac~-chain deficiency re- 

sults in the elimination of all fibrinogen polypeptides 

from the circulation, the loss of both platelet aggregation 

and clotting function, and a high risk of spontaneous 

bleeding in both neonates and adults. Remarkably, these 

animals can resolve some hemorrhagic events and most 

survive well into adulthood. 

Results 

Disruption of the mouse fibrinogen A a-chain gene 

To eliminate production of the fibrinogen A~-chain gene 

product in transgenic mice, a replacement-type targeting 

vector (Fig. 1A)was prepared from the cloned murine 

Ac~-chain gene (Fig. 1B). The targeting vector was con- 

structed by introduction of a 6-kb minigene encoding 

human hypoxanthine phosphoribosyl transferase 

(HPRT) (Reid et al. 1990) into a unique Bali site within 

exon 1. The inserted HPRT cassette served to both dis- 

rupt the A~-chain gene within the signal peptide se- 

quence (14 amino acids downstream of the initiator me o 

thionine) and provide a means to positively select em- 

bryonic stem (ES) cells that had stably incorporated the 

transfected transgene. The Ac~-chain targeting DNA was 

introduced by electroporation into the HPRT-deficient 

ES cells, E14TG2a (Hooper et al. 1987), and 11 of ---220 

transfectants analyzed were found to have incorporated 

the targeting vector by homologous recombination based 

on Southern blot hybridization analysis of genomic 

DNA using the diagnostic enzymes PvulI, Bali, and PstI 

and PCR analysis (data not shown). 

One of the 11 targeted ES cell clones (designated 37G) 

was injected into 3.5-day-old C57B1/6J blastocysts, re- 

sulting in the generation of four chimeric males. Three 

of these males sired offspring carrying a mutant Ac~ allele 

when mated to either CF-1 or C57B1/6J females based 

on Southern blot (e.g., see Fig. 1C)and PCR assays (data 

not shown). All of the mice identified as heterozygous 

for the modified Acx-chain gene in this and all subse- 

quent crosses were normal in appearance and pheno- 

typically indistinguishable from wild-type littermates. 

Crosses of heterozygous mice resulted in the birth of 

mice homozygous for the disrupted fibrinogen Ac~-chain 

gene (Ac~-/-). Based on the Mendelian pattern of trans- 

gene inheritance, few, if any, fibrinogen Ac~-chain-defi- 

cient mice are lost in utero: Of the first 309 progeny 

derived from Acx +/-  parents with a 129/CF-1 genetic 

background, 71 (23%) were homozygous for the mutant 

A~-chain allele (Ace-I- ) ,  157 (51%)were heterozygous 

(Ae~ +/-), and 81 (26%) were homozygous for the wild- 

type Aa-chain allele (A~ +/+). 

Homozygous mutant  mice do not express detectable 

fibrinogen Aa-chain mRNA or plasma fibrinogen 

Fibrinogen Ao~-chain mRNA was not detectable in liver 

RNA isolated from A a - / -  mice by Northem blot hy- 

bridization using a high specific activity radiolabeled Aa- 

chain-specific probe {Fig. 2). In contrast, the Aa-chain 

mRNA was easily detected in control liver RNA isolated 

from Aa + / + mice when analyzed in parallel. Interest- 

ingly, the levels of BI3- and ~/-chain mRNA in the same 

RNA preparations were not significantly different, sug- 

gesting that the wholesale loss of one of the three fibrin- 

ogen transcripts does not alter either the transcription or 

the coordinate expression of the two remaining fibrino- 

gen genes. Hepatic fibrinogen gene expression appears to 

be insensitive to the level of circulating fibrinogen [see 
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F i g u r e  1. Targeting of the fibrinogen As- 

chain gone by homologous recombination. 

(A) Structure of the Ac~ chain targeting vec- 

tor transfected into ES cells. Solid areas in- 

dicate exons, and stippled areas indicate in- 

trons and 5'-flanking sequences. The HPRT 

minigene (inserted into a Bali site in exon 

1)and HSV-tk minigene {inserted into the 

5'-flanking region) are indicated by open ar- 

eas. (B) Structure of the normal and tar- 

geted fibrinogen Ac~-chain alleles. Bars la- 

beled Probe A and Probe B indicate regions 

complementary to hybridization probes 

used in genomic Southern blot analysis. 

Probe A is a 500-bp HindIII-BamHI frag- 

ment complementary to a region contained 

within the targeting vector and Probe B is a 

PvuII-HindIII 430-bp fragment comple- 

mentary to a region that was not included 

in the targeting vector. The positions and 

sizes (bp)of restriction fragments detected 

by either Probe A or Probe B are indicated. 

Arrowheads indicate the position of syn- 

thetic oligonucleotide primers a, b, and c 

used in PCR assays to detect the targeted 

A(x-chain gone (a and c/ and the targeting 

vector (b and c). (C) Representative South- 

ern blot analysis of PvuII-digested tail DNA 

prepared from the offspring of chimeric 

founder males and wild-type CF-1 females using hybridization Probe A. DNA samples from normal {ES) and Acx chain-targeted (96G) 

ES cells were analyzed in parallel as controls. The sizes and relative positions of molecular mass marker fragments are indicated at left. 

below) in the absence of acute  chal lenges  and fibrin(o- 

gen) degradat ion products  (see Crabtree  and Kant 1982). 

Whole  blood and p lasma isolated from A ( x - / -  mice  

un i fo rmly  failed to clot e i ther  spon taneous ly  or w h e n  

combined  wi th  t h r o m b i n  in vi t ro {Table 1 ). In contrast ,  

who le  blood and p lasma col lec ted  from both Acx + / -  and 

Acx +/+ mice  c lo t ted  in ---15 sec w h e n  combined  wi th  

t h r o m b i n  at 37°C (Table 1). Therefore,  A c x - / -  mice en- 

t i rely lack c lo t t ing  func t ion  w h e n  tes ted in a simple,  

s tandard in vitro assay diagnost ic  of fibrinogen. Never-  

theless,  m a n y  o ther  general  hemato log ica l  parameters  

were no rma l  in f ibr inogen-def ic ient  mice.  For example,  

no signif icant  differences were found in whole  blood 

samples  col lected from Acx +/+,  Acx+/- ,  and Acx - / -  

mice wi th  regard to platelet ,  red cell, and wh i t e  cell 

counts,  hematocr i t ,  and hemog lob in  (Table 1). Despi te  

the avai labi l i ty  of p la te le ts  and p re sumab ly  all o ther  

c lot t ing factors, f ibr inogen-deficient  mice  were  no t  able 

to control  the loss of blood w h e n  chal lenged wi th  a rel- 

a t ively modes t  nai lbed wound  in the fifth digit of the 

h ind leg {Table 1). Ac~ + / + and Acx + / -  mice  were  able to 

control  bleeding from the base of the nai lbed in less than  

4 min,  whereas  Ac~- / -  mice  con t inued  to bleed for as 

long as they were observed (15-30 min). 

Cons i s t en t  wi th  the c lo t t ing data and the hepat ic  Acx- 

chain m R N A  data, f ibrinogen could not  be de tec ted  in 
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Figure 2. Analysis of fibrinogen AoL-, BI3- and 

7-chain mRNAs in the livers of Aa +/+ and 

A a - / -  mice. Total RNA preparations from the 

livers of 8-week-old Aa +/+ (aN23) and Aa - / -  

(aN22) littermates were fractionated by agarose 

gel electrophoresis {20 gg per lane}, transferred to 

nitrocellulose, and hybridized to a2p-labeled 

probes complementary to either the mouse Aa 

(left), B~ (middle), or 7 (right) fibrinogen mRNAs. 

The slightly diminished 7-chain mRNA in aN22 

relative to aN23 was attributed to RNA loading 

differences based on later analysis with a plasmi- 

nogen cDNA probe (data not shown). 

plasma samples of As  - / -  mice using a sensitive and 

quanti tat ive capture ELISA assay {Fig. 3A). Furthermore, 

none of the three component  chains of fibrinogen were 

detectable in whole blood samples of homozygous As 

chain-targeted mice when analyzed by Western blot 

analysis using a polyclonal antibody reactive with all 

three mouse  fibrinogen polypeptide chains {Fig. 3B). 

Based on immunoblo t  analysis of blood samples serially 

diluted over a six-log range, any fibrinogen-related ma- 

terial in the circulation of A s - / -  mice is present at lev- 

els at least four orders of magni tude below the fibrinogen 

level in As  +/+ mice {data not shown}. The el iminat ion 

of the Aet-chain gene product resulted in the secondary 

el iminat ion from the circulation of the fibrinogen BJ3 and 

7 polypeptide chains; there is no evidence of either indi- 

vidual fibrinogen chains or a novel secreted form of fi- 

brinogen made up of only the B(3 and ~/chains in either 

plasma or whole blood of As  chain-deficient mice. The 

absence of the BJ3 and 7 chains in the circulation of As 

chain-deficient mice was not the result of the loss of 

hepatic BJ3 and ~/-chain polypeptide synthesis. Consis- 

tent  with the normal  levels of hepatic BJ3 and w-chain 

mRNA in As  chain-deficient mice, fibrinogen-related 

antigen was easily detected within hepatocytes (but not 

in the sinusoidal space) of liver sections processed for 

immunohis tochemis t ry  {data not shown). These data 

suggest that  the B~ and ~ chains are synthesized by 

A s - / -  hepatocytes in vivo, but they cannot be secreted 

in the absence of the Ac~ chain and full assembly of fi- 

brinogen. This observation is consistent  with the finding 

that cultured cells transfected with expression vectors 

encoding just one or two of the three fibrinogen chains 

fail to secrete fibrinogen polypeptides, whereas cotrans- 

fection of expression vectors encoding all three chains 

results in secretion of fully assembled fibrinogen (Roy et 

al. 1991; Huang et al. 1993). 

Fibrinogen consti tutes -~ 1% of total hepatic protein 

synthesis, and fibrinogen deposits wi thin  hepatocytes 

have been documented in some human  patients with 

severe hypofibrinogenemia (Wehinger et al. 1983}. 

Therefore, the livers from three A a - / -  mice ranging in 

age from 1 day to 8 weeks were examined by electron 

microscopy to determine whether  the inability to secrete 

the B~ and ~ chains by Ae~- / -  hepatocytes resulted in 

T a b l e  1. Hematological analysis of fibrinogen-deficient transgenic mice 

Aot + / + mice Aot +/- mice Aa- / -  mice 

Blood analysis 

platelets {x 109/liter) 1075 ± 319 (3) 

RBC {x 10~2/liter) 8.4 ± 0.4 (3) 

WBC (x 109/liter) 3.3 ± 0.9 (3) 

hematocrit {percent) 45.1 ±3.3 {3) 

hemoglobin {g/percent} 15.0 ± 0.8 (3) 

Plasma thrombin time 16 ± 1 sec (3) 
Bleeding time b 4.0 ± 2.0 min (5) 

1012_+ 47 I3) 887-+ 239 15) 

8.3 +_ 0.2 (3) 8.8 -+ 0.8 (5} 

4.0 ___ 1.9 (3) 4.4 ___ 2.0 (5} 

44.0 ___ 1.1 {3) 45.3 ± 3.7 (5) 

14.9 ± 0.4 (3} 15.1 ± 1.1 (5) 

14.1 ± 1 sec {3) >30 min (3) a 
2.3 ± 1.1 min (3) > 15 min (3}c 

Data presented are the mean _+ S.D. with the number of mice analyzed in parentheses. All mice analyzed were ---6.5 months of age. 

aplasma samples prepared from A~-/ -  mice uniformly failed to form a fibrin clot even after incubation for 30 min at 37°C. 

bBleeding times following a standard nail-bed injury were established as described in Materials and methods. 

CThe bleeding time test was terminated in two mice after 15 rain of persistent bleeding. The test was terminated in one additional 

mouse after 30 min of persistent bleeding. 
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Figure 3. ELISA and Western blot immunoassay of fibrinogen 

in the blood of control and A s - / -  mice. (A)ELISA assay of 

plasma fibrinogen levels in As +/+, As ÷/-, and A s - / -  mice. 

Results plotted for As + / + and As +/- mice are the mean _+S.D. 

using four independent plasma samples. No fibrinogen was de- 

tected using plasma samples from two A s - / -  mice. (Note that 

the less than twofold reduction of plasma fibrinogen in As ÷/- 

mice relative to As ÷/+ mice would be expected if Ac~-chain 

synthesis is not rate limiting for fibrinogen assembly and secre- 

tion in wild-type mice.){B) Western immunoassay of whole 

blood samples collected from a 6-day-old As -/ neonate 

{Mouse 11, a 2-day-old As +/ neonate {Mouse 2), and a 2-day- 

old Aa - / -  neonate {Mouse 3). Samples containing 0.025 txl, 

0.05 ~1, and 0.1 ~xl of whole blood were analyzed simultaneously 

for each mouse tested. Purified rat fibrinogen and normal adult 

mouse plasma were analyzed in parallel as controls. Fibrinogen 

was detected using a rabbit antiserum raised against rat fibrin- 

ogen and a chemiluminescence detection system and autoradi- 

ography. For the data shown, the film was exposed to the blot 

for ---5 sec. No fibrinogen was detected in the blood of either 

Mouse 1 or Mouse 3 even with exposure times that greatly 

overexposed the Mouse 2 and control lanes. 

either alteration or disruption of the endoplasmic retic- 

u lum or intracellular fibrinogen deposits. Hepatocyte 

morphology was indistinguishable between Ac~-/-  and 

control mice, and no evidence was found for cellular de- 

posits or alteration of the endoplasmic ret iculum and 

Golgi architecture in A s - / -  mice (data not shown). The 

turnover rate of intracellular B~ and ~/chains in A s - / -  

mice is apparently sufficient to avoid a deleterious accu- 

mulat ion of individual and partially assembled chains in 

hepatocytes in the absence of other challenging factors. 

Spontaneous bleeding events in fibrinogen-deficient 

neonates 

Fibrinogen-deficient mice appeared normal at birth, but 

---30% developed overt intra-abdominal, subcutaneous, 

joint and/or  periumbilical bleeding within  2 days after 

birth (e.g., see Fig. 4A, B). Nineteen of 71 AoL-/- neonatal  

offspring derived from crosses between hemizygous mice 

developed one or more bleeding events, whereas none of 

157 Ac~ + / -  and 81 As + / + l i t termates displayed a bleed- 

ing phenotype. Remarkably, these spontaneous and of- 

ten severe bleeding events in fibrinogen-deficient neo- 

nates proved fatal in only a fraction of mice; about two- 

thirds of neonates that sustained an overt bleed 

ul t imately controlled the loss of blood and survived the 

neonatal period. Thus, ---90% of all fibrinogen-null mice 

survived the neonatal period despite their risk of bleed- 

ing (see following section for additional survival data). 

Interestingly, those mice that developed an overt bleed 

were generally active, nursed, and did not display other 

signs of illness. Milk engorgement might initiate bleed- 

ing in at least some of these mutan t  neonates. Microvas- 

cular trauma sustained during passage of the newborns 

through the birth canal seems likely to contribute sig- 

nificantly to the onset of both head and neck subcuta- 

neous bleeding. 

Microscopic examination of fixed tissues of fibrino- 

gen-deficient neonates revealed that spontaneous bleed- 

ing occurred in a variety of tissues. However, the occur- 

rence, tissue distribution, and severity of these bleeding 

events were quite variable between individuals and ap- 

peared to be a result of chance vascular breaks. Figure 4 

shows two representative examples of the histopathol o 

ogy observed in fibrinogen-deficient newborns. Consis- 

tent with the overt appearance of hemorrhaging in the 

head, trunk, and soft tissue around joints, subcutaneous 

bleeding (extravascular pools of red cells)was detected in 

histological analysis of these tissues (Fig. 4C; data not 

shown). Evidence of bleeding into the nasopharynx was 

also found in several individuals (Fig. 4D). 

Survival of fibrinogen-deficient mice is dependent 

on genetic background 

Although >90% of As - / -  mice in a 129/CF-1 hybrid 

genetic background survived to weaning age (---21 days), 

only half of these mice survived beyond 70 days of age 

(Fig. 5). The apparent cause of death in the majority of 

these juvenile and young adult Aa-/ - (129/CF-1)mice  

was a massive intra-abdominal hemorrhage (see section 

below for further details). The survival curve generated 

using the combined data for both male and female 
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Figure 4. Spontaneous bleeding events in 

Aa- / -  neonates. (A) One-day-old Aa- / - 

mouse displaying severe bleeding in the ab- 

dominal cavity {'}, subcutaneous hemor- 

rhage in the face, head, and neck, bleeding 

around the joint in right hind leg {arrow- 

head), and scattered petechiae {arrow}. (B) 

Periumbilical hematoma in 1-day-old 

Aa - / -  mouse. {C)Section through the 

head of a newborn A a - / -  mouse showing 

the site of a subcutaneous bleeding event 

between the epidermis and skull ('). (b) 

Brain. Bar, 100 Ixm. (D) Section through the 

snout of a newborn A a - / -  mouse showing 

minor bleeding in the nasopharynx{* ). Bar, 

100 ~m. 

A s - / -  mice {shown in Fig. 5)was similar to the curves 

generated when the data on males and females were plot- 

ted separately; females displayed a small (< 10%) advan- 

tage over males in survival profile in the 129/CF-1 ge- 

netic background (data not shown). This is particularly 

remarkable because one might expect breeding-age fe- 

males to be at high risk for fatal abdominal hemorrhag- 

ing with each ovulation event (approximately six ovarian 

follicles would be expected to rupture about every 4 to 5 

days in breeding-age females >50 days old). Apparently, 

any bleeding associated with follicular rupture is not life 

threatening in A s - / -  mice. A second notable feature 

regarding the survival characteristics of Ac~- / -(129/CF- 

1} mice is that animals of both sexes have a particularly 

100 T ~ I ~ - ~  --  
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4 0  t 
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Figure 5. Survival characteristics of A~-/ -  mice on two ge- 

netic backgrounds. Kaplan-Meier plots showing survival pro- 

files of A~ - / -  mice on 129/CF-1 (0} and C57B1/6J (A} genetic 
backgrounds. The plots shown reflect the survival data on 185 

Aet-/-(129/CF-1} and 34 Aa-/-IC57B1/6J) mice that lived to 

least 5 days of age and could be followed for a minimum of 10 
weeks in the same room with the same caregivers. 

high risk of developing fatal bleeding in the period be- 

tween 30 and 60 days of age {Fig. 5). Interestingly, despite 

considerable losses during this time frame, those mice 

surviving beyond 90 days of age are likely to survive 

much longer. Of 42 fibrinogen-deficient mice that sur- 

vived 3 months and could be followed over an additional 

9-month period, 34 (81% I survived beyond 6 months,  28 

(67%) survived beyond 9 months  of age, and 24 (57%) 

survived to 1 year of age. The potential for long-term 

survival in A s - / -  mice is also illustrated by the fact 

that the oldest A~-/ - (129/CF-11 mice in our colony 

have survived beyond 24 months  of age. Like the 

younger fibrinogen-deficient animals, the cause of death 

in older A s -  / - mice is generally intra-abdominal hem- 

orrhage. 

To examine the possible influence of genetic back- 

ground on the frequency of fatal spontaneous bleeding 

events in fibrinogen-deficient mice, a founder mouse and 

each subsequent generation of As +/ -  mice were crossed 

to C57BI/6J mice. Following the sixth generation back- 

cross to C57B1/6J, As +/ -  were interbred to raise A s - / -  

mice (note that six backcrosses to C57B1/6J would yield 

a genetic background close to C57B1/6 but not formally 

congenic). Unlike the Acx - / -  mice in the mixed 129/ 
CF-1 background, the Ae~-/-(C57B1/6J)mice showed 

excellent survival characteristics not only as neonates 

but also as juveniles and adults {Fig. 5}. Essentially all 

AoL-/-lC57BI/6J) mice surviving the initial neonatal pe- 

riod survived to breeding age (---50 days}, 91% (31 of 34) 

survived to 70 days, and 85% survived > 100 days {Fig. 5; 

data not shown}. It is important  to note that the differ- 

ences in survival characteristics observed between 

young A a -  / - (C57B1/6J) and A s -  ~ - ( 129 / CF- 1 ) mice 

were found with mouse colonies housed in the same 

room, with the same caregivers, and over the same time 
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period. The factors that contribute to the superior sur- 

vival characteristics of the Ac~-~-(C57B1/6J)mice rela- 

tive to the Ac~- / - (129 /CF-1 )mice  have not yet been 

established. However, it has been shown that blood col- 

lected from Ao~-/-  mice with either genetic background 

contains no immunological ly  detectable fibrinogen, fails 

to clot, and does not support ADP-induced platelet ag- 

gregation (see below). 

Spontaneous hemorrhage in juvenile and adult 

fibrinogen-deficient mice 

A key question raised in these studies is the sources of 

the free blood in the Ac~-/-(129/CF-1) mice that devel- 

oped fatal intra-abdominal hemorrhage, particularly in 

the high-risk t ime frame between 30 and 60 days of age. 

It is notable in this regard that the majority of 1- to 

2-month-old Ao~-/-  mice that developed intra-abdomi- 

nal bleeds also had prominent  hepatic subcapsular he- 

matomas  (Fig. 6A, B), often at the interface of liver leaf- 

lets or beneath the sternum. These lesions occurred in 

Ac~ - / -  mice from both the 129/CF-1 and C57B1/6J ge- 

netic backgrounds, were often > 1 m m  in diameter, and 

varied in number  in individual A s - / -  mice from none 

to over a dozen. No such lesions were ever observed in 

either Ac~ +/-  or As +/+ mice. Thus, the formation and 

subsequent rupture of these hepatic lesions, coupled 

with an inability to control blood loss, could account for 

observed fatal abdominal bleeding events in As - / -  

mice. Evidence of hematoma  rupture was occasionally 

found in gross examination of livers. Microscopic anal- 

ysis of fixed liver tissues indicated that these lesions 

tended to be subcapsular (Fig. 6B--E), suggesting that they 

were the result of chance mechanical  t rauma rather than 

infection or other causes. No histological evidence of 

bacterial infection was observed, and these lesions were 

detected in mice shown to be serologically negative for 

mouse hepatitis virus and a broad panel of other com- 

mon mouse pathogens, including Sendai virus, Reo3, 

GDVII, and mycoplasma. The hepatic lesions generally 

consisted of subcapsular blood pools, often with adja- 

cent, patchy hepatic necrosis (Fig. 6B-D). Inf lammation 

was not a prominent  feature, although individual lesions 

did show lymphocyte or, very rarely, neutrophil  accu- 

mulat ion in the vicinity. Some lesions appeared to have 

no confining structure, whereas others were surrounded 

by a highly organized fibrotic capsule, implying that the 

formation of these hematomas  initiates an unusual 

wound healing response in which the migrating and pro- 

liferating cells, primarily fibroblasts, form a thick layer 

Figure 6. Subcapsular hematomas in the 

liver and kidney of Ac~-/- mice. (A) Gross 

appearance of livers collected from two 

9-week-old A s - / -  littermates. Only one 

of these fibrinogen-deficient siblings dis- 

played an overt subcapsular hematoma 

(left). (B) Subcapsular fibroblasts organized 

around hematoma of a 4-week-old (*). Lo- 

cal areas of necrosis adjacent to the lesion 

are indicated with arrows. Bar, 350 ~m. (C) 

Higher magnification of B showing thick 

layer of fibroblasts organized around blood 

pool (*)and adjacent necrosis (arrows). 

Note that despite the substantial progress 

of cells in organizing around the blood pool 

there appears to be little or no infiltration 

of responding cells into the blood pool. Bar, 

100 ~m. (D) Highly organized subcapsular 

hematoma, probably representing the later 

stages of lesion resolution. Note local 

patches of hemosiderin-laden macrophages 

(arrowhead). Also note that the residual 

blood pool (*)remains essentially free of 

infiltrating cells even after extensive local 

organization. Bar, 100 ~m. (E) Foreign 

body-type giant cells (arrow)and dystro- 

phic calcification (arrowhead) in an invo- 

luting hepatic lesion. Bar, 35 ~m. (F) Orga- 

nizing subcapsular fibroblasts (*) surround- 

ing a subcapsular renal hematoma in a 12- 

week-old Ac~-/- mouse. Note the lack of 

infiltration of the responding cells into the 

blood pool. Bar, 100 }xm. 
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encapsulating but not infiltrating the hematomas (Fig. 

6B--D). The most intriguing aspect of these lesions is that 

despite the obvious organization "around" hematomas, 

generally little progress was evident in the penetration of 

organizing cells "into" hematomas. These data are con- 

sistent with the view that fibrin provides a critical initial 

matrix for the movement of cells into sites of injury. 

Many of these hematomas appeared to resolve by in- 

growth of the encapsulating cells rather than by the stan- 

dard pattern of macrophages and fibroblast infiltration 

(Fig. 6D). Such involuting lesions showed features of a 

granulomatous response with histiocytic foreign body- 

type giant cells, hemosiderin-laden macrophages (Fig. 

6D}, and dystrophic calcification (Fig. 6E). The lesions 

were ultimately obliterated by formation of a fibrotic 

scar. The failure of cells to organize into blood-filled 

wound fields in As - / -  mice is apparently a conse- 

quence of the absence of fibrin(ogen) rather than some 

unusual feature of wound healing in the liver because a 

similar pattern was observed in spontaneous subcapsular 

hematomas in the kidney (e.g., see Fig. 6F). 

Although the abdomen was the predominant site of 

bleeding among 190 juvenile and adult A a - / - ( 1 2 9 / C F  - 

1) mice autopsied (see above), other sites of hemorrhage 

were also observed, including eight soft tissue (4.2%), 

seven intraintestinal (3.7%), six intrathoracic (3.2%), 

and five subcapsular renal (2.6%) bleeds. In addition, one 

5-week-old mouse sustained a subdural hematoma that 

resulted in compression of the left cerebral hemisphere 

(data not shown). No obvious bleeding events were de- 

tected in ---5% of A s - / -  mice autopsied. 

Spontaneous bleeding events in pregnant 

fibrinogen-deficient mice 

Breeding pairs consisting of As +/-  females and either 

A s + ' -  or As - / -  males produced normal size litters 

with the expected number of fibrinogen A s - / -  offspring 

(see above). In contrast, no litters could be generated 

from A s - / -  females regardless of the genotype of their 

male partners and the genetic background (i.e., 129/CF- 

1, C57B1/6J) of the breeding pair. Overt vaginal bleeding 

uniformly developed around day 10 of gestation in 16 

crosses between As - / -  females and A s - / -  males, 4 

crosses between A s -  / - females and As +/-  males, and 6 

crosses between A s - / -  females and As +/+ males. 

These hemorrhagic events were fatal in eight of these 

animals, with death occurring within 2 days after the 

appearance of the overt bleeding. The remaining 18 fe- 

males were sacrificed as soon as the vaginal bleeding was 

observed, for microscopic analysis of the uterine tissues 

and associated developing embryos. Evidence of hemor- 

rhage was seen within the uterine horns of each of these 

pregnant females upon gross inspection, especially 

around the embryos. Microscopic analysis of all of these 

mice revealed that substantial bleeding had occurred in 

the uterine cavity; however, there was no evidence of 

bleeding within any developing embryos or their amni- 

otic or yolk sacs as long as the placentas were intact {Fig. 

7A, B). Even when embryos had undergone advanced ne- 

Figure 7. Maternal bleeding during early pregnancy in AoL-/- 
mice. (A) Uterine tissue section from a 10-week-old Aa - / -  
mouse eleven days after mating. The animal developed slow 
vaginal bleeding --36 hr prior to sacrifice. The uterine cavity 
(uc) is filled with blood, whereas no blood was detected in either 
the neighboring necrotic embryo {top right} or the amniotic and 
exocoelomic cavities (*). Bar, 350 gm. {B) Higher magnification 
of region indicated with double arrowheads in A showing the 
blood pool is in direct contact with the endometrial lining {ar- 
row). Bar, 100 I~m. (C)Higher magnification of the placental 
region indicated with a single arrowhead in A. Bleeding is ap- 
parent in the labyrinthine layer of the placenta immediately 
below the ectoplacental plate. Bar, 100 ~m. No free blood was 
apparent in any portion of the uterine or placental tissues of 
control mice mated and sacrificed in parallel with Aa- / -  mice 
(data not shown). 

crosis, bleeding was apparent only in the uterine cavity 

(Fig. 7A). Evidence of bleeding was occasionally seen in 

the labyrinthine layer of placentas (Fig. 7C). The general 

location and volume of blood, the lack of nucleated (em- 

bryonic) red blood cells within the areas of hemorrhage, 

and the fact that As - / -  females crossed to As÷ /÷  

males [carrying offspring that uniformly have one wild- 

type fibrinogen al lele)develop intrauterine bleeding 

strongly suggests that hemorrhaging in these pregnant 

A s - / -  mice was from a maternal source [Fig. 7). The 

development of the embryos in the fibrinogen A s - / -  

mothers was found to be arrested at approximately day 9 

to day 10 of development based on the level of heart 

development and presence of the three primitive brain 

vesicles (Fig. 7; data not shown). Notably, at this time of 

gestation, embryonic trophoblasts are invading and dis- 

rupting maternal vasculature within the labyrinthine 
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layer of the placenta (Cross et al. 1994). No failures to 

carry litters to term or microscopic evidence of uterine 

bleeding were ever observed in pregnant Ac~+/- or 

Aa+/+  mice observed and sacrificed in parallel with 

AoL-/- mice (data not shown). 

Platelet aggregation in fibrinogen-deficient mice 

Fibrinogen-deficient mice provide a means to rigorously 

define the role of fibrinogen in both platelet adhesion 

and aggregation by allowing the analysis of platelets sus- 

pended in autologous plasma (or whole blood) that lacks 

fibrinogen but is otherwise complete. Platelet suspen- 

sions prepared from A a - / -  mice failed to aggregate in a 

standard aggregometer assay when combined with 10 ~xM 

ADP (Fig. 8A). However, ADP did stimulate platelet 

shape change as judged by the small decrease in trans- 

mitted light through platelet suspensions (Fig. 8A). In 

contrast, platelet suspensions prepared from Ac~ ÷ / + (Fig. 

8A) or As +/-  (data not shown) mice promptly formed 

large aggregates after addition of ADP in parallel assays. 

The failure of platelets derived from Ac~-/- mice to ag- 

gregate was directly related to the absence of a plasma 

constituent rather than an inherent functional deficit in 

the platelets themselves. Aa - / -  platelets promptly 

formed large aggregates following ADP addition when 

the platelet suspensions were combined with an equal 

volume of plasma prepared from Ac~ +/-  or Ac~ + / + mice 

(data not shown). The component in normal plasma that 

supports A ~ - / -  platelet aggregation appears to be fibrin- 

ogen. A~ - / -  platelets aggregated normally following 

ADP addition when purified fibrinogen was added to 

platelet suspensions in autologous plasma (Fig. 8B). Fur- 
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Figure 8. Aggregation of platelets derived from Ac~- / mice is 

dependent on exogenously added fibrinogen. (A)ADP-stimu- 

lated platelet aggregation using platelets collected from Aa ÷/* 
(tracing 2)and Ac~-/- (tracing 1) mice suspended in autologous 
plasma. (B) ADP-stimulated platelet aggregation using platelets 

prepared from As - / -  mice suspended in autologous plasma 
supplemented with 500 ~g/ml of purified rat fibrinogen. 

thermore, the aggregation of A c , - / -  platelets was not 

strictly dependent on the order of ADP and fibrinogen 

addition. ADP-stimulated Ae~-/- platelets that had un- 

dergone shape change but failed to aggregate were found 

to promptly form large aggregates with the later addition 

of purified fibrinogen; only a small decrease in the degree 

of platelet aggregation was apparent when fibrinogen 

was added within 5 min of ADP addition (data not 

shown). The degree of platelet aggregation achieved with 

Ac~-/- platelets was found to be dependent on the con- 

centration of the supplied fibrinogen, and substantial 

platelet aggregation was observed at fibrinogen concen- 

trations of <1% that of the normal plasma (data not 

shown). Platelet aggregation in Ao~ - / -  platelet-rich 

plasma was also found to be dependent on exogenous 

fibrinogen with two other platelet-activating agents, col- 

lagen and thrombin (data not shown). 

Discussion 

These studies show that mice can establish a normal 

hemovascular system and complete embryonic develop- 

ment despite a total lack of fibrinogen and clotting func- 

tion. However, life without fibrinogen is precarious; 

spontaneous and often fatal bleeding events, particularly 

intra-abdominal hemorrhage, are common in both neo- 

nates and adults. One of the most remarkable findings is 

that severe internal bleeding events are not necessarily 

fatal. The majority of newborns with obvious free blood 

in their peritoneal cavity (such as the mouse shown in 

Fig. 4A)ul t imately manage to control blood loss, clear 

their abdomens, and survive the neonatal period. Mater- 

nal fibrinogen passing through the placenta is a potential 

source of protection for the fetal and newborn mice, but 

no immunologically detectable fibrinogen was found in 

whole blood collected from neonates later genotyped as 

Ac~-/- Furthermore, blood collected from these new- 

borns uniformly failed to clot, either spontaneously or 

when combined with thrombin. In contrast, blood col- 

lected from newborns found to carry at least one normal 

Ac~-chain allele contained easily detectable fibrinogen 

and clotted promptly in vitro. The definitive test for the 

importance of maternal fibrinogen in embryonic devel- 

opment, a cross between a A s - / -  breeding pair, could 

not be used to formally resolve this issue because Ae~-/- 

females are unable to carry litters to term irrespective of 

the genotype of their mates. However, it is clear that 

maternal fibrinogen is critical for reproduction. Based on 

the time (gestational day 9 to day 10)and location (pla- 

cental labyrinthine layer) of bleeding events in pregnant 

Ac~-/- mice, it appears that maternal fibrinogen is im- 

portant for the successful intermingling of embryonic 

trophoblasts with the maternal vasculature. 

The primary sites of hemorrhage in fibrinogen-defi- 

cient neonates (i.e., abdomen, skin around the head and 

neck, and periumbilical region) are also common sites of 

spontaneous bleeding events in human newborns with 

acquired or congenital coagulation disorders {Baehner 

and Strauss 1966; Oski 1982; Montgomery and Scott 

1993). The bleeding manifestations (e.g., hemoperito- 
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neum, periumbilical hemorrhage, ecchymoses, soft tis- 

sue bleeds, gastrointestinal hemorrhage, and epistaxis) 

and hematological profile of A a - / -  mice are generally 

comparable to those observed in the rare human congen- 

ital disorder, afibrinogenemia (A1-Mondhiry and Eh- 

mann 1994). The particular propensity for intra-abdom- 

inal hemorrhage in the human disorder seems to be often 

the result of splenic rupture (Ehmann and A1-Mondhiry 

1994), whereas in mice this appears to be associated with 

rupture of hepatic hematomas. Differences in abdominal 

organ positioning and contacts related to biped versus 

quadriped motion may account for these observations. 

Given that afibrinogenemic blood is totally unclot- 

table, it is remarkable that Aa - / -  mice do not bleed 

even more frequently (e.g., following periodic rupture of 

ovulation follicles) and that they manage to control at 

least some bleeding events. In this regard, it is notable 

that patients classified as afibrinogenemic often experi- 

ence fewer spontaneous bleeding events than hemophil- 

iacs (A1-Mondhiry and Ehmann 1994). One possible ex- 

planation for these counterintuitive findings is that 

thrombin generation (which is impaired in hemophiliacs 

but presumably not impaired in fibrinogen-deficient in- 

dividuals) results in sufficient platelet activation and 

platelet plug formation to control some bleeds. However, 

this view must be reconciled with the fact that platelet 

aggregation in vitro appears to depend on fibrinogen as 

the bridging molecule between GPIIb-IIIa on neighboring 

platelets. One trivial way to integrate these observations 

is that many patients classified as "afibrinogenemic" 

based on the standard clinical definition (<1% of the 

normal level of plasma fibrinogen) are actually severe 

cases of hypofibrinogenemia, with significant platelet- 

associated fibrinogen and platelet aggregation in the 

standard assays (DeMarco et al. 1986). Because the 

Aot- / - mice appear to be truly afibrinogenemic and lack 

both clotting function and platelet aggregation potential 

in vitro, a nontrivial explanation is needed for the ability 

of these animals to control and survive bleeding events. 

One hypothesis that stands out is that under the high 

shear flow conditions of the vasculature one or more 

ligands for platelet receptors can serve, in the absence of 

fibrinogen, in establishing some form of platelet plug. 

GPIIb-IIIa is known to bind many ligands other than fi- 

brinogen, including vitronectin (Thiagarajan and Kelly 

1988), fibronectin (Plow et al. 1984), and yon Willebrand 

factor (Ruggeri et al. 1983, Weiss et al. 1989). In addition, 

platelets have many receptors other than GPIIb-IIIa for 

common matrix components, and one or more of these 

could provide a means of controlling bleeding at sites of 

vascular breaks. However, whatever the level of protec- 

tion provided by platelets and other factors in fibrinogen- 

deficient mice, it is clearly insufficient to control signif- 

icant challenges (e.g., a surgical nail-bed injury) that are 

easily controlled in normal mice. 

Fatal spontaneous bleeding events in juvenile and 

young adult mice appears to be primarily the result of 

mechanical trauma resulting in the formation and sub- 

sequent rupture of hepatic subcapsular hematomas. The 

trauma hypothesis is supported by the nearly uniform 

subcapsular location of hepatic lesions and serological 

data indicating the absence of common mouse pathogens 

in lesion-bearing mice. Interestingly, mice lacking the 

key fibrinolytic enzyme, plasminogen, frequently de- 

velop subcapsular fibrin deposits (Bugge et al. 1995}, con- 

sistent with the surface trauma hypothesis for the origin 

of liver lesions. An important unresolved issue is 

whether the trauma hypothesis can account for the dis- 

tinctly superior survival profile of A a - / -  mice with a 

C57B1/61 genetic background relative to those mice with 

a hybrid 129/CF- 1 background. Subcapsular hematomas 

have been observed in A a - / -  mice with both genetic 

backgrounds, but their relative frequency, size, and ten- 

dency to rapture have not yet been formally compared. If 

the fatal bleeding events observed result principally from 

mechanical injury, the different survival profiles of 

A a - / -  mice with different genetic backgrounds could 

reflect some subtle variation in anatomy. Alternatively, 

differences in the incidence of fatal bleeding could sim- 

ply reflect a more sedentary lifestyle in C57BI/6J mice 

relative to 129/CF- 1 mice. 

One of the most striking observations made in A a - / -  

mice is the unusual organization of cells within hepatic 

and renal hematomas. The pattern of thick bands of fi- 

broblasts encapsulating blood pools implies that fibrin 

provides an essential provisional matrix that is critical 

for the cellular infiltration of these lesions; without this 

fibrin matrix, responding cells are restricted to the local 

tissue matrix. This concept is supported by the align- 

ment of histiocytes along the edges of some blood pools 

and the maintenance of discrete borders even after ad- 

vanced growth of the encapsulating cells. The ultimate 

resolution of these lesions as thick fibrotic scars may 

provide a plausible explanation for the drop in mortality 

rate in A ~ - / -  mice beyond 2 months of age. The accu- 

mulation of this scar tissue at the liver surface in older 

mice may protect the liver from further injury or capsule 

rupture. 

It was recently reported that mice lacking plasmino- 

gen develop severe spontaneous thombosis but often sur- 

vive to breeding age and are capable of reproduction 

(Bugge et al. 1995). Therefore, development of a func- 

tional vasculature is possible in the absence of either key 

coagulation or fibrinolytic components. However, life 

without an efficient fibrinolytic system is nearly as pre- 

carious as life without fibrin(ogen). At an early age, plas- 

minogen-deficient mice develop severe thrombotic le- 

sions in liver, stomach, colon, rectum, lung, and many 

other tissues (Bugge et al. 1995). These thrombotic le- 

sions are often associated with significant, life-threaten- 

ing organ damage. Thus, dramatic swings in the hemo- 

static balance in either direction are compatible with 

life, but the prospects for long-term survival are dimin- 

ished considerably even in the absence of significant 

challenges, such as pregnancy and overt injury. 

The fibrinogen-deficient mice generated in this study 

will provide a valuable in vivo model system for explor- 

ing the role of fibrin(ogen) in wound pathophysiology 

and disease pathogenesis. Becuase this molecule would 

be expected to play an integral role in the "response to 
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in jury"  in any t i ssue  and in the  con tex t  of any chal lenge,  

it wil l  be of in te res t  to define the  consequences  of fibrin- 

ogen def ic iency on bo th  the  ini t ia l  o rganiza t ion  of cells 

w i t h i n  w o u n d  fields and the  overal l  o u t c o m e  of w o u n d  

repair in diverse contexts ,  such  as the  skin and eye. 

These  mice  also provide the  m e a n s  to def in i t ive ly  exam- 

ine the  the rapeu t i c  va lue  of different  fo rmula t ions  of fi- 

brin sealants  (Sierra 1993) in p r o m o t i n g  w o u n d  repair  in 

var ious  contexts .  Finally,  these  mice  provide an oppor- 

t u n i t y  to tes t  long-s tand ing  hypo theses  tha t  local fibrin 

depos i t ion  par t ic ipa tes  in a s ignif icant  way in the  pro- 

gression of c o m m o n ,  l i fe - th rea ten ing  diseases, inc lud ing  

a therosc le ros is  (Bini and Kudryk  1992), s ickle cell dis- 

ease (Francis and Hebbel  1994), and cancer  (Dvorak 1986; 

Cos t an t i n i  and Zachar sk i  1992; Nagy et al. 1995). These  

concepts  can be def in i t ive ly  tes ted  by s imply  crossing 

A c ~ - / -  mice  to avai lable  t ransgenic  l ines tha t  are genet-  

ically predisposed to these  (Guy et al. 1992; P l u m p  et al. 

1992; Z h a n g  et al. 1992; Trude l  et al. 1 9 9 4 ) a n d  other  

diseases. 

ing vector sequences were incorporated into the endogenous 

Ac~-chain gene was obtained by PCR analysis of genomic DNA 

using the diagnostic primers a and c (see Fig. 1B) that yield a 

predicted 690-bp amplification product only with the appropri- 

ately targeted As-chain allele as a template. Primer a (5'- 

AGCTAGGACTGTGGATCGTGGCATTG-3')  is complemen- 

tary to a sequence upstream of the As-chain gene that was not 

included in the targeting vector. Primer c (5'-TATTACCAGT- 

GAATCTTTGTCAGCAG-3') is complementary to a sequence 

in the HPRT minigene cassette. The suitability of each DNA 

preparation as a template for PCR was demonstrated using 

primers b and c that yield a 190-bp amplification product inde- 

pendent of the site of transgene integration. Primer b (5'-GCT 

TCAGCTCCAGTTCTCCTCATGAGCCAT-3') is complemen- 

tary to a sequence in the first exon of the As-chain gene. Cor- 

rectly targeted ES cells were microinjected into the blastocoel 

cavity of C57B1/6J blastocysts and implanted into pseudopreg- 

nant females (Li et al. 1994}. Chimeric males generated were 

bred to either C57B1/6J or CF-1 females to generate heterozy- 

gous, As+/ -  offspring. Ac~ +/-  mice (maintained in separate 

CF-1 or C57B1/6J backgrounds)were then crossed to generate 

Ac~-/- progeny. 

M a t e r i a l s  and m e t h o d s  

Construction of the fibrinogen As-chain targeting vector 

and generation of trnnsgenic mice 

The mouse fibrinogen Ac~-chain gene was isolated from a 129/ 

SvJ genomic DNA library (Shull et al. 1992)using a 1.9-kb EcoRI 

fragment of a mouse fibrinogen As-chain cDNA complemen- 

tary to sequences in exons 2-5. The organization (Fig. 1B) and 

the complete nucleotide sequence of the mouse Ac~-chain gene 

has been established (T.T. Suh, C. Kessler, M.J. Flick, and J.L. 

Degen, in prep.)and found to be comparable to the rat (Crabtree 

et al. 1985)and human (Chung et al. 1990)Ac~-chain genes. The 

targeting vector used to disrupt the fibrinogen Ac~ chain in ES 

cells (see Fig. 1A) was constructed using a 4-kb HindIII fragment 

encompassing exons 1-3 (Fig. 1B) subcloned into a modified 

Bluescript plasmid (Stratagene} lacking the polylinker BamHI 

site. A unique Bali site located in exon 1 was converted to a 

unique BamHI site by incorporation of a synthetic linker. A 

6-kb minigene cassette encoding human HPRT (Reid et al. 1990) 

was subsequently introduced into the BamHI site in a trancrip- 

tional orientation opposite to that of the Ac~-chain gene. The 

targeting vector was then further modified by incorporation of a 

2-kb ClaI cassette encoding herpes simplex virus thymidine ki- 

nase (HSV-tk)to provide a means of selection against cells that 

randomly insert the targeting vector into the genome (Mansour 

et al. 1988). Vector-free insert DNA was prepared from the tar- 

geting vector plasmid by digestion with SalI and SstII and elec- 

trophoretic fractionation on an agarose gel. The targeting vector 

was introduced into the HPRT-deficient ES cell line (E14TG2a; 

Hooper et al. 1987) by electroporation, and stable transfectants 

were selected as described previously (Bugge et al. 1995). Clonal 

isolates were initially screened for appropriately targeted cells 

by Southern blot hybridization analysis of genomic DNA ex- 

tracts using one diagnostic restriction enzyme, PvuII, and hy- 

bridization probe A (500-bp HindIII-BamHI fragment comple- 

mentary to sequences contained within the targeting vector; see 

Fig. 1B). Incorporation of the targeting vector into the Ac~-chain 

gene was confirmed using three diagnostic restriction enzymes, 

PvuII, Bali, and PstI, and hybridization probe B (430-bp PvuII- 

HindIII fragment complementary to a 5'-flanking sequence of 

the Ac~-chain gene that was not included in the Ac~-chain tar- 

geting vector; see Fig. 1B). Additional confirmation that target- 

Genotype analysis 

Genotypes of mice were established using tail biopsy DNA (Li 

et al. 1994) and either Southern blot hybridization or PCR anal- 

yses. In the Southern blot assay, PvuII digests of genomic DNAs 

were analyzed as indicated above. In the PCR assays, mice car- 

rying one (or more)targeted Ac~-chain allele(s)were identified 

using reaction mixtures containing either primer set a and c 

(described above) or primer set d and e that generates a 660-bp 

amplification product. Like primer a, primer d (5'-GCAGC- 

TACTGTCTTGACCTCTGGCTGGAGG-3')  is complemen- 

tary to a sequence upstream of the Ac~-chain gene that was not 

included in the targeting vector. Primer e (5'-TATTACCAGT- 

GAATCTTTGTCAGCAGTTCCC-3') is complementary to the 

HPRT minigene cassette and is essentially an extended form of 

primer c. Mice carrying one (or more) wild-type Ac~-chain al- 

lele(s) were identified using reaction mixtures containing 

primer set a and f or primer set d and g that generates amplifi- 

cation products of 910 bp or 840 bp, respectively. Primers f 

(5'-AACAATTTTCTAGTTGCGGGTCA-3'} and g (5'-TGCTG- 

GATCAATCCCCAGCAACCGTGAGAG-3'} are complemen- 

tary to different sequences located within the first intron of the 

Ac~-chain gene. 

Northern blot analysis 

Total RNA was prepared from total nucleic acid extracts as 

described previously (Degen et al. 1985). Twenty-microgram 

samples were fractionated by electrophoresis on denaturing aga- 

rose gels, transferred to nitrocellulose filters, and hybridized to 

~2P-labeled fibrinogen or plasminogen probes (2x 108 to 3 x 108 

cpm/~g) (Bell et al. 1990). The fibrinogen As-chain probe was 

prepared (Feinberg and Vogelstein 1983)from a 446-bp EcoRI- 

EcoRV fragment of a mouse Ac~-chain cDNA that encompasses 

129 nucleotides of exon 2, exons 3 and 4, and 12 nucleotides of 

exon 5 of the As-chain gene. The fibrinogen Bf~-chain probe was 

prepared from an -390-bp BamHI-EcoRI fragment of a mouse 

cDNA encompassing 219 nucleotides of exon 8 and adjacent 

3'-noncoding sequences. The fibrinogen y chain probe was pre- 

pared from an -190-bp NsiI-BamHI fragment of the mouse 

(129/SvJ) y-chain gene encompassing a small portion of intron 8 

and 163 nucleotides of exon 9 (T.T. Suh, C. Kessler, M.J. Flick, 
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and J.L. Degen, in prep.). The plasminogen probe was prepared 

from a 2-kb EcoRI fragment of the mouse plasminogen cDNA 

MP33B (Degen et al. 1990). 

Hematological analysis and bleeding time measurements 

The blood of adult mice was collected from the inferior vena 

cava of anesthetized adult mice into one-tenth volume of 0.129 

M sodium citrate anticoagulant as described previously (Bugge 

et al. 1995). Blood cell counts and hematocrit were determined 

using a Technicon H-1 blood cell analyzer. Plasma was prepared 

by centrifugation at 2500g for 10 min at room temperature. 

Plasma thrombin times were measured by combining in glass 

tubes 70 ~1 plasma samples {preincubated at 37°C)with 70 ~1 of 

20 U/ml  bovine thrombin (Pacific Hemostasis)in phosphate- 

buffered saline. The spontaneous whole blood clotting times of 

neonates were determined by monitoring clot formation in 10- 

lal blood samples (collected without anticoagulant from decap- 

itated mice)placed on glass slides. The whole blood thrombin 

times of neonates were determined by monitoring clot forma- 

tion in 10-~1 blood samples following addition of 10 ~1 of 20 

U/ml bovine thrombin. Bleeding time was measured in adult 

mice anesthetized with 0.1 ml per 30 g body weight of keta- 

mine/xylazine/acepromazine (4:1:1). Bleeding was initiated by 

amputation of the tip of the fifth digit immediately behind the 

nail bed. The bleeding time was established while gently blot- 

ting emerging blood with Whatman 3MM paper every 5-10 sec. 

Immunological analysis of whole blood and 

plasma fibrinogen 

Fibrinogen in whole blood samples of neonates was qualita- 

tively assayed by Western blot analysis. Samples of whole blood 

(10 ~1)were collected from decapitated mice and dispensed im- 

mediately into an equal volume of twofold concentrated poly- 

acrylamide gel sample buffer [1 x sample buffer = 80 mM Tris- 

HC1 (pH 6.8) containing 2% SDS, 0.7 M f~-mercaptoethanol, 

0.004% bromophenol blue, and 10% glycerol]. The samples 

were heated to 100°C for 5 min and serially diluted in sample 

buffer to 0.1 ~1, 0.05 ~1, and 0.025 ~1 of whole blood per 20 ~1. 

Blood proteins were fractionated by SDS-polyacrylamide gel 

electrophoresis, transferred to Immobilon-P (Mill(pore), and 

processed for immunodetection of the three fibrinogen polypep- 

tide chains as described previously (Heckel et al. 1990) except 

that bound biotin-peroxidase conjugate was detected by auto- 

radiography using the ECL chemiluminescence system (Amer- 

sham) and Kodak AR X-ray film. Normal adult mouse plasma 

(0.1 ~1) and purified rat fibrinogen (20 and 40 ng)were analyzed 

in parallel as positive controls. 

Fibrinogen was measured quantitatively in adult mouse 

plasma samples by fibrinogen-specific enzyme-linked immu- 

nosorbent assay (ELISA)using the Asserachrom-Fibrinogen sys- 

tem (Diagnostica Stago) together with a purified mouse fibrin- 

ogen standard. 

Histological analysis and electron microscopy 

Tissues collected for histological analyses were placed into 

zinc-formalin fixative (U.S. Biotex), processed into paraffin, sec- 

tioned, and stained with hematoxylin/eosin by standard tech- 

niques. Fibrinogen-related antigen within liver sections was im- 

munostained using a rabbit antiserum raised against rat fibrin- 

ogen (kindly provided by R.F. Doolittle, University of 

California, San Diego) and the Vectastain Elite ABC system 

(Vector} with nickel-enhanced diaminobenzidine stain. Tissues 

for electron microscopy were fixed with 3% glutaraldehyde in 

Millonig's buffer, postfixed in osmium tetroxide, and embedded 

in LX-112 (Ladd). Silver sections (90/k) were examined using a 

Phillips 400 transmission electron microscope. 

Platelet aggregation analysis 

Whole blood (generally 900 ~1 per adult mouse) was drawn di- 

rectly into citrate anticoagulant from the inferior vena cava of 

anesthetized mice (see above). Blood samples were centrifuged 

at ~-600g for 25 min at room temperature, and a platelet-rich 

plasma (PRP)fraction was collected and transferred to fresh 

plastic tubes. The remaining portion of each sample was then 

centrifuged at -~2500g for 10 min to generate platelet-poor 

plasma (PPP). The platelet count in PRP samples was deter- 

mined using a Technicon H-1 analyzer. Aggregation assays were 

performed at 37°C using a ChronoLog 560 dual-channel aggre- 

gometer. Aggregation was initiated by the addition of either 25 

~1 of 100 ~M ADP (Sigma), 25 ~1 of 100 U/~I bovine thrombin 

(Pacific Hemostasis), or 50 ~1 of 100 ~g/ml equine collagen 

(Helena) to 225 ~1 of platelet suspensions (200,000-300,000 

platelets/~l). 
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