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Summary

Previously, we presented the electrolytic inferior vena cava (IVC) model (EIM) during acute 

venous thrombosis (VT). Here, we present our evaluation of the EIM for chronic VT time points in 

order to determine whether this model allows for the study of thrombus resolution. C57BU6 mice 

(n=191) were utilised. In this model a copper-wire, inserted into a 25-gauge needle, is placed in 

the distal IVC and another subcutaneously. An electrical current (250 µAmp/15 minutes) activates 

the endothelial cells, inducing thrombogenesis. Ultrasound, thrombus weight (TW), vein wall 

leukocyte counts, vein wall thickness/fibrosis scoring, thrombus area and soluble P-selectin (sP-

sel) were performed at baseline, days 1, 2, 4, 6, 9, 11 and 14, post EIM. A correlation between TW 

and sP-sel was also determined. A thrombus formed in each mouse undergoing EIM. Blood flow 

was documented by ultrasound at all time points. IVC thrombus size increased up to day 2 and 

then decreased over time, as shown by ultrasound, TW, and sP-sel levels. TW and sP-sel showed a 

strong positive correlation (r=0.48, p<0.0002). Vein wall neutrophils were the most common cell 

type present in acute VT (up to day 2) with monocytes becoming the most prevalent in chronic VT 

(from day 6 to day 14). Thrombus resolution was demonstrated by ultrasound, TW and thrombus 

area. In conclusion, the EIM produces a non-occlusive and consistent IVC thrombus, in the 

presence of constant blood flow, allowing for the study of VT at both acute and chronic time 

points. Thrombus resolution was demonstrated by all modalities utilised in this study.
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Introduction

Animal models have been used in research to study thrombus formation, thrombus 

resolution and to test therapeutic compounds of venous thrombosis (VT) ( 1-8). The inferior 

vena cava (IVC) ligation, or stasis, model has been used to understand the biology of VT for 

several years, and is considered a good model that reproduces clinical scenarios of total 

occlusion (4, 9-12). However, the need for a model that forms thrombus within the IVC 

under flow conditions motivated investigators to create the IVC stenosis model. The stenosis 

model is a flow model that solved this issue and has been a great model to study early stages 

of thrombosis under flow conditions (1, 7, 13). However, investigators in the field expressed 

two main concerns regarding this model: the inconsistency in thrombus weight (TW) that 

makes this model difficult to use in order to study chronic VT time points or utilise for drug 

development and the damage to vein wall due to the micro vascular clamp. These concerns 

motivated other investigators to explore variations of the original model (13). Thus, we 

developed the electrolytic IVC model (EIM), a flow model that produces a non-occlusive 

and consistent IVC thrombus in the presence of preserved blood flow (14, 15). Using the 

EIM, we have demonstrated preserved IVC endothelium are activated, causing P-selectin 

expression, which in turn leads to white blood cell attachment and migration into the vein 

wall (▶Figure 1) with red blood cells and fibrin deposition contributing to the growing 

thrombus (14). The thrombus shape confirms thrombus formation in the presence of blood 

flow (14, 15). Initially, chronic time points were not evaluated (14, 15). Here, we present a 

follow-up study on the EIM in order to determine whether the IVC remains with blood flow 

from acute through chronic time points, allowing for the study of not only the thrombus 

formation but also of thrombus resolution.

Material and methods

Mice and EIM surgical technique

Male (n=195) wild-type (WT) C57BL/6 mice (Charles River Laboratories, Wilmington, 

MA, USA), weighing 20 to 25 grams, were anesthetised with isoflurane 2%, placed in dorsal 

recumbency and the IVC was approached directly via a midline laparotomy utilizing aseptic 

technique (14, 15). Venous side branches were ligated using 7-0 Prolene suture (Ethicon, 

Inc, Somerville, NJ), while back branches remained patent. In the EIM, a 25-gauge 

stainless-steel needle, attached to a silver coated copper wire (KY-30-1-GRN, Electrospec, 

Dover, NJ, USA) is inserted into the exposed caudal IVC (▶Figure 1), and positioned 

against the anterior wall (anode). Another needle is implanted subcutaneously, completing 

the circuit (cathode). A current of 250 µAmps over 15 minutes (min) is applied using a 

Grass S48 square wave stimulator and a constant current unit (Grass Technologies, Astro-

Med, Inc., West Warwick, RI, USA). The direct current results in the formation of oxidative 

products of electrolysis that activates the endothelial surface promoting a thrombogenic 

environment and subsequent thrombus formation, without heat participation, as described 

previously (16, 17). In addition, a VT model of IVC stasis was performed only for TW 

comparisons, as previously described (4, 9, 11). Mice were euthanised at specific time 

points, post-thrombosis, in order to analyse the TW or histology. True controls (TC), 

surgically naïve mice, were utilised for baseline histology and molecular assays.
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Mice distribution is shown in ▶Table 1. Time points included:1) Image group: Baseline, 1, 2, 

4, 6, 9, 11, and 14 days after EIM; 2)Correlation between TW and soluble P-selectin: TC, 1, 

2, 4, 6, 9, 11 and 14 days after EIM; 3) Histology group: TC, 1, 2, 4, 6, 9, 11 and 14 days 

after EIM; 4) EIM vs Stasis model: TC, 2, 6 and 14 days after procedure.

Ultrasound protocol

Mice were anesthetised via isoflurane gas inhalation (2%). Warm ultrasound gel and heating 

pads were used to maintain normal body temperature. IVC images were obtained from the 

anterior/right side of the mouse abdomen using a Vevo 2100 (Visualsonics, Toronto, ON, 

Canada) equipped with a linear array MicroScan™ transducer (MS 550D, frequency 22-55 

MHz). Duplex ultrasonography and Tissue Doppler Imaging were performed at Baseline 

(TO) days 1, 2, 4, 6, 9, 11 and 14 after EIM. The ultrasound follow-up was conducted in the 

same animals during the 14 days, to demonstrate the presence of a blood flow channel in the 

same mouse population. For IVC sise, clear visualisation of both walls was obtained for 

accurate measurements. The width of the IVC was measured in at least 9 regions below the 

level of the renal veins, using three different windows or views in a left 90° angle.

Thrombus weight (TW)

In brief, the IVCs of a specific group of mice were analysed for (wet) TW. At the time of 

euthanasia, the IVC and the associated thrombus were removed and weighed (grams × 10−4) 

(4).

Mouse soluble P-selectin (sP-Sel)

Mouse plasma samples were evaluated for sP-sel levels at baseline and days 1, 2, 4, 6, 9, 11, 

and 14 post-thrombosis. EDTA anti-coagulated blood was processed according to the 

manufacturer's ELISA kit for sP-Sel (R&D Systems, Minneapolis, MN, USA). All samples 

were run in duplicate and the results were normalised to total protein using the standard 

Pierce BCA assay (Thermo Fisher Scientific Inc., Rockford, IL, USA).

Thrombus resolution assessment by ultrasound (in vivo)

Ultrasound criteria for clinical human evaluations of partial VT were used including: 

presence or absence of complete mouse IVC compression, presence or absence of flow 

within the IVC, and the percentage of IVC patency was assessed in at least nine 

measurements per mouse, per time point (▶Figure 2A).

Thrombus resolution assessment by area (ex vivo)

The areas of venous thrombi from H&E stained specimens taken from the largest stenosis 

point, were analysed (200X) using SCION IMAGE Beta 4.0.2 imaging software (Scion 

Corporation, Frederick, MD, USA). To eliminate variability between mice, each individual 

animal's aortic wall was measured and used to calculate the thrombus area (square 

millimeter)/aorta wall (mm) ratio.
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Vein wall morphometrics

Mouse IVCs (n=5 per time point) were sectioned from samples 1, 2, 4, 6, 9, 11 and 14 days 

post thrombosis, stained with hematoxylin and eosin (H&E) and examined under oil 

immersion light microscopy. An n=5 mice per time point was previously found to be enough 

to ensure a statistical difference between groups (4). Using lOOX high power oil objective 

field, representing 0.2 microns across, five representative high-power fields (5 HPFs) were 

examined around the vein wall for inflammatory cell counts, intimal thickness, and intimal 

fibrosis. Intimal fibrosis and thickness were assessed using the scoring method displayed in 

▶Table 2 (9). Inflammatory cells were identified as neutrophils (NEU) or monocyte/

macrophages (MON), on the basis of standard histological criteria, in a blinded fashion by a 

board-certified veterinary pathologist (9).

Contrast venography

Mice were anesthetised via isoflurane inhalation and placed in supine position. Dilation of 

the lateral tail veins was accomplished with warm water soaked gauge placed on the tail. A 

27-gauge butterfly catheter was placed into one of the lateral tail veins and secured with 

surgical glue. Contrast venography was performed with a BV-300 Fluoroscopy Unit (Philips, 

Andover, MA, USA). Images of the mice were acquired at baseline, day 2, day 6 and day 14 

after EIM, in both supine and lateral positions using intravenous injections of 0.5 ml of non-

diluted radiopaque iodide contrast media, Omnipaque (Amersham Health, Princeton, NJ, 

USA).

Statistical analysis and animal use

Statistical analysis and methods included mean ± standard error of mean. Statistical 

significance was calculated using Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA) 

using an unpaired t-test with Welch’s correction. Significance was defined as p ≤0.05. Direct 

comparisons between groups were made for TW, plasma sP-sel, and vein wall 

morphometrics. A Spearman correlation co-efficient with regression was done to analyse the 

relationship between TW and plasma sP-sel. Animals were healthy and specific pathogen 

free. All work was approved by the University of Michigan, University Committee on Use 

and Care of Animals and was performed in compliance with the Guide for the Care and Use 

of Laboratory Animals published by the US National Institutes of Health (18).

Results

EIM and non-occlusive thrombus formation

The survival rate in this current study was 100%. It was possible to insert and remove the 

needle in the IVC of all mice undergoing EIM without any bleeding complications. No 

complications were observed in relation to the electrical current. A thrombus formed in all 

mice undergoing EIM (100%). The morphological evaluation of the venous thrombi at days 

1, 2, 4, 6, 9, 11 and 14, from all EIM mice in this study, showed that at harvest each 

thrombus formed a head at the initiation site and a tail that extended to the left renal vein. 

This shape confirms laminar thrombus formation in the presence of blood flow. All IVC 
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thrombi, harvested at all time points, were located in the area between the junction of the 

iliac veins and the level of the insertion of the renal veins.

Ultrasound documented non-occlusive thrombosis through day 14 in EIM

We were able to perform ultrasound at all time points in every mouse, pre- and post-EIM. 

No complications were observed due to ultrasound scans. The ultrasound and venography 

studies showed that all of the IVCs in these mice were patent before performing the EIM. 

On the same group of mice, EIM was performed and blood flow was demonstrated by 

ultrasound at all time points (▶Figure 2B).

TW, plasma sP-sel and its correlation in EIM

Post-EIM TW increased from day 1 (0.0185 ± 0.0020g) up through day 2, with the latter 

being the largest (0.0213 ± 0.0022 g). It continued to decrease through days: 4 (0.0162 

± 0.0018), 6(0.0150 ± 0.0028 g), 9 (0.0102 ± 0.0013 g), 11 (0.0074 ± 0.0005 g), with the 

smallest TW at day 14 (0.0064 ± 0.0015 g). From days 1, 2, 4, 6, 9, 11 and 14 analyses, the 

EIM consistently generated IVC thrombosis in all mice for this study, which increased up to 

day 2 and then decreased over time (▶Figure 3A). sP-sel paralleled TW results with the 

highest level occurring at day 2. Results for sP-sel were: day 1 (5.1 ± 0.27 ng/mg), and the 

highest at day 2 post-EIM (8.8 ± 0.4 ng/mg), day 4 (7.2 ± 0.9 ng/mg), day 6 (7.6 ± 0.7 ng/

mg), day 9 (5.3 ± 0.3 ng/mg), day 11 (5.6 ± 0.5 ng/mg), and was the lowest at day 14 (5.1 

± 0.4 ng/mg). The sP-sel decreased over time (▶Figure 3B). There was a strong positive 

correlation between TW and plasma sP-sel, at all time points (r=0.48, p<0.0002), in this 

animal model (▶Figure 3C).

Thrombus resolution occurs in EIM

Thrombus resolution documented by ultrasound (in vivo)—The mean thrombus 

percentage measured by ultrasound was 72.9 ± 0.4 % at day 1, 77.4 ± 1.3 % at day 2, 61.1 

± 1.9 % at day 4, 62.0 ± 1.3 % at day 6 (significantly decreased compared to day 2, p<0.01), 

58.5 ± 2.4 % at day 9, 54.9 ± 2.0 % at day 11, and 39.8 ± 2.3 % at day 14, post-EIM (also 

significantly decreased compared to day 6, p<0.01) (▶Figure 4A). Overall, the IVC 

thrombus size gradually increased up to day 2, and then decreased over time.

Thrombus area decreased overtime (ex vivo)—The mean thrombus area, taken at the 

largest stenosis point, was calculated from H&E stained specimens. The mean thrombus 

areas (normalised to aortic wall), were: day 1 (9323 ± 895), day 2 (9722 ± 2080), day 4 

(8353 ± 1065), day 6 (7814 ± 667, significantly decreased compared to day 2, p<0.01), day 

9 (4909 ± 39), day 11 (4155 ± 627) and day 14 (3918 ± 233, significantly decreased 

compared to day 6, p<0.01) (▶Figure 4B). These thrombus area measurements demonstrate 

thrombus resolution over time.

Acute and chronic venous thrombosis in EIM

Vein wall inflammation—Inflammatory counts of the vein wall showed an acute 

inflammation characterised by an increased number of neutrophils from baseline to day 1 (1 

cell/5HPFs vs 10 cells/5HPFs) and from day 1 to day 2 (10 cells/5HPFs vs 16 cells/5HPFs). 
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The neutrophil count decreased from day 2 through day 9 post-EIM (day 4: 7 cells/5HPFs, 

day 6: 5 cells/5HPFs and day 9: 3 cells/5HPFs). At days 11 and 14 we found 5 cells/HPFs 

(▶Figure 5A). A progressive increase in monocytes (MON) was observed over time 

becoming the most prevalent cells at days 11 and 14, post-EIM, a characterisation of chronic 

inflammation. The average number of MON was: day 1 (1 cell/5HPF); day 2 (2 cells/

5HPFs); day 4 (5 cells/5HPFs); day 6 (10 cells/5HPFs); day 9 (12 cells/5HPFs); day 11 (16 

cells/5HPFs); day 14 (14 cells/5HPFs). In addition, a shift of vein wall leukocytes from 

NEU to MON was observed between days 2 and 6, a documentation demonstrating the 

progression from acute to chronic inflammation, and acute to chronic VT (▶Figure 5A).

Vein wall thickness and fibrosis—Vein wall thickness was increased between days 2 

and 6 (p<0.01), and reached a maximum at day 14 post-EIM (day 6 vs day 14: p<0.01). In 

addition, vein wall fibrosis also increased between days 2 and 6 (p<0.01), and was the 

highest at day 14 (day 6 vs day 14: p<0.01) (▶Figure 5B).

TW comparison between ligation model and EIM

The TW s from both models is at a maximum at day 2 with gradual thrombus size 

decreasing through days 6 and 14 (▶Figure 6A). The TW s obtained under IVC flow 

conditions were statistically significantly smaller compared to those documented under 

nonflow conditions (EIM vs. stasis model). Comparison weights of EIM vs stasis were as 

follows: 2 days after procedure (0.0236 ± 0.0024 g vs 0.0310 ± 0.0014 g), 6 days after 

procedure (0.0156 ±0.0024 g vs 0.0291 ± 0.0016 g) and 14 days after procedure (0.0073 

± 0.0012 g vs 0.0135 ± 0.0009g). Representative images of the thrombi shape and size and a 

schematic of the IVC were drawn to simulate what is observed at harvest in mice for both, 

EIM and ligation model (▶Figure 6B).

Contrast venography

Contrast venography was able to be performed at baseline and days 2, 6 and 14 post-EIM. 

No complications were observed as a result of administration of the contrast agent. 

Venography studies showed that all of the IVCs in the mice were patent before performing 

the EIM on this group of mice. Blood flow was demonstrated to be the lowest at day 2, 

observing blood flow derivation though posterior vein branches. Progressively the main IVC 

channel increased in size and area, as demonstrated by the diminished collateral derivation at 

day 6. At day 14, the IVC channel returned to the initial IVC size, demonstrating thrombus 

resolution (▶Figure 7).

Discussion

Currently, mouse strains that spontaneously develop VT have not been identified, so novel 

mouse models of VT are necessary to study the prevalence of VT occurrence (13). The 

mouse is an extremely powerful in vivo tool for the study of VT (13). We previously 

reported the electrolytic IVC model in acute thrombosis (up to day 2), which produces 

endothelial activation, consistent thrombi in the presence of blood flow, stimulates P-sel 

expression and causes recruitment of vein wall inflammatory cells (14, 15). Here, we wanted 

to determine whether the IVC remained patent beyond day 2 after surgery, in order to 
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validate the EIM as a model of both thrombus formation and resolution in the presence of 

blood flow that would allow for the study of VT at chronic time points.

Using ultrasound, we demonstrated IVC patency, in this follow-up study, during acute time 

points (days 1 and 2 post-EIM), the transition from acute to chronic VT (days 2 to 6 post-

EIM), and through the chronic time points (days 6 to day 14 post-EIM) in the same group of 

mice. The image studies revealed that lumen patency increased progressively over time in 

the area of maximum stenosis, indirectly demonstrating thrombus resolution. Ultrasound is 

the most important imaging method currently used to document VT in patients, and recent 

advancements in ultrasound technology allowed us to study VT in mice. Technically, it is 

important to mention that the thrombus and IVC were visualised from three different views 

and a total of nine measurements per mouse were performed in order to maximise accuracy, 

since the thrombus position within the IVC lumen in a flow model can vary. Contrast 

venography was considered the gold standard before the ultrasound era, but is now only used 

in selective cases. We chose this well utilised diagnosis method of VT to corroborate our 

ultrasound studies results, strengthening this natural history study of thrombus resolution. 

Although not previously reported as a research tool for the study of VT in the mouse IVC, 

the combination of ultrasound and venography techniques provided valuable comparison 

information for a long-term study of thrombus resolution, as demonstrated here.

TW, an indirect measurement of thrombus size, showed a progressive increase from day 1 to 

day 2 post-EIM with the latter having the largest thrombi. A decreasing TW was observed 

from day 2 through day 14 post-EIM. In other models, this phenomenon represents normal 

thrombus resolution. The actual TW correlated with our observations in the ultrasound 

study. Of note, there were minimum variations between TWs at the same time point, 

confirming consistent thrombus formation and resolution in the EIM. sP-sel has been 

recently associated with VT as an important marker in patients diagnosed positive for a VT 

(19-22), and also in mouse studies using both the stasis model and the EIM at early time 

points (8, 23). We documented that levels of sP-sel were highest at day 2 post-EIM, with 

levels decreasing through day 14. Our observation of the same trends in TW and sP-sel lead 

to the determination of the correlation between TW and sP-sel. A strong positive correlation 

was observed between TW and sP-sel levels, as noted previously in other mouse models of 

VT (11), confirming the importance of sP-sel as a valuable biomarker of thrombogenesis 

and resolution.

We also documented, for the first time, thrombus resolution in mice, in vivo by ultrasound, 

and ex vivo by measuring the thrombi areas. Thrombi were observed to decrease 

significantly in size over the time in vivo using ultrasonography (p<0.01). In addition, 

thrombus area, as measured in the histology samples (H&E of IVC + thrombus) harvested 

on the same time points as the ultrasound measurements, demonstrated a sequential decrease 

in thrombus size over time. Thus, thrombus size was confirmed to increase up to day 2 and 

progressively decrease over time from day 2 through day 14 by three methods: TW, 

ultrasound, and thrombus area measurements from histology samples. The fact that the 

maximum values were detected in all three methods at day 2 post-EIM, support the concept 

that the maximum thrombus burden is at day 2 and constitute a hinge point of the EIM, 

dividing thrombus formation (up to day 2, the balance between thrombogenesis and 
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fibrinolysis) from thrombus resolution (after day 2, involving tissue remodelling). In animal 

models of VT, thrombus formation and thrombus resolution are events that have been clearly 

demonstrated and coincide with our results in EIM. This separation in two phases, acute and 

chronic, is important to guide investigators interested in the use of this model at various 

stages of VT. We believe that a general approach to study acute and chronic VT time points 

should include days 2, 6 and 14 in order to incorporate the full range of information 

necessary to characterise both thrombogenesis and thrombus resolution.

Inflammation and VT were first linked in 1974 by Stewart et al. (24), and the acute and 

chronic phase of inflammation have also been demonstrated using animal models of VT in 

rats and mice (4, 9, 11, 25, 26). Vein wall inflammatory cell counts demonstrated that 

neutrophil migration into the vein wall occurs from the initiation of VT up to two days after 

thrombosis, which decreased over time. A progressive increase in monocytes was observed 

throughout the chronic time points, reaching a maximum by days 11 and 14, post-EIM. 

Thus, we documented the predominant vein wall inflammatory cell types during acute and 

chronic processes. A shifting from neutrophils to monocytes was observed between days 2 

and 6, establishing in the EIM a transition from acute to chronic inflammation that parallels 

the transition from acute to chronic VT, a phenomenon also observed in the stasis model (4). 

This inflammatory component is important in VT models since the inflammatory cells 

contribute to vein wall and thrombus remodelling post-thrombosis, including thrombus 

resolution, as demonstrated in animal models of VT in various species (3, 24, 27). The 

characterisation of the inflammatory cell population as acute, with neutrophils peaking at 

day 2, and chronic where cell populations shift and monocytes become the main 

inflammatory cell beyond day 6, support the acute and chronic inflammatory phases. This 

correlates with the acute and chronic VT phases that were found in this work as determined 

by TW, ultrasound and thrombus area in the EIM. In addition, vein wall thickness and 

fibrosis showed a progressive increase over time, having the most at day 14, documenting 

vein wall remodeling post injury, a process also known to occur in other models of VT (9) 

and more importantly in patients as well. Together, these data support the fact that the EIM 

is a model that enables the study of not only acute and chronic VT time points, but also is a 

valuable tool for the study of the inflammation that accompanies this disease and causes 

long-term complications.

Finally, the TW natural history in the stasis model has been previously documented, 

establishing time points for thombogenesis and thrombus resolution in C57BL/6 mice (4). 

Thus, it was important to determine the TW s from a group of mice in which we 

characterised the EIM in the same way, in a comparison study, utilising similar acute to 

chronic time points. Maximum TW s were observed two days after surgery decreasing 

through day 14 in both models. It was also observed that the thrombi, obtained by EIM, 

statistically were significantly smaller at each time point, compared to stasis, which should 

be the case if blood flow is present. In the stasis model, a closed end vessel is created and 

the IVC lumen expands when the ligature is tied down, causing the vessel wall to stretch, 

which leads to an increase in lumen area for thrombus to form. In contrast, the EIM forms 

thrombus in the constant presence of blood flow, and incorporates the elements that 

constitute the thrombi dynamically, independent of the IVC lumen area, creating smaller 

thrombi.
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The EIM of venous thrombosis has been shown to produce endothelial activation that 

initiates consistent venous thrombus formation in the presence of blood flow. This animal 

model also preserves endothelial cells, leading to expression of P-selectin and the 

recruitment of inflammatory cells immediately after EIM, except for the area of the needle 

entry point. It could be argued that this focal vein wall injury to the IVC by the needle is 

enough damage to trigger thrombosis (▶Figure 8). However, sham operations that involve 

needle insertion into the IVC for 15 min, without current administration, needle removal and 

harvest at day 2 later demonstrated no thrombus formation. Histology samples of the vein 

lumen area, in the sham operations harvested at day 2 post-EIM and the non-VT or TC, have 

no thrombi. This demonstrates that the activation of the endothelial cells by the internal 

oxidative electrolysis in this model is mandatory for thrombosis to be initiated. This has also 

been previously demonstrated in other mouse strains, such as PAI-1 null mice and 

hypercoagulable Delta Cytoplasmic Tail mice (14, 15).

The EIM provides consistent venous thrombi size while maintaining a flow channel within 

the mouse IVC during acute and chronic VT, providing an accurate in vivo model to evaluate 

new compounds for VT treatment and prophylaxis. The physiological importance of this 

concept was demonstrated in our previous publication for acute thrombosis, comparing 

therapeutic results in the EIM vs a total occlusion thrombosis model. Mice given low-

molecular-weight heparin (LMWH), and undergoing EIM, showed a 61% decrease in 

thrombus size, compared to a 37.1% decrease in the complete occlusion thrombosis model 

also given LMWH (14). This indicates that direct access of a therapeutic agent to the entire 

thrombus, and normal blood flow patterns, are important to promote thrombus resolution. 

These data supports the advantage of using the EIM in investigations evaluating agents for 

VT, as currently being performed in our laboratory.

We use several mouse models of VT in our laboratory, as supported by our publications. We 

feel that there is not one single model that provides a better pathophysiological environment 

to study VT and have recently written a review covering the advantages and disadvantages 

of all animal VT models available to investigators (13). Currently there are no written 

guidelines from an international committee, made up of experts in the field of VT animal 

models, whose commission should be to evaluate all available VT animal models in order to 

determine a consensus of the appropriate application of each (28). This has been addressed 

in a formal manner, but as of this time, nothing has yet been resolved (28). Thus, choosing 

the right model for our research has to be based on what scientific question needs to be 

addressed and a vast understanding of the models available to answer it. The EIM was 

developed to fulfill a need in the field of VT (14, 15) and we have documented that it fills 

the gap in the study of VT and treatments of this disease.

In summary, the EIM in mice is a novel model option for studying biological changes during 

venous thrombogenesis and thrombus resolution. The EIM primarily activates the 

endothelial layer of the IVC resulting in an accumulation of platelets and leukocytes on the 

endothelial surface creating partial blood stasis, two components of Virchow’s triad, in order 

to generate VT (14). The EIM simulates clinical situations of partial occlusion and is ideal to 

study venous endothelial cell activation, leukocyte migration, venous thrombogenesis, 

thrombus resolution and therapeutic applications. The EIM is technically simple, produces 
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consistent thrombi sizes at both acute and chronic time points and allows a large sample (i.e. 

thrombus and vein wall) for analytical purposes. This animal model of venous thrombosis 

meets the criteria established by The National Research Council (NRC) (29).
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Abbreviations

EIM electrolytic IVC model

H&E hematoxylin and eosin stain

HPFs high-power fields

IVC inferior vena cava

LMWH low-molecular-weight heparin

MON monocytes

NEU neutrophils

sPsel soluble P-selectin

TO baseline

TC true control

TW thrombus weight

VT venous thrombosis

WT wild type
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What is known about this topic?

• An ideal deep venous thrombosis (DVT) mouse model should fulfill the 

following criteria:

– 1) the target vein would provide a decent amount of tissue sample in order 

to run the assays, reducing the amount of animals per experiments;

– 2) the model would consistently generate a thrombus within the IVC in the 

presence of blood flow;

– 3) the investigators could have the chance to study thrombus generation and 

thrombus resolution.

• A mouse model that produces consistent thrombus under demonstrated blood 

flow conditions is needed to study thrombus formation and thrombus resolution 

in the vein system.

What does this paper add?

• In this manuscript the readers will find a DVT model which is able to be used in 

the study of thrombus formation and resolution in mice. This EIM model gathers 

the characteristics of several models in one.

• This novel model would be ideal to study venous endothelial cell activation, 

leukocyte migration, thrombogenesis, thrombus resolution and therapeutic 

applications.

• The El M model is technically simple, easily reproducible, produces consistent 

thrombus sizes under demonstrated constant blood flow and allows a large 

sample (i.e. thrombus and vein wall), which is required for analytical purposes.
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Figure 1. EIM
A) Schematic representation of the endothelial activation during EIM (lateral view). B) 

Schematic representation of the IVC with the needle inserted (anterior view). C) Leukocytes 

aligned to the endothelial surface minutes after EIM, indicating preserved and activated 

endothelial cells within the IVC, as we previously described (14, 15). L: leukocyte; R: red 

blood cell.
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Figure 2. Ultrasound assessment and follow-up
A) Representative pictures of the ultrasound assessment. Colour image (Top left) and grey 

scale image of IVC and thrombus (Top right). The presence of venous blood flow within the 

IVC was confirmed with the duplex scan (Bottom left). Thrombus / channel areas within the 

IVC were determined (Bottom right). B) Representative ultrasound sequence pictures at 

baseline, 1, 2, 4, 6, 9, 11, and 14 days after EIM, in grey scale (upper row) and duplex colour 

(bottom row), showin g IVC patency over time. VT: venous thrombosis.
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Figure 3. Thrombus weight, soluble P-selectin levels and its correlation
A) Thrombus weight showing a maximum size at day 2 and a decrease over time. B) The 

plasma soluble P-selectin shows maximum levels at day 2 and a consistent decrease through 

day 14. C) Thrombus weight and soluble P-selectin correlation: A strong positive correlation 

between thrombus weight and soluble P-selectin was observed. TC: true control; NS: non-

significant.
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Figure 4. EIM and thrombus resolution
A) Percentage of IVC occlusion by the thrombus measured in vivo by ultrasound. B) 

Thrombus area measured on H&E stained slides. Of note, both measurements showed 

maximum thrombus size at day 2 and a progressive and consistent thrombus size reduction 

over time. IVC: inferior vena cava; BL: baseline; TC: true control; H&E: Hematoxylin and 

eosin. NS: non-significant.
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Figure 5. Leukocyte counts, vein wall thickness and fibrosis score
A) Histology: Inflammatory cell migration into vein wall showing an increase in the number 

of neutrophils at day 2 (acute inflammation) and a progressive increase in monocytes 

through day 14. Of note, we documented a shift from neutrophils to monocytes, as the 

predominant leukocytes, between days 2 and 6. B) Vein wall thickness and fibrosis was 

assessed at all time points in order to evaluate tissue remodelling. HPFs: high power fields; 

TC: true control; NEU: neutrophils; MON: monocytes; NS: non-significant; VW: vein wall.
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Figure 6. Thrombus weight comparisons between EIM and Stasis model
A) Thrombus weights from both models showing significantly smaller thrombi in the EIM. 

B) Representative pictures of the thrombi harvested two days after thrombus induction in 

both models. IVC: inferior vena cava; EIM: electrolytic IVC model; Lig: ligation.
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Figure 7. Representative sequence of pictures for ultrasound (upper row), venography (middle 
row) and histology (lower row) at baseline, day 2, day 6 and day 14 showing
Of note, day 2 showed the narrowest IVC lumen and the larger thrombus. VT: venous 

thrombosis; IVC: inferior vena cava.
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Figure 8. Middle column shows representative pictures of the inferior vena cava from the harvest 
of a true control (non-VT), 2-day post sham operation and day 2 post-EIM
Right column shows the graphic of each vein lumen taken from the middle column. True 

control represents a naÏve mouse, sham operation included a needle inserted into IVC, no 

electric current initiated and needle removed 15 min after insertion. EIM represents the full 

procedure. Of note, no thrombus was formed in sham mice, documenting that the needle 

insertion alone does not trigger VT.
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Table 1

Mice were distributed between four groups of experiments. Image group (ultrasound and venography), 

Thrombus weight/soluble P-selectin correlation group, Histology group and Stasis model vs. EIM group. US: 

Ultrasound; ElM: electrolytic IVC model; IVC: inferior vena cava; sPsel: Soluble P-selectin.

Group Image group Correlation group Histology group EIM vs Stasis group

US Venography

Sample

n=5 n=5

IVC and thrombus Plasma IVC and thrombus IVC and thrombus

Analysis Thrombus weight sP-sel Cell count Thrombus area Thrombus weight

Time points TC=5; 1D=10; 2D=10; 4D=10
6D=10; 9D=10; 11D=10;
14D=10

TC=5; 1D=5; 2D=5; 4D=5; 6D=5;
9D=5; 11D=5; 14D=5

TC=5; 2D=10; 6D=10; 
14D=10

Mice numbers n=75 n=40 n=35 n=35

Surgery Type EIM EIM EIM EIM Stasis model
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Table 2

Vein wall thickness and fibrosis score.

Intimal thickness scoring criteria

0 Intima appears as just a potential space with space occupied only by endothelial cells.

1 Very small spaces present between endothelial cells and the internal elastic lamina. Intima still appears generally as
thick as the nuclei of normal spindle shaped endothelial cells,

2 Intima is at least twice as thick as an endothelial nucleus (about same as a red blood cell diameter) at its widest point
in the HPF.

3 Intima is at least five times the thickness of a red blood cell diameter at its widest point in the HPF. Intimal thickness
tends to be highly variable and may contain cells other than endothelial cells.

4 Intima is greatly thickened and contains fibroblasts, white blood cells, and/or hemorrhage at its widest point,

Intimal fibrosis scoring criteria

0 No fibrosis evident.

1 Intima contains a small amount of dense eosinophilic or amphiphilic material. Fibroblasts may or may not be evident.

2 Intima contains fibroblasts and some small dense bundle of eosinophilic or amphiphilic collagenous connective tissue.

3 Intima contains numerous fibroblasts and is irregularly thickened by large amounts of collagenous connective tissue.
This is usually accompanied by white blood cells and/or red blood cells.

HPF: High-power field (100X).
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