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Adam10 Is Essential for Early Embryonic
Cardiovascular Development
Chi Zhang,1 Lei Tian,1,2 Congwu Chi,1,3 Xiaohui Wu,1 Xiao Yang,4 Min Han,1,3 Tian Xu,1,2

Yuan Zhuang,1,5 and Kejing Deng1*

Notch pathway has been demonstrated to regulate cardiovascular development. One important step in
Notch pathway is the cleavage of Notch receptor, during which an intracellular fragment of Notch protein
is released to activate downstream genes. It is still uncertain whether Adam10, the mammalian homo-
logue of Kuzbanian in Drosophila, is required to activate the Notch pathway during cardiovascular devel-
opment. To further understand the physiological function of Adam10 in vascular and cardiac
development, we generated mice lacking the Adam10 gene primarily in the endothelial compartment. We
found that disruption of Adam10 in endothelial cells resulted in embryonic death after embryonic day
10.5 due to multiple cardiac and vascular defects similar to Notch1 mutants. We further showed that the
expression of Notch target genes Snail and Bmp2 are impaired in Adam10-deficient cardiac tissues.
Finally, we provide experimental evidence to support that Adam10 functions in a cell autonomous manner
during mammalian cardiac development. Developmental Dynamics 239:2594–2602, 2010. VC 2010 Wiley-Liss,
Inc.
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INTRODUCTION

The formations of the vascular and car-
diac systems are two major processes
essential to early embryonic develop-
ment in mammals. During vascular
system development, the endothelial
precursors first differentiate into a
primitive blood vessel network through
the process of vasculogenesis. After a
series of sprouting, branching, and

splitting processes named angiogene-

sis, the primitive blood vessel network

is then remodeled into a mature vascu-

lar system (Roca and Adams, 2007).

The cardiac development begins with

the appearance of cardiac progenitor

cells and the formation of two primary

heart fields (High and Epstein, 2008).

These two fields join together to form a

linear heart tube, which in turn are fol-

lowed by a rightward folding and the

addition of progenitor cells from the

neural tube to form the secondary

heart field. At this time the heart has

been remodeled from a linear structure

to an organ with four distinct chambers

(Harvey, 2002). The atrioventricular

canal inside the heart starts to take

shape and the endocardium undergoes

epithelial-to-mesenchymal transition
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(EMT) to form an endocardial cushion.
The ventricular myocardium differenti-
ates to form the ventricular tabulate.
The embryonic heart development is
completed with the formation of the
outflow tract and remodeling of the
aortic arch artery (Harvey, 2002; High
and Epstein, 2008).

Notch pathway has been shown to
play important roles in the different
stages of vascular and cardiac devel-
opment mentioned above (Roca and
Adams, 2007; High and Epstein,
2008). For example, during the de-
velopment of the cardiac cushion
Notch activates the expression of the
transcription factor Snail in the en-
docardium, which inhibits the tran-
scription of Vascular Endothelium
Cadherin. As a result the endocar-
dium cells detach from each other
and invade the cardiac jelly to form
the cardiac cushion (Timmerman
et al., 2004). Targeted disruption of
Notch or Notch pathway genes, such
as Notch1, RBPJk, and Snail, all
lead to a block in the EMT process,
resulting in impaired cardiac cushion
development and embryonic death
(Carver et al., 2001; Timmerman
et al., 2004).

A critical step in the Notch activation
is the proteolytic cleavages of the Notch
receptor, which releases the Notch in-
tracellular domain (NICD) into the
cytoplasm and actives the expression of
downstream genes. Three consecutive
cleavage events of Notch have been
defined. First, the Notch receptors
undergo furin cleavage at the S1 site
when they are transferred to the cell
surface. ADAM proteases are involved
in the second cleavage at the S2 site,
resulting in removal of Notch extracel-
lular domain. Finally an inner mem-
brane cleavage mediated by g-secretase
at the S3 site releases the NICD (Bray,
2006). In the ADAM protease family,
both ADAM10 and ADAM17 were pre-
dicated to be functional in Notch path-
way. Kuzbanian (homolog of Adam10)
in Drosophila is the functional shed-
ding enzyme for the S2 cleavage of
Notch (Pan and Rubin, 1997). Previous
studies indicated that ADAM17 was
able to cleave Notch at the S2 site in
vitro (Brou et al., 2000). However,
Notch1-deficient mice and Adam17-de-
ficient mice showed completely differ-
ent phenotypes (Zhao et al., 2001).
More recent reports indicated that

ADAM17 mediated S2 cleavage occurs
without ligand engagement whereas
ADAM10 mediated S2 cleave is strictly
dependent on Notch ligands (Cagavi
Bozkulak and Weinmaster, 2009; van
Tetering et al., 2009). Adam10-deficient
mice die during early embryogenesis
with multiple defects (Hartmann et al.,
2002) similar to Notch1-deficient mice
(Krebs et al., 2000; Limbourg et al.,
2005). Although these genetic studies
support the idea that ADAM10 plays a
major role in Notch signaling during
embryogenesis, the exact role of
Adam10 in cardiovascular develop-
ment and its relationship with the
Notch pathway has not been clearly
defined. Here, we used a conditional al-
lele of Adam10 (Tian et al., 2008) and a
Tie2-Cre recombinase transgene (Li
et al., 2005; Lan et al., 2007) to gener-
ate Adam10 endothelial conditional
knockout mice. With this model sys-
tem, we explicitly examined the role of
Adam10 in vascular and cardiac
development.

RESULTS

Endothelial Specific Deletion

of Adam10 Leads to

Embryonic Growth

Retardation and Lethality

To examine the role of Adam10 in car-
diac and vascular development, we
crossed the Adam10flox/flox mice (Tian
et al., 2008) with Tie2-Cre mice (Li
et al., 2005; Lan et al., 2007) to
remove the Adam10 gene in develop-
ing cardiovascular system, primarily
in endothelial cells. The resulting
Adam10flox/þ; Tie2-Cre male mice
were crossed with Adam10flox/flox

females to generate Adam10flox/flox;

Tie2-Cre animals, named AEKO as
Adam10 endothelial knockout. How-
ever, no AEKO mice alive were recov-
ered from this breeding. Live AEKO
embryos were identified with
expected Mandelian distribution until
embryonic day (E) 10.5 (Table 1). We
further examined AEKO embryos
from E9.5 to E11.5. At E9.5, the
AEKO embryos appeared a little
smaller than Adam10flox/flox litter-
mates, and some of them showed
larger precardiac sacs (Fig. 1A,B). At
E10.5, the AEKO mice exhibited
growth retardation and greatly
enlarged precardiac sacs. The hearts
of AEKO embryos also showed defects
in looping compared with wild-types
(Fig. 1C,D). At E11.5, only dead or
severely retarded AEKO embryos
could be found (data not shown). We
further use in utero ultrasound mi-
croscopy to examine the AEKO mice.
At E10.5, the hearts of AEKO
embryos were poorly looped (Fig.
1E,F), and blood flow could hardly be
found in AEKO embryos (Supp. Movie
S1 and Movie S2, which are available
online). These results indicated that
the AEKO embryos had growth retar-
dation and cardiovascular defects.
To verify the specificity of the Tie2-

Cre line used in this study, we crossed
the Tie2-Cre strain with the ROSA26
LacZ Cre reporter strain (from Jackson
Lab) and confirmed that the activity of
Tie2-Cre is indeed restricted to the car-
diac and the vascular system (Supp.
Fig. S1). Additionally, a polymerase
chain reaction (PCR) -based assay
(Tian et al., 2008) was performed on
anti-PECAM (antibody to platelet en-
dothelial cell adhesion molecule, a spe-
cific marker for vascular endothelial
cells) antibody sorted endothelial cells

TABLE 1. Genotype Distribution of Embryos and Newborn Mice

Tie2-Cre positive Tie2-Cre negative

Time point Adam10flox/flox Adam10flox/þ Adam10flox/flox Adam10flox/þ

E9.5 38(36.75) 38(36.75) 34(36.75) 37(36.75)
E10.5 31(26.25) 21(26.25) 31(26.25) 22(26.25)
E11.5 4(4.25)* 3(4.25) 6(4.25) 4(4.25)
E12.5 0(2) 3(2) 3(2) 2(2)
E14.5 0(9.75) 12(9.75) 13(9.75) 14(9.75)
At birth 0(6) 11(6) 7(6) 6(6)

Expected numbers showed in parentheses.
*Asystolic embryos.
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to evaluate the efficiency of Adam10
deletion. The deleted allele became the
major product in endothelial cells, indi-
cating that most of the endothelial cells
had lost the floxed allele (Fig. 1G).
Real-time RT-PCR results of cardiac
tissues further confirmed efficient dele-
tion of Adam10 in AEKO embryos (Fig.
1H). These findings indicate the
growth defects were caused by deletion
of Adam10 in endothelial cells.

Defects in Angiogenic

Vascular Remodeling in

AEKO Embryos

Vascular defects in AEKO mice can
first be found in the yolk sacs of the
AEKO embryos. At E9.5 the struc-
tures of the mutants and controls
were similar (Supp. Fig. S2), indicat-
ing the initial vasculogenesis was nor-
mal in AEKO yolk sac. We further

examined the vascular development
in the yolk sac at E10.5. At this time,
we found that the large vitelline ves-
sels had formed in yolk sacs of control
embryos, but were absent in those of
AEKO embryos (Fig. 2A,B). Immuno-
histochemistry analysis of the whole-
mount embryos with the vessel spe-
cific anti-PECAM antibody identified
the primary vascular plexus forma-
tion in control yolk sacs when

Fig. 1. Defective cardiovasculature in Adam10 endothelial knockout
embryos. A–F: Representative pictures of embryonic day (E) 9.5 (A,B), E10.5
embryos under stereomicroscope (C,D), and E10.5 embryos under ultrasound
microscopy (E,F). Embryos are from the Adam10flox/flox control group (A,C,E)
and Adam10flox/flox; Tie2-Cremutant group (B,D,F). B,D: The outlines of pericar-
dial sacs in Adam10 endothelial deficient embryos are highlighted (*). G: Dele-
tion of Adam10 in endothelial cells sorted from E10.5 mouse embryos. The
floxed and deleted alleles were examined by polymerase chain reaction (PCR)
with three primers (KOF, EKOB, and KOB), which produced 1,636 bp band for
the Adam10flox allele and a 954 bp band for the deleted allele. M, 1-kb DNA
ladder. H: Real-time RT-PCR analysis of Adam10 expression in the heart.
RNAs were extracted from total hearts of E10.5 Adam10flox/flox (dark grey bar, n
¼ 3) and Adam10flox/flox; Tie2-Cre (light gray bar, n ¼ 3) embryos. The average
value and SEM are shown. P¼ 0.0005. Scale bar¼ 1 mm in A–D.

Fig. 2. Angiogenic defects in yolk sacs of Adam10 endothelial mutant
embryos. A,B: morphology of embryos in their yolk sacs at embryonic
day (E) 10.5. Large vitelline blood vessels (arrowheads) are observed in
the Adam10flox/flox (A) yolk sacs, but not in the Adam10flox/flox; Tie2-Cre
mutants (B). C,D: Platelet endothelial cell adhesion molecule (PECAM) -
stained yolk sacs. The yolk sacs of the mutant embryos are at the primi-
tive vascular plexus stage and have not undergone vascular remodeling
to form the large and small blood vessels of the mature yolk sac.
E,F: Hematoxylin and eosin (H&E) staining of histological sections of the
yolk sacs. The mutant yolk sac (F) splits into two parts and cannot form
vitelline collecting vessels. G,H: Anti-a-smooth muscle actin (a-SMA),
PECAM antibody, and DAPI (40,6-diamidine-2-phenylidole-dihydrochlor-
ide) staining shows the endothelial signal is diffused and cannot form
vessels. Scale bar ¼ 1 mm in A,B; 0.5 mm in C,D, 0.2 mm in E,F, 0.05
mm in G,H.
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compared with the loose structures in
AEKO ones (Fig. 2C,D). Histology sec-
tions revealed that the AEKO yolk sac
was separated into two layers (Fig. 2F).
The PECAM positive cells were typi-
cally located between the smoothmuscle
actin (a-SMA) -expressing cells (Fig.
2G). They are now exclusively associ-
ated with the outside layer in AEKO
yolk sacs (Fig. 2H). Impaired vascular
morphogenesis was also observed in
AEKO embryos. At E9.5, the control
embryos had clearly developed main
trunks of the anterior cardinal vein
(Fig. 3A) and intersomitic vessels (Fig.
3A0). However, these vessels were found
either to be missing or poorly formed in
AEKO littermates (Fig. 3B,B0). Trans-
verse sections of AEKOmutants showed
reduced size of the cardinal vein and
aorta in comparison to the wild-type
controls (Fig. 3C,D). The vascular
defects became more pronounced in
E10.5 AEKO embryos (Supp. Fig. S3).
These results suggest that ADAM10 is
involved in vascular development.

Impaired EMT and

Ventricular Trabeculation in

the Heart of AEKO Mice

To investigate the roles of ADAM10 in
cardiac development, we analyzed

Fig. 3.

Fig. 3. Defects in vascular remodeling in
Adam10 conditional knockout mice. A,B: Rep-
resentative results of platelet endothelial cell
adhesion molecule (PECAM) -stained whole-
mount embryos from either the Adam10flox/flox

(A) or Adam10flox/flox; Tie2-Cre (B) at embry-
onic day (E) 9.5 are shown. A: The arrow indi-
cates the main trunks of anterior cardinal vein.
The intersomitic vessels differentiate in
Adam10flox/flox embryo (arrow heads in A0) but
not in AEKO embryo (B0). C,D: Representative
transverse sections of embryos at E9.5. The
structure of aorta and cardinal vein are normal
in Adam10flox/flox embryo, but collapsed in
AEKO mutant. ao, aorta; cv, cardinal vein; nt,
neural tube; ph, pharynx. Scale bar ¼ 0.5 mm
in A,B, 0.25 mm in A0,B0, 0.1 mm in C,D.

Fig. 4.

Fig. 4. Impaired epithelial-to-mesenchymal
transition (EMT) after Adam10 endothelial dele-
tion. A–D: Representative transverse sections of
hearts from either Adam10flox/flox (A,C) or Adam10-
flox/flox; Tie2-Cre (B,D) embryos at E9.5 and E10.5.
Arrows (A0,B0) indicate the endocardium. The
mesenchymal cells start invading the cushion in
Adam10flox/flox (arrowheads in A0) embryo but not
in AEKO mutant at E9.5. D0: Arrowheads indicate
collapsed endocardium at E10.5. lv, left ventricle;
rv, right ventricle; la, left atrium; ra, right atrium; nt,
neural tube; ph, pharynx. Scale bar ¼ 0.1 mm in
A–D, 0.05 mm in A0–D0.
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transverse sections of E9.5 and E10.5
embryos. At E9.5, the endocardial
cells in the atrioventricular (AV) cush-
ion had began the EMT process by
invading the cardiac jelly in control
embryos (Fig. 4A,A0) but not in AEKO
mutants (Fig. 4B,B0). At E10.5, The
cardiac regions of the AEKO mice
were always smaller than that of the
littermate controls. The four cham-
bers of AEKO heart were not on the
same plane, indicating that heart
looping is incomplete (Fig. 4C,D). The
endocardia of AEKO hearts were col-
lapsed and lacked the mesenchymal
cushion (Fig. 4D0). PECAM staining
confirmed that the collapsed structure
comprised of endocardium cells
(Supp. Fig. S4). Another process in
cardiac development at E10.5 is the
ventricular trabeculation. In control
embryos, both the left and right ven-
tricles showed developing trabeculae.
However, AEKO embryos exhibited
poorly developed trabeculae and
myocardium (Supp. Fig. S5). These

Fig. 5.

Fig. 5. Impaired epithelial-to-mesenchymal
transition (EMT) in Adam10 conditional knock
out cardiac explants cultures. A–D: Light mi-
croscopic images and a-smooth muscle actin
(a-SMA) staining, which labels the trans-
formed mesenchymal cells, shows decreased
number of transformed cells in embryonic day
(E) 9.5 AEKO AV explants. C0,D0: Larger view
of C, D (dash box) showing individual cells
(arrowheads). E: Quantitative analysis of the
transformed cell number. The number is sig-
nificantly reduced in explants from the endo-
thelial Adam10 mutants (light gray bar)
compared with wild-type controls (dark gray
bar). The average value and SD are shown. n
¼ 4, P ¼ 0.015. Scale bar ¼ 0.2 mm in A–D,
0.05 mm in C0,D0.

Fig. 6.

Fig. 6. Adam10 plays a cell intrinsic role in
epithelial-to-mesenchymal transition (EMT) pro-
cess. A–F: Embryo cardiac explants from the
enhanced green fluorescent protein (eGFP)
knock in mouse were placed close to wild-type
explants (A,C,E) or mutant explants (B,D,F).
A,B: a-SMA signal labeled transformed mesen-
chymal cells. C,D: GFP signals. E,F: Merged
results of A,C; B,D, respectively. E0,F0: Larger
view of E, F (dash box) showing individual a-
SMA positive GFP negative cells. Impaired EMT
cannot be rescued by attachment of wild-type
AV explants (arrowheads in E0 and F0). G: Quan-
titative analysis of the transformed a-SMA posi-
tive GFP negative cell number. The number is
significantly reduced in explants from the endo-
thelial Adam10 mutants (light gray bar) com-
pared with wild-type controls (dark gray bar).
The average value and SD are shown. n ¼ 5, P
¼ 0.0004. Scale bar ¼ 0.2 mm in A–F, 0.1 mm
in E0, F0.
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defects are very similar to the pheno-
types of Notch1 and Notch target
RBPJk knockout mice (Timmerman
et al., 2004; Limbourg et al., 2005;
Grego-Bessa et al., 2007), supporting
the idea that ADAM10 plays an
essential role in the Notch pathway in
regulating cardiac development.

AEKO Mice Show Impaired

EMT In Vitro

We used an in vitro culture system
(Runyan and Markwald, 1983) to fur-
ther examine the role of Adam10 in
EMT. The left atriums, including the
AV canals, were micro dissected out
from E9.5 embryos and placed onto
type I collagen gels. The cultured
explants attached to the gel after 5 hr
in culture and begun EMT subse-
quently. Successful cultures were con-
firmed by proper attachment and
beating behavior of the explants.
Anti-a-SMA antibody staining was
performed 48 hr post adhesion to
reveal the extent of EMT (Fig. 5C,D).
A cell stained positive for both DAPI
(40,6-diamidine-2-phenylidole-dihydro
chloride) and a-SMA signals (Came-

nisch et al., 2002) was counted as one
transformed mesenchymal cell. Under
our culture conditions, the average
number of transformed cells is 108 (6
42) per explants for control samples
and only 6 (6 5) for the AEKO
embryos (Fig. 5E). This result indi-
cates that ADAM10 is required for
the EMT process during AV cushion
development.

ADAM10 Functions in a

Cell-Autonomous Manner

An important function of Notch is com-
munication with neighboring cells
through interaction with ligands
expressed on adjacent cells (Bray,
2006). As a cell surface protease,
ADAM10 has the potential to act on
Notch in either a cell-autonomous or
nonautonomous manner. To distin-
guish these two possibilities, we per-
formed in vitro EMT essay by placing
the mutant explant in physical contact
with a wild-type tissue. The wild-type
tissues were derived from an
enhanced green fluorescent protein
(eGFP) knock in embryos (Sun et al.,
2008), which exhibited proper EMT

and ubiquitous GFP expression during
explant culture (Supp. Fig. S6). The
eGFP positive controls were placed to-
gether with the AV cushions isolated
from AEKO breeding, which produced
either wild-type embryos or the AEKO
embryos. GFP and a-SMA signals of
the explants were examined after 48
hr in culture. Co-culture of GFP posi-
tive and GFP negative wild-type AV
samples resulted in similar numbers
of EMT cells from each sample (Fig.
6A,C,E). However, AEKO explants
failed to show any significant EMT
event even though the neighboring
wild-type GFP tissues have undergone
the normal EMT process (Fig.
6B,D,F,G). These results indicated
that ADAM10 participates in the EMT
process in a cell autonomous manner.

ADAM10 Is Required for

Notch Activation in

Developing Cardiac Tissues

The similar phenotypes between
AEKO and Notch1 mutant embryos
give the hint that defects of AEKO
embryos are caused by perturbation of
Notch1. To further explore whether
the phenotypes of AEKO embryos are
due to specific defect in ADAM10
mediated activation of Notch signal or
simply a perturbation of Notch expres-
sion, we examined the expression of
Notch1 and Notch downstream genes.
Real-time RT-PCR analysis showed
that the transcription of Notch1 was
unaffected (Fig. 7A). It has been
shown that Notch acts by means of
Snail to promote and maintain the
cardiac mesenchymal phenotype (Tim-
merman et al., 2004). The result
showed that Snail in the heart of
AEKO embryos was down-regulated
to approximately 60% of the control
(Fig. 7B). Notch target gene bone mor-
phogenetic protein 2 (Bmp2) was also
reported to be important for embry-
onic cardiac development, especially
for the AV canal formation (Zhang and
Bradley, 1996; Kokubo et al., 2007).
AEKO cardiac tissues exhibited
approximately 30% reduction of Bmp2
expression in real-time RT-PCR analy-
sis (Fig. 7C). ADAM17 could cleave
Notch1 in vitro (Brou et al., 2000)
while the Adam17 mutant mice show
no defect similar to Notch1 mutants
(Zhao et al., 2001), indicating that
ADAM17 may be functional

Fig. 7. Failure of Notch activation after deletion of Adam10. Real-time reverse transcriptase-
polymerase chain reaction (RT-PCR) analysis of Notch1, Snail, Bmp2, and Adam17 expression
in the cardiac tissue. RNAs were extracted from total hearts of embryonic day 10.5 Adam10flox/
flox (dark gray bar, n ¼ 4) and Adam10flox/flox; Tie2-Cre mice (light gray bar, n ¼ 4). The expres-
sion level of Notch1 (P ¼ 0.69) and Adam17 (P ¼ 0.88) are unaffected while Snail (P ¼ 0.0002)
and Bmp2 (P ¼ 0.016) are significantly reduced. The average value and SEM are shown.
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metalloprotease for Notch signaling in
the absence of ADAM10. Our RNA
expression analysis showed that the
transcription of Adam17 is unaffected
in AEKO heart (Fig. 7D), suggesting
that no compensating roles exist
between Adam10 and Adam17. These
findings indicate that ADAM10 is
directly involved in the activation of
the Notch signaling pathway during
cardiac development.

DISCUSSION

Previously the conventional knockout
of Adam10 in mice showed cardiac
looping defects in cardiac development
(Hartmann et al., 2002). However, the
Adam10 conventional knockout mice
died at E9.5 with a severely retarded
cardiac development equivalent to
approximately the E8.0 stage. Many
important cardiac developmental proc-
esses such as AV cushion EMT and
ventricular trabeculation start at
E9.5. Thus, the analysis of cardiovas-
cular development in Adam10 conven-
tional knockout mice was hindered by
the early embryonic death. Our inves-
tigation of Adam10 endothelial knock-
out mouse model explicitly demon-
strates that Adam10 is essential for
endocardial cushion formation, ven-
tricular trabeculation, and vasculo-
genesis. The AEKO mice not only phe-
nocopied theNotch1 andNotch targets
knockouts (Krebs et al., 2000; Fischer
et al., 2004; Timmerman et al., 2004;

Limbourg et al., 2005; Grego-Bessa
et al., 2007), but also showed down-
regulated expression of Notch target
gene Snail and Bmp2 in the cardiac
tissues. Because we delete Adam10
primarily in the endothelial cells,
which are only small fraction of the
total cardiac, the expression changes
of Snail and Bmp2 could be more
severe in Adam10 deficient endocar-
dium. These results indicated that the
defect of AEKO mice is primarily due
to the failure of Notch activation.

Both Adam10 and Adam17 are
implicated as the functional metallo-
protease for the activation of Notch sig-
naling. Before the study presented
here, it was still uncertain which one
was the functional protease for the
activation of Notch during cardiac and
vascular development. It has been
clearly shown that ADAM17 can cleave
Notch1 in vitro (Brou et al., 2000).
Although the physiological relevance
of this cleavage activity in vivo has
been challenged by the fact that
Notch1 but not Adam17 (Peschon
et al., 1998) is essential for embryogen-
esis, these genetic studies did not rule
out the possibility that Adam17 and
Adam10 may functionally compensate
each other in activating Notch1. Our
study showed that Adam17 is
expressed in the embryonic heart tis-
sues. However, disruption of Adam10
is sufficient to block cardiac and vascu-
lar development without affecting
Adam17 expression. This result

strongly indicates that ADAM10 is the
primary protease involved in activation
of the Notch signal during cardiac and
vascular development. Notch1 is one of
four Notch genes found in mammals
and is also the major Notch gene func-
tioning in cardiac development (Ham-
ada et al., 1999; Krebs et al., 2000;
Domenga et al., 2004; Limbourg et al.,
2005). The similar phenotypes observed
between AEKOmice andNotch1 knock-
out mice support the idea that ADAM10
is involved in activating Notch1 during
embryonic cardiovascular development.
ADAM10 may function as a protease

to cleave both Notch and its ligands
based on the results from kuz in Dro-
sophila (Pan and Rubin, 1997; Qi et al.,
1999). Furthermore, ADAM10 itself
may be cleaved by other ADAMs to
become a soluble and catalytically active
protease (Liu et al., 2009). It remains a
possibility that ADAM10 expressed on
neighboring cells or released by neigh-
boring cells could be involved in Notch
cleavage when Notch is engaged in
ligand interaction. Our EMT co-culture
assay partially addressed this question.
Our study showed that the physical con-
tact between wild-type tissues and the
Adam10 deficient tissues is not suffi-
cient to provide any substantial rescue
of EMT from the mutant tissues. This
result supports the idea that ADAM10
primarily functions in a cell autonomous
manner in regulating cardiac cushion
development. It is possible that the
physical contact provided in the explant
culture was limited to few cells and thus
the effect of rescue could not be easily
detected under this assay condition. A
more rigorous test would require gener-
ation of chimeric embryos in the future.
In summary, we provided in vivo

evidence that Adam10 is essential for
Notch activation during cardiac and
vascular development. Activation of
Notch signals and Notch downstream
targets require a functional ADAM10
in endothelium. These findings indi-
cate that ADAM10 is a bona fide pro-
tease regulating Notch activity in car-
diac and vascular development.

EXPERIMENTAL

PROCEDURES

Mouse Strains and Embryo

Genotyping

Adam10flox/flox mice (Tian et al., 2008),
Tie2-Cre transgenic mice (Li et al.,

TABLE 2. Primer List

Name Sequence(5’-3’) tm Usage

KOF ACCTCTTAGCGATACCACAAGCC 59 Adam10
targeting alleleEKOB CCATGGAAGTGTCCCTCTTCATT

CGTAGG
KOB CCAAGCGTCAAAGCGTTACAG
Tek-F GCCTGCATTACCGGTCGATGC 59 Cre transgene
Tek-R CAGGGTGTTATAAGCAATCCC
GAPDH-L1 TGTTCCTACCCCCAATGTGTCC 55 Gapdh QPCR
GAPDH-R1 GGAGTTGCTGTTGAAGTCGCAG
Ae2F ATTACACCAAAAACACCAGCG 55 Adam10 QPCR
EKOB CCATGGAAGTGTCCCTCTTCATT

CGTAGG
Notch1-F TGCTGGAAGTATTTTAGCGACGG 58 Notch1 QPCR
Notch1-R CCACTCACATTCGGCACTGTTAC
Snail-F CCACACTGGTGAGAAGCCATTC 57 Snail QPCR
Snail-R GCACTGGTATCTCTTCACATCCGAG
BMP2-F CCAGGTTAGTGACTCAGAACAC 54 Bmp2 QPCR
BMP2-R TCATCTTGGTGCAAAGACCTGC
A17-L3 TCTTTGCTCTCAGACTACGACATCC 55 Adam17 QPCR
A17-R3 CCACCACGACTCTCAAGTTTTGTG
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2005; Lan et al., 2007), and eGFP
knock in mice (Sun et al., 2008) were
described previously. Adam10flox/flox

mice were on a C57/129SV6 mixed
background, Tie2-Cre transgenic mice
were on a C57/Kunming mixed back-
ground and the eGFP knock in mice
were on a 129 SV6 pure background.
All mice were bred in the animal facil-
ity of Institute of Developmental Biol-
ogy and Molecular Medicine following
the general guideline of AAALAC
handbook and institutional regula-
tions. Genotyping was performed by
PCR analysis of the yolk sac DNA. The
primer sequences for genotyping are
listed in Table 2.

Ultrasound Backscatter

Microscopy

The in utero ultrasound backscatter
microscopy images and videos were
acquired by Vevo 770 (Visualsonics)
using standard procedures described
before(Turnbull, 1999).

Cell Sorting

E10.5 embryos were dissected out and
endothelial cells were isolated by
PECAM (CD31 BD Pharmingen
550274), antibody to platelet endothe-
lial cell adhesion molecule, a specific
marker for vascular endothelial cells,
and Dynabeads Sheep anti-Rat IgG
(Invitrogen) according to manufac-
turer’s instructions.

Histological Analysis and

Immuno-fluorescence

Staining

For paraffin sections, E9.5 or E10.5
embryos were dissected out, fixed in
4% formaldehyde over night at 4�C,
dehydrated in ethanol series from
30% to 100%, cleared by xylene, and
then embedded in paraffin. Paraffin
sections (5–7 mm) were stained by he-
matoxylin and eosin staining. Frozen
sections were prepared with OCT
embedding of formaldehyde treated
E10.5 embryos or yolk sacs in liquid-
nitrogen. Frozen sections (5–7 mm)
were then collected for immuno-fluo-
rescence staining following standard
protocols. The following commercial
antibodies were used: PECAM (CD31
BD Pharmingen 558736); a-SMA
(Sigma A5228), antibody to smooth

muscle actin, a specific marker for
mesenchymal cells.

Whole-mount

Immunohistochemistry

Immnohistochemistry of whole
embryos with PECAM (CD31 BD
Pharmingen 550274) was performed
following standard procedures (Urness
et al., 2000; Hallaq et al., 2004).

Atrio-ventricular Canal

Endocardial Cushion

Explants Culture

The explant culture assay was per-
formed as described (Runyan and
Markwald, 1983; Hallaq et al., 2004;
Timmerman et al., 2004). After 5 hr of
adhering and another 48 hr of cultur-
ing, the explants were fixed in 4%
formaldehyde, blocked in 0.05%Triton
X-100 and 2% bovine serum albumin
(Sigma) in phosphate buffered saline.
Then the explant cultures were
stained with DAPI and a-SMA (Sigma
A5228). The transformed cell num-
bers were counted with Image-Pro
plus 6.0 (Media Cybernetics).

Real-Time RT-PCR Analysis

Each RNA sample was prepared from
four hearts of the same genotype. At
least three independent samples were
prepared for each genotype. RNA was
extracted by RNeasy Mini Kit (Qiagen)
and treated with RNase-free deoxyribo-
nuclease I (TaKaRa) separately to
avoid genomic DNA contamination.
Reverse transcription (RT)-PCR was
carried out with TaKaRa RNA PCR Kit
(AMV) according to the manufacturer’s
instructions. Real-time PCR was per-
formed with HotSybr PCR Reaction
Mix (NuStar Laboratory). Expression
of Gapdh was used as the baseline
standard for real-time PCR. The
primer sequences are listed in Table 2.

Statistics

P values were obtained with two-
tailed unpaired Student’s t-test on
Microsoft Excel 2007 (Microsoft
Corporation).
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