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Abstract

Murine models are widely used valuable tools to study deep vein thrombosid 8&8)ng experts in VT
research came“together through the American Venous Forum to develop a consenamisnizing the

utility and application of available mouse models of VT. In this work, we providdgorithm for model
selection, with discussion of the advantages, disadvantages, and applications of the main mouse models of
VT. Additionally, we provide a detailed surgical description of the nw#dlh guidelines to validate

surgical technique.
Abbreviations

EIM: Electrolytic’Inferior Vena Cava Model; IVC: Inferior Vena Cava;: VenousThrombosisVTE:

Venous Thromboembolism
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1. Introdugction

Venous thromboembolism, consisting of deep vein thrombosis (VT) and pulmonary embiglis
increasingly seen as a major preventable or treatable disease. In 2008, the United State&&uegaion
sent out a,“‘Call to Action to Prevent Deep Vein Thrombasid Pulmonary Embolism”, which led to
increased NIH funding and stronger efforts to find therapiebdtir prevention and treatment of VTE
Despite moderate success with some of the newer therapies, there is still much nogonolegment in
terms of prevention in ghrisk patients, reduction of bleeding complications, and in treatment of

recurrent' VL.

A major preclinical approach for understanding the biology of VT and testimghezapeutics is the use
of murine models. Many of these models have shown utility in discriminating a numbetars fihat

can influence thrombosisfrom genetic effects to therapeutic interventieisading to a better
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mechanistic understanding of VT development and resolution. However, seldelion for addressing
specific questions istill a poorly defined area, with investigators all too frequently applyingnoodel
where another might have been more appropriate. Furthermore, therekisfdatailed descriptions for
many applications of presumed “standardized” models, making comparisons amoisgegubtsults
using theassumed “same” models problematic at best and potentially misleading in the interpfetation
the findings.Indeed, lackof animal model standardization aswidespread problem beyond the field of

VT, and careful' model selection and characterization should be perftmnatdisease models

The following.overview is designed as a guide for how to perfeatect, apply, and report seven of the
major VT models that have been developed in mitese VT models were chosen based on their use
and thorough™characterization to enable reproducibility between labesat@eyond the models
discussed (in this work, other models have been reported in publications that are less widdliisised.
work was copiled by experts following detailed discussion of the merits, limitations, gpittations of
commonly used.murine models of VT during the American Venous Forum Meetings in PO %b,

and continued=discussions during the writing process of this m@pluonsideration is given to the
details of thesteehniques, reporting of outcome measures, and how a given nibtted axperimental
measures derived from its application might best be interpreted is tdrour understanding of clinical

VT developmatand resolution.
2. Mouse Madés of Venous Thrombosis

The murine system has several relatively large and accessible veins. The most popularlynused vei
hosting thrombosis is thafrarenalinferior vena cava (IVC) distal to its junction with the left renal vein.
This region should not be confused with the more proximal region of the vena cava esicistlibelow

the heart and is only accessible via thoracotomy. The IVC yields sample sizesmuffictbe study of

both vein wall'tissue and thrombus. The absence of valves in the IVC is a drawback of IVC nhegtels w
comparing.to venous thrombi in humans. The other easily accessible large veins are #re theyul
femoral and the saphenous veineeTfugular vein is less commonly used for thrombosis models i@ mic
because ot,its highly branching anatomy, variable diameterdigffection or manipulation, and because

it is rarely the site of VT in humans. Both the femoral and saphenous veins are directly accessible with
simple skin ineision and can be used without any dissection, leaving the veitiadigsa its natural bed.
Other venous systems that have been used in thrombosis research are the venulgssoktsinuctures,

such as the cremaster muscle, the mesenteric microvasculature, and the ear. Although much has been
gained from these venule models, they are qualitatively different, and are not catigglargal veins.

The relevance of venulgased models to largein thrombosis needurther clarification, and thus these

models will not be discussed in this work.
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Thrombosis is induced by altering/stopping blood flow, or by free radiaidtiealial cell activation.
Thrombus size is commonly used as a metric for understanding the gfhsombogenesis, thrombus
amplification, recanalization, and eventual thrombus resolution. It is inmbddanote that these models
have almost 100% survival, and to our knowledge none of the models cause pulnmonaligne. A
summary of the welthamacterized models is presented in Table 1, with suggested guidelines for
validation ©f surgical technique. A detailed description of the surgical procedure for eachisnode

provided inthe supplemental material.
2.1. LigatureBased IVC Models

Ligature models, Wich include stasis and stenosis models, involve the placement of a ligating or
stenosing ligature around the IVC just caudal to the left renal vein to achieve stasis omldmd€lction

of thrombosis, respectively. The selection of this site and the various manipukatiobased on the
capacity t0 generate a sizable thrombus that can be weighed with a standartbataicce and
subsequentlyevaluated with Western blotting or ELISA, or processed folobistor immunebased
detection Qf specific antigens. Surgery can be performed -B02@inutes, with limited surgical setup
(anesthesia machine and surgical microscope). In lightised models, the thrombus forms in the
upstream distal direction, whereas clinical VTs are generally seen to form dzamm$tom a nidus, such

as a valve pocket. This reverse direction of growth may not be trivial and requires more investigation.

However, resuiting thrombi have been shown to be structurally similar to htinsambi?™>.

The stasis modelalso known as the ligation model, seeks to achieve complete stasis in the IVC,
mimicking the clinical scenario of an occlusive thrombus. Any lateral or luimtzenches draining into

the IVC between the left renal vein and the iliac bifurcation are umtyd, and the IVC is completely
ligated. This total stasis leads to a severe vein wall reaction and nearly a 100% incidence of thrombosi
This widely used and wetlharacterized model produces thrombi highly consistent in size, with 10%
variability & A consolidated thrombus (with consistency transitioning between liquid and #lid
observed beginning 2 hours post ligation, with reported outcomes extending to 28 day$ mmooses
strains. It has,proven valuable in the study of interactions between the Vleamavéhrombus during the
progression_from acute (first2 days) to chronic inflammation and remodeling of the vein Whall
Retraction offibrosed thrombus into the vessel wall is observed as a consequence of a total vein
wall/thrombus retraction at chronic time points, specifically 21 days pasnbosis or furtherAvoiding
interruption of side and/or back branches, even due to surgical challemgicasigly reduces thrombus

size and introduces variation in thrombus size between‘mice
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The St. Thomas stenosis modabhmed for its development and standardization at St. Thomas Hospital in

London, involves a combination of reduced blood flow and endothelial damage (twaf dotee
components of Virchow’s triadf. Posterior branches are left intact, while lateral branches arelligfate
present. The ligature, placed immediately distal to the left renal vein, is tied over assjudicas a small
length of ' 50"Prolene, which is subsequently removed to generate a ~95% reduction in blood flow. A
neurovascular clamp is then applied to the vena cava wall at twotecat the upstream area for-26
seconds on each location sequentially, which causes apparent “bruisingi additéonal thrombogenic
stimulus togthe vein. This model results inf@tion of a thrombus under low flow conditions with 90%
incidence in.the Balb/c mouse strain, with moderately lower rates-80%bincidence for the C57BL/6

strain (unpublished observational data).

The St. Thomas| stenosis model has been subjected talsswaical modifications that are all broadly
recognized.under theenosis modeModifications avoid the endothelial damage step, and further vary in
their treatment of side branches as well as the chosen spacer. One variatioallémaashes opeand
uses a 0.36=mm:wire spacemwhile other variations interrupt side branches and use eithemgaug@
needle spacer=%* or a 0.26 mm wire spac&t Experts in the field have noted that these modifications
which avoid“the endothelial damage step open a different and\aft&blethrombotic process in the
model. Thetinecidence and size of the resulting thrombus is largelnhdismeon the wé@ation used,;
ligating Side branches draining into the IVC between the left renalare iliac bifurcation can increase
incidence _ofsthrombus induction, and the spacer used has a direct effect on the desjesmsis.
Stenosis models result in thromiliat are smaller than those induced with the stasis madtiel.
variability ef this model mirrors the variability seen in humans ansl thay be useful in translating
findings to the clinic. Variations on the stenosis model may be usefultddyiisg prethrombotic
conditions'®. This model has been used to study early thrombotic events based on the apparent simulation

of the clinical lowflow risk state’.

Up to today,"models perfored with stenosis in the IVC have been collectively known as “stenosis
models” 'despite the large degree of variation in surgical technique. Due to the amouratainvar
combinations, itis difficult to provide independent names for each surgidatitjue Therefore, when

using a stenosis model, the authors highly suggest listing either “St. Thomas Stenosis Modetiamis St
Model” with a detailed description of the surgical technique in the metred®rs of the publication.

This will clarify®to the feld the actual surgical approach and serve as a comparative tool between
laboratories. We also encourage reviewers to ensure thorough descriptions of the speciit surgic

modification used in addition to citing previous papers. Importantly, thromhigbiidly among mice
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subjected to the same surgical procedure, as is common in the variations of the stenosis model, are

welcomed if the research question involves variability in thrombus sizehbuld be reported.
2.2. Free Radical Thrombosis M odels

Murine models=of free radical induced thrombosis are achieved by either applicatiorico€ioride to
the surface of the vein, or an electrolytic application of free radicals nsimigjurious direct current to
deposit metal=cations (ferric ions) onto or within the vein. Importantly, fagécal models induce
thrombus formation in the direction of blood flow, as is observed in humans. Additionallyrtheab
procedures are not as technically difficult compared to ligddtased models as no dissectiomeiguired

between the IVC and aorta.

Free radical induced thrombosis may be performed chemically, usirigrtieechloride (FeG) model

This model has been widely used in murine carotid artery models, and has been adap&et/iC. A

small piece ofifter paper soaked in a solution of 3.5% ferric chloride by weight in visggplied to the

IVC for 3 minutes'’. This model may only be used to study very early time points (<1 hour), as the
mouse cannot be safely recovered with the presence of KFe@le abdominal cavity. If used in the
jugular or saphenrtemoral vein, however, chronic time points may be studied if the site otafpli is
thoroughly ‘irrigated'®. The FeC} applied to the IVC induces a thrombus that is typically very small,
requiring an ultrasensitive mictmalance (error of measurement should be < 0.05 mg on the balance, as

the thrombi arestypically-2 mg) and offering little thrombus maierfor evaluation.

The femoral vein electrolytic modekas designed to combine a simple method of thrombus induction

commonly‘used in arterial modelgth intravital fluorescence microscopy. A blt direct current is
delivered to.the surface of the e@ged but urdissected femoral vein for 30 seconds. Modifications in
time—as short as-2 seconds and as long as 90 seceraswell as currertup to 3 volts—can be used

if a smallersorlarger thrombus is desired, respectively. Thrombus camdiedsn both acute and chronic
time points,»with: resolution extending out to 28 days in larger thromBhe size of the thrombus is
generally*too"small for weight measurements or subsequent protein analysis. The advantagleeis that
relatively small diameter (~0.6 mm) allows application of intravital fluorescence microsoeging for
guantitative analysisf the development of a variety of thrombotic elements at the site of thrombus
induction?Additionally, the murine femoral vein has valves, which are thouglplay an important

role in human‘thrombogenesis.

The electrolytic IVC model (EIM)induces thrombosis by constant current application to a copper wire

inserted into the IVG'?% This generates free radicals in the wire which activate endothelial cells without

injuring or destroying them. Prior to needle insertion, lateral branchdigatel while posterior branches
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remain open. Thrombi develop quickly, forming in the directiddnmaintained blood flow (without
causing occlusion), with consistent size which can be evaluated for weight and subsequaragbiudtei
composition®®, Electrolysis does not alter intravascular temperature, but does require a longer operative
time for current application and some damage to the vein wall at the needi@mnsie.It is important

to note that the needle inserticauses 8.5 mm tear in the entltelial layer, which representel% of the

vessel perimetet insertion of the needle without current application does not induce throrfibdgis

EIM is recommended for the study of atitrombotc, thrombolytic agents or any new agents in VT
treatment and prophylaxis. Recently the EIM application was expanddédefetudy of prahrombotic
conditions >?% Further, imaging studies recently demonstrated the consistent throrabuis $ioth
current and_time dependent, enabling researchers to modify these parameters to create thrombi of
consistent size to study both gitrombotic and artihrombotic phenotypes, supporting the modification
introduced IA'2015". Additionally, a new approach was recently introduced to address lack of equipment

availability and high cost, following the same principles but signifigaeducing equipment coSt
2.3. Modelof*Recurrent Venous Thrombosis

Among VT patients, 30% will suffer a recurrent episode within tensyegith 45% occurring in the

ipsilateral legleading to an increased risk of post thrombotic syndromévThecurrent VT modelvas

thus developed to investigate this biology by producing two episodes of Vi€ satne animal. Because
of the high rate,of recurrent thrombosis in humans, this model is a novelrant application to the
human gondition. The initial thrombus is immkd using the electrolytic IVC model (EIM), and a
secondary episode is induced 21 days later using either the EIM or a Hgaseck model. At the time of
induction ofithe secondary episode, the primary thrombus has become incorpuoatkd vein walbnd
the lumen has*been recovered. Using EIM as the primary insult allows forumus blood flow and the
opportunity‘to.induce a second episode without needing to remove any ligatigrelifiibally relevant

model hasproven valuable in the study afureent VT biology®.
3. Comparison and Critique of the Models

An ideal model"would recapitulate tliésease onset and pathology that are seen clinically. Because of
our relative lack of understanding about VT development and progmessirrent animal models
representsour, "best guess”, and thus, may lack critical features of clinical VT. A likebrisctam VT
development, frequently presented by many in the field, is dltawor stasis state within the vein, often

in a valve pocket, which can be compounded by genetic or acquired systemic prothrgmnadpaicsity,

an inflammatory state, or other factors that may enhance thrombogenesis. As such, thermaarfels
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mimic thrombogenesis in its natural form, but we can use them to study the steesruie a thrombus

has formed.

Each model has its own unique benefits and limitations. For exampleirégased models use slow
flow or an occlusion to generate the thrombus. This is an opposite scenario td ¥lihmavelopment,

for which the.thrombus generates occlusion of the vein, with the exceptiornyef Maner syndrome and
portions of.thrombus that develop distally following total occlusion. Ther&dieatbased models
induce rapidsthrembus growth and are more attuned to testing acute thrombogehesimairitained

flow in the veingwith the possibility of thrombus regression or embolizghi@vides a level of relevance

not available with the ligatudeased models. It should be noted that while stenosis models are often
thought of as'blood flow models, the resulting thrombus often leads to fullasabie thrombus occludes

the site of steosis.

While most models may be used to study bothtprombotic and artihrombotic phenotypes, the
research question may lead investigators to consider the sensitivity required for detefdhegodié
between experimental groups. For example, the di4Sis (ligation) model creates a close to peak growth
in control conditions, so it is mostly relevant for evaluating-emtmbotic phenotypes, i.e. experimental
conditions expected to reduce thrombus size. In the case -Ofirprobotic phenotypes, a te effect
should be_expected for adequate sensitivity when using the stasis ¥fbdal contrast, the stenosis
model variations.have a lower thrombus incidence and smaller thraiteusnder control conditions, so
these may_be_applied to ptterombotic phenotypic testing, with attention paid to rates of incidence
between experimental group$he EIM produces thrombi sufficiently large to test dhtombotic
therapeutics, and may also be adjusted (decreasing the current or duration of cuiicatioappd study

pro-thrombetie*eondition®.

It is of the utmost importance that publications give rckrad detailed descriptions of the model with
justification, of any modifications used in the materials and method®seétdditionally, for rigorous

science we recommend reporting data regardless of whether a thrombus developed in all mice, as
variation ingthrombus incidence could have important research implications. Furthert ssfatoint
measures should be taken into consideration dependent on the model choseexgeringental design

% Researchers”should continually strive to balance accurate and rigorous science with the highest
standardsef.animal care, with the principles of the 3Rs (refinement, replacement and fefiluntiom

mind. The authors are therefore opposed to increasing the number of animalshte negiresentative or
significant number, unless this is highly justified towards a specific research quéstiontial power
calculationshould be carried out bed on the variability of the endpoint measure chosen in a@oder

determine how many mice will be requiréd
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4. Choosing A Model for Your Research Question

There is no single “best” model to represent this complex disease in all its stages. Therefbmcehef

model should be based on the specific research question. Investigators should consideicdghe clin
scenario the model should represent, including relevant time points, what csitedhioe measured, the

strain of mouse that will be used, and available resources. All surgical models recguirgical
microscope, and/anesthesia. Given the faster metabolic rate of mice compared to humans, tBrombi
days oldwareseonsidered acute, and the thrombi naturally resolve and become incorporated into the vein
wall by day 28..When studying chronic VT c&n become increasingly difficult to remove the thrombus

from the vein wall from 14 days following induction, which can hamper analysis.

Once a research, question has been clearly defined, Fig. 1 may provide an aid isateatiohBecause

a clear “bestmurine model” for simulating VT does not exist, a practical and more dzabta

approach to experimental investigations of VT is to apply two or morereiif models under similar
conditions, such as in evaluating new transgenic/knockout mouse flinesed pharmaceutical therapies
. By using multiple mechanisms for inducing thrombus growth in a vein, axléraepresentation of
thrombogenesis is presented for testing a potential phenotype. Relevans éptisecondary models are
listed under each model in Fig. 1. The selected models should have a respondetangernmensurate

with the anticipated dnypothesized response.

In choosing a-mouse strain, it is important to note the anatomical differences between mice fi®em BAL
vs. C57BL/6 backgroundBALB/c mice have very few if any lateral branches compared with CE/B
Although posterior branchés BALB/c mice are increased in number, they are of a smaller caliber than
in C57BL/6"mice. Thrombus size is generally larger and less variable in BALBc compared to C57BL/6
mice (Table 1).,There are, however, far more geneticadigified mice available ora C57R./6

background.

An important-nete for any model requiring the interruption of laterahches is that in female mice from

the C57BL/6"background, the right uterine vein commonly drains intd/Bewith ligation resulting in
necrosis of the reprodtive organs? Thus, if an IVC model is beingsad, either the stenosis model
variation that does not interrupt branching vessels or the use of BAhB& (which typically do not
present lateral branches) is recommended to study VT in ferfat@se from the C57BL/6 background

are used, the branclgrphenotype should be noted as a variable influencing thrombus size and larger

numbers of animals may be required.

In conclusion, there is no single “best” model to study VT, as areas @hpambus blood flow and total

stasis occur in human deep veimotinbosis. Model selection should be determined by the specific
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research question, and an additional model should be implemented to examine the metglerime
conditions under more than one setting. While no single mouse model can capture thgitgoofpld,

this method brings us closer to a rigorous understanding of the disease.
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Highlights

This_consensus details step-by-step surgical procedures in the supplemental material, providing a

one-stop shop for investigators to understand how to surgically perform the models.

e Specific guidelines on thrombus size are provided to enable researchers performing these
techniques to validate their surgical technique against this standard.

e The‘advantages and disadvantages of each model are discussed in detail with consideration to
potentialapplication of each model.

e An algorithm for model selection is provided which guides researchers in selecting a model to

matchthespecific research question, and further suggests useful secondary models to explore

the'research question in more than one setting.

L egends

Figure 1. Model,selection algorithm. This flow chart may serve as a starting point for catsderin
model selection. No single model is adequate to capture the complexity; ah¥ we recommend
alternatives and secondamgodel options below each model. Mouse strain and sex should also be

considered in model selection, as induction rates are strain dependesnhasistmodels, and lateral
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branches draining into the IVC (common in mice from a C57 background) may not tvepitete in

female mice.

Tablel. A listing of the wellcharacterized murine DVT models, guidelines for surgical validatrah, a
their advantages,and disadvantages. Guidelines for surgical valida¢i provided for models with

predictable outcomes in hmbus size, intended for training purposes on data reproducibility.
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Table 1. A listing of the well-characterized murine DVT models, guidelines for surgical validatidn, a

their advantages and disadvantages. Guidelines for surgical validation are provided for ntlodels wi

predictable outcomes in thrombus size, intended for training purposes on data reproducibility.

Incidence Throm.bTJs Size
of (Coefficient of
Model Brief Description N Variation); Guidelines Advantages Disadvantages | References
Induction for Validating Surgical
Technique
Stasis Model | Lateral branches| 95-100% | Large (<10% variation); Highly Lack of blood 6,33-37
(Ligation are ligated. and In 9 to 10-week-old consistent flow may inhibit
Model) posterior branche male C57BL/6 mice thrombus size the maximal
are cauterized. weighing 25 grams, effect of
ThelVeC.is thrombus weights (IVC administered
ligated with a + thrombus at harvest) systemic
nonreactive’sutur should be approximatel therapeutic
ligature placed 33 mg at day 2, 29 mg 4 agents on the
just distal'to the day 6, and 18 mg at da thrombus and
left renal vein 14. vein wallk
thrombus forms
against direction
of blood flow
St. Thomas | Partialligation of| Strain | Moderate to large (20%  Thrombus Induction 10,3844
Model IVC, lateral dependent| variation); In a 25g malg develops in the incidence is
branches — Balbc BALB/C mouse, presence of | strain dependent
interrupted, >90%; thrombus weight shoulg  blood flow, relevance of
vascular clamp C57BL6 be approximately 20 m¢ combines stasig clamp injury is
applied to IVC in 75-80% at 24 hours with a and endothelial unclear;

two locations

volume of 18 mm
C57BL/6 mice produce

slightly smaller thrombi

injury

thrombus forms
against direction

of blood flow
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Stenosis
Model
Modifications

Partial ligation of
IVC without an
endothelial

damage step

40-100%

(variable)

Small to large (85%

variation)

Thrombus
develops in the
presence of
blood flow;
variability
mimics that seer

in humans

Variable
incidence of
thrombus
induction; large
variation in
thrombus size;
variation of
branching
phenotype
draining into IVC
introduces
variability if
branches are fe

open

3,4,13,45

Electrolytic
IVC Model
(EIM)

Small (£250"uA)
direct current
applied to'copper
wire with the end
inserted into a 25;
gauge needle.
Needle is placed
inside the IVC on
the anterior wall
for <L.5.min.
Lateral.branches

are ligated.

100%

Current and time
dependent moderate to
large (<10% variation);

10-week-old 25 g

C57BL/6 mice show
approximate thrombus
weights (IVC+thrombus
at harvest) of 17 mg at
days, 12 mg at 6 days

and 8 mg at 14 days
when induced with 250
MA for 15 min.

Thrombus forms
in direction of
blood flow;
highly
consistent
thrombus size;
ability to modify
current or
application time
to fit research

question

Longer surgery
time required

(~30+ minutes)

21-23,25

IVC Ferric
Chloride
(FeCk) Model

A piece of filter

paper satured in i

solution of Fed

is placed on the
IvVC

100%

Concentration and time
dependent-Small (20%
variation); In 20-25¢g
male C57BL6 mice, the
wet thrombus weight
(separated from the 1V(

in saline) should be

Thrombus forms
in direction of
blood flow;
ability to modify
concentration of]
application time

to fit research

Only early time
points (<1 hour)
can be studied
small thrombus
size requires
microbalance ang

may not be

17,46
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approximately 1.3 mgtal

30 minutes following
induction with 3.5%
FeCk applied for 3

minutes.

question

adequate for
biochemical

assays

Femoral Vein| A 1.5.to 34volt 100% Current and time Presence of | Small thrombus| 20,4753
Electrolytic directcurrent is dependent-Small (25% valves in size may not be
Model appliedstesthe variation); In 12-16 femoral vein is adequate for
exposed but un- week old male C57BL6 clinically biochemical
dissected femora mice, thrombus relevant; assays
vein (standard histomorphometric | thrombus forms
application.of 30 volume should be 0.01% in direction of
seconds; mm® at day 1 when blood flow;
modifications can induced with 1.5V for | ability to modify
range-fram=1s up 30 seconds, or 0.140 current or
to/2"min) mm®at day 1 when | application time
induced with 3V for 90| to fit research
seconds. guestion; vein
un-dissected in
natural bed
Recurrent VT ElM.is 100% Moderate to large (20% Ability to study Requires two 28
performed,and 2] variation)—the EIM and| recurrent VT surgeries on the
daysilater a surgical procedure for biology; same mouse
secondary the secondary method t clinically
thrombus'is be used should be

induced using

either EIM or a

ligature-based
IVC model

validated using the

guidelines above

relevant; model
of secondary
induction may
be varied for
comparisons;

initial thrombus

becomes

incorporated

into the vein
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