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Abstract
To understand the relation between genes and morphogenesis one first needs 
to know which genes are expressed in which parts of the developing organ. The 
widespread application of high throughput gene expression analysis platforms has 
lead to the identification of thousands of mammalian genes and the estimation 
of their activity. However, virtually all such expression analysis is carried out on 
organ homogenates in which spatial information is lost. Only 3-dimensional (3D) 
reconstruction of specifically stained sections can provide a complete spatial ex-
pression pattern. The detailed gene expression information in 2D images or 3D 
reconstructions can be made accessible by combining such 3D reconstructions 
into a common reference model.
We spatially mapped the expression patterns of 12 genes onto a mouse reference 
heart of embryonic day 11.5. The basic 3D mapping of gene expression patterns 
was followed by a flexible volume sampling to bridge small mapping discrep-
ancies. For each location in the reference model the gene expression profile is 
then known. Hierarchical clustering was used to identify regions that have similar 
expression profiles. To restrict the number of branches of the dendrogram, we 
developed a dynamic pruning algorithm that does not require an arbitrary cut-
off value. This algorithm performs a top-down pruning of the cluster tree based 
on the mean values of each gene in the profile per cluster and stops when the 
explained variance in the tree no longer increases significantly.
This approach resulted in 18 unique regions which were visualized in the reference 
heart. These regions not only represented classical anatomical compartments but 
also regions which are not directly evident from anatomical landmarks. The great 
advantage of this genetic annotation approach is that it is fully independent of 
prior recognition of anatomic boundaries.
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Introduction
To understand the roles of genes and their regulatory networks in development one first needs to 
know which genes are expressed in which parts of the developing organ (Diez-Roux et al., 2011; 
Ko, 2001). The widespread application of high throughput gene expression analysis platforms 
has lead to the identification of thousands of mammalian genes and the estimation of their 
activity in numerous organs, in several developmental, physiological and pathological states. 
However, virtually all such expression analyses are carried out on organ or tissue homogenates 
in which all spatial information is lost. Moreover, high-throughput microarray studies on the 
embryonic mouse heart were shown to miss 20% of the genes which are regionally expressed 
(Diez-Roux et al., 2011). Similarly, changes in the expression pattern will not be detected when 
these are not reflected in the overall expression level. Therefore, gene expression profiling at the 
level of single cells or small groups of cells is required to determine gene expression and to de-
cipher gene interaction in developing tissues. In situ hybridisation (ISH) of mRNA combined 
with high resolution microscopy does provide such information at cellular level (Diez-Roux et 
al., 2011; Ruijter et al., 2004). 
However, to fully exploit ISH data, the regions with different expression profiles have to be 
distinguished and annotated. Such anatomical annotation is hampered by the fact that imaging 
of developing organ systems is “especially challenging because embryonic growth, tissue trans-
location and deformation result in a shifting terrain with moving landmarks” (Ruffins et al., 
2002). This is certainly true for the heart that in the mouse develops from a straight heart tube 
at embryonic day 8 (E8) to a four-chambered heart at E14.5 without interruption of the embry-
onic circulation (Moorman and Christoffels, 2003). It is difficult to interpret 2D images of gene 
expression patterns within the intricate 3D context of the developing heart. 
Congenital cardiac malformations are among the leading birth defects in live human births, af-
fecting 1 in 100 children (Hoffman et al., 2004; Hoffman and Christianson, 1978; Marelli et 
al., 2007). This high incidence of structural heart defects highlights the complexity of cardiac 
development and, indeed, heart development was shown to depend on an interplay of a large 
number of genes at different stages of development and in different compartments of the heart 
(Bruneau, 2002; Franco et al., 1998; Gruber and Epstein, 2004). 
Standardized morphological techniques for in situ localization of specific mRNAs and proteins 
on sections reveal information on the local patterns of gene activation. 3D reconstruction then 
provides a complete 3D expression pattern (Soufan et al., 2004). The gene expression informa-
tion in 2D images or 3D reconstructions can be made accessible by anatomical annotation (Diez-
Roux et al., 2011; Visel et al., 2007) or by combining such 3D reconstructions with a common 
reference model (de Boer et al., 2009) of the whole embryo (Venkataraman et al., 2008) or a 
specific organ (Bangs et al., 2010; Bohland et al., 2010; Fisher et al., 2008; Lein et al., 2007). 
When data are mapped onto a reference model, further handling of the information present 
in the voxels of digitized images was done using sampling volumes, which we will refer to as 
“boxels”. Statistical clustering methods can be used to cluster these boxels or genes and expose 
locations and groups of genes with similar expression profiles.
Such clustering of boxels was applied to the embryonic chicken limb bud and revealed previously 
unknown gene relationships (Fisher et al., 2008). Similarly, in different experimental conditions, 
clustering uncovered co-expressed genes that are likely functionally related (Bangs et al., 2010). 
Clustering of 3D expression volumes from the adult mouse brain resulted in clusters that showed 
a high degree of correspondence with classically-defined anatomical structures (Bohland et al., 
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2010). However, when morphological tissue boundaries are not clear, the genetic profiles result-
ing from clustering of boxels can be used to genetically annotate tissue compartments (de Boer 
et al., 2009). 
This paper is the first to describe such a genetic annotation on the developing mouse heart. We 
spatially mapped 12 gene expression patterns onto a previously published reference heart of 
E11.5 (de Boer et al., 2011). The 3D registration of the ISH gene expression reconstructions 
was followed by volume sampling to bridge small mapping discrepancies. For each boxel in the 
reference model the gene expression profile is then known. Hierarchical clustering can serve to 
identify groups of boxels that have similar expression profiles which can then be visualized as 
unique regions. To identify such clusters the number of branches in the dendrogram needs to 
be restricted. To this end, we developed a dynamic pruning algorithm which took advantage of 
the biological information in the resulting clusters. This algorithm does not require an arbitrary 
cut-off value and performs a top-down pruning of the cluster tree based on the mean values of 
each gene in the profile per cluster. It stops when the explained variance in the tree does no longer 
increase significantly. 
With this approach and using only a limited number of genes, we show that the resulting regions 
not only represent those distinguished by classical anatomy; most regions are not directly evident 
from anatomical landmarks. The great advantage of this genetic annotation approach is that it is 
fully independent of prior recognition of anatomic boundaries.

Methods

Embedding, sectioning
Wild type FVB mouse embryos were used. Embryos of E11.5 were isolated, fixated in 4% para-
formaldehyde, dehydrated using an ascending ethanol series, embedded in paraffin and sectioned 
at a thickness of 10 µm. The serial sections were mounted on AAS coated glass slides at 43ºC for 
exactly 5 minutes to reduce variations in morphology due to differential stretching times, which 
could affect the quality of the reconstructions. After stretching, the slides were dried overnight 
at 37ºC. 

In situ hybridisation
Non-radioactive in situ hybridization (ISH) was performed on the sections as described in the 
standard operating protocol (AELW_DE03; available on request). RNA probes complementary 
to cTnI (Ausoni et al., 1991), Nppa (Zeller et al., 1987), Cx40 (Delorme et al., 1995), Tbx5 
(Bruneau et al., 1999), Mlc2a (Kubalak et al., 1994), Mlc2v (Lee et al., 1992), Lbh (Briegel and 
Joyner, 2001), Pitx2c (Liu et al., 2001), Tbx2 (Bollag et al., 1994), Tbx3 (Chapman et al., 1996), 
Tbx18 (Kraus et al., 2001), Isl1 (Cai et al., 2003), and Bmp10 (Neuhaus et al., 1999) mRNA 
were used to detect expression of these genes in the sections. The sections were alternatingly 

Figure 1. Hierarchical clustering and dynamic dendrogram pruning
A. Frequency distribution of the gene expression per boxel for each gene. Because the expression values are derived 
from the gene expression domains, most values are either 0 or 1. These values formed the input for the hierarchical 
clustering, resulting in a dendrogram. B. Flowchart of the algorithm for dynamic pruning of the dendrogram to 
obtain biologically relevant clusters. The decision rules of this algorithm are described in the text. C. Dendrograms 
that form the input (black) and output (blue) of the pruning algorithm. D. Illustration of the ‘explained variance’ 
criterion used in the dynamic pruning algorithm. With an increasing number of clusters the correlation 
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(Figure 1, continued) coefficient (R) of the cluster tree increases. However, the increment of R, which is the extra 
explained variance per level, becomes progressively smaller. In the current tree, this increase in explained variance 
is no longer statistically significant after 30 levels, which resulted in 18 clusters. E. Illustration of the ‘can split’ 
criterion used in the top-down pruning algorithm. A parent cluster is allowed to split when the resulting clusters 
display mean gene expression values that are closer to 0 or to 1. In this example, the split is driven by the expres-
sion of Pitx2c. The mean expression of this gene is 0.32 in the parent cluster; in the resulting clusters (the final 
clusters 1 and 2) it is 0.8 and 0.02, respectively. 
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stained with either two or three probes, using cTnI or Mlc2a in combination with either one or 
two of the other probes-of-interest. 

Reconstruction and segmentation
3D reconstructions were made in Amira using the previously described protocol (Soufan et al., 
2003). In the sets of images resulting from the alternate staining, the expression pattern of either 
the cTnI or the Mlc2a probe was used as a marker for differentiated myocardium. These patterns 
were used to define borders of myocardium within which the expression of Nppa, Cx40, Tbx5, 
Mlc2a, Mlc2v, Lbh, Pitx2c, Tbx2, Tbx3, Tbx18, Isl1, and Bmp10 was segmented. Gene expres-
sion was labelled as positive when it exceeded the staining level in tissues that were known not 
to express the gene. In case of a scattered gene expression type, expression domain borders were 
drawn along the domain limits. 

Registration
The expression pattern contained in the individual gene expression reconstructions was mapped 
to one common reference model (de Boer et al., 2011). The approach was to register the myocar-
dium reconstruction to the reference model and then use the same transformations to register the 
reconstruction of the gene-of-interest. First, the reconstruction was re-sampled to a manageable 
size, usually around 10x10x20 µm. Then the reconstruction was translated to the same space as 
the reference model, followed by a manual alignment of the reconstruction and reference model 
using orthoslices for orientation. Then Amira automatically registered the reconstruction using 
an affine transformation. Finally, an elastic registration was performed using label difference as 
distance metric. All applied transformations were saved and then applied to the corresponding 
gene expression reconstruction. A similar approach using Amira was used by Boerner and Duch 
(2010).

3D measurement
To enable cluster analysis, the myocardium of the reference model was divided into 3413 box-
els, with a volume of 513 µm3, which include 15x15x17 voxels of the reference model. Using a 
Matlab (Version 2009a, The Mathworks) program, the fraction of the myocardium boxels in 
each of the gene expression reconstructions that was positively labelled for a gene-of-interest was 
determined. When there was not enough myocardium label in the boxel to reliably determine 
this fraction, the sampling area was automatically expanded with the neighbouring shell of this 
individual boxel, until a gene expression fraction could be determined.

Clustering and pruning
A two-step clustering procedure was adopted to determine the optimal number of clusters. In the 
first step, a bottom-up hierarchical clustering was applied using Euclidean distance and Ward’s 
linkage (Ward , 1963). This combination was chosen because it matches best with the pruning of 
the dendrogram implemented in step two. The Euclidean distance d(x,y) between two boxels x 

and y is defined as 
 

 ∑



12

1i

2
yx i-i  y)d(x, , where ix and iy denote the expression fractions of 

one of the 12 genes in boxels x and y, respectively. In Ward’s linkage, boxels or clusters of boxels 
are combined based on minimal increase of the within-cluster variance. In combination with 
Euclidean distance this will lead to a minimal variance around the mean expression per gene. 
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This bottom-up clustering can be done with every statistical package that enables the export of 
cluster membership for all cluster levels. In the current paper, Matlab was used. Cluster member-
ship was saved and exported to Excel (Microsoft). 
The second step of the clustering procedure consists of a top-down pruning of the dendrogram 
(flowchart in Fig. 1B). This pruning is based on the fact that we work with expression domains, 
which implicates that the expression information per gene per boxel consists mainly of values 
close to 0 or close to 1 (Fig. 1A). When the aim is to find clusters that show co-expression of 
some of the included genes, the mean expression per gene should therefore also be close to 0 or 
1, indicating absence or presence, respectively, of expression of the gene in the cluster. According 
to this reasoning, a cluster should be allowed to split into two branches only when the gene ex-
pression profile becomes more different from 0.5. To this end, the mean value observed per gene 
per cluster is compared to 0.5 using a one-sample t-test: t = (meangene - 0.5)/SDgene resulting in a 
p-value per gene (pgene) that can be derived from the t-distribution with n-1 degrees of freedom. 
The p-values per gene are then combined to a p-value per cluster: 
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which is the chance of falsely rejecting the null hypothesis that for all genes the mean is 0.5. This 
pcluster is calculated for each cluster in a triplet of the root and the two branches at each cluster 
level. The splitting of the root is only allowed when the pooled pcluster of the two branches is lower 
than the pcluster of the root: 
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The use of (1 - pbranch) puts extra weight on less significant p-values. When a branch is thus la-
belled as ‘cannot split’ this status is inherited to all its sub-branches in the dendrogram (Fig. 1B). 
In short, the top-down pruning procedure allows a split in the dendrogram only when a profit, 
in terms of expression profiles with mean values closer to 0 or 1, is reached by splitting a cluster. 
The “profit-pruning” method is, therefore, not dependent on an arbitrary threshold. 
After each application of the profit criterion, the increase in the explained variance because of the 
split was tested. With increasing number of clusters, the total variation between boxels is divided 
into more homogeneous groups which leads to an increase in the correlation coefficient which 
reflects the variance explained by the cluster tree (Fig. 1D). The explained variance was calculated 
from the difference of the within-cluster variance before and after the split and was compared to 
the total variance using an F-test with (1, nboxels -1) degrees of freedom. A p-value of 0.001 was 
considered to indicate a non-significant increase in explained variance and the top-down splitting 
of the clusters was stopped. (Fig. 1B).
The top-down profit-pruning was implemented in a Windows program written in Pascal us-
ing Delphi (7.0; Borland Software Corporation). This program can be downloaded from www.
HFRC.nl. 

Binding experiment
The fusion constructs used in this study were PCR generated and sequenced to verify sequence 
integrity as described (Boogerd et al., 2008). Constructs encoding maltose-binding protein 
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Figure 2. Expression patterns and clustering of 
genes (left)
Gene expression patterns visualized with in situ 
hybridisation staining on sections were recon-
structed in 3D and mapped onto a common 
high-resolution 3D reference model. To display 
gene expression domains, a threshold of 50% 
was set on the number of gene-positive voxels in 
each sampling volume, dubbed “boxel”. The Isl1 
expression pattern, scattered in the original sec-
tions, is therefore less extensive than described in 
literature. For each expression pattern a ventral, 
four-chamber and dorsal view are shown in the 
left, middle and right column, respectively. Hi-
erarchical clustering of the genes, based on the 
gene expression profiles per boxel, resulted in the 
displayed dendrogram.

Figure 3. Gene expression clustering and genetic 
annotation (next page)
A. Final dendrogram, showing the 18 clusters that 
result from the dynamic pruning of the dendro-
gram resulting from clustering of the gene expres-
sion profiles in 3413 boxels. The heat map shows 
the expression levels per gene (along the top) per 
boxel; green indicates high expression. The col-
oured bar designates the boxels per final cluster. 
B-F: In each of the diagrams a group of clusters is 
mapped onto the common high-resolution refer-
ence model. The displayed groups of clusters were 
chosen to correspond to known anatomical com-
partments: atria (B), mediastinal myocardium 
and atrial back wall (C), atrio-ventricular canal 
(D), left ventricular wall and trabecules (E) and 
right ventricular wall and outflow tract (F).
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(MBP)-fusions with Tbx2 (pMAL2C-Tbx2-T-box) were based on pMAL2C (Clontech) (Boog-
erd et al., 2008). pRP265nb-based23 glutathione-S-transferase (GST) fusion constructs were 
generated to express GST-NKX2.5 (pRP265nb-Nkx2.5) and GST-PITX2C (pRP265nb-Pitx2c).

Results

Gene expression patterns
Figure 2 shows the expression patterns of the 12 genes, as they where included in the cluster 
analyses, mapped onto the E11.5 mouse reference heart. The order is determined by a cluster 
analysis between the expression patterns of the genes. The expression patterns were all according 
to available literature. Nppa is described to be expressed in the atria and ventricles, albeit that ex-
pression in the right ventricle is low compared to that in the left (Christoffels et al., 2000; Habets 
et al., 2002). Expression of Cx40 is limited to the atria, including the mediastinal myocardium, 
and the ventricles; at stage E11.5 the left ventricle expresses more Cx40 than the right (Delorme 
et al., 1997; Soufan et al., 2004). Tbx5 is expressed in the atria and left ventricle, to a lesser 
extend in the trabeculations of right ventricle (Bruneau et al., 1999) and in the atrioventricular 
canal (AVC). Mlc2a is expressed in the atria and outflow tract (OFT); the expression level in 
the ventricles is less (Franco et al., 1999) but still above background level. In contrast, only the 
ventricles and proximal part of the OFT express Mlc2v (Franco et al., 1999). Lbh is expressed 
in the AVC, OFT and the ventricles where expression is less pronounced in the trabeculations 
(Briegel and Joyner, 2001). Pitx2c is expressed in the left and ventral portion of the OFT, ventral 
parts of the ventricles and the left atrium including the primary atrial septum (Campione et al., 
2001). Tbx2 is expressed in AVC and OFT (Christoffels et al., 2004; Habets et al., 2002). Tbx3 
is expressed in the inflow region, the AVC and the inter ventricular foramen (Hoogaars et al., 
2004). Tbx18 is expressed in the sinus venosus myocardium (Mommersteeg et al., 2010) and 
to at a lower level, which we could not detect, in the inter ventricular septum (Christoffels et 
al., 2009). Isl1 is expressed in the proximal end of the OFT, and at the venous pole (Snarr et al., 
2007). Finally Bmp10 expression is restricted to the trabecular myocardium of both ventricles 
(Chen et al., 2004).

Clustering results
Figure 3A shows the dendrogram resulting from the clustering of boxels and the expression pro-
files of all boxels sorted for each of the 18 identified clusters. Figures 3B-F visualize these clusters; 
the reference model with all clusters is also available in an interactive 3D pdf (see supplemental 
CD). The following text describes the noteworthy clusters. Note that the expression profile of 
each cluster is determined by a unique combination of active and inactive genes.
The left and right atrium (cluster 1 and cluster 2, respectively; Fig. 3B) are distinguished by 
Pitx2c expression in the left atrium. Between these atria, the mediastinal myocardium, includ-
ing the primitive atrial septum (Soufan et al., 2004), is found to form cluster 3 (Fig. 3C), which 
is Cx40 positive and Nppa negative. Like the left atrium this cluster is Pitx2c positive and in 
contrast to both atria it is Tbx2 positive. The right inflow region (cluster 7) includes the venous 
valves and differs from the atrial septum cluster (cluster 3) by the absence of Pitx2c (Fig. 3C). 
The sinus node region (cluster 13) is different from the AVC cluster (cluster 11) mainly because 
of the differential expression of Tbx2 (Fig. 3D). It differs from the right atrium because of the 
expression of Lbh and Tbx3 and the absence of Nppa and Cx40. Further specification of this 
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region would require the inclusion of HCN4 (a pacemaker gene) and Nkx2.5 (Mommersteeg 
et al., 2007).
Cluster 12 (Fig. 3D) shows that an atrioventricuar bundle can be distinguished from the rest 
of the AVC myocardium; this cluster is characterized by the presence of Mlc2v and the absence 
of Tbx2 expression (Aanhaanen et al., 2010). At E11.5 Cx40 is hardly expressed in this region.
The trabeculations of the left and right ventricles cluster together (cluster 14; Fig. 3E) which dif-
fers from the left ventricular wall (cluster 15; Fig. 3E) by the expression of Bmp10 and Tbx5. The 
wall of the right ventricle (cluster 18; Fig. 3F), including the ventricular septum, differs from the 
left ventricular wall (cluster 15; Fig. 3E) in the absence of Cx40 or Nppa expression.
The gene expression profile of the OFT (clusters 16 and 17; Fig. 3F and 4A) differs from that of 
the right ventricular wall because both OFT clusters express Tbx2. The outer curvature of the 
OFT (cluster 17) differs from the inner curvature by the expression of Pitx2c (cluster 16). The 
primary myocardium of the OFT is directly connected to the lateral and ventral part of the AVC 
(cluster 11); at the right side via the Pitx2c-negative part (cluster 16) and on the left side via the 
Pitx2c positive part of the outflow (cluster 17). The latter OFT cluster invades far into the right 
ventricle, parallel to the ventricular septum.

Novel gene interaction
The observation of two clusters (Fig. 4A) with differential expression of Pitx2c within the com-
pletely Tbx2-positive OFT is notable, because these genes were clustered together based on their 
generally similar expression patterns (Fig. 2). This makes this combination of genes interesting 
to look at in more detail. To verify whether it is possible that interaction between those genes is 
involved in OFT modelling, we performed an MBP pull-down experiment. This was done using 
constructs containing the T-box encoding region of Tbx2 fused to MBP and GST fusions with 
Nkx2.5 and Pitx2c (Fig. 4B). This experiment demonstrated binding of the T-box of Tbx2 to 
Nkx2.5 as well as Pitx2c and thus indicated that these genes are able to interact with each other.

Discussion
Annotation of the developing mouse heart is not only complicated by the rapid morphological 
changes and biological variation, but also by deformations as the result of its contraction state 
and embedding artefacts of thin-walled structures. These all interfere with the accurate mapping 
of multiple 3D reconstructions to the common reference. Moreover, combining gene expression 
patterns using a common anatomical annotation is virtually impossible because the expression 
domains of regulatory genes will only be part of the existing compartments (Ruijter et al., 2004). 
The regions of the developing heart can therefore not be delineated by morphological landmarks. 
To remedy this situation, genetic annotation of compartments in the developing heart was pro-
posed (de Boer et al., 2009). The genetic annotation approach that is presented in this paper 
will be discussed with respect to the input, the image registration, sampling of gene expression 
information, clustering method, pruning of the dendrogram and visualisation. Finally, the com-
parison of two genetically distinct clusters found in the outflow tract will be used to illustrate the 
strength of this method to generate a biological hypothesis on gene interactions.

Input
In situ hybridisation or immunohistochemistry on sections is required to obtain gene expres-
sion information with cellular resolution (Diez-Roux et al., 2011; Ruijter et al., 2004). Several 
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studies have used such gene expression data to study relations between genes. Some studies used 
anatomically defined (parts of ) organs (Diez-Roux et al., 2011; Visel et al., 2007). Others used 
sampling volumes, boxels, to handle the information in the digitized images (Bangs et al., 2010; 
Bohland et al., 2010; Fisher et al., 2008; Lein et al., 2007). Statistical clustering methods were 
then used to cluster structures as well as genes. Clustering of genes reveals co-expressing genes 
whereas clustering of structures reveals organ systems with similar expression profiles.
In a high-throughput approach, staining patterns were collected from a systematic sampling of 
sections through ED 14.5 mouse embryos (Diez-Roux et al., 2011; Visel et al., 2004). Gene 
expression of over 600 genes was scored in 70 anatomically annotated (parts of ) organs and a 
cluster of genes with high expression levels in the brain was shown to share regulatory DNA 
sequences (Visel et al., 2007). Such clusters of co-expressed genes, observed in the embryo, were 
considered to have predictive value for the adult (Diez-Roux et al., 2011). These studies were 
based on known anatomical compartments. 

Registration
In the developing mouse heart anatomical landmarks are absent or shifting and therefore ana-
tomical compartments cannot unequivocally be distinguished. Moreover, cells in the heart do 
not remain necessarily in the same compartment. For instance, cells from the outflow tract move 
into the right ventricle (Rana et al., 2007) and cells from the atrioventricular canal into the left 
ventricle (Aanhaanen et al., 2009). Therefore we chose to map complete 3D gene expression re-
constructions to an age-matched 3D reference model generated with episcopic image capturing 
(de Boer et al., 2011; Weninger et al., 2006). Similar mapping of expression patterns to reference 
models is applied in large scale expression profiling efforts (Bohland et al., 2010; de Boer et al., 
2009; Venkataraman et al., 2008). Although the sequence of manual, affine and elastic registra-
tion of reconstructions to the reference model results in robust and reproducible results, not all 
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Figure 4. Primary myocardium clusters and gene interaction
A. Detailed view of the clusters that together form the primary myocardium of the AVC, OFT and sinus node 
region. B. MBP-pull-down assays using the T-box of Tbx2. The T-box of Tbx2 is able to bind to Nkx2.5 and 
Pitx2c. Sizes of molecular weight marker proteins (M, kDa) are shown on the right.
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parts of the embryonic mouse hearts can be precisely fitted. Especially thin walled structures 
(atria and outflow tract) were problematic. Where these were in close proximity to other parts 
of the heart, misalignments were unavoidable. However, most of these mismatches could be 
bridged by the implemented volume sampling procedure.

Sampling of gene expression information
Gene expression data were not determined per anatomical structure but the tissue was divided 
into cubic volumes (Bangs et al., 2010; Fisher et al., 2008). In the current method such a system-
atic sampling of gene expression data was implemented not only to obtain a manageable number 
of data points, but also to achieve other goals. The gene expression is expressed as the fraction of 
the boxel volume occupied by tissue expressing the gene and the sample volume was dynamically 
increased when necessary to reach the required level of confidence in each boxel (Soufan et al., 
2007). Note that the resulting fraction is projected onto the 513 µm3 centre boxel. As in other ap-
plications (Bohland et al., 2010; Lein et al., 2007) this volume sampling thus served to smoothen 
the data. But it also preserved the spatial resolution of the data set at a level of only a few cells 
(Soufan et al., 2006). The volume sampling thus implemented was as a trade-off between spatial 
resolution and quantitative precision. Moreover, the sample volume helped to bridge small mis-
alignments of the individual gene expression reconstructions to the 3D reference model: because 
of the span of the sample volume an exact fit of the whole 3D reconstruction was not required. 
Although the sampling resulted in a gene expression profile for each boxel in the reference model, 
it was impossible to visualize such a number genes at once in 3D; finding patterns by visual 
inspection becomes unfeasible with a large number of datasets (Venkataraman et al., 2008). Be-
cause it has been shown that cluster analysis of annotated gene expression patterns is an approach 
to identify components of signalling cascades (Diez-Roux et al., 2011; Visel et al., 2007) and our 
approach was aimed at identifying compartments in the developing mouse heart based on their 
distinct gene expression profiles, clustering of the boxels based on their gene expression profile 
should also reveal relations between genes.

Clustering and pruning
Clustering of boxels instead of anatomical compartments reveals sub-regions of clusters which 
share a strong genetic relationship. This was observed in brain: clustering of boxels based on cor-
relation (Lein et al., 2007) or Euclidian distance (Bohland et al., 2010) both showed (spatially 
continuous) sub-populations within anatomically defined compartments. But also in embryonic 
limb bud clusters of boxels with a similar expression profile were identified (Bangs et al., 2010; 
Fisher et al., 2008). Similarly, clustering based on gene expression per anatomic compartment 
was proposed (Diez-Roux et al., 2011) and used to identify genes with a common regulation 
(Visel et al., 2007). To exploit this possibility clustering tools have been added to the interface of 
the EMAGE database of gene expression patterns for mouse embryonic development (Venkata-
raman et al., 2008).
However, in each of these approaches the authors use different distance measures, linkage algo-
rithms and decision rules to decide upon the optimal number of clusters. Because of the virtually 
binary nature of the gene expression data in our study (Fig. 1A) using the correlation coefficient 
(Bangs et al., 2010; Diez-Roux et al., 2011; Lein et al., 2007) would be incorrect and therefore 
the Euclidean distance (Bohland et al., 2010; Fisher et al., 2008) was used. Because the discrimi-
nating feature of the resulting clusters would be the profile represented by the mean expression 
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of each gene, Wards clustering, that aims for minimal variation within clusters, was deemed ap-
propriate. A bottom-up clustering procedure thus resulted in a complete dendrogram. 
The purpose of pruning of this dendrogram was to obtain clusters with firm biological informa-
tion. When the number of compartments is known, K-means clustering can be used to this end 
(Bohland et al., 2010) but in hierarchical clustering the dendrogram has to be pruned by setting 
a cut-off level to the distance measure (Bangs et al., 2010; Diez-Roux et al., 2011). Using a fixed 
cut-off value often leads to a few big clusters and a large number of small ones (Spek and Klusen-
er, 2011) and thus clusters in which the variation between members has no biological uniformity. 
A dynamic threshold can result in clusters that more closely reflect the variation in the data set 
(Langfelder et al., 2008). However, such an approach still requires the setting of a number of 
cut-off values on the properties of the resulting clusters. In some cases, the shape of the dendro-
gram allows a dynamic cutting of ‘long branches’ (Fisher et al., 2008). In the present method, 
the strongly bimodal distribution of the input data for most of the genes (Fig. 1A) enabled us to 
formulate a decision to be made at each split in the top-down pruning of the dendrogram. A split 
would only be allowed when the expression profiles of the genes were further from 0.5 than they 
were before the split. When implemented, the rejection of the non-profitable splits would still 
result in 38 clusters (with an input of 240 dendrogram levels) containing the initial 3413 boxels. 
However, the explained variance, defined as the reduction in residual variance, for each approved 
split can be compared to the total variance in the data set and thus used to decide when further 
branching of the dendrogram is no longer considered statistically significant. The combination of 
these two tests at each level of the top-down tree-traversal, results in a limited number of clusters 
with a gene expression profile in which the mean per gene is as close as possible to 0 or 1. Note 
that both criteria are required: only the explained variance test would not suffice to steer the 
branching into the desired direction whereas the profit criterion on its own would not prevent 
the split of a cluster that has already reached the desired profile.
As in the analysis of the brain (Bohland et al., 2010) the resulting clusters are largely spatially 
continuous, even though spatial information was not included in the method. In the brain more 
clusters led to subdivision of larger areas. In the embryonic heart, the extra clusters that ap-
pear when the explained variance criterion is not used, are all concentrated in one of the main 
branches. The branches that identify the atria, ventricles and the outflow tract (Fig. 3 B,E and F) 
remained without further divisions. This shows that cluster analysis reveals those compartments 
of the organ with a more refined substructure (Lein et al., 2007). An anatomical annotation can 
thus be extended and specified with a genetic description, or vice versa.

Visualisation
To visualize the resulting clusters, the 513 µm3 boxels were projected onto the original 33µm3 

voxels of the reference model. This visualization is very helpful because of its superior anatomical 
detail. However, it should be noted that the resolution of the presented clustering information is 
still limited to the applied boxel size. As in other gene-clustering applications AMIRA (Bangs et 
al., 2010; Fisher et al., 2008) and 3D-pdf files (Bangs et al., 2010; de Boer et al., 2011) can be 
used for interactive study of the clustering result. 

A biological hypothesis
We found two clusters with differential expression of Pitx2c within the completely Tbx2 posi-
tive OFT, which is notable because these genes were clustered together based on their generally 
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similar expression patterns in the heart (Fig. 2). This prompted us to check for a possible inter-
action between those genes. The MBP pull-down experiment indeed demonstrated that Tbx2 
and Pitx2c interact with each other (Fig. 4B). Moreover, knock-out of Tbx2 (Harrelson et al., 
2004) and Pitx2c (Bajolle et al., 2006) are both reported to cause severe OFT malformations 
such as double outlet right ventricle (DORV) or transposition of the great arteries, both related 
to rotation defects. However, Tbx2 knock-out in FVB mice in contrast to a mixed 129/C57/
ICR  background did not show such severe malformations, which indicates the effect to be 
dependent on genetic background (Aanhaanen et al., 2009). Although Tbx3 is not expressed in 
the myocardium of the OFT, its expression pattern largely overlaps with that of Tbx2, including 
OFT cushion mesenchyme and AVC myocardium; a functional redundancy of these two genes 
has been described (Hoogaars et al., 2004). Moreover, knock-out of Tbx3 is also known to cause 
DORV (Bakker et al., 2008). Given that the OFT is directly connected to the inner curvature of 
the AVC (Fig. 4A) and that half of this connection is Pitx2c positive, one may hypothesize that 
rotation of the outflow tract is facilitated by differential regulation of growth within the AVC as 
result of an interplay of Tbx2, Tbx3 and Pitx2c.

Concluding remarks
The current study shows that it is possible to identify regions in the developing mouse heart that 
have similar expression profiles using hierarchical clustering based on the expression patterns of 
12 genes. By applying a dynamic pruning algorithm, we were able to identify 18 continuous 
domains, each with its own unique expression profile, Further analysis of two domains in the 
OFT, revealed a novel gene interaction, which shows that this approach can be used to generate 
hypotheses on genetic interactions.
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