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This editorial refers to ‘Down’s syndrome-like cardiac develop-
mental defects in embryos of the transchromosomic Tc1
mouse’ by L. Dunlevy et al., pp. 287–295, this issue.

1. Introduction
Down’s syndrome (DS) is the most common aneuploidy diagnosed in
liveborn babies (�1/700 live births). While DS is typically associated
with recognizable dysmorphic features, clinical anomalies exhibit vari-
able expressivity. The DS phenotype includes many organ systems and
affects all three embryonic germ layers. DS is the most frequent chro-
mosomal cause of mental retardation, is a recognized genetic aetiol-
ogy of Alzheimer disease, and is associated with congenital
anomalies of the gastrointestinal and cardiac systems.1 It has been
over 50 years since trisomy 21 was discovered as the genetic aetiol-
ogy of DS.2 Despite progress in diagnosis and management of
DS-related health problems, the definition of the pathogenetic mech-
anisms by which these gene dosage errors induce the DS phenotype
and elucidation of DS genotype–phenotype correlations remains
elusive. One of the barriers to progress in defining the underlying
pathogenesis of this common genetic disorder has been the lack of
a suitable animal model (reviewed in refs.3,4). This has been especially
true for DS-associated cardiovascular malformations. Nearly half of
the DS patients have a congenital heart malformation;5 the signature
cardiac defect is atrioventricular septal defect (AVSD), also known
as atrioventricular (AV) canal defect or endocardial cushion
defect.6,7 The paper by Dunlevy et al.8 in the current issue addresses
this problem.

2. What is an AVSD?
The AV junction is the area of the heart where atrial myocardium is
inserted into the base of the ventricles. The arrangement of each
atrium connected to its own ventricle via right and left AV junctions
describes the normal heart. AVSD results from abnormal develop-
mental processes which culminate in a common AV junction. AVSD
is present in �45% of the children with DS.5 Variations in the arrange-
ment of the leaflets of the common AV valve relative to each other,
the septal structures, and the AV junction are frequent and in large
measure explain the variation in AVSD anatomy.7

3. Developmental abnormalities
result in AVSD
The primitive heart tube consists of an inner endocardial layer
wrapped in an outer myocardial layer. During cardiac looping, endo-
cardial cushions develop in both the AV canal and the outflow tract by
extracellular matrix accumulation, known as cardiac jelly, and epi-
thelial to mesenchymal transition. During this process, endothelial
cells lining the endocardial cushions delaminate and move into the
adjacent extracellular matrix-rich environment in order to populate
the endocardial cushions with mesenchymal cells. Through processes
of elongation and remodelling, cushions then develop into cardiac
valves and contribute to septation of the outflow tract and the AV
canal.9

Previously, it was thought that AVSD, characterized by lack of
normal AV septal structures, develop due to a problem with fusion
of the AV endocardial cushions—hence the reference to AVSD as
endocardial cushion defect. However, the formation of the AV
septal area is complex, and several important structures contribute
to its development (Figure 1). For example, AVSD may result from
malalignment of atria over the ventricles due either to misalignment
of the AV septal components or to looping defects in response to
abnormal left–right patterning as seen in heterotaxy syndromes.
AVSD may also result from abnormal development of the contribut-
ing myocardial structures. This is somewhat obvious, as the largest
parts of the primary atrial septum and the ventricular septum are of
myocardial origin, and myocardial signalling to the endocardial cush-
ions is necessary for induction of epithelial to mesenchymal transition
and for mesenchymal cell proliferation. Abnormal myocardial devel-
opment may explain the aetiology of AVSD in Gata4 and Tbx5
mouse mutants.10 Finally, both endothelium-derived and
non-endothelium-derived mesenchyme play a role in AV septal mor-
phogenesis. Endothelium-derived mesenchyme is found at the tip of
the atrial septum and in the developing AV cushions.
Non-endothelium-derived mesenchyme in the dorsal mesenchymal
protrusion, also known as spina vestibuli, also contributes to AV sep-
tation. Aberrant sonic hedgehog (Shh) signalling in the secondary
heart field, including the dorsal mesenchymal protrusion, has been
associated with murine AVSD.11 In addition, dysfunction of Ellis van
Creveld syndrome gene (1) and Limbin or Ellis van Creveld syndrome
2 gene proteins in the dorsal mesenchymal protrusion is also a
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suggested aetiology for AVSD seen in Ellis van Creveld syndrome.12

Thus, it is time to move beyond the notion that the development in
the AV canal reflects only appropriate fusion of the AV endocardial
cushions.13

4. The Tc1 mouse develops DS-like
AVSD
Efforts to understand the developmental aetiology of the cardiac mal-
formations of DS have been severely hampered by the absence of an
accurate mouse model that exhibits the full range of DS phenotypes,
in particular the profound disruptions resulting in AVSD. The paper by
Dunlevy et al.8 presents the analysis of the cardiac malformations
exhibited by embryos of the transchromosomic mouse line
(Tc(Hsa21)1‘TybEmcf (Tc1).14 A major strength of the study is the
detailed cardiac phenotyping using high-resolution episcopic
microscopy and 3D modelling. In this way, the investigators show
that Tc1 embryos exhibit cardiac defects similar to those seen in
DS, particularly an AVSD with a common AV canal balanced
between the left and right ventricles. This is a unique accomplishment
in a mouse model of aneuploidy. In contrast, no comparable cardiac
defects were detected in embryos of the more limited mouse
trisomy model Ts1Rhr, indicating that trisomy of the region syntenic
to the DS Critical Region is insufficient to yield DS-like cardiac
abnormalities. Further, while previous studies found AVSD in the
Ts16 mouse,15 the common AV canal was not balanced between
the two ventricles in the Ts16 model. The authors conclude that

the Tc1 mouse line provides a suitable model for studying the under-
lying genetic causes of the DS AVSD cardiac phenotype; they specu-
late that an abnormality in the dorsal mesenchymal protrusion
underlies the AVSD seen in DS. Interestingly, frequencies of cardiac
malformations, ranging from 38 to 55% in the Tc1 mouse, were
dependent on strain background.

5. Significance
Despite amazing advances in the diagnosis and treatment of congenital
cardiac malformations, mortality and morbidity remain significant con-
cerns. One of the major barriers to progress in the diagnosis and
novel therapeutic strategies has been the lack of animal models of
viable congenital heart malformations. Despite the mosaic and vari-
able distribution of cells containing the Hsa21 transchromosome
seen in the Tc1 line, the model is a step in the right direction and pro-
vides a new way to ‘look Down the AV canal’.
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Figure 1 Multiple tissues contribute to AV septation during devel-
opment. In normal cardiac development, the AV septum is formed
from myocardial septae (green), endothelially derived mesenchyme
of the AV cushions and the cap of the primary atrial septum (red),
and non-endothelially derived mesenchyme of the dorsal mesenchy-
mal protrusion (aka spina vestibuli). The dorsal mesenchymal protru-
sion then differentiates into muscle at the AV junction (black and
white stripes). Adapted from Webb et al.;13 used with permission.
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