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ABSTRACT 

Factor V is an essential protein in the blood clotting process and plays a central role in 

secondary hemostasis. Its deficiency causes a rare inherited disorder characterized by 

episodes of severe bleeding, some of which can be life-threatening. Although previous 

studies have established that factor V is essential for normal embryonic development, its 

specific contribution to vascular maturation remains incompletely understood, factor V 

is believed to contribute to blood vessel stabilization and regulate angiogenesis through 

its interaction with thrombin. In a recent study, a CRISPR-engineered mouse model 

intended to produced a mild factor V deficiency disease, unexpectedly produced a 

frameshift mutation in the A3 domain, resulting in a truncated protein. Factor V levels 

in healthy embryonic mouse tissues were assessed to investigate its role at different 

developmental stages. The mutation markedly impaired viability, as homozygous mice 

exhibited a lethal phenotype with severe bleeding and perinatal death, along with 

impaired coagulation function. Histopathological and immunohistochemical analyses 

indicated a link between factor V deficiency, thrombin and α-smooth muscle actin, 

potentially affecting proangiogenic signaling and embryonic vascular formation. Factor 

V gene expression increased during late embryogenesis, underscoring its importance in 

vascular development and maturation. Overall, these findings are consistent with a role 

for factor V in stabilizing embryonic blood vessels and modulating thrombin-dependent 

angiogenesis, and add further detail on the developmental impact of its deficiency and 

the pathogenesis of congenital bleeding disorders. 

 

Keywords   Factor V, Factor V deficiency, Embryogenesis, Truncated mouse model, 

CRISPR/Cas9, Thrombin 

 

Introduction 

Hemostasis is a physiological process activated in response to endothelial damage with 

the main goal of forming a fibrin clot. The process comprises two stages: primary and 

secondary hemostasis, the latter being regulated by clotting factors, whose interaction 
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results in the formation of the fibrin clot [1,2]. Within secondary hemostasis, 

coagulation factor V (FV) plays a crucial role as both a procoagulant and an 

anticoagulant factor [3,4]. FV is a glycoprotein composed of 2224 amino acids 

organized into a single polypeptide chain (three A domains, one B domain and two C 

domains). It is produced and secreted mainly by hepatocytes and, to a lesser extent, by 

megakaryocytes [5-7], with average plasma concentrations of approximately 7 mg/dL in 

humans [7].  

FV deficiency is an ultra-rare autosomal recessive disease associated with mutations 

in the F5 gene. To date, over 200 mutations leading to the disease have been identified, 

missense mutations being the most common and the ones associated with less severe 

phenotypes. Notably, in exon 18 —where our variant is located— only missense and 

nonsense mutations have been reported [8,9]. In contrast, deletion mutations typically 

generate stop codons that result in more severe phenotypes [10,11]. FV deficiency is 

characterized by symptoms such as spontaneous mucosal and joint bleeds and, in severe 

cases, bleeding from internal organs. 

The role of hemostasis during human embryonic development remains poorly 

understood. However, it is known that homeostasis is crucial to ensure vascular integrity 

during tissue formation. Remodeling of embryonic blood vessels includes 

differentiation of angioblasts, their alignment into solid vascular cords to form the 

primary vascular plexus and the subsequent generation of further endothelial cells 

which line central lumens [12]. Some authors have found differences between the 

hemostatic system of the fetus and that of newborns, noting that hemostatic mechanisms 

mature in a highly progressive manner [13-15]. The concentration of clotting factors in 

plasma varies across the different gestational phases, which supports the theory that the 

coagulation system matures during the embryonic and fetal phases [16-18]. 
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Concentration of FV has been shown to increase by 45% in the human embryo [18], 

which has been directly associated with thrombin production [19]. Other authors have 

demonstrated that, apart from the liver, the spleen and the vascular endothelium, FV has 

also been identified in cytotrophoblasts and, to a lesser extent, in the chorionic villi [20]. 

In other species such as mouse (Mus musculus), FV exhibits about 80% homology 

with human FV, and the B domain being the least conserved part of the molecule given 

its removal upon activation of the protein [21]. FV plasma levels in mice are 

approximately 4.6 U/mL [22]; in coagulometric assays, mouse FV has been reported to 

show higher apparent activity than human FV [23]. Murine studies have demonstrated 

that FV is indispensable for embryogenesis and that insufficient levels of FV result in an 

impaired development of organs, blood vessels and the yolk sac, which leads to intra-

abdominal bleeds and prenatal or neonatal death [24]. A FV-deficient model for the 

zebra fish showed high mortality rates among embryos and larvae [25]. However, even 

very low plasma levels of FV are able to prevent spontaneous bleeds and embryonic 

alterations [26]. By generating a missense mutation in a murine model —a recent study 

by our research group— succeeded in emulating a human mutation producing viable 

animals with no spontaneous bleeds, normal litter sizes, no deaths, and a mild 

phenotype of the disease as determined by coagulometry [27]. 

Thrombin is an essential molecule in the coagulation cascade and during 

embryogenesis, with a direct relationship with FV. The prothrombinase complex 

catalyzes the conversion of prothrombin into thrombin, activating PAR1 receptors, 

which are involved in the development of the yolk sac, vascularization and embryonic 

growth [28-31]. PAR1-deficient mouse embryos are prone to develop blood vessel 

abnormalities in the yolk sac as well as defects in the walls of large blood vessels, 
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which underscores the importance of these receptors during embryonic development 

[28,29].  

The lethality associated with FV-deficient models has stood in the way of 

developing preclinical trials and therapies for this deficiency. For that reason, it is 

essential to further characterize the role of FV during embryogenesis to clarify how 

severe FV loss-of-function compromises vascular development and embryonic survival 

in mice. 

The present study evaluated the effects of a frame-disrupting mutation occurring in 

the A3 domain of factor V in a mouse model. The mutation, which occurred in our 

laboratory as an off-target effect during application of the CRISPR/Cas9 system to 

generate a mild-phenotype FV-deficient mouse model [27], alters the reading frame of 

the F5 gene. 

Materials and methods 

Animals 

All animal experimentation was carried out in compliance with Spanish Royal Decree 

53/2013 and EU Directive 2010/63/UE. The generation of the line and initial 

experimental protocols were approved by the Ethics Committee of the Veterinary 

School of the Complutense University of Madrid, the Ethics Committee for Animal 

Experimentation of the Complutense University, the Ethics Committees of the Spanish 

Institute for Agricultural and Food Research and Technology (INIA) and of the Madrid 

Regional Government (PROEX 358.4/21, PROEX 040/17). Embryogenesis 

experimentation was approved by the Ethics Committee, the authorizing body of the 

Pablo de Olavide University and the Ministry of Agriculture, Fisheries and Rural 

Development of Andalusia (approval code 03/05/2018/064). CBAxC57BL6 hybrid mice 
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were maintained on a 12-12-hour light/dark cycle at an optimal temperature of 19-20ºC 

with ad libitum access to food and water. All mice used in this study were bred in-house 

at the animal facilities of the participating institutions. At the end of the experiment, 

mice were sacrificed using CO₂ exposure, with death confirmed by cervical dislocation, 

and all efforts were made to minimize suffering. Experiment was carried out under strict 

veterinary control. This study is reported in accordance with the ARRIVE guidelines 

(Essential 10). 

Generation of animal model 

The FV frame-disrupting mutation (termed FVFD) was generated as a byproduct allele 

generated by non-homologous end joining when attempting a CRISPR-mediated 

insertion by homology directed repair to introduce a specific (Thr1857Met) following 

the methods as described [27]. 

Briefly, mouse zygotes were microinjected with Cas9 encoding mRNA, a 

sgRNA targeting FV and a donor ssDNA containing Thr1857Met mutation. Following 

microinjection, embryos were cultured to blastocyst stage and then transferred to 

pseudo pregnant recipients following the uterotubal technique as described [32]. 

Genotyping 

The genomic DNA samples from ear biopsy (punching) of the surviving pups were 

processed following previously described protocols to prepare high-resolution 

sequencing libraries [27,33]. The primers used are listed in Table 1.  
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Table 1. Genotyping primers. allumina MiSeq System sequencing overhangs are identified in italics 

within the genotyping primers; WT bp: size of the wild-type product expressed in base pairs. 

 

A female founder with the target mutation (Thr1857Met), described and 

developed in the previously stated model designed by our laboratory [27], as well as an 

allele containing a 4 bp frame-disrupting indel that truncated the protein at the residue 

1851 (termed FVFD allele), was mated with a WT male. This resulted in F1 

heterozygous carriers (Hz) for FVFD mutation, which were intercrossed to obtain WT 

animals, heterozygous (Hz) and homozygous (Hm) individuals for FVFD. Subsequent 

genotyping was carried out by Sanger sequencing of purified PCR products. 

Blood collection 

An initial study was planned with 6 WT, 6 Hz and 6 Hm mice, for FVFD mutation in 

both sexes (1:1 male-female proportion), but only WT and Hz individuals could be 

analyzed due to Hm mice mortality. Blood extraction was performed manually, without 

anesthesia, during the first 6 hours of the light cycle. A 23G needle was used to puncture 

the submandibular venous sinus and 0.25 mL of blood was collected in tubes filled with 

sodium citrate 3.2% (0.109 M, Vacutest Kima, Padua, Italy). The samples were 

centrifuged at 2,500xg for 15 min at 20°C, and aliquoted for immediate analysis. 

Standard curves were performed for FV and for PT using plasma from WT mice (details 

provided in the Supplementary information file). 
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Hematological and coagulation tests 

FV, PT and aPTT were determined using a STart Max II R coagulometer (Diagnostica 

Stago S.A.S., Barcelona, Spain), as per the manufacturer’s instructions. Cuvettes and 

metal spheres (Start 4 Cuve, Diagnostica Stago S.A.S., Barcelona, Spain) were used 

with reagents reconstituted according to the manufacturer’s instructions. Measurements 

included positive and negative controls (System control N/P, Diagnostica Stago S.A.S., 

Barcelona, Spain). 

The measurements were performed in accordance with previously described 

protocols [22]. Calibration curves were generated using pooled wild-type (WT) plasma 

(Supplementary Material). Neoplastine CL+ (Diagnostica Stago S.A.S., Barcelona, 

Spain) was prewarmed to 37 °C before use. FV activity was quantified using 50 µL FV-

deficient plasma (Diagnostica Stago S.A.S., Barcelona, Spain) mixed with 50 µL of 

sample (diluted 1:100 in Owren–Koller buffer [Diagnostica Stago S.A.S., Barcelona, 

Spain]); mixtures were incubated for 60 seconds, after which 100 µL Neoplastine CL+ 

were added. Clotting times (s) were converted to FV activity using a calibration curve 

prepared from serial dilutions of FV-deficient plasma supplemented with pooled normal 

plasma. Results were reported as a percentage of activity relative to normal pooled 

plasma, normalized [34,35] and converted to international units per milliliter (IU/mL), 

assuming 100% FV activity = 1.0 IU/mL. PT was measured using 50 µL of sample at a 

1:3 dilution, incubated for 60 seconds, then 100 µL Neoplastine CL+ were added; PT 

was reported in seconds and as percentages, and INR was calculated as (sample PT / 

reference PT)^(ISI). For aPTT, a 1:1 mixture of 50 µL plasma and 50 µL PPT Automate 

was incubated for 180 seconds and then 50 µL of 0.025 M CaCl₂ were added to initiate 

clotting; results were expressed in seconds. 

Postmortem studies 
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Macroscopic and histopathologic assessment 

Samples were taken from a variety of organs (skin, skeletal muscle, brain, spinal cord, 

lymph nodes, heart, lungs, spleen, liver, kidneys, pancreas and gastrointestinal system) 

and were fixed in 10% neutral buffered formalin for at least 48 hours. In the case of 

newborns, samples were longitudinally sectioned to facilitate visualization. WT animals 

without the mutation or any clinical findings were also included as controls to evaluate 

and compare their histological and immunohistochemical status with that of the 

deceased animals. The samples were automatically processed (Citadel 2000 Tissue 

Processor, Thermo Fisher Scientific, Waltham, MA, USA) and embedded in paraffin 

(HistoStar Embedding Workstation, Thermo Fisher Scientific, Waltham, MA, USA). 

Four-µm-thick sections were obtained for each case with a microtome (FinesseMe+, 

Thermo Fisher Scientific, Waltham, MA, USA) and subsequently processed in an 

automatic slide stainer using hematoxylin-eosin (Gemini AS Automated Slide Stainer, 

Thermo Fisher Scientific, Waltham, MA, USA). Control and experimental groups are 

stained under identical conditions with the same batch of reagents. 

Immunohistochemical evaluation 

The paraffin sections were placed on positively charged microscope slides, 

deparaffinized with xylene and rehydrated using the Epredia PT Module. Epitopes were 

retrieved using a heat-induced HIER system (Thermo Fisher Scientific, Waltham, MA, 

USA). Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in 

methanol for 30 minutes (Panreac AppliChem ITW Reagents, Barcelona, Spain). 

Samples were subsequently blocked with 2.5% normal horse serum (RTU) for 1 hour. 

The sections were then incubated overnight at 4ºC with the primary antibody (Thermo 

Fisher Scientific, Waltham, MA, USA) (Table 2). Positive and negative controls were 

included for each batch of sections analyzed. Negative controls were not incubated with 
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the primary antibody, which was replaced by tris buffered saline (TBS). After 

incubation, the secondary antibody was added (ImmPRESS® VR Horse AntiRabbit IGG 

Polymer Kit, Peroxidase; Vector Laboratories, Newark, CA, USA) and incubated for 1 

hour at room temperature. The samples were labelled using peroxidase detection system 

(ImmPACT® NovaRED®Substrate Kit, Peroxidase; Vector Laboratories, Newark, CA, 

USA) and subsequently counterstained with hematoxylin (Gemini AS Automated Slide 

Stainer, Thermo Fisher Scientific, Waltham, MA, USA). Control and experimental 

groups are stained under identical conditions with the same batch of reagents. 

To detect the presence of the antigen, intense granular and diffuse cytoplasmic brown 

labeling were evaluated in combination and considered a positive immunoreaction. A 

semiquantitative assessment of different specific cells immunolabeled for the specific 

antigen was performed. Immunolabeled cells were counted in 5 adjacent, non-

overlapping fields under a high-power field (HPF) magnification (400×). For FV and 

thrombin immunoreaction evaluation (macrophages, hepatocytes, neurons, glial cells, 

endothelial cells) a IHC score (IHCS) from 0 to 3 was assigned to each sample: (0) no 

presence of immunolabeled cells; (1) 1–10 immunolabeled cells; (2) >10–25 

immunolabeled cells; (3) >25 immunolabeled cells. 

In addition, the degree of α-smooth muscle actin (α-SMA) immunolabeling (smooth 

muscle cells, myofibroblasts) in blood vessels was scored as follows: (0) no presence of 

α-SMA-positive cells in the tunica media; (1) scarce and discontinuous presence of 

immunoreaction in the tunica media; (2) continuous but thin and incomplete 

immunoreaction along the tunica media; (3) complete circumferential immunoreaction 

in the tunica media. 
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Table 2. Antibodies for immunohistochemical study. All antibodies were purchased from Thermo 

Fisher Scientific. 

 

F5 gene expression study 

Embryos and fetal tissues were collected postmortem at various stages of development, 

as determined by the number of days after detection of the vaginal plug (considered 

embryonic day 0.5, E0.5). For liver samples, collections were performed at E8, E8.5, 

E9, E9.5, E10, E11 and E12. For other organs, tissues were collected at E9.5, E10, E11 

and E12. Sample collection from embryonic and fetal tissues, as well as from adult 

animals, were conducted as previously described [36-38]. Total RNA was extracted 

from the aorta-gonad-mesonephros (AGM) region, head, limbs, somites, yolk sac, gut, 

and liver using the NZYtech Total RNA Isolation Kit (NZYtech, Ltd., Lisbon, 

Portugal). 

For each tissue and developmental stage, samples were collected in triplicate 

(n=3 per group) and RNA was quantified using a NanoDrop™ 1000 spectrophotometer 

(ThermoFisher Scientific, MA, USA). Complementary DNA (cDNA) was generated 

using the High-capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA 

USA) for 1 µg of total RNA per sample. Relative transcript abundance was analyzed by 

qPCR analysis using GoTaq qPCR Master Mix (Promega, WI, USA) in a 7500 fast Real 

Time PCR thermocycler (Applied Biosystems, ThermoFisher Scientific, MA, USA). 

qPCR cycle consisted on a holding stage at 50ºC for 2 minutes, followed by 

denaturation at 95ºC for 10 minutes and 40 cycles at 95ºC for 15 seconds, 60ºC for 1 

minute and 72ºC for 30 seconds, and a final 5-minute elongation step at 72ºC followed 
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by maintenance at 8ºC. Samples were analyzed by the relative gene expression method 

(2-ΔCt) and cycle threshold (Ct) values were processed and normalized with respect to 

the expression of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

housekeeping gene to estimate the amount of RNA contained in each sample. The 

samples contained tissue from at least 2 different embryos, were processed in triplicate. 

Each biological replica was obtained from a different pregnant female. The design of 

the PCR primers for murine F5 gene and GAPDH is shown in Table 3.  

Table 3. qPCR primers. 

 

Statistical analysis 

The statistical analysis was conducted using the SPSS 27, v9.4 statistical package (SAS 

Institute, Cary, NC, USA). The calibration curves for FV and PT were generated using 

Excel software (Microsoft Office 365) and the graphs were designed using GraphPad 

Prism 8 software (GraphPad Software, La Jolla, CA, USA). The normality test used for 

all the parameters was the Shapiro Wilk test. The Levene test was applied to determine 

whether the variance between the groups was homogeneous. To analyze litter sizes and 

genotype segregation from heterozygote crosses (Hz×Hz), we performed a chi-square 

goodness-of-fit (χ² GOF) test against the expected Mendelian 1:2:1 distribution 

(WT:Hz:Hm). The differences in mean coagulometric values between the experimental 

groups and the control group (WT mice) were assessed using Student’s t test. Data was 
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expressed as mean ± standard deviation. Semi-quantitative immunohistochemical scores 

were compared using the Mann–Whitney U test. 

The relationship between the rate of production of F5 RNA and the age of 

embryos and tissues was expressed as mean ± standard deviation and median and range 

of 2-ΔCt values. To determine whether there were statistically significant differences 

between the various embryonic phases with respect to the expression of F5 RNA, the 

Krustal Wallis test was used when the normality test was not satisfied; the Levene test 

was applied to perform the above-mentioned determination. When between-group 

variance was found not to be homogeneous, a Welch-adjusted ANOVA and the Games-

Howell post-hoc test were applied. An ANOVA with Tukey’s post-hoc test was used 

when normality and variance homogeneity were satisfied. Statistical significance was 

set at a p value < 0.05. 

Results 

FVFD mutation causes embryonic and postnatal mortality 

During the generation of a mouse model carrying Thr1857Met mutation, which 

produces a mild FV-deficiency phenotype with FV levels of 26% and no spontaneous 

bleedings [27], an allele with the intended mutation and an allele carrying an indel 

causing a 4 bp deletion that disrupts the open reading frame of FV (FVFD mutation), 

was also selected to test the effect of FV protein truncation (as opposed to the single 

amino acid substitution of Thr1857Met). FVFD mutation generates a protein sharing the 

first 1851 amino acids with the wild-type sequence, thereby providing a model to 

determine the physiological role of the amino acids 1852-2224 ablated by the mutation. 

Cross of heterozygous FVFD animals resulted in an alteration of mendelian inheritance. 
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The proportion of WT pups was higher the expected (14/24 vs. 6/24) due to a 

lower proportion of Hz (6/24) and Hm (4/24) pups, which suggest embryonic or fetal 

mortality of Hz and Hm individuals. Based on the χ² GOF analysis—and considering 

the expected 1:2:1 distribution for heterozygote crosses (WT, Hz, Hm)—we obtained χ² 

= 14.33, df = 2, p = 0.0008. Tree of the four Hm pups died shortly after delivery 

showing signs of congestion and severe hematomas. The survivor Hm individual 

developed to weaning (day 21, hereinafter the young Hm individual) and subsequently 

died without any visible signs of bleeding. No viable Hm animals were obtained for the 

coagulometric assays. On ear punching, Hz individuals presented with longer bleeding 

times than WT individuals.  

FVFD mutation alters coagulometric pattern 

An analysis was made of FV, aPTT and PT levels in mice. Individuals had a mean 

weight of 20.62 ± 3.14 grams. The FV values obtained (Fig. 1A) were expressed as 

IU/mL (or % activity). Mean FV activity was 1.00 UI/mL ± 0.13 (107.50% ± 14.21) in 

WT individuals; and 0.22 IU/mL  ± 0.09 (21.53% ± 9.26) in Hz individuals. A normal 

distribution yet dissimilar variances were observed between the groups. Welch`s 

Student’s t test found statistically significant differences between WT and Hz group 

(p<0.001).  
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Fig. 1. Coagulometric measurements for WT and Hz groups. (A) FV activity expressed in 

UI/mL and percentage (n=6). (B) aPTT expressed in seconds (n=6). (C) PT expressed in 

seconds, percentage and INR (n=6). Calibration curves were generated using pooled wild-type 

(WT) plasma. The data are expressed as mean ± standard deviation. *p<0.05 according to 

Student’s t test. Abbreviations: FV, factor V; Hz, heterozygous; INR, international normalized 

ratio; WT, wild type. 

 

Mean aPTT, expressed as time to clot formation (seconds), was 38.26 seconds ± 

1.53 in WT animals; and 48.13 seconds ± 4.37 in Hz animals (Fig. 1B). Normal 

distribution and identical variances were observed between the groups. Student’s t test 

revealed statistically significant differences between the WT group and the Hz group 

(p<0.001).  

Mean PT, expressed as time to clot formation (seconds) and percentages on the 

standard curves based on plasma pool of WT animals, was 16.51 seconds ± 1.22 

(96.24% ± 11.87) in WT animals; and 19.90 seconds ± 1.19 (72.36% ± 5.85) in Hz 

animals (Fig. 1C). A normal distribution and similar variances were observed between 

the groups. Student’s t test revealed statistically significant differences between WT and 
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Hz individuals (p<0.001). INR was also calculated for each group based on the plasma 

pool of WT animals, with a PT value of 17 seconds and an ISI of 1.27. INR was 1.002 ± 

0.09418 for WT individuals; and 1.2692 ± 0.09748 for Hz individuals. 

Post-mortem analyses of Hm FVFD individuals 

The main finding of the post-mortem study of newborn Hm animals was generalized 

congestion in the skin and internal organs. One of the dead Hm neonates also exhibited 

extensive erythematous areas, as well as multifocal hemorrhages in the head, the neck, 

parts of the thoracic region and the anterior limbs (Figs. 2A and 2B). The young Hm 

individual exhibited submeningeal hemorrhages in the cranial vault, mainly in the 

frontal and interparietal sutures, which extended into the parenchyma (Figs. 2C and 

2D).  

Histologically, dead Hm newborn animals only exhibited blood vessel 

congestion and perivascular extravasation of erythrocytes. The young Hm individual 

exhibited multifocal hemorrhages in the perivascular spaces of the brain. Extensive 

hemorrhagic areas were also evident in meninges and cerebral ventricles (Figs. 2E and 

2F). 
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Fig. 2. Main pathological findings in newborn Hm individuals (A, B) and in the young Hm individual (C, 

F). (A, B) Extensive light red erythematous area with bright red multifocal hemorrhages, encompassing 

the skull, eyes, submandibular and cervical areas, anterior aspect of the thoracic region and proximal 

anterior limbs. (C, D) Sub meningeal multifocal hemorrhagic areas, mainly at the frontal and interparietal 

sutures (arrows). (E) Extensive hemorrhagic areas adjacent to the molecular layer of the hippocampal 

dentate gyrus (arrow) and multifocal hemorrhages occupying the molecular layer of the dentate gyrus 

(arrowhead). The cells comprising the molecular and polymorphic layers of the dentate gyrus present with 

cytoplasmic vacuolation. H&E stain, 10x. (F) Perivascular multifocal hemorrhages located in the neuropil 

of the thalamus (arrow); H&E stain, 10x. Abbreviations: Hm, homozygous. 

 

An immunohistochemical analysis of the expression of thrombin, FV and α-

SMA was conducted to compare the dead Hm newborns and the young Hm individual 

with respect to WT animals. The U-Mann-Whitney analysis (M-W test) revealed 

significant differences between Hm and wild-type WT animals, highlighting differences 

in thrombin distribution in liver (M-W test: p < 0,0001) and in α-SMA distribution in 

brain, liver and heart (M-W test: p < 0,0001). Minimal signal was detected for thrombin 

immunolabeling in some of the studied organs of newborn Hm animals: in the brain, 

minimal immunolabeling was observed in the cytoplasm of the neurons and glial cells, 

close to the subarachnoid space (IHCS mean = 0.53; 95% confidence interval (CI): 

0.24-0.82) (Fig. 3A); in the liver, minimal immunostaining was detected in the 

hepatocyte cytoplasm and the Kupffer cells (IHCS mean = 0.60; 95% CI: 0.32-0.88). 

Newborn WT animals presented moderate immunolabeling in the brain, particulary in 

the cytoplasm of the neurons and glial cells, close to the subarachnoid space (IHCS 

mean = 2.4; 95% CI: 1.29-3.00) (Fig. 3B). Moreover, these animals exhibited mild 

immunolabeling in the hepatocytes cytoplasm and the Kupffer cells of the liver (IHCS 

mean = 0.80; 95% CI: 0.25-1.36).  
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Fig. 3. Distribution and location of thrombin immunolabeling in the brain cells of newborn Hm mice (A) 

and the young Hm individual (C), as seen by immunohistochemistry analysis. Images from newborn WT 

animals (no mutation) (B) and adult WT animals (no mutation) (D). (A) Minimal immunolabeling in the  

cytoplasmic projections of neurons and glial cells (arrow) close to the subarachnoid space, which was full of 

erythrocytes; rabbit polyclonal anti-thrombin antibody, 40x. (B) Moderate immunolabeling in the 

cytoplasmic projections of neurons and glial cells (arrow) close to the subarachnoid space; rabbit polyclonal 

anti-thrombin antibody, 40x. (C) No immunolabeling was observed in the cytoplasm of neurons and glial 

cells within the thalamus, adjacent to perivascular hemorrhagic areas (arrowhead); rabbit polyclonal anti-

thrombin antibody, 20x. Inset: minimal immunolabeling in the cytoplasm of the glial cells close to the 

ependyma, 40x. (D) Intense immunolabeling in the dendritic projections of the neuronal cytoplasm and glial 

cells within the thalamus (arrow); rabbit polyclonal anti-thrombin antibody, 20x. Inset: intense 

immunolabeling in the dendritic cytoplasmic projections (arrow), 40x. Abbreviations: Hm, homozygous; 

WT, wild type. 

 

The young Hm individual did not exhibit a positive thrombin immunolabeling in 

any organ, except for the brain, where minimal granular immunolabeling was detected 

in the cytoplasm of the neurons, close to the ependyma (IHCS mean = 0.80; 95% CI: 

0.25-1.36) (Fig. 3C). No immunolabeling was visible adjacent to the brain hemorrhages 

observed. On the other hand, young WT animals exhibited an intensely positive 

immunolabeling in the brain, at the level of the dendritic cytoplasmic projections of the 

glia and neurons, mainly in myelin-rich and perivascular areas (IHCS mean = 2.60; 95% 

CI: 1.92-3.00) (Fig. 3D).  
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Regarding FV presence, no immunolabeling signal was detected in newborn Hm 

animals immunolabeling signaling the studied organs, except for the liver where slight-

to-moderate cytoplasmic signal was detected in hepatocytes and Kupffer cells (IHCS 

mean = 1.53; 95% CI: 1.18-1.89) (Fig. 4A). Newborn WT individuals also exhibited a 

mild-to-moderate immunolabeling in liver (IHCS mean = 2.40; 95% CI: 1.72-3.00) 

(Fig. 4B). No significant immunolabeling was detected in any of the analyzed organs of 

the young Hm individual except for the liver (IHCS mean = 1.20; 95% CI: 0.65-1.76). 

Moreover, young WT animals exhibited a mild immunolabeling signal in the liver 

(IHCS mean = 1.40; 95% CI: 0.72-2.08) and the brain, particularly in the cytoplasm of 

neurons, with intense staining in Nissl bodies (IHCS mean = 0.80; 95% CI: 0.25-1.36) 

(Figs. 4C and 4D). 

Although in an unspecific and diffuse manner, staining for thrombin and FV was 

observed in various structures such as the respiratory epithelium of the bronchi and 

bronchioles, the renal tubules, the spleen, the glandular structures of the gastrointestinal 

system and the pancreas, as well as in the skeletal, cardiac and smooth musculature.  
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Fig. 4. Distribution and location of factor V in liver (A, B) and brain cells (C, D) of newborn Hm 

individuals (A) and of the young Hm individual (C) as seen by immunohistochemistry analysis. Images 

from newborn WT animals (B) and adult WT animals are included (D). (A) Moderate diffuse 

immunolabeling in the cytoplasm of hepatocytes and the Kupffer cells (arrow); rabbit polyclonal anti-FV 

antibody, 40x. (B) Moderate granular and diffuse immunolabeling in the cytoplasm of hepatocytes and the 

Kupffer cells (arrow); rabbit polyclonal anti-FV antibody, 40x. (C) No immunolabeling in the neurons’ 

cytoplasm; rabbit polyclonal anti-FV antibody, 40x. (D) Moderate granular and diffuse immunolabeling 

in the neuronal cytoplasm (arrow); rabbit polyclonal anti-thrombin antibody, 40x. Abbreviations: Hm, 

homozygous; WT, wild type. 

 

Regarding α-SMA analysis, newborn Hm animals showed a faint 

immunolabeling in the cells of the centrilobular vein walls and in the vessels of the 

hepatic portal space (IHCS mean = 0.87; 95% CI: 0.51-1.22) (Fig. 5A). The same 

finding was observed at the level of the heart, with a slight immunolabeling in the 

myocardial vessels (IHCS mean = 1.07; 95% CI: 0.68-1.46) (Fig. 5C). This contrasts 

with the intensely positive immunolabeling of the same vascular structures in liver 

(IHCS mean = 2.80; 95% CI: 2.50-3.00) and heart (IHCS mean = 2.70; 95% CI: 2.35-

3.00) in WT individuals, where vascular walls were found to be thicker than in Hm 

animals (Figs. 5B and 5D). 

 

 

 

 

 

Fig. 5. 
Immunolabelin

g of blood 

vessels in the 

presence of α-

SMA in the liver (A, B) and the heart (C, D) of newborn Hm individuals (A, C), as seen by 
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immunohistochemistry analysis. Images from newborn WT animals are included (B, D). (A) Slight 

immunolabeling in centrilobular veins and in the vessels of the portal space (arrow); mouse anti-α-SMA 

monoclonal antibody, 4x. Inset: slight immunostaining of the cells of the centrilobular vein wall, 40x. (B) 

Intense immunolabeling in the centrilobular veins and in the vessels of the portal space (arrow); mouse 

anti-α-SMA monoclonal antibody, 4x. Inset: intense immunostaining of the cells of the centrilobular vein 

walls, showing a thickened vascular wall, 40x. (C) Slight immunolabeling in the myocardial vessels; anti-

α-SMA monoclonal antibody in the mouse, 20x. (D) Intense immunolabeling in myocardial vessels and 

moderate immunolabeling in cardiomyocytes; mouse anti-α-SMA monoclonal antibody, 20x. 

Abbreviations: Hm, homozygous; WT, wild type. 

 

The young Hm individual exhibited a reduced expression of α-SMA on the walls 

of the centrilobular vein and in the hepatic artery (Figs. 6A and 6B) while WT 

individuals displayed an intense expression in the portal vein, the hepatic artery and the 

centrilobular vein. In addition, a very intense and homogeneous immunolabeling was 

observed in the myocardial vessels of WT mice, while the young Hm individual 

exhibited a discontinuous immunolabeling on the myocardial vessel wall (Figs. 6C and 

6D). 

 

 

 

 

 

 

 

 

Fig. 6. Immunolabeling of blood vessels in the presence of α-SMA in the liver (A, B) and the heart (C, 

D) of the young Hm individual (A, C) as seen by immunohistochemistry analysis. Images from WT 

animals (no mutation) (B, D). (A) Interrupted immunolabeling in the portal vein and attenuated 

response in the hepatic artery (arrow); mouse anti-α-SMA monoclonal antibody, 40x. (B) Homogeneous 

immunolabeling in the portal vein and intense immunolabeling in the hepatic artery (arrow); anti-α-
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SMA monoclonal antibody in the mouse, 40x. (C) Interrupted immunolabeling in the myocardial 

vessels (arrow); mouse anti-α-SMA monoclonal antibody, 20x. (D) Homogeneous immunolabeling in 

the myocardial vessels; mouse anti-α-SMA monoclonal antibody, 20x. Abbreviations: Hm, 

homozygous; WT, wild type. 

 

Analysis of F5 expression during embryogenesis 

The spatiotemporal expression of the F5 mRNA was first evaluated by qPCR of the F5 

gene in mouse embryos at different stages of development (E8, E8.5, E9, E9.5, E10, 

E11 and E12) and in the adult mouse liver (Fig. 7). In mice, the liver emerges at stage 

E9 and megakaryocytes at E7.5. Subsequently, several embryonic tissues were analyzed 

(AGM region, head, heart, limb, somites, yolk sack, gut and liver) at the following 

stages: E9.5, E10, E11 and E12 (Figs. 8 and 9).  
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Fig. 7. Relative expression of the F5 gene (n=3-4) at various stages of embryonic 

development and in adult mouse liver (mean ± standard deviation). Significant differences 

are indicated by lines and asterisks (*p<0.05) according to Welch’s ANOVA. Abbreviation: 

E, embryonic stage. 

 

A progressively greater expression of the F5 gene was found from earlier stages 

of development until the adult stage, where significantly higher values were observed. 

The mean values obtained, expressed as mean ± standard deviation, reflected a 

progressively greater expression over the course of development. At stage E8 F5 gene 

expression was 0.00033 ± 0.00007, while at stage E8.5 it increased to 0.00059 ± 

0.00007. In the following stages, values kept increasing to reach 0.00063 ± 0.00005 at 

stage E9, 0.00075 ± 0.00008 at stage E9.5, and 0.00079 ± 0.00015 at stage E10. Mean 

values in the more advanced developmental stages (E11 and E12) were 0.00074 ± 

0.00018 and 0.00108 ± 0.00039, respectively. Finally, in the adult stage, F5 gene 

expression reached significantly higher values, 0.21603 ± 0.02818. 
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To evaluate the significance of the varying expression levels observed over the 

different stages of embryogenesis and given that the Levene test indicated a lack of 

homogeneity among the variances (p<0.05), it was decided to conduct Welch’s 

ANOVA. The post-hoc test revealed significant differences in F5 gene expression 

between several stages of embryonic development. Particularly significant differences 

were found between stages E8 and E9 (p=0.044), E8 and E9.5 (p=0.019), and E8 and 

E10 (p=0.040). In addition, significant differences were observed between the adult 

stage and stages E8 to E12 (p=0.025). 

Overall, these results demonstrated a progressive increase of F5 gene expression 

from the earlier stages of development to the adult stage, where significantly higher 

values were achieved. 

Regarding F5 expression dynamics in specific organs and tissues, no statistically 

significant differences were observed between stages in AGM region, head, heart, 

limbs, somites and digestive tract. In the yolk sac, the highest expression level was 

observed at stage E9.5, gradually decreasing until stage E12 (0.0035753 to 0.0005425). 

Statistically significant differences were observed between stages E9.5 and E11 

(p=0.014), E9.5 and E12 (p=0.014), E10 and E11 (p=0.014), and E10 and E12 

(p=0.014). In the liver, a significant increase was observed in F5 gene expression until 

stage E12 (0.0012 ± 0.000088 to 0.01053 ± 0.00175). Statistically significant 

differences were found between E12 and E9.5, E10 and E11, with p<0.001 in all cases 

(Fig. 8). 
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Fig. 8. Relative expression of the F5 gene (2-ΔCt) across different tissues at stages E9.5, E10, E11 and 

E12. On the left of the graph, values are represented as mean ± standard deviation (SD), whereas on the 

right, they are shown as median and range. Significant differences are indicated by lines and asterisks 

(*p<0.05) according to Welch’s ANOVA or Krustal Wallis. Abbreviations: AGM, aorta-gonad-

mesonephros region. 

 

Differences in the expression levels of various organs were analyzed at each 

stage of embryonic development. At stage E9.5 (Fig. 9A), the highest relative 

abundance was observed in the yolk sac, being significantly higher compared with that 

of heart, limbs and somites (p=0.006, p=0.012 and p=0.015 respectively). The liver was 

the organ showing the second highest relative abundance, being significantly higher 

compared with heart (p=0.01), limbs (p=0.021) somites (p=0.025), heart and head 

(p=0.048). 
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Fig. 9. Relative expression of the F5 gene (2-ΔCt) across different tissues at the various stages. (A) Stage 

E9.5 (median and range). (B) Stage E10 (median and range). (C) Stage E11 (mean ± SD). (D) Stage 

E12 (median and range). Significant differences are indicated by lines and asterisks (*p<0.05) 

according to Welch’s ANOVA or Krustal Wallis. Abbreviations: AGM, aorta-gonad-mesonephros 

region.  

 

At stage E10 (Fig. 9B), significant differences were observed in F5 mRNA 

relative abundance in liver compared to heart and somites (p=0.004 in both cases). F5 

mRNA relative abundance was also significantly higher in yolk sac compared to heart 

and somites (p=0.005 in both cases). At stage E11 (Fig. 9C), F5 relative mRNA 

abundance was higher in liver compared to other organs analyzed (p<0.001) and 

significant differences were observed between the AGM region and the head, the heart, 

the limbs, somites and the digestive tract. 

Finally, at stage E12 (Fig. 9D), the liver was the organ showing the highest F5 

relative mRNA abundance. Significant differences were also observed between AGM 

region (the organ showing the second highest F5 relative mRNA abundance) compared 
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to heart and head. All the measurements conducted can be found in the Supplementary 

information file. 

Discussion 

The CRISPR/Cas9 system has emerged as a key tool to generate animal and cell models 

for various diseases [39,40]. The present study provides an analysis of the phenotype in 

a mouse model producing a truncated FV protein. 

Mutations resulting in protein truncation often result in more severe phenotypes 

than those involving amino acid substitutions [41,42]. In hemophilia A and B, frame 

disrupting account for a significant percentage of the mutations described and give rise 

to severe phenotypes [43,44]. Similarly, in FV deficiency very severe disease 

phenotypes (<1% FV levels) have been described as a result of FV truncation [7], which 

represents 15% of all the mutations leading to FV-deficiency described so far [7,8], 

most of them located in exon 13. The phenotypic consequences of FV truncation in a 

downstream region (exon 18), a phylogenetically conserved region where single amino 

acid substitution are known to cause coagulation deficits, were unknown [27].  

Knockout models for FV deficiency have been generated both in mice and in the 

zebra fish, with stop codons being identified in various regions of the FV protein 

[24,25]. Cui et al. [24] succeeded in generating a mouse model with a frameshift 

mutation in Hm animals that gave rise to embryonic resorption during embryogenesis as 

a result of a severe FV (and therefore thrombin) deficiency. Previous studies have also 

demonstrated that, in FV-deficient mice, even a very small amount of FV may be 

sufficient to avert the severe consequences of severe FV deficiency over the course of 

embryogenesis [26]. In a recent study by our research group [27], the introduction of a 

single amino acid substitution resulted in a mild disease phenotype. In this case Hm 
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individuals were viable, showing that embryonic alterations can be prevented if FV 

retains some functionality. 

FVFD model displayed a clear alteration of coagulometric parameters. Whereas 

WT individuals exhibited FV levels approaching 100%, in line with previous reports 

[23], and PT and aPTT levels were within the normal ranges [45]. Hz animals for FVFD 

showed a reduction in FV levels similar to those of Hm individuals with a mild 

phenotype of FV deficiency [9,46]. This suggest that the truncated FV protein affect the 

functionality or bioavailability of the WT FV also produced by the Hz individuals, in 

line with observations in humans, where Hz individuals display a reduction of FV 

plasma levels to around 20% [11]. A previous study by our group [47] also observed 

such a drop in circulating levels of FV in the parents of a patient with severe FV 

deficiency. However, in this human study, PT and aPTT levels were not significantly 

decreased, probably because of the activity of other coagulation factors or by the 

production of functional FV thanks to the heterozygous condition [9,47]. The 

detrimental effects of the truncated protein over the functionality of the WT protein may 

be caused by a conformational change in FV truncated protein preventing proper 

functioning of the C domains responsible for binding to membrane lipids and to 

prothrombinase complex [48]. This could result in a critical functional decrease in the 

coagulation activity of Hz animals.  

An analysis of histological lesions in deceased Hm animals revealed that the 

integrity of the tissues was compromised because of multiple autolytic processes [49]. 

In spite of that, hemorrhages were observed in several body parts of both newborn and 

young individuals, a finding also commonly reported in humans, both in terms of 

clinical signs and their sequelae [7,50].  
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It has been reported that hemostasis and its various components, including FV, 

play a crucial role during embryonic development. They modulate cell activity through 

receptor-dependent signaling pathways, both inside and around the embryonic 

vasculature. They also participate in essential processes such as angiogenesis and 

vasculogenesis, cell differentiation and tissue remodeling [51,52]. 

Given the limited number of reports on human miscarriages in the literature on 

FV-deficiency, Naderi et al. [53] described that miscarriages in human Hz mothers are 

attributable to the deficiency. This was the case in our FVFD model, where several 

litters of an Hz mother only resulted in 4 Hm individuals none of which survived over 

the long term. In humans, the prevalence of FV-deficiency is calculated based on live 

births, which means that possible miscarriages or instances of embryonic resorption 

may go unaccounted for [3]. 

As reported by Cui et al. [24] it is half way through embryonic development 

(E11) when most instances of embryonic resorption are observed in mice. This study 

indicates that the onset of embryonic development is characterized by high FV levels in 

the mouse’s yolk sac. The yolk sac precedes the development of the placenta and 

provides the embryo with nutrients and oxygen. It is a richly vascularized organ and it 

plays an important functional role in embryonic development [54]. It has been shown 

that it is chiefly the endoderm that is responsible for producing the coagulation factors. 

This finding, which confirms our results, is in line with the fact that, in humans, the 

yolk sac is one of the sources of FV [55]. This could be one of the reasons for 

embryonic resorption and for the low birth rates observed among Hm animals. Our data 

indicates descriptive developmental trends in F5 transcripts (AGM and liver increasing, 

yolk sac decreasing from E9.5 to E12.5). While informative, these transcript patterns are 

insufficient to establish causality, and additional studies will be required. 
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Our study shows that expression of the F5 gene in the liver increases 

progressively until the adult stage. However, this finding is not borne out by 

immunohistochemical studies. The liver is responsible for most of the FV generated in 

the body [7,56]. The progressive increase in FV levels observed until the adult stage 

may be taken to suggest that it plays a significant role in the maturation of the 

hemostatic system during the development of the mouse. However, the immune 

expression of FV in the liver was moderate, both in newborn and adult animals. This 

could indicate that most FV is either not stored in that organ or it is instead released to 

the bloodstream, or it is stored in hepatocytes but in an immature form, as is the case of 

other vitamin K-dependent coagulation factors [57,58].  

This still unresolved question is further complicated by the intriguing 

immunohistochemical finding that FV levels appear to be higher in newborn than in 

adult WT animals. This could indicate that during the neonatal period, FV is actively 

involved in various vascular and life-sustaining processes, whereas in the adult stage its 

function could be that of a defense mechanism against vascular damage through 

hemostasis [3,24,59]. 

A comparison of the immune expression of FV in WT and FVFD Hm animals 

shows higher intensity in WT individuals, which suggests normal expression and 

function of the protein. Nonetheless, expression of FV in FVFD Hm individuals has 

been shown to be attenuated or even undetectable, which may be indicative of 

insufficient production levels; a conformational change hindering its function or its 

detection; or even a decrease in the stability of the protein [7,60]. No significant 

differences were found in the liver between WT and FVFD animals, which would 

appear to support our assumption that FV is not stored in the hepatocyte or that it exists 

in liver cells only in an immature form. With respect to FV expression in the nervous 
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system —its presence has been reported in Schwann cells [61]— FVFD animals 

showing a decreased immune expression in the neural cytoplasm. The importance of FV 

in embryonic development does not lie exclusively in its ability to regulate vascular or 

early developmental processes, but also in its interaction with protease-activated 

receptors (PARs), particularly PAR1, as it contributes to regulating numerous key 

processes such as angiogenesis and tissue remodeling [28,31]. It is well known that 

these receptors are activated by thrombin whose expression is FVa-dependent [1]. 

Moreover, it is believed that FV-deficient animals are characterized by an impaired 

development of PAR1 receptors, which gives rise to vascular abnormalities, inadequate 

vascular development and even miscarriages over the course of embryogenesis 

[24,28,31].  

Thrombin expression largely depends on the animals’ physiological condition 

and, in the absence of vascular damage, it is rarely detected in organs, being present 

mainly in the blood [62]. Nevertheless, immunohistochemical studies revealed 

statistically significant differences between WT and FVFD Hm animals, particularly in 

the brain, where an intense immune expression against thrombin was observed in WT 

adults, which contrasts with an almost undetectable expression in FVFD animals. This 

finding is compatible with the absence of an immune expression for FV in the brain of 

FVFD Hm animals, suggesting that the main cause of bleeding in these individuals is 

the absence of thrombin production resulting from an insufficient production of FV, 

which prevents the proper functioning of the clotting cascade in the event of a lesion. At 

the same time, the role of thrombin in the central nervous system is now clearly 

understood. This enzyme, which is expressed locally in neural cells and astrocytes, 

plays a dual role with either a cytoprotective or a harmful role depending on its 

concentration. Thrombin regulation is key in the context of neurological lesions or 
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conditions as it may act as a mediator of inflammation and cell death, affecting cell 

integrity and influencing the progression of neurological disorders [63]. 

Lastly, an analysis was conducted of the immune expression of α-actin, which 

regulates vascular tone and function as well as smooth muscle integrity in large blood 

vessels. A report in the literature described a decrease in α-actin expression in 

hemophilic mice [64,65]. This study demonstrated a considerably decreased α-actin 

protein expression in the liver and the heart of FVFD animals as compared with WT 

animals, which exhibited thicker vessel walls. In line with a relationship between 

thrombin and α-actin, both proteins co-localize, being related to PAR receptors [66]. 

This may indicate that, in the same way as there exists a relationship between FVIII 

activity and α-actin, FV could exert a direct influence on α-actin expression, a 

hypothesis that needs to be confirmed by further research.  

The homozygous cohort comprised three newborns and a single 21-day 

individual, which limits statistical inference; in accordance with the 3Rs (Replacement, 

Reduction, Refinement), we did not expand breeding and considered this sample 

sufficient to document the phenotype while avoiding additional animal suffering. The 

analysis of FV, thrombin, and smooth muscle α-actin by immunohistochemistry was 

conducted qualitatively. Future studies incorporating quantitative techniques are 

recommended to confirm and extend the current findings. In particular, future work will 

include quantitative protein assays (e.g., by Western blot/ELISA) of the analyzed 

parameters. 

 

Conclusion 
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FV is not only a key protein in secondary hemostasis, but it also plays an important role 

in the formation, maturation and stabilization of blood vessels over the course of 

embryonic development. A severe deficiency in FV has a highly deleterious effect on 

different developmental mechanisms and may result in miscarriages or even in 

embryonic resorption as has been shown in knockout animal models. The integrated 

coagulometric, histopathological, immunohistochemical and gene expression data 

presented here provide additional mechanistic insight into how FV supports embryonic 

vascular development through thrombin-dependent signalling and α-SMA, and illustrate 

the developmental consequences of its deficiency in the context of congenital bleeding 

disorders. 
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FIGURE LEGENDS 

Fig. 1. Coagulometric measurements for WT and Hz groups. (A) FV activity expressed 

in UI/mL and percentage (n=6). (B) aPTT expressed in seconds (n=6). (C) PT expressed 

in seconds, percentage and INR (n=6). Calibration curves were generated using pooled 

wild-type (WT) plasma. The data are expressed as mean ± standard deviation. *p<0.05 

according to Student’s t test. Abbreviations: FV, factor V; Hz, heterozygous; INR, 

international normalized ratio; WT, wild type. 

Fig. 2. Main pathological findings in newborn Hm individuals (A, B) and in the young 

Hm individual (C, F). (A, B) Extensive light red erythematous area with bright red 

multifocal hemorrhages, encompassing the skull, eyes, submandibular and cervical 

areas, anterior aspect of the thoracic region and proximal anterior limbs. (C, D) Sub 

meningeal multifocal hemorrhagic areas, mainly at the frontal and interparietal sutures 

(arrows). (E) Extensive hemorrhagic areas adjacent to the molecular layer of the 

hippocampal dentate gyrus (arrow) and multifocal hemorrhages occupying the molecular 

layer of the dentate gyrus (arrowhead). The cells comprising the molecular and 

polymorphic layers of the dentate gyrus present with cytoplasmic vacuolation. H&E 

stain, 10x. (F) Perivascular multifocal hemorrhages located in the neuropil of the 

thalamus (arrow); H&E stain, 10x. Abbreviations: Hm, homozygous. 

Fig. 3. Distribution and location of thrombin in the brain cells of newborn Hm mice (A) 

and the young Hm individual (C), as seen by immunohistochemistry analysis. Images 

from newborn WT animals (no mutation) (B) and adult WT animals (no mutation) (D). 

(A) Minimal immunolabeling in the neurons’ cytoplasmic projections (arrow) close to the 
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subarachnoid space, which was full of erythrocytes; rabbit polyclonal anti-thrombin 

antibody, 40x. (B) Moderate immunolabeling in the neurons’ cytoplasmic projections 

(arrow) close to the subarachnoid space; rabbit polyclonal anti-thrombin antibody, 40x. 

(C) No immunolabeling was observed in the neurons’ cytoplasm within the thalamus, 

adjacent to perivascular hemorrhagic areas (arrowhead); rabbit polyclonal anti-thrombin 

antibody, 20x. Inset: Minimal immunolabeling in the cytoplasm of the neurons close to 

the ependyma, 40x. (D) Intense immunolabeling in the dendritic projections of the 

neuronal cytoplasm and glial cells within the thalamus (arrow); rabbit polyclonal anti-

thrombin antibody, 20x. Abbreviations: Hm, homozygous; WT, wild type. 

Fig. 4. Distribution and location of factor V in liver (A, B) and brain cells (C, D) of 

newborn Hm individuals (A) and of the young Hm individual (C) as seen by 

immunohistochemistry analysis. Images from newborn WT animals (B) and adult WT 

animals are included (D). (A, B) Moderate immunolabeling in the cytoplasm of 

hepatocytes and the Kupffer cells (arrow); rabbit polyclonal anti-FV antibody, 40x. (C) 

No immunolabeling in the neurons’ cytoplasm; rabbit polyclonal anti-FV antibody, 40x. 

(D) Moderate immunolabeling in the neuronal cytoplasm (arrow); rabbit polyclonal 

anti-thrombin antibody, 40x. Abbreviations: Hm, homozygous; WT, wild type. 

Fig. 5. Immunolabeling of blood vessels in the presence of α-SMA in the liver (A, B) 

and the heart (C, D) of newborn Hm individuals (A, C), as seen by 

immunohistochemistry analysis. Images from newborn WT animals are included (B, D). 

(A) Slight immunolabeling in centrilobular veins and in the vessels of the portal space 

(arrow); mouse anti-α-SMA monoclonal antibody, 4x. Inset: slight immunostaining of 

the cells of the centrilobular vein wall, 40x. (B) Intense immunolabeling in the 

centrilobular veins and in the vessels of the portal space (arrow); mouse anti-α-SMA 

monoclonal antibody, 4x. Inset: intense immunostaining of the cells of the centrilobular 

vein walls, showing a thickened vascular wall, 40x. (C) Slight immunolabeling in the 

myocardial vessels; anti-α-SMA monoclonal antibody in the mouse, 20x. (D) Intense 

immunolabeling in myocardial vessels and moderate immunolabeling in 

cardiomyocytes; mouse anti-α-SMA monoclonal antibody, 20x. Abbreviations: Hm, 

homozygous; WT, wild type. 

Fig. 6. Immunolabeling of blood vessels in the presence of α-SMA in the liver (A, B) and 

the heart (C, D) of the young Hm individual (A, C) as seen by immunohistochemistry 

analysis. Images from WT animals (no mutation) (B, D). (A) Interrupted immunolabeling 

in the portal vein and attenuated response in the hepatic artery (arrow); mouse anti-α-SMA 

monoclonal antibody, 40x. (B) Homogeneous immunolabeling in the portal vein and 

intense immunolabeling in the hepatic artery (arrow); anti-α-SMA monoclonal antibody in 

the mouse, 40x. (C) Interrupted immunolabeling in the myocardial vessels (arrow); mouse 

anti-α-SMA monoclonal antibody, 20x. (D) Homogeneous immunolabeling in the 

myocardial vessels; mouse anti-α-SMA monoclonal antibody, 20x. Abbreviations: Hm, 

homozygous; WT, wild type. 

Fig. 7. Relative expression of the F5 gene (n=3-4) at various stages of embryonic 

development and in adult mouse liver (mean ± standard deviation). Significant 

differences are indicated by lines and asterisks (*p<0.05) according to Welch’s 

ANOVA. Abbreviation: E, embryonic stage. 

Fig. 8. Relative expression of the F5 gene (2-ΔCt) across different tissues at stages E9.5, 

E10, E11 and E12. On the left of the graph, values are represented as mean ± standard 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



39 

 

deviation (SD), whereas on the right, they are shown as median and range. Significant 

differences are indicated by lines and asterisks (*p<0.05) according to Welch’s 

ANOVA or Krustal Wallis. Abbreviations: AGM, aorta-gonad-mesonephros region. 

Fig. 9. Relative expression of the F5 gene (2-ΔCt) across different tissues at the various 

stages. (A) Stage E9.5 (median and range). (B) Stage E10 (median and range). (C) Stage 

E11 (mean ± SD). (D) Stage E12 (median and range). Significant differences are indicated 

by lines and asterisks (*p<0.05) according to Welch’s ANOVA or Krustal Wallis. 

Abbreviations: AGM, aorta-gonad-mesonephros region. 

 

TABLE LEGENDS 

 

Table 1. Genotyping primers. allumina MiSeq System sequencing overhangs are 

identified in italics within the genotyping primers; WT bp: size of the wild-type product 

expressed in base pairs. 

Table 2. Antibodies for immunohistochemical study. All antibodies were purchased 

from Thermo Fisher Scientific. 

Table 3. qPCR primers. 
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