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研究成果の概要（和文）：本研究により樹立したTyr::Cre; b-catFloxedEx3マウスが、誕生時に動脈管開存症(PDA)を
発症し、ヒトのPDA疾患と非常に類似した表現型を示すことを明らかにした。本マウスではメラノサイトが異所的に動
脈管に局在しており、この心臓メラノサイトがPDA発症に関与していることが示された。メラノサイトの分化、生存、
増殖に関与するMitf転写調節因子の欠損によって本モデルマウスにおいてメラノサイトを欠失させると、従来のインド
メタシンによる動脈管閉鎖が阻害されることが明らかとなった。

研究成果の概要（英文）：Tyr::Cre; b-catFloxedEx3 mice showed PDA by enhanced activity of b-catenin after b
irth. In these mice, ectopic melanocytes were localized in the heart and they directly and/or indirectly a
ffect formation of the PDA. Knockout of Mitf, a key molecule for melanocyte development, survival and prol
iferation, in these model mice inhibited closure of ductus arteriosus by indometacin. 
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To trace the progeny of recombined cells, we used the Tyr::Cre
system for recombination and Rosa26R reporter mice for
continuous b-galactosidase expression. Tyr::Cre/u; ctnnb1Dex3/+
(ctnnb1Dex3) or Tyr::Cre/u; +/+ (WT) mice were crossed with
Rosa26R/+ mice to generate ctnnb1Dex3-Rosa (Tyr::Cre/u;
ctnnb1Dex3/+; Rosa26R/+) and WT-Rosa (Tyr::Cre/u; +/+;
Rosa26R/+) offspring. Immunostaining of the hearts and DA at
E18.5 revealed the existence of three types of cells: (i) SMA-
positive and b-galactosidase-negative cells ( = SMC1), (ii) SMA-
positive and b-galactosidase-positive cells ( = SMC2) and (iii)
SMA-negative and b-galactosidase-positive cells ( = Mb). The
SMA-positive cells correspond to SMC, and the b-galactosidase-
positive cells to recombined cells that had expressed the Tyr::Cre
transgene. The numbers of SMC ( = SMC1+SMC2) were
determined in transverse sections of WT-Rosa and ctnnb1Dex3-
Rosa DA (Figure 5). The total counts of SMC were higher in
WT-Rosa (382649) than in ctnnb1Dex3-Rosa (301653) DA
sections. However, the numbers of SMC1 were similar (300665)
in WT-Rosa and ctnnb1Dex3-Rosa, indicating that the number of
SMC1 is not altered in ctnnb1Dex3-Rosa animals, but that SMC2
are lacking.

The numbers of SMC2+Mb per section were very similar in the
DA of WT-Rosa and ctnnb1Dex3-Rosa (around 70) (Figure 5).
However, the numbers of SMC2 alone were 62629 versus 563 per
section in WT-Rosa and ctnnb1Dex3-Rosa, respectively, while the
numbers of Mb were 565 versus 5,80063,400 per 100 sections in
WT-Rosa and ctnnb1Dex3-Rosa, respectively. These various
observations show that on a ctnnb1Dex3 background, Mb replaced
most of the SMC2 in the DA. In other words, a subset of VNCC is
bipotent for SMC2 and Mc, and responds to signaling through b-
catenin.

ctnnb1Dex3 mice have a greatly dilated left atrium, which
develops after birth

As expected and according to specific crosses, Tyr::Cre/u;
ctnnb1Dex3/+ mice were produced in a Mendelian ratio (72 u/u;
ctnnb1Dex3/+ versus 67 Tyr::Cre/u; ctnnb1Dex3/+ live births).
However, all ctnnb1Dex3 mice died between 4 and 18 weeks of
age (Figure 6A). A distinct Tyr::Cre mouse line, Tyr::CreB, was used

Figure 2. Melanoblasts are numerous in ctnnb1Dex3 DA. Ventral
view of WT-Dct (A) and ctnnb1Dex3-Dct (B) E18.5 hearts stained with X-
gal. Note that ctnnb1Dex3-Dct samples contain numerous b-galacto-
sidase-stained cells (arrow) in the ductus arteriosus (DA). High
magnification of the WT-Dct (C) and ctnnb1Dex3-Dct (D) DA regions,
including the aorta (Ao) and the pulmonary trunk (PT). Scale bar (A, B)
= 1 mm.
doi:10.1371/journal.pone.0053183.g002

Figure 3. Transverse sections of WT and mutant ductus
arteriosus. WT-Dct (A, C, E) and ctnnb1Dex3-Dct (B, D, F) DA. Sections
were stained with X-gal (A, B), SMA (C, D) or DAPI in blue, SMA in red, b-
galactosidase in green (E, F). Note that numerous cells producing b-
galactosidase, corresponding to Mb, are present in ctnnb1Dex3-Dct DA
(F). Genotypes: WT-Dct = Tyr::Cre/u; +/+; Dct::LacZ/u, ctnnb1Dex3-Dct =
Tyr::Cre/u; ctnnb1Dex3/+; Dct::LacZ/u. Scale bar = 100 mm.
doi:10.1371/journal.pone.0053183.g003

Figure 4. SMA-negative cells of the DA of ctnnb1Dex3-Dct mice
are b-galactosidase-positive melanoblasts (Mb). Low (A–C) and
high (D–F) magnifications of transverse sections of ctnnb1Dex3-Dct DA
stained with b-galactosidase (A, D in green corresponding to Mb) and
SMA (B, E in red corresponding to SMC) antibodies. Superimposition of
these two immunostainings includes DAPI in blue (C, F). Note that b-
galactosidase-positive Mb (arrows) do not express SMA. These results
strongly suggest that differentiated Mc do not have smooth muscle cell
properties despite their common precursor. Nomenclature of the
genotype: ctnnb1Dex3-Dct = Tyr::Cre/u; f3/+; Dct::LacZ/u. Scale bars (A)
= 20 mm, (D) = 40 mm.
doi:10.1371/journal.pone.0053183.g004

Reduced Number of SMC and Closure of the DA

PLOS ONE | www.plosone.org 3 January 2013 | Volume 8 | Issue 1 | e53183

ì 	ǓÒƌźnŤģŪ� ����M�
¤�£¦¡���������io� ���
�ŢĽn �+-* ũƏoƛą\}lQVL
��¡���������ioÒƌźÄm� 
����żſƊnũƏVƛą\}d��
ŮÙ�M�



ß-� ����¦�ũŝǄð�ĥß-� ��
��¦�ĥ¶�šQhÀťŀƏ_|[ji
àƚÓ]dMtdLb}znſƊV SMA ſ
ƊlnUL� ����żſƊlnU�Śā
_|dvLĥ SMA ĥ¶Üpĥ Dct ĥ¶jn

öƳŀƏ�ƔfdMb}zmyfhàƚÓ\
}dſƊĮ�ƝŒ]LPDA ��¡���in
ſƊĮnôÓ�Ɯľ]dMCre my|ƀuĪ
SmyfhĔWƩ[\}d ß-catenin ���
¡nŎğÓ]dſƊoLļĽnďŕŹſƊ�
¦�¦iP| SMA �ũŝa`L� ���
�qjÉÓ]hQ|[jVĵzUjlfd
ǈì 3ǉMtdLb}c}nſƊĮ�ƝŒ]d
ƂĿLPDA ��¡���ioƴşïy{
SMA ƽğďŕŹſƊĮVőĈ]LbnÉ�
 ����nĮV¨ĳ]hQ|[jVĵz
Ujlfdǈì 4ǉM[nƂĿoLŤģŪl�
 ����oļĽďŕŹqjÉÓ_|o`
VLß -catenin ���¡nŎğÓmyfh�
 ����qŤģŪmÉÓ]d[jVĵz
UjlfdM 
 
(3) �¤����¤ÇŞĂǆmTQhoL�
¤����¤ĻÇŞn PDA ��¡��� 12
ÔjL�¤����¤ÇŞ]d PDA ��¡
��� 29 Ô�ŋƫłƞ]dM�¤����
¤my|ÒƌźƷƵŌŨoLļ PDA ��¡
���mĆ]hƱÉŪlÑĿ�ű]dM�¤
����¤ĻÇŞn PDA ��¡���oş
Ě 100 Ĳ±ÄmÂhVň®]dVL�¤��
��¤ÇŞĚn PDA ��¡���oşĚ
250 ĲiŽ 2 Ín���Vşü]dM�¤�
���¤ÇŞĚnÒƌź�ƀƅÊŘ�·ġ

]Lƛą]dj[~LÒƌźnƷƵVƛą\
}dM]U]LĀÂlşümoƎz`L�¤
����¤×¶inŌŨoÖÉlÑĿ�Ĩ
Zz}lQ[jVű\}dMtdLPDA ��
¡���j Dct-LacZ ����¯Ʋ]Lãń
n�¤����¤ÇŞ�ƔfdMÇŞĚ
wholemount my| LacZ ŀƏ�ƔQL� 
����żſƊ�àƚÓ]dMbnƂĿL�
 ����żſƊo�¤����¤ÇŞn
ĸŖmUU�z` PDA ��¡���nÒƌ
źÄmüí]LbnĮmwôÓoƛą\}l
UfdM 
(4) PDA ��¡���io� ����żſ
ƊVŤģŪmÒƌźÄmüí]hT{L[n
ſƊVÒƌźnƷƵ�ĤÌ]hQ|àƋğ
Vűè\}dM[nàƋğ�Ɯľ_|dvL
PDA ��¡���in� ����ſƊ�
Ňù\adòâmknyRlƖŝė�æ_
|nU�Ɯľ_|[jm]dM[nūŪnd
vLPDA ��¡���jLMitf-null ���
�¯Ʋ]dMMitf ưµûo� ����żſ
ƊnÉÓ¥şü¥óŉmĆ]hƳƗl½W�
ű_ƪÅƣŻêûiP{LMitf-null ���i
oÂhn� ����żſƊVŇī_|[
jVůz}hQ|MPDA ��¡���j
Mitf-null ����¯Ʋ_|[jiŅŶ\}
|���o� ����żſƊVù�}|
niLļ��¡���mTY| PDA ũŧV
� ����żſƊnĘǃmy|wnUk
RU�łƟiW|M[}znūŪndvmƔ
fd Mitf-null ���jn¯ƲĂǆiLMitf
ưµûnŇīmy{� ����żƥnſ
Ɗ�ÒƌźUzÞ{ƼX[jVàƋjlf
dMļ PDA ��¡���jLMitf-null ��
��¯Ʋ\ad���(mi)mTY| PDA ũ
ŧmy|şüŜ�ŋƫ]dj[~L[n��
�mTQhwLPDA ��¡���jãŴĒm
PDA ŧś�æ]d[jUzLPDA ũŧo�
 ����nüímy|Ęǃy{wL� �

To trace the progeny of recombined cells, we used the Tyr::Cre
system for recombination and Rosa26R reporter mice for
continuous b-galactosidase expression. Tyr::Cre/u; ctnnb1Dex3/+
(ctnnb1Dex3) or Tyr::Cre/u; +/+ (WT) mice were crossed with
Rosa26R/+ mice to generate ctnnb1Dex3-Rosa (Tyr::Cre/u;
ctnnb1Dex3/+; Rosa26R/+) and WT-Rosa (Tyr::Cre/u; +/+;
Rosa26R/+) offspring. Immunostaining of the hearts and DA at
E18.5 revealed the existence of three types of cells: (i) SMA-
positive and b-galactosidase-negative cells ( = SMC1), (ii) SMA-
positive and b-galactosidase-positive cells ( = SMC2) and (iii)
SMA-negative and b-galactosidase-positive cells ( = Mb). The
SMA-positive cells correspond to SMC, and the b-galactosidase-
positive cells to recombined cells that had expressed the Tyr::Cre
transgene. The numbers of SMC ( = SMC1+SMC2) were
determined in transverse sections of WT-Rosa and ctnnb1Dex3-
Rosa DA (Figure 5). The total counts of SMC were higher in
WT-Rosa (382649) than in ctnnb1Dex3-Rosa (301653) DA
sections. However, the numbers of SMC1 were similar (300665)
in WT-Rosa and ctnnb1Dex3-Rosa, indicating that the number of
SMC1 is not altered in ctnnb1Dex3-Rosa animals, but that SMC2
are lacking.

The numbers of SMC2+Mb per section were very similar in the
DA of WT-Rosa and ctnnb1Dex3-Rosa (around 70) (Figure 5).
However, the numbers of SMC2 alone were 62629 versus 563 per
section in WT-Rosa and ctnnb1Dex3-Rosa, respectively, while the
numbers of Mb were 565 versus 5,80063,400 per 100 sections in
WT-Rosa and ctnnb1Dex3-Rosa, respectively. These various
observations show that on a ctnnb1Dex3 background, Mb replaced
most of the SMC2 in the DA. In other words, a subset of VNCC is
bipotent for SMC2 and Mc, and responds to signaling through b-
catenin.

ctnnb1Dex3 mice have a greatly dilated left atrium, which
develops after birth

As expected and according to specific crosses, Tyr::Cre/u;
ctnnb1Dex3/+ mice were produced in a Mendelian ratio (72 u/u;
ctnnb1Dex3/+ versus 67 Tyr::Cre/u; ctnnb1Dex3/+ live births).
However, all ctnnb1Dex3 mice died between 4 and 18 weeks of
age (Figure 6A). A distinct Tyr::Cre mouse line, Tyr::CreB, was used

Figure 2. Melanoblasts are numerous in ctnnb1Dex3 DA. Ventral
view of WT-Dct (A) and ctnnb1Dex3-Dct (B) E18.5 hearts stained with X-
gal. Note that ctnnb1Dex3-Dct samples contain numerous b-galacto-
sidase-stained cells (arrow) in the ductus arteriosus (DA). High
magnification of the WT-Dct (C) and ctnnb1Dex3-Dct (D) DA regions,
including the aorta (Ao) and the pulmonary trunk (PT). Scale bar (A, B)
= 1 mm.
doi:10.1371/journal.pone.0053183.g002

Figure 3. Transverse sections of WT and mutant ductus
arteriosus. WT-Dct (A, C, E) and ctnnb1Dex3-Dct (B, D, F) DA. Sections
were stained with X-gal (A, B), SMA (C, D) or DAPI in blue, SMA in red, b-
galactosidase in green (E, F). Note that numerous cells producing b-
galactosidase, corresponding to Mb, are present in ctnnb1Dex3-Dct DA
(F). Genotypes: WT-Dct = Tyr::Cre/u; +/+; Dct::LacZ/u, ctnnb1Dex3-Dct =
Tyr::Cre/u; ctnnb1Dex3/+; Dct::LacZ/u. Scale bar = 100 mm.
doi:10.1371/journal.pone.0053183.g003

Figure 4. SMA-negative cells of the DA of ctnnb1Dex3-Dct mice
are b-galactosidase-positive melanoblasts (Mb). Low (A–C) and
high (D–F) magnifications of transverse sections of ctnnb1Dex3-Dct DA
stained with b-galactosidase (A, D in green corresponding to Mb) and
SMA (B, E in red corresponding to SMC) antibodies. Superimposition of
these two immunostainings includes DAPI in blue (C, F). Note that b-
galactosidase-positive Mb (arrows) do not express SMA. These results
strongly suggest that differentiated Mc do not have smooth muscle cell
properties despite their common precursor. Nomenclature of the
genotype: ctnnb1Dex3-Dct = Tyr::Cre/u; f3/+; Dct::LacZ/u. Scale bars (A)
= 20 mm, (D) = 40 mm.
doi:10.1371/journal.pone.0053183.g004
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To trace the progeny of recombined cells, we used the Tyr::Cre
system for recombination and Rosa26R reporter mice for
continuous b-galactosidase expression. Tyr::Cre/u; ctnnb1Dex3/+
(ctnnb1Dex3) or Tyr::Cre/u; +/+ (WT) mice were crossed with
Rosa26R/+ mice to generate ctnnb1Dex3-Rosa (Tyr::Cre/u;
ctnnb1Dex3/+; Rosa26R/+) and WT-Rosa (Tyr::Cre/u; +/+;
Rosa26R/+) offspring. Immunostaining of the hearts and DA at
E18.5 revealed the existence of three types of cells: (i) SMA-
positive and b-galactosidase-negative cells ( = SMC1), (ii) SMA-
positive and b-galactosidase-positive cells ( = SMC2) and (iii)
SMA-negative and b-galactosidase-positive cells ( = Mb). The
SMA-positive cells correspond to SMC, and the b-galactosidase-
positive cells to recombined cells that had expressed the Tyr::Cre
transgene. The numbers of SMC ( = SMC1+SMC2) were
determined in transverse sections of WT-Rosa and ctnnb1Dex3-
Rosa DA (Figure 5). The total counts of SMC were higher in
WT-Rosa (382649) than in ctnnb1Dex3-Rosa (301653) DA
sections. However, the numbers of SMC1 were similar (300665)
in WT-Rosa and ctnnb1Dex3-Rosa, indicating that the number of
SMC1 is not altered in ctnnb1Dex3-Rosa animals, but that SMC2
are lacking.

The numbers of SMC2+Mb per section were very similar in the
DA of WT-Rosa and ctnnb1Dex3-Rosa (around 70) (Figure 5).
However, the numbers of SMC2 alone were 62629 versus 563 per
section in WT-Rosa and ctnnb1Dex3-Rosa, respectively, while the
numbers of Mb were 565 versus 5,80063,400 per 100 sections in
WT-Rosa and ctnnb1Dex3-Rosa, respectively. These various
observations show that on a ctnnb1Dex3 background, Mb replaced
most of the SMC2 in the DA. In other words, a subset of VNCC is
bipotent for SMC2 and Mc, and responds to signaling through b-
catenin.

ctnnb1Dex3 mice have a greatly dilated left atrium, which
develops after birth

As expected and according to specific crosses, Tyr::Cre/u;
ctnnb1Dex3/+ mice were produced in a Mendelian ratio (72 u/u;
ctnnb1Dex3/+ versus 67 Tyr::Cre/u; ctnnb1Dex3/+ live births).
However, all ctnnb1Dex3 mice died between 4 and 18 weeks of
age (Figure 6A). A distinct Tyr::Cre mouse line, Tyr::CreB, was used

Figure 2. Melanoblasts are numerous in ctnnb1Dex3 DA. Ventral
view of WT-Dct (A) and ctnnb1Dex3-Dct (B) E18.5 hearts stained with X-
gal. Note that ctnnb1Dex3-Dct samples contain numerous b-galacto-
sidase-stained cells (arrow) in the ductus arteriosus (DA). High
magnification of the WT-Dct (C) and ctnnb1Dex3-Dct (D) DA regions,
including the aorta (Ao) and the pulmonary trunk (PT). Scale bar (A, B)
= 1 mm.
doi:10.1371/journal.pone.0053183.g002

Figure 3. Transverse sections of WT and mutant ductus
arteriosus. WT-Dct (A, C, E) and ctnnb1Dex3-Dct (B, D, F) DA. Sections
were stained with X-gal (A, B), SMA (C, D) or DAPI in blue, SMA in red, b-
galactosidase in green (E, F). Note that numerous cells producing b-
galactosidase, corresponding to Mb, are present in ctnnb1Dex3-Dct DA
(F). Genotypes: WT-Dct = Tyr::Cre/u; +/+; Dct::LacZ/u, ctnnb1Dex3-Dct =
Tyr::Cre/u; ctnnb1Dex3/+; Dct::LacZ/u. Scale bar = 100 mm.
doi:10.1371/journal.pone.0053183.g003

Figure 4. SMA-negative cells of the DA of ctnnb1Dex3-Dct mice
are b-galactosidase-positive melanoblasts (Mb). Low (A–C) and
high (D–F) magnifications of transverse sections of ctnnb1Dex3-Dct DA
stained with b-galactosidase (A, D in green corresponding to Mb) and
SMA (B, E in red corresponding to SMC) antibodies. Superimposition of
these two immunostainings includes DAPI in blue (C, F). Note that b-
galactosidase-positive Mb (arrows) do not express SMA. These results
strongly suggest that differentiated Mc do not have smooth muscle cell
properties despite their common precursor. Nomenclature of the
genotype: ctnnb1Dex3-Dct = Tyr::Cre/u; f3/+; Dct::LacZ/u. Scale bars (A)
= 20 mm, (D) = 40 mm.
doi:10.1371/journal.pone.0053183.g004
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to see if the site of integration of the transgene or other cis-
regulatory differences would affect the outcome [27]. Nonetheless,
all Tyr::CreB/u; ctnnb1Dex3/+ mice died within a similar age range
(between 3 and 12 postnatal weeks; Figure 6B), indicating that
the death of these animals was independent of the Tyr::Cre mouse
line used.

The main clinical sign presented by ctnnb1Dex3 mice was
prostration 24 hours prior to death. Such prostrated, heterozygous
ctnnb1Dex3 mice and their wild-type siblings were sacrificed and
autopsied. While never observed in the WT controls (Figure 7A,
C), a major dilation of the left atrium was observed macroscop-
ically in all mutant mice (Figure 7B, D) and a lesser dilation of
the left ventricle was observed in about half of the mice
(Figure 7D), Micro-computed tomography (CT) analysis after
FenestraH injection was performed on WT and ctnnb1Dex3 mice
(Figure 7E–H and movies S1, S2). This revealed a rightward
shift of the whole heart in live mutant animals, with a clear dilation
of the left atrium (Figure 7G, H).

WT and ctnnb1Dex3 hearts were examined at P1, P10 and P28.
At P1, WT and ctnnb1Dex3 hearts were comparable, indicating

that the enlargement of the left atrium was not associated with a
congenital malformation due to a developmental defect
(Figure 8A, D). At P10, the ctnnb1Dex3 left atrium was visibly
dilated (Figure 8B, E). By P28, the expansion of the left atrium
was substantial (Figure 7B, D and Figure 8C, F). Some dilation
of the left ventricle, not hypertrophy, was also visible in a limited
number of mutants by P28 (Figure 7D and Figure 8F).

Echocardiographic examination also showed substantial en-
largement of the left atrium, associated with thrombi of various
sizes (Figure 9). Thrombus formation was subsequent to chamber
dilation and aggravated over time (Figure 9C, D). In one case,
atrial myocardial rupture and pericardial blood effusion was
observed on ultrasound analysis, and led to the death of the
mouse. Atrial dilation was unlikely to be due to mitral valve
dysfunction, because the Doppler mitral inflow pattern was
normal (data not shown). Similarly, left-ventricular failure was
not the cause, because the fractional shortening was normal. These
data led to the hypothesis that death was due to the accumulation
of large thrombi in the left atrium and/or its rupture.

The ductus arteriosus is not fully closed in ctnnb1Dex3
mice

When the DA does not fully close after birth, a part of the
systolic left-ventricular stroke volume goes directly into the
pulmonary artery (left-to-right shunting), leading to a progressive
overload of the pulmonary circulation by an increase in
pulmonary pressure. Simultaneously, this volume overload triggers
the progressive dilation of the left cardiac cavities. Surprisingly, in
ctnnb1Dex3 mutant mice, this enlargement affected essentially the
left atrium, the left ventricle being more modestly and not
systematically dilated. Ultrasound analysis demonstrated that the
DA remained open in postnatal ctnnb1Dex3 mice, which is never
the case in WT mice (Figure 10A, B). Ultrasound (Figure 10C)
and color Doppler analyses (Figure 10D) showed blood flow back
through the patent foramen ovale (Figure 10E) from the right to
the left atrium of all ctnnb1Dex3 mice, but not WT mice.

The death of the ctnnb1Dex3 mice thus seemed to result from
the failure of DA closure and increased pulmonary pressure,
leading ultimately to retrograde blood flow through the foramen
ovale from the right to the left, driving the progressive dilation of
the left atrium and thrombus formation.

Figure 5. Melanoblasts replace a proportion of the smooth muscle cells in the ctnnb1Dex3 DA. SMA-positive and X-gal-positive cells in
transverse sections of E18.5 WT-Rosa and ctnnb1Dex3-Rosa DA were counted. Three categories of cells were distinguished: non-recombined SMC1
(SMA+ LacZ2), recombined SMC2 (SMA+ LacZ+), and recombined non-SMC (SMA2 LacZ+), corresponding to melanoblasts (Mb). Note that the
number of SMA+ LacZ+ SMC2 in WT-Rosa DA is similar to the number of SMA2 LacZ+ Mb in ctnnb1Dex3-Rosa DA. Genotypes: WT-Rosa = Tyr::Cre/u;
+/+; Rosa26/u, ctnnb1Dex3-Rosa = Tyr::Cre/u; ctnnb1Dex3/+; Rosa26/u. Note, the production of a mutated form of b-catenin in recombined cells did
not seem to greatly affect the number of floxed cells, suggesting that there was no cell non-autonomous effect on the floxed SMC. In both panels,
there were significant differences between the numbers of SMA+, LacZ+ cells and SMA2, LacZ+ cells (for each genotype, the number of cells were
estimated from 5–8 sections per embryo using 4 embryos: ** p-value ,0.01).
doi:10.1371/journal.pone.0053183.g005

Figure 6. ctnnb1Dex3 mice die of heart failure between the
second and fourth postnatal months. (A) Kaplan-Meier graph of
survival of Tyr::CreA/u; ctnnb1Dex3/+ and WT littermate controls
(Tyr::CreA/u; +/+ and u/u; ctnnb1Dex3/+). (B) Kaplan-Meier graph of
survival of Tyr::CreB/u; ctnnb1Dex3/+ and WT littermate controls
(Tyr::CreB/u; +/+). All members of both mutant populations perished
before their fourth month of life, in contrast to the full survival of all
their WT littermates.
doi:10.1371/journal.pone.0053183.g006

Reduced Number of SMC and Closure of the DA

PLOS ONE | www.plosone.org 4 January 2013 | Volume 8 | Issue 1 | e53183

to see if the site of integration of the transgene or other cis-
regulatory differences would affect the outcome [27]. Nonetheless,
all Tyr::CreB/u; ctnnb1Dex3/+ mice died within a similar age range
(between 3 and 12 postnatal weeks; Figure 6B), indicating that
the death of these animals was independent of the Tyr::Cre mouse
line used.

The main clinical sign presented by ctnnb1Dex3 mice was
prostration 24 hours prior to death. Such prostrated, heterozygous
ctnnb1Dex3 mice and their wild-type siblings were sacrificed and
autopsied. While never observed in the WT controls (Figure 7A,
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(Figure 7D), Micro-computed tomography (CT) analysis after
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of the left atrium (Figure 7G, H).
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of the left ventricle, not hypertrophy, was also visible in a limited
number of mutants by P28 (Figure 7D and Figure 8F).

Echocardiographic examination also showed substantial en-
largement of the left atrium, associated with thrombi of various
sizes (Figure 9). Thrombus formation was subsequent to chamber
dilation and aggravated over time (Figure 9C, D). In one case,
atrial myocardial rupture and pericardial blood effusion was
observed on ultrasound analysis, and led to the death of the
mouse. Atrial dilation was unlikely to be due to mitral valve
dysfunction, because the Doppler mitral inflow pattern was
normal (data not shown). Similarly, left-ventricular failure was
not the cause, because the fractional shortening was normal. These
data led to the hypothesis that death was due to the accumulation
of large thrombi in the left atrium and/or its rupture.

The ductus arteriosus is not fully closed in ctnnb1Dex3
mice

When the DA does not fully close after birth, a part of the
systolic left-ventricular stroke volume goes directly into the
pulmonary artery (left-to-right shunting), leading to a progressive
overload of the pulmonary circulation by an increase in
pulmonary pressure. Simultaneously, this volume overload triggers
the progressive dilation of the left cardiac cavities. Surprisingly, in
ctnnb1Dex3 mutant mice, this enlargement affected essentially the
left atrium, the left ventricle being more modestly and not
systematically dilated. Ultrasound analysis demonstrated that the
DA remained open in postnatal ctnnb1Dex3 mice, which is never
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and color Doppler analyses (Figure 10D) showed blood flow back
through the patent foramen ovale (Figure 10E) from the right to
the left atrium of all ctnnb1Dex3 mice, but not WT mice.

The death of the ctnnb1Dex3 mice thus seemed to result from
the failure of DA closure and increased pulmonary pressure,
leading ultimately to retrograde blood flow through the foramen
ovale from the right to the left, driving the progressive dilation of
the left atrium and thrombus formation.

Figure 5. Melanoblasts replace a proportion of the smooth muscle cells in the ctnnb1Dex3 DA. SMA-positive and X-gal-positive cells in
transverse sections of E18.5 WT-Rosa and ctnnb1Dex3-Rosa DA were counted. Three categories of cells were distinguished: non-recombined SMC1
(SMA+ LacZ2), recombined SMC2 (SMA+ LacZ+), and recombined non-SMC (SMA2 LacZ+), corresponding to melanoblasts (Mb). Note that the
number of SMA+ LacZ+ SMC2 in WT-Rosa DA is similar to the number of SMA2 LacZ+ Mb in ctnnb1Dex3-Rosa DA. Genotypes: WT-Rosa = Tyr::Cre/u;
+/+; Rosa26/u, ctnnb1Dex3-Rosa = Tyr::Cre/u; ctnnb1Dex3/+; Rosa26/u. Note, the production of a mutated form of b-catenin in recombined cells did
not seem to greatly affect the number of floxed cells, suggesting that there was no cell non-autonomous effect on the floxed SMC. In both panels,
there were significant differences between the numbers of SMA+, LacZ+ cells and SMA2, LacZ+ cells (for each genotype, the number of cells were
estimated from 5–8 sections per embryo using 4 embryos: ** p-value ,0.01).
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Figure 6. ctnnb1Dex3 mice die of heart failure between the
second and fourth postnatal months. (A) Kaplan-Meier graph of
survival of Tyr::CreA/u; ctnnb1Dex3/+ and WT littermate controls
(Tyr::CreA/u; +/+ and u/u; ctnnb1Dex3/+). (B) Kaplan-Meier graph of
survival of Tyr::CreB/u; ctnnb1Dex3/+ and WT littermate controls
(Tyr::CreB/u; +/+). All members of both mutant populations perished
before their fourth month of life, in contrast to the full survival of all
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enlargement of the left atrium may theoretically be an indirect
consequence of an abnormality in the left atrium itself, due to the
increased Wnt signaling in Mc, which may affect the expression of
various genes and/or have haemodynamic effects. The likelihood

of this hypothesis was small considering that ctnnb1Dex3-mi mice
do not have Mc in the heart but present the same phenotype as the
ctnnb1Dex3 mice. However, we cannot exclude the possibility that

Figure 14. ctnnb1Dex3 is produced in melanoblasts and SMC cells of E18.5 DA. (A) The expression of b-catenin (bcat), Mitf-M
(melanoblasts) and Hprt (loading control) was analyzed by RT-PCR on mRNA isolated from WT ( = Tyr::Cre/u; +/+) and mut ( = ctnnb1Dex3 = Tyr::Cre/
u; f3/+) DA at E18.5. M corresponds to the size marker. The ‘‘a’’ band (479 bp) corresponds to the non-recombined b-catenin cDNA or WT, whereas the
‘‘b’’ band (251 bp) corresponds to the recombined b-catenin cDNA or ctnnb1Dex3. Ptgs2 (Cox2) is weakly expressed in WT and mutant DA. (B)
Schematic of the WT versus mut bcat amplicons. (C–H) Immunolocalization of b-catenin in red (C, E, F, H), b-galactosidase in green (D, E, G, H) and
DAPI in blue (E, H) in WT-Dct (C–E) and ctnnb1Dex3-Dct (F–H) sections of E18.5 DA. Note that b-catenin is found in both the cytoplasm and the
nucleus of ctnnb1Dex3-Dct DA.
doi:10.1371/journal.pone.0053183.g014

Figure 15. The PDA of ctnnb1Dex3 mice is not rescued by removing melanocytes. (A) Kaplan-Meier survival graph for ctnnb1Dex3-mi
( = Tyr::Cre/u; ctnnb1Dex3/+; mivga9/mivga9), ctnnb1Dex3 ( = Tyr::Cre/u; ctnnb1Dex3/+; +/+) and mi ( = Tyr::Cre/u; +/+; mivga9/mivga9) littermate controls.
There is no significant difference between survival of ctnnb1Dex3-mi and ctnnb1Dex3 populations. Macroscopic view of (B) mi and (C) ctnnb1Dex3-
mi hearts at P28. Note the enlargement of the ctnnb1Dex3-mi left atrium (cf. Figure 8). Transverse eosin-stained sections of (D) mi and (E)
ctnnb1Dex3-mi DA at P2. Note that the ctnnb1Dex3-mi DA is not closed (cf. Figure 11). (F) Numbers of SMA-positive and LacZ-positive cells were
evaluated after SMA, LacZ and DAPI staining in the DA of mi-Dct ( = Tyr::Cre/u; +/+; mivga9/mivga9; Dct::LacZ/u), ctnnb1Dex3-Dct ( = Tyr::Cre/u;
ctnnb1Dex3/+; +/+; Dct::LacZ/u) and ctnnb1Dex3-mi-Dct ( = Tyr::Cre/u; ctnnb1Dex3/+; mivga9/mivga9; Dct::LacZ/u) mice at E18.5. For each genotype, the
number of cells were estimated from 5–10 sections per embryos using 3 mice. mb = melanoblast. Scale bar (D, E) = 50 mm. *: p-value ,0.05, **: p-
value ,0.01, ns = non significant.
doi:10.1371/journal.pone.0053183.g015
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