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Abstract

Primary cilia are small organelles projecting from the cell surface of various cell types. They play
a crucial role in the regulation of various signaling pathway. In this study, we investigated the
importance of cilia for heart development by conditionally deleting intraflagellar transport protein
Ift88 using the col3.6-cre mouse. Analysis of col3.6;1ft88 offspring showed a wide spectrum of
cardiovascular defects including Double Outlet Right Ventricle and Atrioventricular Septal
Defects. In addition, we found that in the majority of specimens the pulmonary veins did not
properly connect to the developing left atrium. The abnormal connections found resemble those
seen in patients with Total Anomalous Pulmonary Venous Return. Analysis of mutant hearts at
early stages of development revealed abnormal development of the dorsal mesocardium, a second
heart field-derived structure at the venous pole intrinsically related to the development of the
pulmonary veins. Data presented support a crucial role for primary cilia in outflow tract
development and atrioventricular septation and their significance for the formation of the second
heart field derived tissues at the venous pole including the dorsal mesocardium. Furthermore, the
results of this study indicate that proper formation of the dorsal mesocardium is critically
important for the development of the pulmonary veins.
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INTRODUCTION

Primary cilia are small organelles that project from the cell surface of many cell types. The
core structure of primary cilia is the axoneme consisting of 9 doublet microtubules that
extend from a centriole-derived basal body. Formation, maintenance, and function of cilia
are largely dependent on trafficking of particles along the axoneme by the intraflagellar
transport machinery.

Ciliopathies are genetic disorders that result in disrupted cilia formation or function. The
wide variety of developmental defects associated with dysfunctional cilia reflects the
importance of cilia during development. A large number of ciliopathies are associated with
congenital heart defects including Alstrém syndrome, Bardet-Biedl syndrome, Meckel
syndrome, Dandy-Walker syndrome, Joubert syndrome, Ellis-van Creveld syndrome,
McKusick-Kaufman syndrome, Short-rib polydactyly syndrome, Sensenbrenner syndrome,
and nephronophthisis (Koefoed et al., 2014).

Primary cilia are important in the regulation of a number of signaling pathways including the
non-canonical Wnt pathway(Wallingford and Mitchell, 2011; May-Simera and Kelley,
2012), the PDGF pathway (Schneider et al., 2005), and the Notch pathway (Ezratty et al.,
2011). The most-frequently studied cilia-associated signaling pathway is, however, the
Hedgehog (Hh) signaling pathway (Huangfu et al., 2003; Qin et al., 2011). Hh signaling is
initiated when a member of the Hh family (typically Sonic Hedgehog, Shh) binds to the
membrane receptor patched (Ptcl) localized on the distal end of the axoneme. The
interaction between Hh and Ptc1 alleviates inhibition of the transmembrane protein
Smoothened (Smo) by Ptcl (Corbit et al., 2005; Rohatgi et al., 2007). Smo then activates the
transcriptional activator Gli2 thereby transmitting the Hh signal to the nucleus. The
importance of Hh signaling in heart development has been demonstrated in a number of
recently published papers (Goddeeris et al., 2007; Goddeeris et al., 2008; Hoffmann et al.,
2009; Briggs et al., 2016). Amongst others, it has been shown that deletion of Smo from the
Second Heart Field (SHF) using a SHF-specific cre-mouse model (Mef2c-AHF-cre) leads to
the partial (or incomplete) form of Atrioventricular Septal Defect (AVSD) (Briggs et al.,
2016)' (Goddeeris et al., 2008). In our most recent publication we showed that the
pathogenesis of the AVSD in the Mef2c-AHF-cre;Smof/fl model resulted from the reduction
of proliferation in the posterior part of the SHF (pSHF) (Briggs et al., 2016). This led to
perturbed development of the pSHF-derived Dorsal Mesenchymal Protrusion (DMP). As a
result, the DMP failed to protrude into the common atrium, leading to a primary atrial septal
defect (pASD) and common atrioventricular valve (CAVV), hallmarks of all forms of
AVSDs. It was also observed that the deletion of Smo from the SHF resulted in suppression
of the Wnt/B-catenin pathway. When mice carrying Mef2c-AHF-cre;Smo/fl embryos were
treated with LiCl, an activator of the Wnt/B-catenin pathway, the penetrance of the pAVSD
phenotype was significantly reduced, suggesting that the Wnt/p-catenin pathway is acting
downstream of the Hh pathway in the development of the DMP (Briggs et al., 2016).

One way of interfering with the development and function of primary cilia is by deleting
specific components of the intraflagellar transport (IFT) machinery from specific cell
populations. For instance, to determine the importance of cilia in the endocardium and
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endocardially-derived mesenchyme, Toomer and et al. deleted the IFT protein Ift88 from
this cell population using the Nfactc1-cre enhancer mouse and reported that this Nfactcl-cre
mediated deletion of 1ft88 leads to bicuspid aortic valves (Toomer et al., 2017).

In the current study, we report the outcomes of a series of experiments we have conducted to
determine the role of cilia in cardiovascular development by conditionally deleting 1ft88 in a
wide variety of tissues using a the col3.6-cre mouse (Liu et al., 2004). Whereas this cre
mouse model had previously been described as an “osteoblast-targeted cre” (Liu et al.,
2004), we found in unrelated studies that it drives cre expression throughout the embryo in a
multitude of tissues, including all cell populations contributing to the developing heart.
Col3.6-cre mediated deletion of 1ft88 resulted in a spectrum of cardiac malformations,
including complete atrioventricular septal defect (cAVSD) and a high percentage (>75%
penetrance) of total anomalous pulmonary venous return (TAPVR).

To the best of our knowledge, the Col3.6-cre;1ft88f/- model has the highest penetrance of
TAPVR of any previously reported mouse model and therefore represents a unique model
for studying the pathogenesis of this phenotype and potentially will lead to the discovery of
candidate pathways involved in the etiology of this congenital malformation. Overall, this
study contributes to the growing body of evidence that cilia play a very important role in
cardiovascular development and that interupting ciliogenesis early in development may
result in dysregulation of genes and signaling pathways that collectively result in a spectrum
of cardiac defects.

MATERIALS and METHODS

Mice:

Histology:

The following cre mouse models were used in this study: mWtl-cre (provided by Dr. John
Burch), Mef2c-AHF-cre (provided by Dr. Brian Black), Tie2-cre (Kisanuki et al., 2001), and
col3.6-cre (Liu et al., 2004). The cre models were used in combination with mice carrying
floxed 1188 alleles (1ft88) (Haycraft et al., 2007) and mice with a germline deletion of It38
(1ft882) (Haycraft et al., 2007). In all our mating protocols, we use male mice to introduce
the cre-allele. In some cases, the respective cre mice, as well compound transgenes, were
crossed with the B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Lu0/j renorter mouse
(R26MT/MG: jackson Laboratory; stock no 007576) to allow for determination of cre-driven
membrane-targeted green fluorescence (mGFP) after cre-recombinase exposure (Muzumdar
et al., 2007). All experiments using animals were approved by the MUSC Institutional
Animal Care and Use Committee and complied with federal and institutional guidelines.

Following the sacrifice of time-pregnant dams, embryos were isolated in phosphate-buffered
saline (PBS), inspected using a dissecting microscope, and staged as described before
(Wirrig et al., 2007). Embryos were then fixed in freshly dissolved paraformaldehyde (4%
w/v in PBS), processed through a graded series of ethanol, cleared in toluene, embedded in
Paraplast Plus (Fisher Brand, catalogue#: 23-021-400), serially sectioned (5 um), mounted
on Superfrost/Plus microscope slides (Fisherbrand catalogue#: 12-550-15) and stored at
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room temperature. Hematoxylin/eosin staining was performed as previously described
(Waller and Wessels, 2000; Snarr et al., 2007a; Snarr et al., 2007b). For
immunohistochemistry, sections were deparaffinized in xylenes and rehydrated in graded
series of ethanols. Antigen retrieval was typically performed by immersing slides in boiling
antigen-unmasking solution (Vector Laboratories, #H-3300) in a pressure cooker for five
minutes. To prevent non-specific antibody binding, sections were pretreated with 1% Bovine
Serum Albumine (BSA) in PBS for 1 hour before the addition of primary antibodies.
Antibodies used in this study included: anti-eGFP (Abcam, ab13970), anti-Acetylated Alpha
Tubulin (Sigma, T6793), Gamma Tubulin (Abcam, ab11317), anti-sarcomeric actin (Sigma,
A2172), anti-smooth muscle actin (Sigma, A-2547), and anti-Cartilage Link Protein 1 (Crtl1
aka HAPLNZ1; Developmental Studies Hybridoma Bank, 9/30/8-A-4). Nuclei were
visualized using DAPI (Slowfade Gold Antifade Reagent with DAPI, Invitrogen S36938).
Fluorescence was visualized using a Zeiss Axiolmager Il microscope.

Expression domain of cre-recombinase in the Col3.6-cre mouse

The col3.6¢re mouse is frequently used for studies on bone formation and has previously
been described as an “osteoblast-targeted cre” (Liu et al., 2004). In the context of an
unrelated study, we had observed that cre-recombinase activity was actually conveyed to a
wide variety of other cell types. To assess the extent of the col3.6cre expression domain, and
to establish in which cell populations involved in cardiovascular development cre-activity
could be detected, we collected col3.6cre;ROSA26MT/MG offspring between ED9.5 and
ED14.5. Cre activity, as determined by eGFP expression, was found throughout the embryo
including tissues such as the neural tube, foregut endoderm, and the walls of the dorsal
aortae. In the heart, eGFP expression was observed in the myocardium, the endocardium, the
epicardium, and the posterior second heart field (pSHF) adjacent and ventral to the
pulmonary endoderm. It is important to note that the extent of eGFP expression varied from
specimen to specimen (Fig.1).

Cilia in the heart and surrounding tissues

Cilia are widely expressed in embryonic tissues including the heart (Slough et al., 2008;
Willaredt et al., 2008; Willaredt et al., 2012; Klena et al., 2017; Toomer et al., 2017). To
determine where in the developing heart cilia are located, immunofluorescent analysis was
conducted at stages ED10.5, ED12.5, and ED14.5. Cilia were found on the myocardium
(Fig.2A,C), the endocardial cushion mesenchyme (Fig.2B), and the epicardium (Fig.2A,D).
We have previously demonstrated the importance of the pSHF and the pSHF-derived Dorsal
Mesenchymal Protrusion (DMP) for atrioventricular septation (Snarr et al., 2007a; Snarr et
al., 2007b; Briggs et al., 2013; Briggs et al., 2016). To determine the presence of cilia in the
pSHF, immunofluorescent analysis was performed in Mef2c-AHF-cre;R26MT/MG specimens
at ED10.5 in which SHF cells can be identified by eGFP expression. This analysis revealed
an abundance of cilia within the pSHF (Fig.2E,F).
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Conditional cre-mediated deletion of Ift88 from the endocardium and second heart field.

To investigate whether and where in the heart intact cilia are necessary for proper heart
development, we started with conditionally deleting Ift88 by cre-lox strategy using a variety
of establised “tissue-specific” cre mouse models in combination with two mouse models that
can be used for determining the relevance of 1ft88 in development and/or ciliary function,
i.e. the 1ft881 carrying a floxed 1ft88 allele (Haycraft et al., 2007) and the Ift882 mouse, a
mouse with a germline deletion of Ift88 (Haycraft et al., 2007).

First, to test the importance of cilia in the pSHF, we crossed the above mentioned 1ft88
models with the Mef2c-AHF-cre mouse (Verzi et al., 2005) creating Mef2c-AHF-

cre; 11887/ and Mef2c-AHF-cre; 1ft882/T offspring, following a strategy used in prior studies
in which we deleted the BMP receptor Alk3 and the Hh co-receptor Smo respectively from
the SHF using the Mef2c-AHF-cre mouse(Briggs et al., 2013; Briggs et al., 2016).
Following this protocol, we collected a total of 8 Mef2c-AHF-cre; 188/ and 3 Mef2c-
AHF-cre; Ift882/fl specimens between ED10.5 and ED14.5. Histological analysis did, against
expectations, not reveal major cardiac abnormalities with the exception of one Mef2c-AHF-
cre; 1ft882/fl specimen at ED14.5 which presented with a ventricular septal defect (VSD).

To further explore the importance of 1ft88, and hence primary cilia, for cardiovascular
development, we then turned to the col3.6cre mouse. We predicted, based on the expression
of col3.6-cre mediated eGFP expression, that this more robust approach would lead to a
more rigorous perturbation of cilia assembly and/or function throughout the embryo. Using
the col3.6cre mouse we generated a total of 15 litters containing col3.6-cre;t88f/fl and
col3.6-cre; 1882/l offspring and littermate controls at stages ED9.5, ED10.5, ED14.5, and
ED15.5. While this approach did have consequences for the development of other tissues as
well, in this contribution we will focus on the impact on cardiac development.

Valvuloseptal Defects in the col3.6-cre;|ft88%fl mouse.

During normal development in the mouse, septation of the cardiac chambers and outflow
tract should be completed by ED14.5 (Waller and Wessels, 2000; Wessels and Markwald,
2000). Morphological assessment of col3.6-cre;1ft88/fl and col3.6-cre; 11882/l specimens at
ED14.5-ED15.5, revealed several structural valvuloseptal defects. At the arterial outflow,
8/14 (57%) of the mutants displayed double outlet right ventricle (DORV), a condition in
which both the pulmonary trunk as well as the aorta arise from the right ventricle (Table 1
and Fig.3). In addition, one of the col3.6-cre;Ift88% specimens had persistent truncus
arteriosis (PTA), a situation where the aorta and pulmonary trunk are not divided
downstream of the arterial valves. Furthermore, 13 out of the 14 inspected col3.6-
cre;1ft88f/f and col3.6-cre; 11882/l embryos (93%) presented with an atrioventricular septal
defect (AVSD), characterized by the presence of a primary atrial septum defect (pASD),
common AV valve (CAVV), and, in the case of the complete form of AVSD, a ventricular
septal defect (VSD) (Table 1 and Fig.4).

Total Anomalous Pulmonary Venous Return (TAPVR) in the col3.6-cre;Ift88%fl mouse.

In the mouse, as in the human, the pulmonary veins return the oxygenated blood from the
lungs to the heart. However, while in the human the left and right pulmonary veins empty
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directly into the left atrium through four separate pulmonary orifices, in the mouse, the
pulmonary veins come together behind the left atrium and drain through a common orifice
into the left atrium (Fig.5). We were able to trace the pulmonary veins, and locate the
common pulmonary orifice, in 10 of the 12 col3.6-cre;Ift882/fl embryos at ED14.5 and in 2
col3.6-cre;11t88/f at ED15.5. In 3 col3.6-cre; 1t882/l specimens we were, for various
reasons, not able to trace the pulmonary veins. Our analysis revealed that in the majority of
the col3.6-cre; 1ft882/f hearts (>75%) at ED14.5-15.5 the common pulmonary orifice was
not properly positioned in the left atrium (Table 1). The location of the pulmonary venous
return in the hearts varied. Whereas in control hearts, the pulmonary veins drain to the left of
the atrial septum into the left atrium (Fig.5A), in two ED14.5 col3.6-cre;1ft88%/f specimens
the pulmonary venous orifice was found to the right of the rudimentary primary atrial
septum in the posterior right atrial wall (Fig.6B). In two ED14.5 col3.6-cre; 188X/l
specimens, we found a pulmonary vein connected to the junctional area between the future
right superior caval vein (RSCV) and the right atrium Fig.6C). In three ED14.5 col3.6-

cre; Ift882/fl specimens the common pulmonary vein was seen to drain very low in the right
atrium (Fig.6D,E), close to where the left sinus horn (LSH) connects to the right atrium. In
one of the ED14.5 col3.6-cre;1ft88% hearts, the LSH entered the left atrium, a condition
often seen in hearts with right atrial isomerism. In this heart the pulmonary vein was found
at the junction between the LSH and the left atrial wall. A similar situation was observed in
the two col3.6-cre; 1ft88/f specimens at ED15.5 where the overall morphology suggested
disturbed laterality with the orifice of the pulmonary vein being located in between the
bilateral RSVC and LSH.

The abnormal connections of the pulmonary veins at the venous pole as observed in the
col3.6-cre; 11t882/fl mouse resemble a cyanotic congenital heart defect in the human known
as Total Anomalous Pulmonary Venous Return (TAPVR).

Perturbed development of the dorsal mesocardium in the col3.6-cre;Ift882fl mouse

The development of the pulmonary veins and the final location of the orifice of the common
vein in the dorsal wall of the left atrium are intrinsically associated with the development of
the dorsal mesocardium and the SHF-derived dorsal mesocardial protrusion (DMP) (Snarr et
al., 2008; Burns et al., 2016). During normal development, the DMP penetrates the dorsal
mesocardium between ED9.5 and ED10.5 to the right of the primitive pulmonary vein
(pPuV) which is initially a midline structure (Briggs et al., 2012). As a result, the future
orifice of the common pulmonary vein shifts to the left. The subsequent development of the
primary atrial septum eventually determines the final location of the pulmonary orifice in the
dorsal atrial wall of the left atrium. Under the hypothesis that the abnormal location of the
pulmonary venous return in the col3.6-cre;Ift88 mutants could be linked to abnormal
development of the dorsal mesocardium and DMP, we analyzed the venous pole of a small
sample of col3.6-cre;Ift882/f specimens at ED.5. It was observed that in a number of
col3.6-cre;1ft882/fl specimens at ED9.5 the dorsal mesocardium had an abnormal appearance
when compared to control littermates (Fig.7). Specifically, the dorsal mesocardium was
found to be a lot wider containing what appears excessive extracellular matrix and
mesenchyme. In addition, the pulmonary pit, i.e. the invagination of the endocardial lining
that is in contiguity with the pPuV, was typically not well defined (Fig. 7C,C’,D,D’)
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DISCUSSION

Relationship of cilia, TAPVR, and other congenital heart defects

Over the last few years, a number of mouse models have been reported in which reduced
global expression of IFT proteins results in congenital heart defects. Cardiac abnormalities,
including AVSDs have been reported in mice with hypomorphic alleles for Ift88 and 1ft172
(Friedland-Little et al., 2011; Willaredt et al., 2012). More recently, the Norris lab has
demonstrated that endocardially-expressed Ift88 is of critical importance for proper aortic
valve development (Toomer et al., 2017). Combined, these and other studies support the
importance of primary cilia for valvuloseptal development. However, the inclusion of
TAPVR as part of the spectrum of cardiac abnormalities in mouse models with perturbation
of cilia function is novel.

In the human, TAPVR is the more severe form of Anomalous Pulmonary Venous Return
(APVR) as all the pulmonary veins connect to the right side of the venous pole (e.g. right
atrium, superior caval vein, azygos vein, portal vein, or coronary sinus). TAPVR comprises
~1% of all congenital heart malformations, has a low recurrence risk (3-5%), and is usually
found without a family history. Without surgical intervention, TAPVR has a high mortality
rate in the first year of life. TAPVR is often found in association with other congenital
malformations such as atrial septal defect (ASD), atrioventricular septal defect (AVSD) and
double-outlet right ventricle (DORV). TAPVR is frequently seen in syndromic conditions,
such as Heterotaxy (Anagnostopoulos et al., 2009), Cat Eye Syndrome (Fahed et al., 2013),
Fryns Syndrome (Neville et al., 2002), Turner Syndrome (Gutmark-Little et al., 2012),
Williams Syndrome (Park et al., 2012), Scimitar Syndrome (Gudjonsson and Brown, 2006),
Smith-Lemli-Opitz Syndrome (Digilio et al., 2003), and Smith-Magenis syndrome (Myers
and Challman, 2004). TAPVR is also found in patients with ciliopathies such as Bardet-
Biedl (Digilio et al., 2006) (Stamm, 1998) and Ellis-van Creveld Syndrome (Hills et al.,
2011).

Etiology of TAPVR

Despite the low recurrence risk for TAPVR, a humber of cases with familial TAPVR have
been reported which has eventually led to the identification of candidate genes associated
with TAPVR. Bleyl and colleagues studied two Utah/Idaho families with non-syndromic
TAPVR as an autosomal dominant trait with incomplete penetrance and variable expression
and identified PDGFRA as a putative TAPVR gene (Bleyl et al., 1994) (Bleyl et al., 2006).
In another study Semaphorin 3d (SEMA3d) was found to be a TAPVR candidate gene
(Degenhardt et al., 2013). Other candidate genes include Cardiac Ankyrin Repeat Protein
(ANKRD1/CARP) (Cinquetti et al., 2008), Connexin 43 (GJA1) (Fahed et al., 2013), Zinc
finger protein 3 (ZIC3) (Fahed et al., 2013), and genes associated with retinoic acid
signaling, including Retinol Binding Protein 5 (RBP5), Nodal, and Retinol
Dehydrogenase10 (Nash et al., 2015).

Existing hypotheses regarding the pathogenesis of TAPVR-animal studies

Thus far, published studies on the pathogenesis of TAPVR have resulted in two prevailing
hypotheses. Based on their findings in the Utah/Idaho families with non-syndromic TAPVR
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(see above), Bleyl and colleagues investigated the potential role of Pdgfra in the
pathogenesis of TAVPR in mice, including the Pdgfra knockout mouse and mouse models in
which Pdgfra was conditionally deleted. They found a 7% overall penetrance of TAPVR in
these models with only 1 out of 29 Pdgfra knockouts presenting with TAPVR (Bleyl et al.,
2010). The authors furthermore stated that Pdgfra is expressed in the DMP and that Pdgfra-
deficient embryos have a hypoplastic DMP. Based on these combined, albeit not very
convincing, observations and results, it was suggested that hypoplasia of the DMP could be
responsible for the presence of persistent pulmonary venous connections to the structures
derived from the embryonic sinus venosus. Even though the very low penetrance of TAPVR
in these Pdgfra mutants does not make a strong case for a significant role of Pdgfra in the
pathogenesis of the development of the pulmonary veins, the Pdgf pathway is of significant
interest as Pdgfra, a receptor tyrosine kinase, is the only TAPVR candidate directly
associated with primary cilia (Schneider et al., 2005; Plotnikova et al., 2009). It is therefore
attempting to speculate that while Pdgfra in itself may not be critically important for proper
development of the pulmonary veins, perturbation of Pdgf signaling through cilia-associated
Pdgfra may be a contributing factor in the pathogenesis of TAPVR when cilia formation and
maintenance is perturbed.

As mentioned, SEMAS3D has also been identified as a candidate gene for TAPVR in
humans. Studies on the Sema3d knockout mice revealed a higher penetrance of TAPVR
(35%) (Degenhardt et al., 2013). Histological analysis of the Sema3d knockout mice led to
the suggestion that failure of the developing pulmonary venous plexus to connect properly to
the precursor of the common pulmonary vein could be the underlying mechanism
responsible for TAPVR. A more or less similar model was proposed by van den Berg and
Moorman (2011) who suggested that TAPVR in hearts with normal atrial arrangements may
be the result of an error in separation of the splanchnic plexus from which the pulmonary
veins derive (van den Berg and Moorman, 2011).

Based on our insights into the development of the DMP and the early stages of pulmonary
vein development (Webb et al., 1998; Wessels et al., 2000; Wessels and Markwald, 2000;
Snarr et al., 2007a; Snarr et al., 2007b; Snarr et al., 2008; Wu et al., 2011; Briggs et al.,
2012; Briggs et al., 2013), we do not believe that either of the two prevailing models
sufficiently explains TAPVR pathogenesis. Specifically, neither model provides an
explanation of why the point of entry of the pulmonary veins (the pulmonary orifice) finds
its way into the right atrium (or its venous tributaries) as observed in the col3.6cre; 1t88fl/A
mouse. While abnormal anastomaosis of the pulmonary venous plexus to the precursor of the
common pulmonary vein certainly can be involved in the generation of ectopic
“extracardiac” vasculature as proposed by Degenhardt et al. (2013), it would not explain the
abnormal location of the pulmonary venous orifice in the models of TAPVR. So, what might
cause altering the location of the pulmonary venous orifice in the context of TAPVR?

An alternative model for TAPVR pathogenesis based on observations in the col3.6-
cre;Ift88%f mouse.

During the early stages of heart development, the primitive pulmonary vein is a midline
structure (Snarr et al., 2008; Briggs et al., 2012; Burns et al., 2016). As the DMP, using the
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dorsal mesocardium as its “portal of entry”, wedges itself in between the primitive
pulmonary vein (PuV) and the right-sided mesocardial reflection into the common atrium,
the common orifice of the developing pulmonary vein shifts to the left. In the mouse, this
process takes place between ED9.5 and ED10.5 (Briggs et al., 2012; Briggs et al., 2013;
Briggs et al., 2016). Completion of the atrial septation process, in combination with
myocardialization of the DMP (Wessels et al., 2000), eventually results in the fact that the
pulmonary veins drain into the left atrium. In the col3.6cre; 1ft88f/2 embryos analyzed, we
found several specimens in which the dorsal mesocardium was exceptionally wide and in
which the location of the mesenchymal tissues that were found within the dorsal
mesocardium led to ambiguous location of the pPuV.

An important aspect heart development is the establishment of the dorsal mesocardium at
the venous pole of the heart at the completion of cardiac looping, which we will call here the
“definitive” dorsal mesocardium. The first step in creating the definitive dorsal mesocardium
is the formation of the “primary” dorsal mesocardium. This primary dorsal mesocardium is
formed when, in the first stages of cardiac development, the two bilateral heart fields come
together and form the straight primary heart tube. After the establishment of the primary
heart tube it hangs suspended over its entire length by the primary dorsal mesocardium from
the rest of the embryonic foregut. The fusion of the two heart fields also results in the
creation of the midpharyngeal endothelial strand which is the precursor of the pPuV and is
located within the dorsal mesocardium (DeRuiter et al., 1995). As the heart is undergoing
looping, a significant portion of the primary dorsal mesocardium disintegrates, the only
persisting dorsal mesocardial connection being the definitive dorsal mesocardium harboring
the pPuV (Snarr et al., 2008).

Several years ago, we published a paper on the effect of elevated levels of vascular
endothelial growth factor (VEGF) on heart development in the quail (Drake et al., 2006).
Amongst other observations, we found that injection of VEGF in early quail embryos in an
in vitro setting, resulted in an increase of the number of endothelial cells within the primary
dorsal mesocardium. This accumulation of endothelial cells led to the widening of the dorsal
mesocardium and to the inhibition of disintegration of the primary dorsal mesocardium. As a
result, the primary dorsal mesocardium persisted over a considerable length and inhibited
cardiac looping.

The widening of the dorsal mesocardium in the VEGF treated quail embryos is reminiscent
of the widening of the dorsal mesocardium observed in the col3.6cre; 18872 mouse. Thus
far, we have not determined how deletion of Ift88 in the col3.6cre;1t88f/2 mouse interferes
with the formation of the splanchnic plexus and/or formation of endothelial precursors in the
definitive dorsal mesocardium. We have also not yet been able to establish whether
interference with 1ft88 expression has an impact on the disintegration process of the primary
dorsal mesocardium over the length of the primary heart tube, a process which potentially
can have an effect on the development and location of the endothelial structures involved in
the development of the pulmonary veins. In ongoing studies in the lab, we are focusing on
elucidating the cellular and molecular mechanisms that underlie the pathogenesis of TAPVR
in our model.
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The development of the pulmonary vein is a topic of continuing debate. In particular the
question of whether the point of entry of the pPuV is completely situated within the confines
of the future atrial chambers or whether the pPuV is (also) partly committed to the sinus
venosus, has been a contentious subject (DeRuiter et al., 1995; Webb et al., 1998; Wessels et
al., 2000; Anderson et al., 2006; Sizarov et al., 2010; Douglas et al., 2011; van den Berg and
Moorman, 2011). Where one draws the boundaries “separating” the tissues of the sinus
venosus and the developing atrial chambers largely depends on the morphological and
molecular criteria used to describe the respective components of the developing heart. This
is not the place to rehash this issue. It is beyond doubt, however, that even in the normally
developing heart, the “pulmonary pit” is in close proximity to the junction between the
tissues of the common atrium and the sinus venosus. We believe that it is conceivable that if
the primary dorsal mesocardium does not disintegrate properly in the midsection of the
primary heart tube, and that, as a consequence, the dorsal mesocardium does not properly
develop, the relative position of the pulmonary pit may change within this crucial area of the
venous pole. This, combined with an abnormally developing pSHF and pSHF-derived DMP,
and possibly the failure of the pulmonary plexus to properly form, may lead to the various
forms of TAPVR encountered in the col3.6-cre; 1ft88%/fl mouse and potentially the spectrum
of congenital defects as seen in patients with TAPVR.
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Figure 1. Col3.6cre-driven eGFP expression.
Sections of a col3.6cre;ROSA26MT/MG mouse embryo at ED9.5 showing the cre-mediated

expression of eGFP throughout the embryo, including the tissues of the heart. DA=dorsal
aorta; FG=foregut; LA=left atrium; LSH=left sinus horn; LV=left ventricle; RA=right
atrium; RSH=right sinus horn; RV=right ventricle
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Figure 2. Cilia in the developing mouse heart.
Sections of mouse embryos at ED10.5 (A,B,E,F) and ED12.5 (C,D) were stained with

antibodies recognizing acetylated alpha tubulin to visualize the ciliary axoneme (red in A-F),
and gamma tubulin to visualize the basal bodies (green in A-D, blue in E-F). The sections in
E and F are from a Mef2c-AHF-cre;R26MT/MG mouse embryo at ED10.5, in which second
heart field (SHF) cells are identified by the expression of eGFP.
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Figure 3. Double outlet right ventricle (DORV) in the col3.6-cre; 17882l mouse.
Serial sections of the arterial pole of a control (A,C) and a col3.6-cre; 1ft882/fl (B,D) embryo

at14.5ED. Note that in both embryos the pulmonary trunk arises from the right ventricle
(A,B) but that while the aorta originates from the left ventricle in the control heart (C), in the
col3.6-cre; Ift882/fl embryo the aorta also comes off the right ventricle. Ao=aorta; LA=left
atrium; LV=left ventricle; Pu=pulmonary trunk; RA=right atrium; RV=right ventricle.
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Figure 4. Complete atrioventricular septal defects (CAVSD) in the col3.6-cre; 17882l mouse.
This figure shows 4-chamber views of sections of a control (A) and a col3.6-cre; 1ft88%/f (B)

embryo at 14.5ED at the level of the atrioventricular junction. The four chambers in the
control heart are completely septated by a fully formed atrial and ventricular septum. The
heart of the col3.6-cre;Ift88%/l specimen has a complete atrioventricular septal defect
characterized by a primary atrial septal defect as well as a ventricular septal defect.
AS=atrial septum; cAVSD=complete atrioventricular septal defect; I\VS=interventricular
septum; LA=left atrium; LV=left ventricle; RA=right atrium; RV=right ventricle.
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Figure 5. 3D AMIRA reconstruction of the arrangement of the pulmonary veins in a normal
embryonic mouse heart at 14.5ED

The reconstruction in panel A was prepared using serial sections of a Tie2-
cre;ROSA26MT/MG mouse embryo at 14.5ED. All sections were stained with a combination
of antibodies recognizing both sarcomeric actin and smooth muscle actin (red in B), a
combination of antibodies useful for recognizing cardiomyocytes and smooth muscle cells.
Endothelial and endothelial-derived cells in the Tie2-cre;ROSA26™MT/MG mouse express
eGFP (green in B). C shows the 3D reconstruction “sliced” at the level of the tissue section
shown in B. The pulmonary veins in panel A are pseudocolored in yellow, the left sinus horn
in blue. AS=atrial septum; CPVV=common pulmonary vein; LA=left atrium; LPV=left
pulmonary veins; LSH=left sinus horn; LV=left ventricle; RA=right atrium; RPV=right
pulmonary vein; RV=right ventricle
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Figure 6. Total Anomalous Pulmonary Venous Return (TAPVR) in the col3.6-cre; 11882 mouse.
Serial H/E stained section of a control heart (A) and four col3.6-cre;1ft88%/fl mouse embryos

(B-E) at ED14.5. Panel A shows the normal anatomy of the right and left pulmonary veins
entering the left atrium through the common pulmonary orifice. In the mutant in B the
pulmonary veins enter to the right of the rudimentary primary atrial septum in the posterior
right atrial wall. In C a single pulmonary vein connects to the heart in the junctional area of
the right superior caval vein and right atrium. In D and E the common pulmonary vein was
found to connect very low in the right atrium close to where the left sinus horn enters the
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right atrial chamber. AS=atrial septum; LA=left atrium; leftPuV=left pulmonary veins;
LSH=left sinus horn; LV=left ventricle; RA=right atrium; rightPuV=right pulmonary vein;
RV=right ventricle; RVV=right venous valve
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Figure 7. The dorsal mesocardium in the col3.6-cre; 1882 mouse.
Serial sections of one control embryo (A,A’) and three col3.6-cre;1ft882/fl embryos

(B,B’,C,C’,D,D’) at the level of the dorsal mesocardium. The higher magnifications in A’-
D’ show the normal dorsal mesocardium in the control heart (A”) as well as in one of the
col3.6-cre;Ift882/fl embryos (B’). Panels C” and D’ demonstrate that in these specimens the
dorsal mesocardium is abnormally wide (arrows) and dysmorphic. The location of the
connection of the primitive pulmonary vein(s) to the common atrium is not well-defined.
DM=dorsal mesocardium; LV=left ventricle; pPuV=primitive pulmonary vein; RA=right
atrium.
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Table 1.
Cardiovascular defects in col3.6-cre:1ft88 mutants.
Specimen  Stage Genotype DORV PTA AVSD TAPVR
1 ED14.5 col3.6-cre;Ift88¥f  no no yes yes
2 ED14.5 col3.6-cre;Ift88%fl  yes no yes yes
3 ED14.5 col3.6-cre;Ift882f  no no yes ambiguous
4 ED14.5 col3.6-cre;Ift88%fl  yes no yes yes
5 ED14.5 col3.6-cre;Ift88%fl  yes no yes yes
6 ED14.5 col3.6-cre;Ift88%fl  yes yes  yes yes
7 ED14.5 col3.6-cre;Ift88%fl  yes no yes yes
8 ED14.5 col3.6-cre;Ift88%fl  yes no yes ambiguous
9 ED14.5 col3.6-cre;Ift88¥f  no no yes yes
10 ED14.5 col3.6-cre;Ift882  no no no no
11 ED14.5 col3.6-cre;Ift88%fl  yes no yes yes
12 ED14.5 col3.6-cre;Ift88¥f  no no yes yes
13 ED15.5 col3.6-cre;Ift88fl  yes no yes yes
14 ED15.5 col3.6-cre;Ift88%1f  no no yes yes
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DORV=double outlet right ventricle, PTA=persistent truncus arteriosus, AVSD=atrioventricular septal defect, TAPVR=total anomalous pulmonary

venous return

Anat Rec (Hoboken). Author manuscript; available in PMC 2020 January 01.



	Abstract
	INTRODUCTION
	MATERIALS and METHODS
	Mice:
	Histology:

	RESULTS
	Expression domain of cre-recombinase in the Col3.6-cre mouse
	Cilia in the heart and surrounding tissues
	Conditional cre-mediated deletion of Ift88 from the endocardium and second heart field.
	Valvuloseptal Defects in the col3.6-cre;Ift88∆/fl mouse.
	Total Anomalous Pulmonary Venous Return (TAPVR) in the col3.6-cre;Ift88∆/fl mouse.
	Perturbed development of the dorsal mesocardium in the col3.6-cre;Ift88∆/fl mouse

	DISCUSSION
	Relationship of cilia, TAPVR, and other congenital heart defects
	Etiology of TAPVR
	Existing hypotheses regarding the pathogenesis of TAPVR–animal studies
	An alternative model for TAPVR pathogenesis based on observations in the col3.6-cre;Ift88∆/fl mouse.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table 1.

