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Essentials

• To reliably study the respective roles of blood and

endothelial cells in hemostasis, mouse models with a

strong and specific endothelial expression of the Cre

recombinase are needed.

• Using mT/mG reporter mice and conditional JAK2V617F/

WT mice, we compared Pdgfb-iCreERT2 and Cdh5

(PAC)-CreERT2 with well-characterized Tie2-Cre mice.

• Comparison of recombination efficiency and specificity

towards blood lineage reveals major differences between

endothelial transgenic mice.

• Cre-mediated recombination occurs in a small number

of adult hematopoietic stem cells in Pdgfb-iCreERT2;

JAK2V617F/WT transgenic mice.

Summary. Background: The vessel wall, and particularly

blood endothelial cells (BECs), are intensively studied to bet-

ter understand hemostasis and target thrombosis. To under-

stand the specific role of BECs, it is important to have

mouse models that allow specific and homogeneous expres-

sion of genes of interest in all BEC beds without concomitant

expression in blood cells. Inducible Pdgfb-iCreERT2 and

Cdh5(PAC)-CreERT2 transgenic mice are widely used for

BEC targeting. However, issues remain in terms of recombi-

nation efficiency and specificity regarding hematopoietic

cells. Objectives: To determine which mouse model to

choose when strong expression of a transgene is required in

adult BECs from various organs, without concomitant

expression in hematopoietic cells. Methods: Using mT/mG

reporter mice to measure recombination efficiency and con-

ditional JAK2V617F/WT mice to assess specificity regarding

hematopoietic cells, we compared Pdgfb-iCreERT2 and

Cdh5(PAC)-CreERT2 with well-characterized Tie2-Cre

mice. Results: Adult Cdh5(PAC)-CreERT2 mice are

endothelial specific but require a dose of 10 mg of tamox-

ifen to allow constant Cre expression. Pdgfb-iCreERT2

mice injected with 5 mg of tamoxifen are appropriate for

most endothelial research fields except liver studies, as hep-

atic sinusoid ECs are not recombined. Surprisingly,

2 months after induction of Cre-mediated recombination,

all Pdgfb-iCreERT2;JAK2V617F/WT mice developed a

myeloproliferative neoplasm that is related to the presence

of JAK2V617F in hematopoietic cells, showing for the first

time that Cre-mediated recombination occurs in a small

number of adult hematopoietic stem cells in Pdgfb-

iCreERT2 transgenic mice. Conclusion: This study pro-

vides useful guidelines for choosing the best mouse line to

study the role of BECs in hemostasis and thrombosis.

Keywords: blood vessels; Cre recombinase; endothelial

cells; hematopoietic system; tamoxifen; transgenic mice.

Introduction

The normal, healthy endothelium is not simply a passive

lining but rather an active participant in many body func-

tions, including maintenance of vascular tone, adaption

to changes in blood flow, regulation of fluid exchange

and trafficking of cellular components between the intra-

and extravascular compartments and maintenance of
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normal blood fluidity. Under physiological conditions,

endothelium maintains a hemostatic balance between

both prothrombotic and antithrombotic factors, as it is

able to synthesize, store and release vasoconstrictor,

vasodilator, anticoagulant, procoagulant and fibrinolytic

proteins [1]. However, endothelial cells can also directly

interact with blood cells to promote thrombosis [2–4]. To
understand the specific and proper role of endothelial

cells in these pathophysiologic processes, it is of particular

importance to have mouse models that allow a specific

and homogeneous expression of genes of interest in the

endothelial cell bed of interest without any concomitant

expression in blood cells.

Various transgenic lines were created to study endothe-

lial cell properties in mice, thanks to the development of

the Cre/Lox system. Briefly, Cre-recombinase regulated

by a tissue-specific promoter excises, when in the nucleus,

essential loxP-flanked (“floxed”) genes via intrachromoso-

mal recombination to generate conditional knockouts.

The first models that were generated allowed a constitu-

tive endothelial cell expression of the Cre-recombinase.

These include: VCAM-Cre [5], Tie1-Cre [6], Tie2-Cre [7],

Flk1-Cre [8] and Cdh5-Cre [9,10]. These transgenic lines

have been very useful for gene deletion studies but it soon

appeared that the expression of the Cre was not restricted

to endothelial cells, especially in adult mice, as in most of

the models, recombination also occurred in hematopoietic

cells [6,9,11–13]. Indeed, lineage-tracing studies have

demonstrated endothelial origin of embryonic hematopoi-

etic stem cells [14]. On the contrary, in adults, blood cells

derive from hematopoietic stem cells that are distinct

from endothelial cells and that no longer express endothe-

lial cells markers.

A way to overcome the concomitant expression of the

Cre-recombinase in endothelial and hematopoietic cells is

thus to use transgenic lines where Cre expression is

induced in adult endothelial cells after tamoxifen injec-

tion, such as Tie2-CreERT2 [15], endothelial-SCL-CreERT

[16], Cdh5-CreERT2 [17], Cdh5(PAC)-CreERT2 [18] and

Pdgfb-iCreERT2 [19]. However, in these mice, expression

of the Cre-recombinase in hematopoietic cells has not

been carefully examined.

When designing experiments to study endothelial cell

properties, especially in the field of thrombosis or angio-

genesis, we should keep in mind that endothelium is

heterogeneous, as endothelial cells adapt to their local tis-

sue environment [20]. When choosing among endothelial-

specific Cre mouse models, it is thus particularly impor-

tant to check that endothelial cells express the Cre-recom-

binase in the organ of interest highly enough to induce an

efficient and homogenously distributed recombination.

Our aim was to determine which endothelial mouse

models to use when a homogeneous and strong expres-

sion of a transgene is required in different vascular terri-

tories, with no concomitant expression in hematopoietic

cells. To address the question of endothelial expression

specificity and homogeneity, we used two complementary

approaches: the use of mT/mG mice [21] to report homo-

geneity and the conditional flexed JAK2V617F/WT mice [22]

to report specificity regarding hematopoietic cells, as

expression of JAK2V617F in hematopoietic stem cells

gives rise to a myeloproliferative disease [23] and could

reveal a small subset of recombined hematopoietic stem

cells. We compared two inducible transgenic mouse lines,

Pdgfb-iCreERT2 [19] and Cdh5(PAC)-CreERT2 [18],

with the well-characterized constitutive Tie2-Cre [7] trans-

genic mouse line, which allows a strong level of recombi-

nation in endothelial cells of all organs but also a high

level of recombination in the hematopoietic lineage [12].

We thus decided to use them as a positive control for

endothelial expression, knowing it was not an appropriate

model for specific endothelial expression. We observed

that Pdgfb-iCreERT2 and Cdh5(PAC)-CreERT2-

mediated recombination occurs in the vast majority of

blood endothelial cells in the brain, retina, lungs, kidney

and mesentery, but that Cdh5(PAC)-CreERT2 required

higher doses of tamoxifen than Pdgfb-iCreERT2. Using

flexed JAK2 (JAK2V617F/WT) mice [22], we did not detect

any recombination in hematopoietic cells in Cdh5(PAC)-

CreERT2 mice. On the contrary, we observed that all

Pdgfb-iCreERT2;JAK2V617F/WT mice developed a

JAK2V617F-positive myeloproliferative neoplasm

2 months after tamoxifen delivery, showing for the first

time that Cre-mediated recombination occurs in a small

number of adult hematopoietic cells in Pdgfb-iCreERT2

transgenic mice.

Materials and methods

Animals

This study was conducted in accordance with both

Bordeaux University Institutional Committee guidelines

(committee CEEA50) and those in force in the European

Community for experimental animal use (L358-86/609/

EEC). Reporter mice (B6.129[Cg]-Gt[ROSA]26Sortm4

[ACTB-tdTomato,- EGFP]Luo/J), hereafter called mT/

mG mice [21], were purchased from Charles River.

Double-heterozygous Tie2-Cre;mT/mG, Cdh5(PAC)-

CreERT2;mT/mG and Pdgfb-iCreERT2;mT/mG mice

were generated by crossing mT/mG mice with Tie2-Cre

[7], Cdh5(PAC)-CreERT2 [18] and Pdgfb-iCreERT2 [19]

mice, respectively. We used two sets of controls: tamox-

ifen-injected–Cre-negative;mT/mG mice and vehicle-

injected–Cre-positive;mT/mG mice. The conditional flexed

JAK2 (JAK2V617F/WT) mice were generously provided by

J.L. Villeval [22]. These mice allow expression of wild-type

JAK2 when the Cre is not expressed and a constitutively

activated form of JAK2, JAK2V617F, after Cre-mediated

recombination. The Cre-negative;JAK2V617F/WT mice were

used as controls. All groups used in this work were

equally matched for genders.
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Tamoxifen administration

To induce Cre activity in adult Pdgfb-iCreERT2 mice, five

intraperitoneal tamoxifen (10 mg mL�1 in ethanol/peanut

oil) (Sigma, St. Louis, MO, USA) injections of 100 lL
(1 mg) were given for 5 consecutive days to 5–6-week-old
animals. At this age, mice weighed between 17 and 22 g,

so for a mean weight of 20 g, 1 mg tamoxifen is

50 mg kg�1. For Cdh5(PAC)-CreERT2 mice, we used

two different protocols: 1 mg IP for 5 consecutive days

(5 mg total, i.e 250 mg kg�1) and 1 mg IP for 5 consecu-

tive days, 2 consecutive weeks (10 mg total, i.e

500 mg kg�1 total). The phenotypes of mutant mice

were analyzed 1 month after injection, unless otherwise

specified.

Microscopy/confocal microscopy

Adult tissues were isolated from anesthetized mice per-

fused with 4% ParaFormAldehyde (PFA). Retinal

whole-mount preparations were dissected after 30 min

fixation in 4% PFA and then mounted in Vectashield

mounting medium. Mesenteries were washed in phos-

phate-buffered saline (PBS). Whole mount brains were

washed in PBS, fixed in 4% PFA and 50-lm sections

were obtained with a Leica Vibratome (Leica Biosys-

tems, Wetzlar, Germany). Retinal, mesenteric and

brain vasculatures were imaged with a fluorescent

microscope (AxioObserver, Zeiss, Oberkochen, Ger-

many) and analyzed using ZEN imaging software

(Zeiss). Livers, hearts, lungs, kidneys, brains and

femurs were fixed overnight in 4% PFA, cryoprotected

in sucrose, embedded in optimal cutting temperature

compound (Tissue-Tek, Sakura Finetek Europe B.V.

AV Alphen aan den Rijn, Netherlands) and cryosec-

tioned. Before staining, organ cuts were post-fixed for

30 minutes with 4% PFA. Antibodies used for

immunofluorescence staining were rat anti-mouse CD31

(BD Pharmingen, Franklin Lakes, NJ, USA) and goat

anti-rat IgG conjugated to Alexa Fluor� 647 (Invitro-

gen, Carlsbad, CA, USA). All tissues were imaged

with a confocal microscope (Olympus FV 1000, Tokyo,

Japan) and analyzed by Imaris software (Bitplane,

Zurich, Switzerland).

Quantification of Cre-recombination efficiency

The estimation of the efficiency of the Cre-mediated

recombination in the endothelial cells in the liver, heart,

lung, kidney and brain was performed using “Image J”

software by measuring the surface of double-stained

structures (EGFP+;CD31+) per field over the surface of

the single-stained CD31+ structure (CD31 endothelial

cells) per field. The ratio of the “double-stained EGFP+;
CD31+ cells over the total CD31+ endothelial cells” was

then represented as a percentage.

Blood count and histopathology analysis

Blood counts were determined using an automated coun-

ter (scil Vet abc Plus+). Spleens were fixed in 4% neutral

buffered formalin and embedded in paraffin. Then 7-lm-

thick spleen sections were stained with hematoxylin, eosin

and safran and images were taken using a Nikon Micro-

phot-FXA microscope with a 910 objective, captured

with an Axio Cam HR digital camera (Zeiss, Germany),

and analyzed using ZEN imaging software (Zeiss).

Isolation of primary endothelial cells from mouse tissues

We used kidney to isolate endothelial cells, as this

protocol was routinely used in our laboratory, with a

good output in terms of efficiency and purity [24].

Kidneys were removed, minced in slices and endothe-

lial cells were isolated after magnetic immunosepara-

tion with anti-CD31 (Pharmingen) and anti-endoglin

(Santa Cruz) [24].

Cell sorting and flow cytometry analysis

For cell sorting, primary kidney endothelial cells were

stained with CD-31 FITC (Becton Dickinson, Franklin

Lakes, NJ, USA). Erythroid and granulocyte bone mar-

row cells were, respectively, stained with Ter119 PE and

Gr1 APC antibodies (Becton Dickinson). Cells were iso-

lated using a FACS Aria III cell sorter (BD Biosciences,

Franklin Lakes, NJ, USA). For flow cytometry analysis

in Cre;mT/mG mice, bone marrow cells were stained with

TER-119 APC and Gr-1 APC (Becton Dickinson) and

analyzed on an Accuri C6 flow cytometer (BD Bio-

sciences). Data were interpreted using BD Accuri C6

Analysis Software.

DNA purification and quantitative allele-specific PCR

Genomic DNAs were purified using the NucleoSpin� Tis-

sue kit (Macherey-Nagel, D€uren, Germany). For quantifi-

cation of wild-type (WT) and mutated JAK2 DNA,

quantitative allele specific PCR from gDNA was con-

ducted using the GAAGCAGCAAGCATGATGAG for-

ward primer and the AAAGACAAGCAGCTGGCTT

TACTTAC reversed primer for PCR amplification and

the GTGTCTGTTTCTGTGGA JAK2V617F probe or the

GTGTCTGTGTCTGTGGA JAK2WT probe to identify

amplified fragments from the mutated or WT JAK2

DNA, respectively. It was performed using a 7500 Real

Time PCR System AB (Applied Biosystems, Foster City,

CA, USA) and analyzed with associated software.

Statistical analysis

Results were expressed as mean � SEM and data were

analyzed with the two-way ANOVA test followed by the
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“Bonferroni” post-test using Graphpad PRISM software.

A value of P ≤ 0.05 was considered to be statistically sig-

nificant.

Results

Endothelial expression of the Cre-recombinase is efficient in

Tie2-Cre and Pdgfb-iCreERT2 mice

To assess the efficiency of Cre expression, we used dou-

ble-fluorescent mT/mG reporter mice, which allow the

direct live visualization and distinction of the occurrence

of the Cre-mediated recombination in a spatial and tem-

poral manner [21]: when the Cre is not expressed, cells

are Tomato positive and when the Cre is expressed, cells

are no longer Tomato but EGFP positive. We first per-

formed whole mount vessel analysis in the retina, mesen-

tery and brain (Fig. 1) and then looked more closely at

blood endothelial cells using CD31 staining and confocal

examination in various organs of interest: the liver, heart,

lungs, kidney and brain (Figs. 2 and 3). As expected, in

10-week-old Tie2-Cre;mT/mG mice, all vessel networks

and 77.4 � 11.7% of CD31+ cells were EGFP positive

and Tomato negative in all tissues examined, indicating

an efficient Cre-mediated recombination (Figs. 1–3,
Fig. S1A). We then characterized inducible Pdgfb-

iCreERT2 mice 5 weeks after five consecutive intraperi-

toneal injections of 1 mg tamoxifen, a dose commonly

used in the literature [19,25]. We used two sets of con-

trols: tamoxifen-injected Cre-negative;mT/mG mice and

vehicle-injected Cre-positive;mT/mG mice, the latter allow-

ing us to investigate whether we could detect a basal

expression of the Cre recombinase in the absence of

tamoxifen. We did not detect any EGFP expression in

tamoxifen-injected Cre-negative;mT/mG mice (data not

shown). Analysis of the vascular network in vehicle-

injected Pdgfb-iCreERT2;mT/mG mice revealed a weak

EGFP expression in small portions of retinal vessels and

in rare CD31-positive cells from the brain and heart

(Fig. S2). Because Pdgfb-iCreERT2 mice contain a

sequence coding for EGFP downstream of iCreERT2, we

wondered whether the EGFP staining we detected was a

result of the presence of EGFP in the construct or

endogenous Cre expression. Analysis of Tomato expres-

sion revealed that EGFP-positive cells were also Tomato

positive, thus ruling out the hypothesis of endogenous

Cre expression. We then analyzed tamoxifen-injected

Pdgfb-iCreERT2;mT/mG mice and noted a high efficiency

of recombination in all vascular networks and CD31+
cells of all tissues (78.8 � 15.9%) except the liver

(26 � 11%) (representative images in Figs. 1 and 2 and

Fig. S1B, and details of quantification per organ in

Fig. 3). Indeed, in the liver we did not detect any Cre

expression in the sinusoidal endothelial cells, whereas the

ones from the centrilobular vein were efficiently recom-

bined (Fig. 2 and Fig. S1B).

Efficient blood endothelial expression of the Cre-

recombinase in Cdh5(PAC)-CreERT2 mice requires higher

doses of tamoxifen than Pdgfb-iCreERT2 mice

Cdh5(PAC)-CreERT2 mice are intensively used both for

adult and developmental studies, with total doses of

tamoxifen that vary between 3 mg IP [26,27] and 15 mg

IP [28] in 4–6-week-old mice. We thus decided to analyze

recombination efficiency in a first set of 5–6-week-old
mice, which we injected with 5 mg tamoxifen IP

(250 mg kg�1), the same dose that we had used for

Pdgfb-iCreERT2 mice. As for Pdgfb-iCreERT2 mice, we

used vehicle-injected Cdh5(PAC)-CreERT2;mT/mG mice

to look for any basal expression of the Cre. We could not

detect any EGFP expression in the retina, liver, heart,

lungs, kidney and brain of both types of control mice

(data not shown). In Cdh5(PAC)-CreERT2;mT/mG mice

(n = 18) 5 weeks after five consecutive IP injections of

1 mg tamoxifen, we surprisingly observed that efficiency

of Cre-mediated recombination was highly variable

(Figs. 1–3, Fig. S1C,D), with percentages of EGFP+
CD31+ cells ranging between 10 and 95% depending on

the mice. Variable recombination efficiency occurred

within littermates, injected on the same 5 consecutive

days with the same batch of tamoxifen. We then decided

to increase the total dose of tamoxifen to 10 mg (1 mg

for 10 days IP; i.e. 500 mg kg�1) We analyzed a total of

11 mice and observed a complete recombination in blood

vessels from the retina, liver, heart, lungs, kidney and

brain (Figs. 1–3). These results thus demonstrate Cdh5

(PAC)–CreERT2 mice need 10 mg of tamoxifen for con-

stant recombination in all mice.

The Cre-recombinase is expressed in adult hematopoietic

cells in Tie2-Cre;mT/mG transgenic mice, but not in Pdgfb-

iCreERT2;mT/mG and Cdh5(PAC)–CreERT2;mT/mG mice

Because we aimed to determine which mouse model is

blood endothelial specific, without any Cre expression in

blood cells, we then investigated whether Cre-mediated

recombination also occurs in adult hematopoietic cells.

To analyze the efficiency of Cre-mediated recombination

in megakaryocytes, we observed femur cryo-sections by

confocal microscopy. As expected, all megakaryocytes

and other hematopoietic cells were EGFP+ in adult con-

stitutive Tie2-Cre;mT/mG mice (Fig. 4A, arrowheads). In

inducible Pdgfb-iCreERT2;mT/mG mice injected with

5 mg tamoxifen and Cdh5(PAC)-CreERT2;mT/mG mice

injected with 10 mg tamoxifen, 1 and 2 months after

tamoxifen injection, all hematopoietic cells, including

megakaryocytes (Fig. 4A, empty arrowheads) expressed

tdTomato, suggesting that no hematopoietic expression of

the Cre had occurred. Bone marrow capillaries appeared

in green (Fig. 4A, arrows) in accordance with Cre-

mediated recombination in bone marrow endothelial cells.

To confirm these results and quantitatively analyze Cre
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expression in erythroid (Ter119) and granulocytic (Gr1)

cells, bone marrow was analyzed by flow cytometry. We

observed that 99% of Ter119+ and Gr1+ cells were

EGFP+ in constitutive Tie2-Cre;mT/mG mice (Fig. 4B

and C). This result was not surprising as Tang et al.

already reported Cre-mediated recombination in 82% of

hematopoietic cells in Tie2-Cre;Rosa26R-EYFP mice [12].

By contrast, we did not observe any EGFP+ hematopoi-

etic cells in inducible Cdh5(PAC)-CreERT2;mT/mG and

Pdgfb-iCreERT2;mT/mG mice (Fig. 4B and C). Alto-

gether the results obtained with mT/mG reporter mice

suggest, as previously published, that Cre is not expressed

in the hematopoietic lineage of adult inducible Cdh5

(PAC)-CreERT2 and Pdgfb-iCreERT2 mice.

Pdgfb-iCreERT2;JAK2V617F/WT mice develop a late

myeloproliferative disease 10 weeks after induction of

JAKV617F expression

To further address the question of concomitant Cre-

mediated recombination in hematopoietic cells, we crossed

endothelial-Cre mice with conditional JAK2V617F/WT mice

[22]. These mice allow expression of wild-type JAK2 when

the Cre is not expressed and a constitutively activated form

Tie2-cre;mT/mG Pdgfb-icreERT2;mT/mG
5 mg tamox IP

Cdh5(PAC)-creERT2;mT/mG

5 mg tamox IP with
weak recombination

10 mg tamox IP
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Fig. 1. The Cre-recombinase is efficiently expressed in the vascular network of adult retina, mesenteric territory and brain in Tie2-Cre, Pdgfb-

iCreERT2 mice receiving 5 mg tamoxifen and Cdh5(PAC)–CreERT2 mice injected with 10 mg tamoxifen. mT/mG mice that constitutively express

the tandem dimer Tomato protein (tdTomato) “mT” red were crossed with endothelial promoter specific-Cre mice. In the resulting progeny, cells

where the endothelial promoter is expressed will express the Cre and thus the enhanced green fluorescent protein (EGFP) “mG” green instead of

the red tdTomato. Mice were analyzed at 10 weeks of age. Fluorescence imaging of the vasculature of the adult retina (A), mesentery (B) and brain

thick sections (C) in constitutive Tie2-Cre;mT/mG mice, inducible Pdgfb-iCreERT2;mT/mG and Cdh5(PAC)-CreERT2;mT/mG mice 5 weeks

after tamoxifen injection. Representative images of constitutive Tie2-Cre;mT/mG, inducible Pdgfb-iCreERT2;mT/mG mice injected with 5 mg

tamoxifen, and Cdh5(PAC)-CreERT2;mT/mG mice injected with 5 mg or 10 mg IP tamoxifen are shown. For inducible Cdh5(PAC)-CreERT2;

mT/mG mice, variable recombination efficiency was observed, with 12/18 mice displaying an efficient cre-mediated recombination in almost all ves-

sels, whereas the six other mice showed a weak recombination in all analyzed tissues (as shown in this figure).
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of JAK2, JAK2V617F, after Cre-mediated recombination.

Because the expression of JAK2V617F in hematopoietic

stem cells gives rise to a myeloproliferative neoplasm [23],

we reasoned that expression of the Cre-recombinase in a

small subset of hematopoietic stem cells, even if not detect-

able using mT/mG system, would become visible using

JAK2V617F/WT mice. We thus measured hematocrit, platelet

and granulocyte count in inducible Pdgfb-iCreERT2 mice

injected with 5 mg tamoxifen IP and Cdh5(PAC)-

CreERT2 mice injected with 10 mg tamoxifen IP, up to

24 weeks after injection. We used constitutive Tie2-Cre

mice as positive controls. As reported in the literature [29],

we observed that Tie2-Cre;JAK2V617F/WT mice developed

severe thrombocytosis and leukocytosis (Fig. 5A). All

blood counts remained normal in the 15 Cdh5(PAC)-

CreERT2;JAK2V617F/WT mice we analyzed (Fig. 5B). By

contrast, in Pdgfb-iCreERT2;JAK2V617F/WT mice we noted,

6 weeks after tamoxifen induction, a slight increase in

hematocrit (Fig. 5B). Twelve weeks after Cre-mediated

recombination induction, all blood cell counts were mark-

edly increased, suggesting that these mice had developed a

myeloproliferative neoplasm (Fig. 5B). Because spleen size

and architecture are known to be altered in mice with

myeloproliferative neoplasms, we analyzed spleen features

from 10-week-old Tie2-Cre;JAK2V617F/WT mice and Pdgfb-

iCreERT2;JAK2V617F/WT mice, 5 and 10 weeks after

tamoxifen injection. As expected, Tie2-Cre;JAK2V617F/WT

mice had splenomegaly with a 9.6-fold increase in spleen

weight (Fig. 5C,D). Pdgfb-iCreERT2;JAK2V617F/WT mice

had normal spleen size and weight 5 weeks after tamoxifen

induction, but exhibited splenomegaly 10 weeks after

(Fig. 5C,D). Histological analysis of the spleen revealed

red pulp hyperplasia and clustered megakaryocytes with a

multilobulated nucleus in Tie2-Cre;JAK2V617F/WT and

Pdgfb-iCreERT2;JAK2V617F/WT mice, when analyzed

10 weeks after tamoxifen induction (Fig. 5E). These fea-

tures resemble the ones observed when JAK2V617F is

expressed in hematopoietic cells [22].

The myeloproliferative disease is a result of hematopoietic

expression of JAK2V617F, showing that Cre-mediated

recombination occurs in a small number of adult

hematopoietic stem cells in Pdgfb-iCreERT2;JAK2V617F/WT

mice

Two mechanisms were possible to explain why

Pdgfb-iCreERT2;JAK2V617F/WT mice exhibit a late

myeloproliferative phenotype 10 weeks after tamoxifen

induction. The first hypothesis was that Cre-mediated

recombination had occurred in only a small number of

hematopoietic stem cells. Because expression of

JAK2V617F in mouse early hematopoietic cells gives

them a strong competitive advantage [22], the blood phe-

notype, not visible at first, would become apparent after

JAK2V617F progenitors have had enough time to

expand. The second hypothesis was that JAK2V617F

expression was strictly restricted to blood endothelial

cells, but that JAK2V617F blood endothelial cells could

promote hematopoietic stem cell proliferation [30], thus

giving rise to a myeloproliferative disease with JAK2

wild-type blood cells. To answer this question, we sorted

bone marrow erythroid and granulocyte cells and mea-

sured JAK2V617F allele burden. As expected, almost all

hematopoietic cells were JAK2V617F+ in Tie2-Cre;

JAK2V617F/WT mice (Table 1). Very interestingly, in

10 weeks post-tamoxifen Pdgfb-iCre ERT2;JAK2V617F/WT

mice, almost all hematopoietic cells also carried the

JAK2V617F mutation. Remarkably, we could also detect

a small number of JAK2V617F hematopoietic cells in

Pdgfb-iCreERT2;JAK2V617F/WT mice, 5 weeks after

tamoxifen injection, when blood parameters were still

within the normal range (Table 1). As expected, we con-

firmed that kidney CD31+ endothelial cells isolated from

Tie2-Cre;JAK2V617F/WT and Pdgfb-iCreERT2;JAK2V617F/

WT mice were JAK2V617F positive at all time-points

(Table 1). Overall, these results provide evidence that the

myeloproliferative phenotype observed in Pdgfb-

iCreERT2;JAK2V617F/WT mice originates from endoge-

nous expression of JAK2V617F in some rare hematopoi-

etic stem cells, thus demonstrating that Pdgfb-iCreERT2

mice are not strictly endothelial specific.

Discussion

To decipher the specific role of blood endothelial cells in

the pathogenesis of thrombosis in mice, mouse models

that allow an efficient and specific targeting of endothelial

cells are needed. The endothelial-specific targeting is par-

ticularly important with regard to blood cells, as platelets,

leukocytes and red cells are known to interact with the

endothelium, thus promoting thrombosis. These last

15 years many groups used the Cre/Lox system to

develop transgenic mouse lines with the objective to tar-

get Cre expression to the endothelial cell compartment.

Fig. 2. Recombination in endothelial cells from the liver, heart, lung, kidney and brain is almost complete in Tie2-Cre, Pdgfb-iCreERT2mice and

Cdh5(PAC)–CreERT2mice injected with 10 mg tamoxifen IP. (A–E) Confocal imaging of endothelial cells in the liver (A), heart (B), lung (C),

kidney (D) and brain (E). Endothelial cells are labelled with anti-CD31 (red), and co-localization of CD31 and enhanced green fluorescent protein

(EGFP) appears yellow (arrows). Non-recombined endothelial cells (EGFP negative) labelled with CD31 (red) are indicated by an arrowhead. As

expected, images of constitutive Tie2-Cre;mT/mG mice show an efficient recombination in almost all blood endothelial cells. Efficient recombina-

tion was observed in all Pdgfb-iCreERT2;mT/mG. Note the absence of recombination in endothelial cells of the sinusoid blood vessels of the liver

in Pdgfb-iCreERT2;mT/mG mice (arrowheads). For Cdh5(PAC)-CreERT2;mT/mGmice, the same well-recombined 12/18 mice shown in Fig. 1

also demonstrated an efficient recombination in all analyzed tissues. Consistent with the results in Fig. 1, a weak EGFP expression was observed in

the other six mice (as shown here). For all images: Nucleus, DAPI, blue; EGFP, green. For (A–E) CD31 is red and tdTomato is purple.
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Fig. 3. Quantification of recombination efficiency in the liver, heart, lung, kidney and brain in Tie2-Cre, Pdgfb-iCreERT2 and Cdh5(PAC)–
CreERT2 mice. Analysis of Cre-mediated recombination efficiency in endothelial cells of rich-vascular tissues was estimated as the percentage

of double-stained enhanced green fluorescent protein (EGFP)/CD31+ cells over total CD31+ endothelial cells. For the quantification, the effi-

ciency of the Cre-mediated recombination in the endothelial cells was estimated in at least three mice. Results are presented as mean

value � SEM.
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To our knowledge, there are now at least six mouse

strains that allow a constitutive [5–10] expression of a

transgene in blood endothelial cells and five mouse strains

after tamoxifen administration [15–19]. The issue of speci-

ficity, and hence reliability, when using Cre mice is a

major concern. For example, recent studies in the broadly
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Fig. 4. The Cre-recombinase is expressed in hematopoietic cells in Tie2-Cre;mT/mG transgenic mice, but not in Pdgfb-iCreERT2;mT/mG and

Cdh5(PAC)–CreERT2;mT/mG mice 5 and 10 weeks after tamoxifen injection. (A) Confocal imaging of hematopoietic cells in adult femur sec-

tions of constitutive Tie2-Cre;mT/mG mice shows, as expected, that almost all megakaryocytes, identified by their size (arrowheads), and all

hematopoietic cells are enhanced green fluorescent protein (EGFP)+ (green). In inducible Cdh5(PAC)-CreERT2;mT/mG and Pdgfb-iCreERT2;

mT/mG mice all hematopoietic cells are red, including megakaryocytes (empty arrowheads). Recombined vessels appear in green (arrows),

showing that Cre is efficiently expressed in marrow sinusoid endothelial cells. Nucleus, DAPI, blue; EGFP, green; tdTomato, red. Images are

representative of at least three mice. (B, C) Flow cytometry analysis of hematopoietic cells isolated from femur bone marrow shows that almost

all erythroid Ter119-positive (B) and granulocyte Gr1-positive (C) cells are EGFP+ in constitutive Tie2-Cre;mT/mG mice compared to control

mice. In inducible Cdh5(PAC)-CreERT2;mT/mG (10 mg tamoxifen) and Pdgfb-iCreERT2;mT/mG mice (5 mg tamoxifen) almost all erythroid

and granulocyte cells are EGFP-. Cre-negative;mT/mG-positive mice, which express ubiquitously the tdTomato red protein, were used as nega-

tive controls. The dot plots are representative of at least five mice. The proportion of gated events is indicated.
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used platelet factor 4 Cre mice, initially described as

specific for megakaryocytic restricted recombination [31],

revealed recombination in adult hematopoietic progenitor

and stem cells [32], and more recently, distal intestinal

epithelial cells [33].

To address the question of endothelial expression speci-

ficity and homogeneity in various organs, we used mT/

mG Cre reporter mice [21]. In most of the mouse lines

previously described, characterization of the spatial and

temporal pattern of Cre expression was achieved using a

Cre reporter transgene in which LacZ is expressed only

after Cre-mediated recombination [34]. The main problem

using this system is that there is no reporter gene expres-

sion until Cre excision. Therefore, in tissues without

reporter gene expression, Cre activity, even if present,

cannot be observed. Besides, contrary to bgal-expressing
reporter mice, which require the addition of an exogenous

enzymatic substrate for labelling, mT/mG Cre reporter

mice offer the advantage of being compatible with multi-

color microscopy and flow cytometry, without any speci-

fic staining.

Using mT/mG reporter mice, we observed that

Pdgfb-iCreERT2 [19] mice allowed a strong expression

of the Cre in adult brain blood vessels. This result was

surprising, as Claxton et al., in their initial publication

using bgal reporter mice, could not detect any recombi-

nation in the adult brain. This discrepancy could be

explained by a difference in the construction of bgal
and mT/mG reporter lines: although both lines have

the reporter gene inserted in the ROSA26 locus, mT/

mG mice have in addition the strong and ubiquitous

CMV b-actin promoter (pCA) driving the expression of

the mT/mG cassette. This promoter thus allows a

strong expression of mT before Cre excision and strong

expression of mG after. It is possible that, in the brain,

the ROSA26 locus is not efficient enough to drive the

expression of the reporter gene (i.e bgal in ROSA-lacZ

reporter mice), whereas the addition of the pCA pro-

moter allows it. In this same work, Claxton et al.

showed only a small number of labelled cells in the

liver. Interestingly, in our work, we observed a high

efficiency of recombination in endothelial cells from the

centrolobular veins, but could not detect any recombi-

nation in endothelial cells from sinusoid liver capillaries.

We thus want to raise a note of caution while using

Pdgfb-iCreERT2 mice for experiments in liver vessels.

Fig. 5. Pdgfb-iCreERT2;JAK2V617F/WT mice develop a myeloproliferative disease 10 weeks after induction of JAK2V617F expression. Condi-

tional flexed JAK2 (JAK2V617F/WT) mice were crossed with Tie2-Cre, Cdh5(PAC)-CreERT2 and Pdgfb-iCreERT2 to allow the expression of

JAK2V617F in specific tissues. (A, B) Blood cell parameters were studied until 24 weeks of age in constitutive Tie2-Cre;JAK2V617F/WT mice (A)

and until 24 weeks after tamoxifen induction in inducible Cdh5(PAC)-CreERT2;JAK2V617F/WT and Pdgfb-iCreERT2;JAK2V617F/WT mice (B).

Constitutive Tie2-Cre;JAK2V617F/WT mice have a typical blood count of myeloproliferative disorders with a severe thrombocytosis and leukocy-

tosis. Cdh5(PAC)-CreERT2;JAK2V617F/WT mice keep a normal blood count until 24 weeks after tamoxifen induction. By contrast, Pdgfb-

iCreERT2;JAK2V617F/WT have a normal blood count until 4 weeks after induction but develop an myeloproliferative neoplasms phenotype 6–
8 weeks after induction. At least five mice were studied at each time-point. Results in (A, B) are mean value � SEM, *P ≤ 0.05, ***P < 0.001

with the two-tailed unpaired Student’s t-test compared to the wild-type mice at each time-point. (C, D) Spleen features from 10-week-old Tie2-

Cre;JAK2V617F/WT mice and Pdgfb-iCreERT2;JAK2V617F/WT mice, 5 and 10 weeks after tamoxifen induction (WPI: weeks post-induction).

Spleens collected from constitutive Tie2-Cre;JAK2V617F/WT mice at 10 weeks old [2] show splenomegaly, with a significant increase in spleen

weight compared with controls [1]; inducible Pdgfb-iCreERT2;JAK2V617F/WT mice keep a normal spleen size and weight 5 weeks after tamox-

ifen induction [3], but develop splenomegaly and increased spleen weight 10 weeks after tamoxifen induction [4]. Results in (D) are mean

value � SEM, *P ≤ 0.05, ***P < 0.001 with the two-tailed unpaired Student’s t-test compared to the wild-type mice. Results are representative

of at least five mice. (E) Histological analysis of the spleen using hematoxylin-eosin-safran (HES) coloration revealed red pulp hyperplasia with

a completely blended white pulp and clustered megakaryocytes with multilobulated nucleus (arrowhead) in constitutive Tie2-Cre;JAK2V617F/WT

and inducible Pdgfb-iCreERT2;JAK2V617F/WT mice 10 weeks after tamoxifen induction. Images are representative of at least five mice.

Table 1 In 10 weeks post-tamoxifen Pdgfb-iCreERT2;JAK2V617F/WT mice, JAK2V617F is expressed in hematopoietic cells

Mouse models Age/time after induction

JAK2V617F+ cells

Ter 119+ Gr1+ CD31+

Negative control 10 weeks � � �
Tie2-cre;JAK2V617F/WT 10 weeks ++++ +++ +++
Pdgfb-icreERT2;JAK2V617F/WT 5 weeks PI + + +++

10 weeks PI +++ +++ ++++

Analysis of JAK2V617F allele burden in sorted erythroid and granulocyte cells from Tie2-Cre;JAK2V617F/WT and Pdgfb-iCreERT2;

JAK2V617F/WT mice shows that JAK2V617F mutation is strongly expressed in hematopoietic cells from Tie2-Cre;JAK2V617F/WT mice and

Pdgfb-iCreERT2;JAK2V617F/WT mice 10 weeks after tamoxifen induction (PI: post induction). Note that a slight fraction of hematopoietic

cells is JAK2V617F+ in Pdgfb-iCreERT2;JAK2V617F/WT mice 5 weeks after tamoxifen induction. Sorted CD31+ endothelial cells isolated

from Tie2-Cre;JAK2V617F/WT and Pdgfb-iCreERT2;JAK2V617F/WT mice kidney are, as expected, JAK2V617F positive. Results are repre-

sentative of at least three mice and JAK2 Taqman allele specific amplification were performed in duplicate for each sample.
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This is of particular importance for researchers working

in the field of factor VIII production [35].

We have assessed the recombination efficiency in Cdh5

(PAC)-CreERT2 transgenic mice by counting reporter-

positive cells after intraperitoneal injection of tamoxifen.

We found that Cdh5(PAC)-CreERT2 mice needed higher

doses and a longer time period of tamoxifen treatment

than Pdgfb-iCreERT2 mice for maximal recombination in

blood endothelial cells. This difference in efficacy may be

related to the chromatin structure and/or epigenetic regu-

lation of promoter activities [36]. Besides, the need for

high doses of tamoxifen suggests that these mice should

be carefully monitored, as high doses of tamoxifen can

induce toxicity in gastric cells [37] and neurons [38].

Pdgfb is known to be expressed in endothelial cells and

megakaryocytes [39]. As expected, using Pdgfb-iCreERT2

X ROSA-lacZ mice, Claxton et al. reported recombina-

tion activity in megakaryocytes within 2 days after

tamoxifen injection [19]. Mouse megakaryocytes have a

definite lifespan (around 4–5 days) and cannot self-renew.

It is thus expected that Pdgfb-iCreERT2 mice, after injec-

tion of tamoxifen, will bear Cre recombination in

megakaryocytes, leading to production of recombined

platelets for a few days after tamoxifen injection, but this

megakaryocyte recombination will not last after tamox-

ifen has been metabolized and megakaryocytes have died.

Our experiments with Pdgfb-iCreERT2;mT/mG mice

indeed confirm this point as we did not observe any

EGFP-positive megakaryocytes 1 and 2 months after

tamoxifen injection. The observation of recombined

hematopoietic cells in Pdgfb-iCreERT2 mice more than

1 month after injection has, to our knowledge, never been

reported. In this work, we revealed a late hematopoietic

expression of the transgene only when the latter was

JAK2V617F, suggesting that hematopoietic recombina-

tion is a rare event that needs an amplification of the

hematopoietic compartment to become visible. Two sce-

narios can account for the presence of recombined

hematopoietic cells. (i) A small number of hematopoietic

stem cells endogenously express Pdgfb and become

recombined after tamoxifen injection simultaneously with

endothelial cells. Because the number of Cre expressing

(and therefore JAK2V617F/WT) hematopoietic stem cells is

small, it takes 2 months to be able to detect the expan-

sion of the mutated, proliferative clone. This is in accor-

dance with results from Hasan et al. showing that

engraftment of 30 hematopoietic stem cells (SLAM cells)

is sufficient to generate a myeloproliferative disease with

complete penetrance within 2 months delay [22]. (ii)

Among adult blood endothelial cells expressing Pdgfb,

some are capable of giving rise to adult hematopoietic

stem cells, suggesting that endothelium could be hemo-

genic in adults, as it is in the embryo [40]. Further studies

are now needed to decipher which hypothesis is true.

Our study has some limitations. We did not address

whether lymphatic endothelial cells are efficiently

recombined in endothelial mouse models. Also, we did

not test giving the same 5-mg dose but with oral gavage,

which could have achieved more rapid and robust recom-

bination [41]. We tried the dose of 4 mg per day for

4 days (200 mg kg�1 each day) [42]. We observed efficient

recombination but a high mortality rate (date not shown).

Therefore we do not recommend this protocol.

In conclusion, which model should be chosen when a

strong expression of a transgene is required in adult

blood endothelial cells without any concomitant expres-

sion in blood cells (Table S1)? Constitutive Tie2-Cre mice

could be considered but only after wild-type bone marrow

transplantation. Cdh5(PAC)-CreERT2 mice can be used,

keeping in mind that they need 10 mg tamoxifen IP

(500 mg kg�1) for constant recombination. Pdgfb-

iCreERT2 are good candidates for most blood vessel net-

work investigations, including the brain, but with the

exception of liver studies as hepatic sinusoidal endothelial

cells are not recombined. Caution should be observed if

the transgene of interest is also expressed in hematopoi-

etic cells, and especially if its expression induces

hematopoietic progenitor proliferation.
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Fig. S1. Merged and single channel images showed in fig-

ure 2 to address the efficiency of Cre-recombinase expres-

sion in various tissues. (A) Constitutive Tie2-Cre;mT/mG

mice. (B) Inducible Pdgfb-iCreERT2;mT/mG. (C) Effi-

ciently-recombined Cdh5(PAC)-CreERT2;mT/mG mice.

(D) Weakly-recombined Cdh5(PAC)-CreERT2;mT/mG

mice. All inducible mice were analysed 5 weeks after

tamoxifen induction. Merged and single channel images

are shown. Endothelial cells are red stained with a rat

anti-CD31 antibody, and co-localization of CD31 and

EGFP (green) appears yellow (arrows). CD31+ endothe-

lial cells that are not recombined (EGFP negative) are

indicated by an arrowhead. Nucleus, DAPI (blue); tdTo-

mato (purple). Images are representative of at least 3

mice.

Fig. S2. The Cre-recombinase is not expressed in Pdgfb-

iCreERT2 positive;mT/mG without tamoxifen induction.

Fluorescence confocal imaging of the vasculature of adult

retina, liver, heart, lung, kidney and brain CD31+ vessels

in inducible Pdgfb-iCreERT2;mT/mG mice 5 weeks after

vehicle induction. Merged and single images are shown.

Endothelial cells are red stained with a rat anti-CD31

antibody, and co-localization of CD31 and EGFP (green)

appears yellow (arrows). Rare CD31+ endothelial cells

that are EGFP positive are indicated by an arrow. Note

that these cells are both EGFP and Tomato positive,

demonstrating that the EGFP expression is not due to

Cre mediated recombination. Nucleus, DAPI (blue);

tdTomato (purple). Images are representative of at least

six mice per group.

Table S1. Summary of advantages and inconvenients of

endothelial mouse models for experiments where strong

expression of a transgene is required in adult blood

endothelial cells (BEC) without concomitant expression in

hematopoietic cells.
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