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Abstract 

 

The atrioventricular (AV) node is a recurrent source of potentially life-threatening 

arrhythmias. Nevertheless, limited data are available on its developmental control or 

molecular phenotype. We used a novel AV node-specific reporter mouse to gain insight into 

the gene programs determining the formation and phenotype of the AV node. In this reporter, 

green fluorescent protein (GFP) expression was driven by 160 kbp of Tbx3 and flanking 

sequences. GFP was selectively active in the AV canal of embryos, and AV node of adults, 

whereas all other Tbx3
+
 conduction system components, including the AV bundle, were 

devoid of GFP. These findings demonstrate that distinct regulatory sequences and pathways 

control expression in the components of the conduction system. Fluorescent AV nodal 

(Tbx3BAC-Egfp) and complementary working myocardial (NppaBAC336-Egfp) cell 

populations of E10.5 embryos and E17.5 fetuses were purified using fluorescence-activated 

cell sorting, and their expression profiles were assessed by microarray analysis. We 

constructed a comprehensive list of sodium, calcium, and potassium channels specific for 

nodal or working myocardium. Furthermore, the data revealed that the AV node and the 

working myocardium phenotypes diverge during development, but that the functional gene 

classes characterizing both subtypes are maintained. One of the repertoires identified in the 

AV node-specific gene profiles consists of multiple neurotrophic factors and semaphorins, 

not yet appreciated to play a role in nodal development, revealing shared characteristics 

between nodal and nervous system development. These data present the first genome-wide 

transcription profiles of the AV node during development, providing valuable information 

concerning its molecular identity. 
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Introduction 

 

The electrical impulse is initiated in the sinus node, propagated rapidly through the muscular 

tissues of the atria, delayed in the AV node, and then rapidly propagated through the 

ventricular conduction system, activating the ventricles from apex to base. The slow 

conduction through the AV node ensures sequential, synchronized contractions of the atria 

and ventricles (reviewed in(Meijler and Janse, 1988;Anderson et al., 1981)). This guarantees 

the ventricles to benefit from the atrial contraction, adding 15% to cardiac output, and 

prevents one to one conduction of potentially life-threatening supraventricular arrhythmias. 

Furthermore, the AV node is the major subsidiary pacemaker in case of failure of the sinus 

node (reviewed in(Meijler and Janse, 1988;Mangoni and Nargeot, 2008)). However, the AV 

node is also a recurrent source of tachy- and brady- arrhythmias, notably AV node reentrant 

tachycardia and AV block, requiring lifelong medication, ablation, or electronic pacemaker 

implantation. Knowledge regarding development (Virágh and Challice, 1977b;Moorman and 

Christoffels, 2003;Gourdie et al., 2003;Myers and Fishman, 2003;Stroud et al., 2007), 

anatomy (Anderson et al., 1981), and molecular background of the physiological function 

(Marionneau et al., 2005;Li et al., 2008;Boyett et al., 1996;Schram et al., 2002;Nerbonne and 

Kass, 2005) of the AV node has increased gradually. Nevertheless, insights into the 

transcriptional pathways regulating its development, and the gene expression profiles 

underlying its phenotype and function are limited. 

 The T-box transcription factor Tbx3 belongs to an evolutionary conserved family of 

factors, plays key roles in development and cancer, and is mutated in the ulnar mammary 

syndrome of congenital defects (Naiche et al., 2005). Tbx3 is specifically expressed in the 

components of the cardiac conduction system, i.e. the sinus node, AV node, AV bundle and 

bundle branches, throughout development and in the adult (Hoogaars et al., 2004), where it 

plays important roles in their formation (Hoogaars et al., 2007;Bakker et al., 2008). We 

analyzed the function of regulatory sequences of Tbx3 to gain insight into transcriptional 

regulation during conduction system formation. We identified a large regulatory fragment 

driving GFP reporter gene expression specifically in the AV node. Subsequently, this 

transgenic mouse model was used to study the transcription profiles of the developing AV 

node through microarray analysis, providing new insights into the molecular pathways 

underlying differentiation and function of the AV canal and maturing AV node. 

 

 

Materials and methods 

Transgenic mice 

The transgenic working myocardium-specific promoter-reporter line NppaBAC336-Egfp has 

been described previously (Horsthuis et al., 2008). Bacterial artificial chromosome (BAC) 
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clone 366H17, containing genomic sequences from -83 kbp to +77 kbp relative to the 

transcription start site of Tbx3, was obtained from a C57BL/6J mouse BAC/PAC library 

(CHORI, Oakland, CA). To generate the Tbx3BAC-Egfp construct, the sequence 

ATG.agc.ctc.t was replaced by GFP using the BAC modification method kindly provided by 

Gong and Heintz (Gong et al., 2002). An expanded Materials and Methods section is 

available in the online data supplement and at the end of this chapter. 
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Figure 1. Overview of Tbx3 regulatory sequences containing reporter constructs used in this study. (A) 
RankVISTA alignment of human against mouse Tbx3 genomic region covered by Tbx3BAC336H17. Bars 
depict evolutionary conserved segments where the heights scale with statistical significance [-log10(P-
value)]. (B) After SstII restriction of  the original Tbx3BAC and the modified Tbx3BAC-Egfp construct, an 
ethidium bromide stained gel (left) and Southern blot (right) depict the modified fragment. (C) 
Constructs used to generate transgenic mice. Fraction of founders (transg) expressing GFP (expr) and 
fraction of expressing transgenes expressing GFP in the heart (cardiac) and ectopically (ectopic), have 
been indicated. (D, H) Whole mount in situ hybridization of Tbx3. (E-F and I-J) Whole mount ß-
galactosidase staining of two independent founders carrying the -6/+2mLacZ construct. (G,K) 
Fluorescence pictures of mice carrying Tbx3BAC-Egfp construct. Black lines in A and C indicate Tbx3 
regulatory sequences, boxes represent exons, dark blue or green boxes the reporter genes. CNCS, 
conserved non-coding sequence; M, λ-BsteII marker; UTR, untranslated region; lv, left ventricle; fl, 
forelimb; ra, right atrium; la, left atrium; rv, right ventricle; lsh, left sinus horn; rsh, right sinus horn. 
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Results 

Tbx3 activity is driven by distal regulatory sequences 

To assess the spatiotemporal activity of the proximal regulatory sequences of Tbx3, 

transgenic mice were generated in which a fragment ranging from 6 kbp upstream to 2 kbp 

downstream of the Tbx3 translation start site drives LacZ reporter gene expression (Figure 

1C). 5 of 6 independently obtained lines expressed LacZ in a pattern unlike that of Tbx3. In 4 

of these lines LacZ was expressed mainly ectopically in the caudal part of the embryo and the 

forelimbs, whereas no expression was detected in the Tbx3
+
 tissues such as the mammary 

glands or heart (Figure 1D-F,H-J). These observations indicate that the regulatory sequences 

driving correct spatiotemporal Tbx3 expression are located outside the 8 kbp regulatory DNA 

region. 
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Figure 2. Comparison of expression patterns of endogenous Tbx3 and the Tbx3BAC-Egfp transgene. (A) 
Whole mount and (D-L) section in situ hybridization, and (B-C) fluorescence pictures. Arrowheads point 
at ulnar site limbs. hc, hypoglossal cord; hl, hindlimb; mg, mammary gland; mr, mandibular and 
maxillary region; wh, whisker; m, mandibula; san, sinoatrial (sinus) node; avb atrioventricular bundle; 
br, bronchi; aavc, anterior atrioventricular canal; lavj, left atrioventricular junction. See legend to Figure 
1 for other abbreviations. 
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 We next used a BAC clone containing Tbx3 flanked by 83 kbp upstream sequences 

and 77 kbp downstream sequences (Figure 1A-C). An enhanced green fluorescent protein 

(GFP) encoding reporter gene was inserted at the translation start site of Tbx3, thereby 

functionally inactivating Tbx3. 4 independent mouse lines carrying Tbx3BAC-Egfp showed 

comparable spatiotemporal GFP patterns (Figure 1G,K and 2B,C) highly similar to the 

pattern of Tbx3 (1D,H and 2A). In situ hybridizations on serial sections confirmed that in the 

eye, snout, mammary glands and limbs Tbx3BAC-Egfp mimicked Tbx3 expression (Figure 

1G and 2A-I, Supplementary Table 1). However, the construct appeared inactive in the ear 

(Figure 1G and 2B,C) and the lung mesenchyme (Figure 2K,L), showing that not all DNA 

sequences regulating Tbx3 expression were present in the 160 kbp BAC. 

 

Tbx3BAC drives AV node-specific expression 

Tbx3 is expressed in the sinus node, AV node, AV bundle and bundle branches (Hoogaars et 

al., 2004), but Tbx3BAC-Egfp was not active in the Tbx3
+
/Cx43

-
 sinus node, AV bundle and 

bundle branches (Figure 2J-L). In contrast, Tbx3BAC-Egfp was active in the AV canal from 

E9 onwards. Until E14.5 Tbx3BAC-Egfp was active in the dorsal, ventral and right side of the 

AV canal, colocalizing with the developing AV node (Virágh and Challice, 1977b), right 

atrioventricular ring bundle (Moorman et al., 1998), retro-aortic root branch (Moorman et al., 

1998), and the anterior node-like structure (Blom et al., 1999) or retroaortic node (Anderson 

et al., 2008), respectively (Figure 2K,L and 3A-D). No activity was detected in the Tbx3
+
 left 

AV canal. Also the Tbx3
+
 AV mesenchymal cushions were devoid of GFP (Figure 4A). At 

E17.5, the area of activity in the AV junction (Figure 3E) further diminished, resulting in 

Tbx3BAC-Egfp activity progressively restricted to the AV node. In the adult, we detected 

GFP expression strictly limited to the Tbx3
+
/Hcn4

+
 tissue of the AV node and the anterior 

node, complementary to the Cx40
+
 AV bundle (Figure 3G-O). 

To further verify AV nodal specificity of Tbx3BAC-Egfp, we performed patch-clamp 

experiments on single GFP
+
 and GFP

-
 cardiac cells of E17.5 embryos. All action potential 

parameters, except overshoot, differed significantly between both groups (Figure 3P,Q and 

Supplementary Table 2). Importantly, all GFP
+
 cells (n=4) showed diastolic depolarization 

resulting in spontaneous activity, and exhibit the hyperpolarization-activated current (If), 

whereas all GFP
-
 cells (n=5) had a stable resting membrane potential, were quiescent and 

lacked If (Figure 3P,Q and Supplementary Table 2). In conclusion, GFP
+
 cells had electrical 

properties typical for nodal cells and GFP
-
 cells for working myocardial cells. The combined 

data of the marker expression analysis and patch-clamp experiments indicate that the 160 kbp 

Tbx3BAC-Egfp construct contains regulatory sequences driving specific AV nodal expression, 

but lacks additional enhancers driving expression in the sinus node, AV bundle and bundle 

branches. 
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Figure 3. Tbx3BAC-Egfp expression in the AV canal is progressively restricted to the developing AV 
node. (A-F) Atrioventricular fluorescence of mice carrying Tbx3BAC-Egfp shown from E9.5 till 3 weeks 
after birth. (G-O) In situ hybridization on serial sections confirmed that GFP was expressed only in the 
Tbx3+/Hcn4+/Cx40- AV node, and not in the Tbx3+/Hcn4+/Cx40+ AV bundle. (P) Typical examples of 
action potentials (APs) from an E17.5 GFP+ and an GFP- cell obtained by patch-clamp experiments. APs 
recorded from all GFP+ cells were spontaneous (n=4); APs from GFP- cells were elicited by current 
injection through the pipette (n=5). Note the differences in time scale. Inset shows the maximal dV/dt, a 
measure for sodium current availability (Q) Membrane currents activated by 500 ms hyperpolarizing 
voltage-clamp steps from -40 mV (inset). Note the presence of the hyperpolarizing current (If) in the 
GFP+ cells (arrow). This current was never detected in non-fluorescent cells. avn(-pr), atrioventricular 
node(-primordium); oft, outflow tract; thd, thyroid gland; ravrb, right atrioventricular ring bundle; mv, 
mitral valve; tv, tricuspid valve; av, aortic valve; scv, superior caval vein; ivc, inferior caval vein; vs, 
ventricular septum; bb, bundle branches. See legends to Figure 1 and 2 for other abbreviations. 
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Gene expression profiles of the developing AV node and working myocardium 

The property of Tbx3BAC-Egfp to drive GFP expression specifically in the AV node 

myocardium allowed assessing the genome wide expression profiles of these cells during 

development. Nppa, the gene encoding atrial natriuretic factor, is specifically expressed in 

developing working myocardium complementary to the Tbx3
+
 conduction system (Moorman 

and Christoffels, 2003). The expression of GFP in the NppaBAC336-Egfp transgene 

recapitulates the Nppa expression pattern precisely (Horsthuis et al., 2008). Embryonic E10.5 

Tbx3BAC-Egfp cells (E10.5 AV canal) were compared with age-matched pooled atrial and 

ventricular cardiomyocytes expressing NppaBAC336-Egfp (E10.5 WM (working 

myocardium)). Fetal E17.5 Tbx3BAC-Egfp (E17.5 AV nodal) cells were compared with 

E17.5 NppaBAC336-Egfp atrial working myocardium (E17.5 WM) (Figure 4A and 5A). For 

every sample, transgenic hearts were dissected, the GFP-positive tissues pooled, dissociated 

to obtain single cells, and purified using FACS (Figure 4B). Fluorescent cells comprised, on 

average, 1-4% of live-gated AV nodal, and 3-8% of live-gated WM cell populations, whereas  

 

 

cTnI Tbx3Egfp

A NppaBAC336-Egfp

lv

la

oft

lv
la

oft

lv
la

oft

dissection,
dissociation

FACS
RNA

isolation

2 x RNA
amplification,

labeling

Illumina Mouse-
Ref-6 BeadChip

1-8% fl+ 85-90% fl+
5000 cells

AA
AA UU

UU
UU

UU
UU

UU

**
* **
*

B

E10.5

ra la

rv
lv

C
Tbx3BAC-Egfp+

E17.5 heart

1-4%

WT
E17.5 heart

0%

Gfp Gfp

A
s

p
e
c
. 

fl
.

Tbx3BAC-Egfp

Egfp

lv la

oft

cTnI Tbx3Egfp

A NppaBAC336-Egfp

lv

la

oft

lv
la

oft

lv
la

oft

dissection,
dissociation

FACS
RNA

isolation

2 x RNA
amplification,

labeling

Illumina Mouse-
Ref-6 BeadChip

1-8% fl+ 85-90% fl+
5000 cells

AAAA
AAAA UU

UU
UU

UU
UU

UU

**
* **
*

B

E10.5

ra la

rv
lv

C
Tbx3BAC-Egfp+

E17.5 heart

1-4%

WT
E17.5 heart

0%

Gfp Gfp

A
s

p
e
c
. 

fl
.C

Tbx3BAC-Egfp+
E17.5 heart

1-4%

WT
E17.5 heart

0%

Gfp Gfp

A
s

p
e
c
. 

fl
.

Tbx3BAC-Egfp

Egfp

lv la

oft

 

 

Figure 4. Purification of working myocardium- and AV node myocardium-specific myocyte populations 
for transcriptome analyses. (A) In situ hybridization and immunofluorescent labeling on sections of mice 
carrying the NppaBAC336-Egfp or Tbx3BAC-Egfp construct, respectively. (B) Successive steps of 
fluorescent cell preparation from dissection of the Egfp+ hearts till hybridization of amplified and labeled 
aRNA to the microarray. (C) FACS profiles of hearts of an E17.5 Tbx3BAC-Egfp+ transgene (right) and a 
wild type littermate (left). The percentage of Egfp+ cells in the live gate is shown. Arrowheads in A point 
at atrioventricular canal. See legends to Figure 1 and 3 for abbreviations. 



Chapter 4 
___________________________________________________________________________________ 

 109 

C

A

W10.5

Working

myo. E10.5

(atr.&ventr.)

N17.5

AV node 

primordium

E17.5

W17.5

Working

myo. E17.5

(atria)

I

II

III

N10.5

AV nodal

progenitors

E10.5

E10.5 (I) E17.5 (II)

Not diff

expr>thresh

12593; 27%

N>W; 1259; 3%

W>N; 856; 2%

Not diff

expr<thresh

31934; 68%

Not diff

expr<thresh

30722; 66%

Not diff

expr>thresh

9369; 20%

N>W; 3182; 7%

W>N; 3370; 7%

B

Fold Fold

Gene Accession # E10.5 higher E17.5 higher

AV canal / node > working myocardium

Cacna1g (Cav3.1) NM_009783 N>W 5.6 N>W 48.0

Id2 NM_010496 N=W N>W 3.5

Kcna6 (Kv1.6) NM_013568 N>W 9.1 N>W 73.0

Msx2 NM_013601 N>W 9.4 -

Tbx2 NM_009324 N>W 5.6 N>W 5.9

Tbx3 AK031708 N>W 13.5 N>W 149.9

Tbx20 NM_020496 N=W N>W 6.8

Working myocardium > AV canal / node

Cited1 NM_007709 W>N 19.9 W>N 86.5

Gja1 (Cx43) NM_010288 W>N 2.5 W>N 12.2

Gja5(Cx40) NM_008121 W>N 157.0 W>N 566.0

Nppa NM_008725 W>N 32.5 W>N 1587.6

Nppb NM_008726 W>N 28.5 W>N 13629.6

Scn5a NM_021544 W>N 47.5 W>N 81.5

Smpx (Chisel) NM_025357 W>N 10.3 -

C

A

W10.5

Working

myo. E10.5

(atr.&ventr.)

N17.5

AV node 

primordium

E17.5

W17.5

Working

myo. E17.5

(atria)

I

II

III

N10.5

AV nodal

progenitors

E10.5

W10.5

Working

myo. E10.5

(atr.&ventr.)

N17.5

AV node 

primordium

E17.5

W17.5

Working

myo. E17.5

(atria)

I

II

III

N10.5

AV nodal

progenitors

E10.5

E10.5 (I) E17.5 (II)

Not diff

expr>thresh

12593; 27%

N>W; 1259; 3%

W>N; 856; 2%

Not diff

expr<thresh

31934; 68%

Not diff

expr<thresh

30722; 66%

Not diff

expr>thresh

9369; 20%

N>W; 3182; 7%

W>N; 3370; 7%

B

Fold Fold

Gene Accession # E10.5 higher E17.5 higher

AV canal / node > working myocardium

Cacna1g (Cav3.1) NM_009783 N>W 5.6 N>W 48.0

Id2 NM_010496 N=W N>W 3.5

Kcna6 (Kv1.6) NM_013568 N>W 9.1 N>W 73.0

Msx2 NM_013601 N>W 9.4 -

Tbx2 NM_009324 N>W 5.6 N>W 5.9

Tbx3 AK031708 N>W 13.5 N>W 149.9

Tbx20 NM_020496 N=W N>W 6.8

Working myocardium > AV canal / node

Cited1 NM_007709 W>N 19.9 W>N 86.5

Gja1 (Cx43) NM_010288 W>N 2.5 W>N 12.2

Gja5(Cx40) NM_008121 W>N 157.0 W>N 566.0

Nppa NM_008725 W>N 32.5 W>N 1587.6

Nppb NM_008726 W>N 28.5 W>N 13629.6

Scn5a NM_021544 W>N 47.5 W>N 81.5

Smpx (Chisel) NM_025357 W>N 10.3 -

 

 

Figure 5. Microarray experiments comparing E10.5 and E17.5 AV nodal myocardium with stage-matched 
working myocardium cell populations. (A) Scheme of microarray experiments. In present study 
experiment I and II were performed, after which data regarding III were deduced (For details about III, 
see Figure 6C). (B) Pie charts summarizing microarray experiment I (E10.5) and II (E17.5), showing 
number of transcripts enriched in AV nodal tissue relative to age-matched WM (N>W), transcripts 
enriched in WM relative to age-matched AV nodal myocardium (W>N), transcripts expressed above 
threshold (expr>thresh) in nodal myocardium and/or WM which are not differentially expressed between 
both groups, and transcripts not detected above threshold (expr<thresh). (C) Genes previously 
established to be differentially expressed between AV nodal and age-matched chamber/working 
myocardium at E10.5 and E17.5 were picked up in the array experiment. 

 

 

post-sort analysis revealed 85-90% purity of GFP
+
 cell populations after flow cytometry 

(Figure 4B,C). Because the number of E10.5 AV canal GFP
+
 cells per embryo were low 

(typically 0.6 – 0.9 thousand per embryo), 5000 cells per sample were gated and used for 

RNA isolation. RNA was subjected to 2 rounds of linear amplification and biotin labeling. 

Within each group (Figure 5A) 6 labeled antisense RNA samples were hybridized to separate 

Illumina Mouse-Ref-6 BeadChips (Figure 4B). Present and absent calls were calculated, 

transcripts were counted as differentially expressed at a p-value, adjusted for multiple testing, 

of <0.01. Microarray data have been submitted to the Gene Expression Omnibus database 

[http://www.ncbi.nlm.nih.gov/projects/geo] under series GSE13614. 

 Genes known to be specific to the AV myocardium, including Tbx3 itself, were 

highly enriched in both E10.5 and E17.5 AV myocardial groups (Fig. 5C). Also the array 

data regarding Tbx20 were consistent with its initial broad and later AV canal-enriched 

pattern. Genes known to be specific to working myocardium were strongly enriched in 

working myocardium at both stages (Figure 5C). These data validate the microarray analysis, 
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and indicate it efficiently identified genes differentially expressed between the developing 

AV node and age-matched working myocardium. Mutations in Nkx2-5, Tbx5 and Gata4 

result in AV conduction defects or structural AV canal defects in human and mouse 

(Bruneau, 2008). However, they were not enriched in the AV canal. 

 

Diverging phenotypes of the developing AV node and working myocardium 

Of 46643 transcripts present on the array, 14708 transcripts (32%) gave a signal above 

threshold and were considered to be expressed. Of these, 1259 (3%) were over- and 856 (2%) 

were underrepresented in the E10.5 AV canal compared to E10.5 WM (Figure 5A, B). In the 

E17.5 AV node and E17.5 WM, 15921 transcripts were expressed, similar to E10.5. However, 

the number of differentially expressed enrich genes strongly increased. 3182 (7%) transcripts 

were upregulated, and 3370 (7%) were under-represented in the E17.5 AV node relative to 

E17.5 WM, revealing an evident divergence of gene profiles of the differentiating AV node 

and complementary working myocardium. To assess this deviation in gene profiles we used 

the GLOBAL test (Goeman et al., 2004). Using standardized test-conditions, we identified 

124 differentially expressed Gene Ontology (GO)-categories at E10.5, and 432 terms at 

E17.5. The test-conditions are shown in the online data supplement. The extensive lists of 

differentially expressed GO terms will not be discussed here, but are shown in the online data 

sets IIA and IIB. These data confirmed divergence of gene expression profiles and phenotypes 

between maturing AV nodal and working myocardium. 

 

Node-specific gene expression increases during development 

To evaluate AV nodal gene expression during development independently of developmental 

changes in working myocardial gene expression, the expression profile data of the E10.5 

WM cell population was used as common reference for the three other data sets. We 

calculated genes differentially expressed between E10.5 WM and E17.5 AV nodal and E10.5 

WM and E17.5 WM, respectively, and combined these data with the values found comparing 

both E10.5 groups. Whereas 2115 transcripts were expressed differentially between E10.5 

WM and AV canal myocardium, the difference between E10.5 WM and E17.5 AV nodal 

myocardium had increased to 11388, implying an increase in differential expression of 9273 

transcripts in the maturing AV nodal cells (Figure 6A). Of these, 4611 transcripts appeared 

differentially expressed between E10.5 WM and E17.5 WM as well, indicating these were 

not node-specific, but characteristic for myocardial maturation in general (Figure 6B). To 

gain insight into nodal differentiation, we assessed transcripts differentially expressed 

between E10.5 WM and E10.5 and/or E17.5 nodal tissue (Figure 6C), excluding those 

transcripts associated with myocardial maturation. In the E10.5 AV canal, 1092 transcripts 

were differentially expressed, in the E17.5 AV node 5856. Of the transcripts differentially 

expressed at E10.5, 249 (23%) transcripts were differentially expressed only early in 
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Figure 6. Evaluation of node-specific gene expression during development. (A) Venn diagrams showing 
transcripts (differentially) expressed in E10.5 AV canal (N10.5) and E17.5 AV node (N17.5) myocardium 
compared to common reference E10.5 WM (W10.5). Expression levels in E17.5 working myocardium 
(W17.5) were not taken into account. (B) Transcripts which, relative to W10.5, were differentially 
expressed in N17.5 and/or W17.5, but not N10.5. Overlap indicates genes involved in cardiac 
maturation. (C) Transcripts differentially expressed in N10.5 and/or N17.5 (relative to W10.5), but not 
W17.5. Overlap reveals genes involved in node-specific expression throughout development (See Figure 
5A, III). Boxes specify the number of transcripts over- or under-represented relative to W10.5. (D) 
Functional classification, using GO terms, of transcripts present on the microarray, and of differentially 
expressed transcripts of node-specific groups mentioned in Figure 6C. By converting the transcript-list 
into DAVID gene IDs which are unique per gene entry, potential redundancy was removed. 
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development, whereas 77% (843) were still differentially expressed at E17.5. Together, these 

data indicate that the AV node differentiates considerably during development, but that the 

late fetal AV node largely maintains the AV canal program acquired at E10.5. 

 To gain insight into the 3 groups of differentially expressed genes in the developing 

AV node, we used the Database for Annotation, Visualization and Integrated Discovery 

(http://david.abcc.ncifcrf.gov) bioinformatics tool to functionally categorize the transcripts, 

using GO annotations (Figure 6D). Found percentages were compared to the relative 

presence of specific GO terms on the Illumina Mouse-Ref-6 BeadChip (Figure 6D). Among 

transcripts enriched in both the AV canal and AV node, GO categories associated with cell 

differentiation, transcription and nervous system development were overrepresented. Among 

nervous system development, neurotrophic factors Nrn1, Ntng1, Ntnt2l, Gdnf, Slit2 and Rtn4, 

the receptors for these neurotrophic factors Unc5b, Unc5c, Ret, and Robo2, and several 

semaphorins, including Sema3f, Sema3b, Sema4c, Sema4g and Sema6a, were found to be 

enriched in the AV canal and / or node. Contamination of nervous tissue at E10.5 can be 

excluded as the innervation of the heart has not yet taken place at this stage. Therefore, the 

latter finding should be attributed to shared molecular properties between developing nodal 

myocardium and nervous tissue. In addition, structure-related GO term cytoskeleton was up 

in both the AV canal and AV node. Among transcripts expressed at a lower level in nodal 

tissue at both stages, GO terms associated with contraction, energy and electrophysiology 

were overrepresented (muscle development, mitochondrion, cytoskeleton, contractile fiber, 

cell junction, ion channel activity). These processes and structures are typically more 

developed in the working myocardium (de Haan, 1961), further elaborating the notion that 

while AV canal cells substantially differentiate to form AV nodal cells, their primitive, non-

working properties are maintained.  

 Transcripts differentially expressed exclusively in the E10.5 AV canal define its 

embryo-specific characteristics and might reveal important information regarding the 

initiation of conduction-system development. Among these, GO categories cell 

differentiation, muscle development and cytoskeleton were overrepresented both in the group 

of AV enriched and in the group of AV reduced transcripts (Fig. 6D). These representations 

highlight both the further differentiation of cardiac muscle during development, and the 

divergence in muscular phenotypes between both myocardial subpopulations. 

 The AV canal / node population could be contaminated with co-purified 

mesenchymal cells of the AV cushions / fibrous insulation that are in close association with 

these nodal cells. Resorting of purified GFP
+
 cells revealed approximately 85-90% pure cell 

populations. Indeed, in both E10.5 and E17.5 AV nodal groups, mesenchymal transcripts like 

Postn (Kruzynska-Frejtag et al., 2004) that are highly expressed specifically in the cushion 

mesenchyme were found to be significantly enriched, whereas the signals for these 

transcripts was low or absent in both WM groups. It is difficult to estimate contamination 

because of most transcripts the precise spatial distribution has not been established. 
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Genome-wide profile of ion channel families expressed in AV nodal tissue 

The AV myocardium has highly specific electrophysiological properties. To gain insight into 

the associated gene profiles, we examined the ion channel expression profiles of the E10.5 

and E17.5 AV nodal myocardium relative to age-matched working myocardium (Table 1; 

Supplementary Table 3). In addition to previously established differences (Schram et al., 

2002;Marionneau et al., 2005), we noted several novel channel transcripts to be enriched in 

the AV node or working myocardium. Of voltage-gated Na
+
 (Nav) channels and accessory 

genes, α-subunit Scn7A (Nav2(.3)) and β-subunit Scn2B (Navβ2) were higher expressed in 

the E10.5 AV canal and E17.5 node, whereas sodium channel modifier gene 1 (Scnm1) was 

enriched only in the E17.5 AV node. In working myocardium, the prominent cardiac α- 

subunit Scn5A (Nav1.5) was higher expressed at both developmental stages (Nerbonne and 

Kass, 2005), as well as fibroblast growth factor Fgf12, a growth factor recently shown to 

interact with Scn5A and modulate its properties (Liu et al., 2003). Additionally, Scn10A 

(Nav1.8), another neuronal type Nav α-subunit, was overrepresented in the working 

myocardium. 

 Of pore-forming voltage-gated calcium (Cav) channel α-subunits, Cacna1g (Cav3.1) 

was higher expressed in AV nodal cells at both stages, Cacna1c (Cav1.2), Cacna2d1 

(Cavα2δ1) and Cacna2d2 (Cavα2δ2) were picked up at comparable levels in nodal and 

working myocardial tissue, and Cacna1h (Cav3.2) was expressed at comparable levels 

throughout E10.5 myocardium, but at E17.5 was enriched in atrial myocardium. Of accessory 

β-subunits, Cacnab1 (Cavβ1) was overrepresented in the E17.5 AV node, Cacnab2 (Cavβ2) 

was up in working myocardium at both stages. Other Cav related proteins were not detected 

above threshold. Of genes involved in Ca
2+ 

homeostasis, Calmodulin3 (Calm3) was 

expressed at high levels throughout the myocardium, yet Calmodulin1 was not detected. 

Interestingly, of the Calcium/Calmodulin-dependent protein kinase family, several genes 

were enriched in the node, others in working myocardium. In addition to transient receptor 

potential (Trp) cation channels Trpc2, Trpc6, Trpm8, known to function in calcium 

homeostasis, several novel members of this family were enriched in AV nodal (Trpc1, 

Trpm5, Trpv4) or working myocardial tissue (Trpm2). Inositol 1,4,5-triphosphate receptor 3 

(Itpr3), previously associated with pacemaker activity in differentiating 

cardiomyocytes,(Kapur and Banach, 2007) and Trpv4 were enriched only in the AV canal. 

Ankyrin-1,-2 and -3, ATPases, calsequestrin-2 (Casq2), histidine rich calcium binding 

protein (Hrc), phospholamban (Pln) and ryanodine receptor-2 (Ryr2) were all (much) higher 

expressed in working myocardium. 

 Among the voltage-gated potassium (Kv) channel family,  α-subunits Kcna6 (Kv1.6), 

Kcnc4 (Kv3.4) and Kcnh1 (Meag) were enriched moderately in E10.5 AV canal and highly 

in E17.5 AV node. Auxiliary Kv channel subunits Kcne4 (MiRP), Kcne5 (Mink), Kcnip3 

(KChiP3) and Pias3 (KChap) were enriched in the E17.5 AV node. The genes encoding α-

subunits Kv1.4, Kv3.2, Kv4.2, Kv4.3, Kv6.2, erg6, Kcnq1 (KvLQT1) and channel modifier  
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Alias/ Fold Fold Alias/ Fold Fold

Gene Protein Accession # E10.5 higher E17.5 higher Gene Protein Accession # E10.5 higher E17.5 higher

Sodium channel and auxiliary subunits, modifier genes

Scn2b Navβ2 NM_001014761 N>W 2.6 N>W 16.1 Trpm2 AK036731 - W>N 10.0

Scn7a Nav2(.3) NM_009135 N>W 3.8 N>W 2.8

Scnm1 NM_027013 N=W N>W 2.4 Potassium channel and auxiliary subunits, modifier genes

Fgf12 NM_183064 W>N 9.2 W>N 403 Kcna6 Kv1.6 NM_013568 N>W 9.1 N>W 73.0

Scn5a Nav1.5 NM_021544 W>N 47.5 W>N 81.5 Kcnc4 Kv3.4 NM_145922 N>W 16.3 N>W 42.5

Scn10a Nav1.8 NM_009134 W>N 6.9 W>N 92.8 Kcne4 MiRP3 NM_021342 - N>W 7.0

Kcne5 Mink NM_021487 N=W N>W 9.4

Calcium channel and auxiliary subunits, Ca homeostasis Kcnh1 Meag NM_001038607 N>W 15.8 N>W 54.1

Cacna1g Cav3.1 NM_009783 N>W 5.6 N>W 48.9 Kcnip3 KChIP3 NM_019789 N=W N>W 4.6

Cacnb1 Cavβ1 NM_031173 N=W N>W 3.1 Kcnj15 Kir4.2 NM_019664 - N>W 33.1

Camk2n1 NM_025451 N>W 10.3 N>W 8.1 Kcnk2 TREK-1 NM_010607 N=W N>W 34.8

Camk4 NM_009793 N=W N>W 4.1 Kcnk6 Twik2 NM_001033525 N>W 10.9 N=W

Camkk1 NM_018883 - N>W 3.4 Kcnma1 NM_010610 - N>W 4.4

Camkk2 AK044660 N>W 2.7 N>W 3.4 Kcnn4 NM_008433 - N>W 9.1

Cask NM_009806 N=W N>W 2.6 Kcns1 Kv9.1 NM_008435 - N>W 3.9

Gria3 NM_016886 N=W N>W 18.2 Pias3 KChap NM_146135 N=W N>W 2.3

Itpr3 RIP-3 NM_080553 N>W 5.3 N=W Dpp6 Dppx NM_010075 - W>N 29.0

Pkd2 NM_008861 N>W 2.6 N>W 9.0 Kcmf1 Pmcf NM_019715 N=W W>N 1.8

Trpc1 AK005144 N=W N>W 4.1 Kcna4 Kv1.4 NM_021275 - W>N 4.5

Trpc2 AK030267 N=W N>W 2.4 Kcnc2 Kv3.2 NM_001025581 - W>N 3.7

Trpm5 NM_020277 - N>W 5.7 Kcnd2 Kv4.2 NM_019697 W>N 22.9 W>N 16.1

Trpv4 NM_022017 N>W 63.4 - Kcnd3 Kv4.3 AK033962 - W>N 1.9

Ank1 Ank-R NM_031158.1 N=W W>N 88.2 Kcng2 Kv6.2 XM_140499 W>N 2.4 W>N 2.8

Ank2 Ank-B NM_001034168 N=W W>N 5.2 Kcnh7 erg6 AK052366 W>N 4.9 W>N 83.9

Ank3 Ank-G NM_009670.4 N=W W>N 6.0 Kcnj3 Kir3.1 NM_008426 - W>N 22.0

Atp2a2 SERCA2 NM_009722 N=W W>N 8.9 Kcnj5 Kir3.4 NM_010605 N=W W>N 28.5

Camk1d NM_177343 - W>N 28.5 Kcnj8 Kir6.1 NM_008428 N=W W>N 4.5

Camk1g NM_144817 N=W W>N 5.0 Kcnj11 Kir6.2 NM_010602 - W>N 6.0

Camk2a NM_177407 W>N 8.5 W>N 12.9 Kcnj12 Kir2.2 NM_010603 - W>N 28.8

Camk2b NM_007595 N=W W>N 3.9 Kcnk3 TASK-1 NM_010608 W>N 5.3 W>N 12.4

Camk2d NM_001025438 W>N 4.1 W>N 3.5 Kcnmb1 NM_031169 W>N 6.9 W>N 10.2

Camk2g NM_178597 N=W W>N 2.6 Kcnq1 KvLQT1 NM_008434 W>N 4.1 W>N 47.9

Cacna1h Cav3.2 NM_021415 N=W W>N 8.0

Cacnb2 Cavβ2 NM_023116 W>N 4.0 W>N 8.3 Gap junctional subunits:

Casq2 NM_009814 W>N 5.8 W>N 45.2 Gjc2 Cx47 NM_080454 - N>W 5.6

Hrc NM_010473 N=W W>N 83.1 Gja1 Cx43 NM_010288 W>N 2.5 W>N 12.2

Pln PLB NM_023129 W>N 5.5 W>N 29.7 Gja5 Cx40 NM_008121 W>N 158 W>N 567

Ryr2 RYR2 NM_023868 W>N 4.7 W>N 55.7 Gjd3 Cx30.2 NM_178596 - W>N 2.3  
 

Table 1. Ion channel gene families, auxiliary subunits, modifier genes and gap junctional subunits that 
were found to be differentially expressed in E10.5 AV canal and/or E17.5 AV node compared to stage-
matched WM. Genes were counted as differentially expressed if the adjusted p-value was <0.01. N>W, 
enriched in AV canal/node; W>N, enriched in WM; N=W, signal above threshold in nodal and/or working 
myocardium, but no differential expression; -, no signal detected above threshold. See Supplementary 
Table 3 for an extensive overview categorized in functional subclasses. 

 

 

genes Dpp6 and Kcmf1 (Pmcf) predominated in working myocardium, of which several 

already at E10.5. Of the inwardly rectifying K+ (Kir) channel family, α-subunits Kir3.1, 

Kir2.4, Kir6.1, Kir6.2 and Kir2.2 were higher expressed in the working myocardium. Of 3 

differentially expressed members of a novel type of K
+
 pore-forming subunits (K2P), Kcnk2 

(TREK-1) and Kcnk6 (Twik2) predominated in nodal (Kcnk2 only at E10.5) and Kcnk3 

(TASK-1) in working myocardial tissue. Also, 3 calcium-activated channels were 

differentially expressed, of which Kcnma1 and Kcnn4 were enriched in the AV node. Other 

channel, accessory subunit and gap junctional transcripts are shown in Supplementary Table 

3.
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Discussion 

Assessing the unique gene profile of the developing AV node myocardium 

The adult AV node is a morphologically complex structure with heterogeneous molecular 

and functional characteristics containing not only cardiomyocytes, but also mesenchymal 

cells, fibroblasts, smooth muscles, innervating neurons and extracellular matrix. Here, we 

identified novel Tbx3 sequences that in the heart are exclusively active in the AV canal- and 

node myocardium, allowing their selective fluorescent labeling. The specificity of GFP 

expression was confirmed by detailed expression analysis and patch-clamp analyses of 

fluorescent cells. Using FACS we obtained purified AV myocardial cell populations largely 

free of other cell types, and their expression profiles were compared to those of age-matched 

working myocardial cells obtained from NppaBAC336-Egfp mice (Horsthuis et al., 2008). 

Some contamination of other cells-types, such as AV mesenchymal cells, was observed in 

the purified AV myocardial populations, but these appeared minor. All transcripts that we are 

aware of to be enriched in either AV- or (developing) working myocardium were found to be 

enriched in the corresponding cell populations (Figure 5 and Table 1). Furthermore, genes 

associated with mitochondria and contractile fibers were underrepresented in both the AV 

canal and AV node, whereas Nervous system development (especially a subclass of 

neurotrophic genes and semaphorins) was prominently overrepresented in both the AV canal 

and AV node. These data not only confirm previous findings (de Haan, 1961;Virágh and 

Challice, 1977a;Virágh and Challice, 1977b;Moorman et al., 1998;Walls, 1947), but provide 

a much more elaborate picture of the transcriptional landscape of the developing AV node 

and working myocardium. Taken together, we have generated a potentially valuable 

transgenic tool to study AV node development and function in vivo. 

 To gain insight into the molecular underpinning of the physiologically complex AV 

node, we analyzed the expression profile data sets for expression of 'electrophysiological' 

transcripts (ion channel, accessory subunit, etc). Previous expression studies of the adult AV 

node have provided valuable data on the expression distribution of those genes (Marionneau 

et al., 2005). However, those were performed on dissected adult tissues contaminated with 

adjacent working myocardium and the non-myocardial cell populations, potentially affecting 

the observed expression profiles. Furthermore, they examined expression of 82 pre-defined 

genes (Marionneau et al., 2005). The microarray approach presented here largely confirmed 

these findings, and in addition identified a considerable number of novel cardiac transcripts 

enriched in either AV nodal or working myocardium that may be important for 

understanding AV node function (Table 1 and Supplementary Table 3). 

 

The origin and modular development of the AV node 

Histological studies and marker analyses revealed that the conduction system (sinus node, 

AV node, AV bundle and bundle branches) is formed from a contiguous network of 

myocardial cells distinctive from the surrounding atrial and ventricular (working) 
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myocardium (Virágh and Challice, 1977a;Virágh and Challice, 1977b;Moorman and 

Christoffels, 2003;Gourdie et al., 2003). This network can be discriminated already early in 

development by poorly developed sarcomeres and sarcoplasmatic reticulum, high 

automaticity, low proliferation rate, sparse mitochondria, selective expression of markers 

(e.g. Gln2, HNK-1, Tbx3, minK-lacZ, CCS-lacZ) and absence of high-conductance gap 

junctions (e.g. Cx43) (de Haan, 1961;Virágh and Challice, 1977a;Virágh and Challice, 

1977b;de Jong et al., 1992;Moorman et al., 1998). These properties, which are controlled by 

Tbx3 (Hoogaars et al., 2007;Bakker et al., 2008) and other factors, are largely maintained in 

the adult components. The existence of this contiguous precursor network with shared 

properties suggests a common regulatory mechanism for conduction system gene expression 

and formation. On the other hand, arguments in favor of a modular composition have been 

put forward as well. During mid-fetal stages, the initially 'nodal' AV bundle acquires rapid 

conduction and Cx40 expression (Chuck et al., 1997;Bakker et al., 2008). In Nkx2-5/Tbx5 

and Tbx5/Id2 double heterozygous mutants and Tbx3 mutants, which develop severe AV 

bundle defects, the AV node may be less affected (Moskowitz et al., 2007;Bakker et al., 

2008), suggestive for differential sensitivity of these components to loss of transcription 

factor function. In the present study, we found that 160 kbp of Tbx3 and flanking sequences 

drive expression highly selectively in the AV canal of embryos, and AV node of adults, but 

not in the Tbx3
+
 AV bundle or sinus node. These data unambiguously demonstrate that 

separable regulatory sequences and regulatory pathways (regulatory modules) control gene 

expression and formation of the AV node, AV bundle and other conduction system 

components. 

 The AV node may be derived from the embryonic AV canal or AV ring, or may form 

de novo from other sources (Virágh and Challice, 1977a;Virágh and Challice, 

1977b;Arguëllo et al., 1988). From E9 onwards, the expression of GFP was observed 

selectively in the myocardium of the AV canal, and gradually became confined to the AV 

node and anterior node-like structure (Blom et al., 1999). Further, the expression profile of 

the embryonic AV canal showed a large overlap with the profile of the late fetal AV node, 

whereas both profiles were found to be consistently distinctive from both E10.5 and E17.5 

working myocardium. These findings indicate early segregation of AV canal cells and 

adjacent developing working myocardial cells from E10.5 or earlier, arguing the AV node 

arises from myocardium in the dorsal wall of the AV canal as proposed by Viragh and 

Challice (Virágh and Challice, 1977a;Virágh and Challice, 1977b). 

 

Specialization of the AV nodal myocardium during development 

The embryonic AV canal and the derived AV node maintain many properties (see above) 

found already in the embryonic heart tube, whereas the surrounding myocardium acquires 

working myocardial properties (Moorman and Christoffels, 2003). These observations have 

led to the idea that suppression of (working myocardial) differentiation in the AV canal 

domain is an important contributing mechanism to AV node formation, an idea that gained 
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strong support by the functional identification of suppressors Tbx2 and Tbx3 in the AV canal 

and conduction system (Moorman and Christoffels, 2003). However, the AV myocardium 

itself is likely to also specialize during development (Milan et al., 2006), an aspect that has 

not been thoroughly examined thus far. When comparing the AV gene expression profiles at 

an early (E10.5) and late (E17.5) time point of development with the common reference, 249 

transcripts were found to be differentially expressed only at E10.5. These are interesting 

candidates potentially involved in the initiation and early differentiation of the AV node. 

77% of transcripts (843 transcripts) differentially expressed at E10.5 still are differentially 

expressed in the fetal AV node, indicative for maintenance of properties during AV node 

development. On the other hand, around 5 thousand transcripts not differentially expressed at 

E10.5 were differentially expressed in the E17.5 AV node, indicating that the AV node 

undergoes substantial specialization during development. 
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Supplementary data 

 

Expanded materials and methods 

Transgenic mice 

-6/+2mLacZ construct 

To generate the -6/+2mLacZ construct, an nlsLacZ-pA cassette was placed at the translation 

start site of Tbx3 in an 8 kbp fragment from the endogenous Sca1 restriction site at 6 kbp 

upstream to the endogenous PshA1 site at 2 kbp downstream of the translation start site. 

Vector sequences were removed before introduction into the mouse genome. 

 

Tbx3BAC-Egfp construct 

The two-step BAC modification protocol previously described by Shiaoching Gong and 

Nathaniel Heinz (Gong et al., 2002), consists of two homologous recombination steps. After 

both the co-integration and the resolution step correct recombination was verified by Southern 

blot using a hybridization probe against Egfp. The BAC-Egfp constructs were purified using a 

CsCl gradient following a protocol also kindly provided by Shiaoching Gong and Nathaniel 

Heinz. Constructs were linearized before introduction into the mouse genome. To generate 

transgenic mouse lines, constructs were injected into pronuclei of zygotes of FVB mice and 

these were re-implanted into pseudo-pregnant foster mothers by use of standard techniques. 

Animal care was in accordance with national and international guidelines. 

 

Non-radioactive in situ hybridisation, β-galactosidase activity detection and 

immunohistochemistry  

Embryos were fixed in 4% formaldehyde, embedded in paraplast and sectioned at 10 µm for 

immunohistochemistry and in situ hybridization on sections. Whole mount in situ 

hybridization, in situ hybridization on sections and whole mount β-galactosidase activity 

staining were performed as described previously (Moorman et al., 2001;Franco et al., 2001). 

For immunohistochemistry GFP rabbit polyclonal primary antibody (1:250; Santa Cruz) was 

used. The secondary antibody used was Alexa 568 goat-anti-rabbit (1:250; Invitrogen). 

 

Electrophysiology 

Cell isolation. Hearts isolated from E17.5 heterozygous BACTbx3-Egfp
+
 embryos were 

immersed in a standard solution containing (mmol/l) 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1.0 

MgCl2, 5.5 glucose, 5 HEPES; pH7.4 (NaOH). After removal of the atria, fluorescent cells of 

the atrioventricular (AV) region were visualized with a stereomicroscope equipped for GFP 

detection. The fluorescent AV regions of 10 embryo’s were dissected and pooled. Cells were 
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dissociated in an enzyme mix (Gibco 14170-070 with pancreatine, 60 mg/ml and trypsine 

1.25 mg/ml) in a multiple rotate-harvest procedure, using a rotator and water bath at 37°C. To 

get rid of cardiac fibroblasts cells were incubated for 2 hours, next myocytes were plated on 

collagen coated cover slips and cultured for 24 hours. 

Data acquisition. Action potentials (APs) and hyperpolarizing-activated current (If) 

were recorded at 36±0.2°C from single BACTbx3-Egfp
+
 and BACTbx3-Egfp

-
 cells with the 

amphotericin-B perforated patch-clamp technique using an Axopatch 200B patch-clamp 

amplifier (Molecular Devices Corporation, Sunnyvale, CA, USA). Superfusion solution 

contained (mmol/l): 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 5.5 glucose, 5 HEPES; pH 7.4 

(NaOH). Pipettes (3-4 MΩ, borosilicate glass) were filled with solution containing (mmol/l): 

125 K-gluc, 20 KCl, 5 NaCl, 0.22 amphotericin-B, 10 HEPES; pH 7.2 (KOH). APs were low-

pass filtered with a 10-kHz cut-off frequency, and digitized at 25-kHz; If recordings were both 

filtered and digitized at 5-KHz. Membrane capacitance (Cm) was estimated by dividing the 

decay time constant of the capacitive transient in response to 5-mV hyperpolarizing voltage-

clamp steps from -40 mV by the series resistance (Rs). Potentials were corrected for liquid 

junction potential, and Cm and Rs were compensated for >80%. For voltage control, data 

acquisition, and analysis, custom-made software was used. 

 Stimulation protocols. (Supplementary Table 2) In cells without pacemaker activity, 

APs were elicited at 2-Hz by 3-ms, 1.5× threshold current pulses through the patch pipette. 

We analyzed cycle length, maximal diastolic potential (MDP), diastolic depolarization rate 

(DDR, measured over the 100-ms time interval starting at MDP + 1 mV), maximal upstroke 

velocity (dV/dtmax), maximal AP amplitude (APA), and AP duration at 20, 50, and 90% 

repolarization (APD20, APD50 and APD90). Parameters from 10 consecutive APs were 

averaged. If was measured by 500-ms hyperpolarizing voltage clamp steps from a holding 

potential of –40 mV. If was normalized to Cm. 

 Statistics. Results are expressed as mean±SEM. Data are considered different if 

p<0.05. The Mann-Whitney U test, unpaired t-test, or Fisher’s exact test was used if 

appropriate. 

 

Fluorescent-activated cell sorting and RNA handling 

Hearts from stage-matched embryos were removed, pooled, and single-cell FACS samples 

were prepared using a protocol described by Masino and Garry (Masino et al., 2004). Cells 

were sorted on a FacsAria flow cytometer (BD Biosciences) using FacsDIVA software. 

Samples from wild-type age-matched hearts were used for gating. Samples were gated to 

exclude debris and cell clumps. Per sample 5000 live-gated cells were collected directly in 

RA1 Nucleospin RNA cell lysis buffer and RNA was isolated following the protocol of the 

manufacturer (Machery-Nagel). RNA integrity was checked on a Agilent Bioanalyzer 2100, 

using RNA 6000 pico chips. Samples were subjected to 2 rounds of linear amplification, 

using the MessageAmp II aRNA Amplification Kit (Ambion) for the first round, and the 
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Illumina TotalPrep RNA Amplificaton Kit (Ambion) for the second round and biotin-16-UTP 

labelling. 

 

Microarray analysis 

Labeled RNA was hybridized to Illumina MouseRef-6 BeadChip following the 

manufacturer’s instructions (Illumina Inc.). Beadstudio software was used to assess the 

individual array quality. Intensity values were averaged per bead type and subsequently 

normalized using VSN in R (Huber et al., 2002). Present/absent call calculation was based on 

more than 300 negative controls per array. Analysis of differentially expressed genes was 

done with LIMMA package in R (Smyth et al., 2004). P-values were adjusted for multiple 

testing using the method proposed by Benjamin and Hochberg. Transcripts were counted as 

differentially expressed if the adjusted p-value was <0.01. 

 

Bioinformatics 

Settings GLOBAL test determining global (differential) expression patterns of functional 

groups of genes 

A Gene Ontology (GO) functional category is considered to be significantly associated with 

the difference in genotypes tested when all of the following selection criteria are met. 

Per GO catagory: 

1) at least 10, maximum 75 genes 

2) at least 5 genes with an influence >5 

3) at least 25% of genes for N>W with influence >5, or at least 25% of genes for W>N 

with influence >5, or both 

4) BY-FDR <= 0.1 

 

Geneplots of differentially expressed GO categories: 

The bar height for each of the genes in the geneplots indicates the standardized influence of 

each gene represented in the specific GO term. The scales in the individual bars represent the 

number of standard deviations that the gene influence exceeds the null hypothesis that the 

gene is not associated with the difference in phenotype between N and W for the specific time 

point. Genes with red bars have higher expression levels in W, genes with green bars have 

higher expression levels in N. The blue dashed line indicates the critical influence value of 5 

that was used in the selection of the GO terms. For practical reasons, geneplots have not been 

included here. For geneplots of differentially expressed GO categories please contact the 

corresponding author (e-mail: v.m.christoffels@amc.uva.nl). 
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Supplementary Table 1. Overview of expression patterns of the endogenous Tbx3 gene and the 160 
kbp BACTbx3-Egfp construct, E9.5-E17.5. +, expression; -, no expression; +/-, incomplete expression. 
 
 

    Tbx3 Egfp 

sinus node + - 

AV canal + +/- 

AV cushions + - 

AV node + + 

AV (His) bundle + - 

second heartfield +/- - 

OFT cushions/valves + - 

cardiac neural crest + + 

h
ea

rt
 

cardiac plexus + +/- 

        

mandibula mesenchyme + + 

maxilla mesenchyme + + 

whisker + + 

teeth + + 

tongue + + 

optic vesicle (dorsal region) + + 

otic vesicle + - 

Rathke + - 

infundibulum + + 

thyroid + + 

h
ea

d
 

hypoglossal cord + + 

        

laryngeal groove mesenchyme + + 

laryngeal groove epithelium - + 

trachea mesenchyme + - 

lung mesenchyme + - 

muscles thorax + + 

cartilage ribs + + 

body wall + + 

mammary gland epithelial bud + +/- 

mammary gland mesothelium + + 

dorsal root ganglia + + 

limbs (ulnar side) + + 

diaphragm + + 

septum transversum + + 

trigeminal ganglion + + 

urogenital sinus + + 

urogenital ridge + - 

metanephric duct + + 

metanephric blastema + - 

genital tubercle + + 

b
o

d
y

 

liver + +/- 
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Supplementary Table 2. Action potential properties of single BACTbx3-Egfp-positive and BACTbx3-
Egfp-negative cells 

 

 GFP
+
 cells 

n=4 

GFP
-
 cells 

n=5 

cycle length (ms) 472±138 – 

MDP (mV) -58.9±5.1 -74.2±2.7* 

DDR100 (mV/s) 55±27 – 

dV/dtmax (V/s) 27±14 111±30* 

APA (mV) 97±7 123±5* 

overshoot (mV) 38±10 48±5 

APD20 (ms) 27.8±7.1 4.4±1.0* 

APD50 (ms) 61.2±8.4 14.8±5.1* 

APD90 (ms) 98.6±13.0 44.8±7.4* 

 

Data are mean±SEM; n, number of cells; MDP, maximal diastolic potential; DDR100, diastolic 

depolarization rate over the 100-ms time interval starting at MDP; dV/dtmax, maximal upstroke velocity; 
APA, action potential amplitude; APD20, APD50, and APD90, action potential duration at 20, 50, and 90% 
repolarization. *p<0.05. 
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Supplementary Table 3. Expression profiles of all electricity-associated transcripts on the microarray, 
categorized in functional subclasses. 

 

 Alias/    Fold   Fold 

Gene Protein Accession # E10.5 higher E17.5 higher 

       

Sodium channel and auxiliary subunits, modifier genes   

Scn1a Nav1.1 NM_018733 -  -   

Scn2a1 Nav1.2 XM_980330 -  -   

Scn3a Nav1.3 NM_018732 -  -   

Scn4a Nav1.4 NM_133199 -  -   

Scn5a Nav1.5 NM_021544 W>N 47.5 W>N 81.5 

Scn7a Nav2(.3) NM_009135 N>W 3.8 N>W 2.8 

Scn8a Nav1.6 NM_001077499 -  -   

Scn10a Nav1.8 NM_009134 W>N 6.9 W>N 92.8 

Scn11a Nav1.9 NM_011887 -  -   

Scn1b Navβ1 NM_011322 -  -   

Scn2b Navβ2 NM_001014761 N>W 2.6 N>W 16.1 

Scn3b Navβ3 NM_153522 -  -   

Scn4b Navβ4 NM_001013390 -  N=W   

Fgf12  NM_183064 W>N 9.2 W>N 403 

Scnm1  NM_027013 N=W  N>W 2.4 

       

Calcium channel and auxiliary subunits, Ca homeostasis   

Ank1 Ank-R NM_031158.1 N=W   W>N 88.20 

Ank2 Ank-B NM_001034168 N=W   W>N 5.2 

Ank3 Ank-G NM_009670.4 N=W   W>N 6.0 

Atp2a1 SERCA1 NM_007504 N=W  -   

Atp2a2 SERCA2 NM_009722 N=W  W>N 8.9 

Cacna1a Cav2.1 NM_007578 -  -   

Cacna1b Cav2.2 NM_007579 -  -   

Cacna1c Cav1.2 NM_009781 N=W  N=W   

Cacna1d Cav1.3 NM_028981 -  -   

Cacna1e Cav2.3 NM_009782 -  -   

Cacna1f Cav1.4 NM_019582 -  -   

Cacna1g Cav3.1 NM_009783 N>W 5.6 N>W 48.9 

Cacna1h Cav3.2 NM_021415 N=W  W>N 8.0 

Cacna1i Cav3.3 NM_001044308 -  -   

Cacna2d1 Cavα2δ1 NM_009784 N=W  N=W   

Cacna2d2 Cavα2δ2 NM_020263 N=W  N=W   

Cacna2d3 Cavα2δ3 NM_009785 -  -   

Cacna2d4 Cavα2δ4 NM_001033382 -  -   

Cacnb1 Cavβ1 NM_031173 N=W  N>W 3.1 

Cacnb2 Cavβ2 NM_023116 W>N 4.0 W>N 8.3 

Cacnb4 Cavβ4 NM_001037099 -  -   

Cacng1 Cavγ1 NM_007582 -  -   

Cacng2 Cavγ2 NM_007583 -  -   

Cacng3 Cavγ3 NM_019430 -  -   

Cacng4 Cavγ4 NM_019431 -  -   

Cacng5 Cavγ5 NM_080644 -  -   

Cacng6 Cavγ6 NM_133183 -  -   

Cacng7 Cavγ7 NM_133189 -  -   

Calm1  NM_009790 -  -   

Calm3  NM_007590 N=W  N=W   

Camk1d  NM_177343 -  W>N 28.5 

Camk1g  NM_144817 N=W  W>N 5.0 

Camk2a  NM_177407 W>N 8.5 W>N 12.9 

Camk2b  NM_007595 N=W  W>N 3.9 

Camk2d  NM_001025438 W>N 4.1 W>N 3.5 

Camk2g  NM_178597 N=W  W>N 2.6 

Camk2n1  NM_025451 N>W 10.3 N>W 8.1 

Camk4  NM_009793 N=W  N>W 4.1 

Camkk1  NM_018883 -  N>W 3.4 
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 Alias/    Fold   Fold 

Gene Protein Accession # E10.5 higher E17.5 higher 

       

Camkk2  AK044660 N>W 2.7 N>W 3.4 

Cask  NM_009806 N=W  N>W 2.6 

Casq2  NM_009814 W>N 5.8 W>N 45.2 

Gria3  NM_016886 N=W  N>W 18.2 

Hrc  NM_010473 N=W  W>N 83.1 

Itpr1  NM_010585 N=W  N=W   

Itpr2 RIP3-2 NM_010586 -  -   

Itpr3 RIP-3 NM_080553 N>W 5.3 N=W   

Pkd2  NM_008861 N>W 2.6 N>W 9.0 

Pln PLB NM_023129 W>N 5.5 W>N 29.7 

Ryr2 RYR2 NM_023868 W>N 4.7 W>N 55.7 

Trpc1 Trp1 AK005144 N=W  N>W 4.1 

Trpc2  AK030267 N=W  N>W 2.4 

Trpm2  AK036731 -  W>N 10.0 

Trpm5  NM_020277 -  N>W 5.7 

Trpv4  NM_022017 N>W 63.4 -   

       

Potassium channel and auxiliary subunits, modifier genes   

Dpp6 Dppx NM_010075 -  W>N 29.0 

Freq NCS1 NM_019681 *  *   

Kcmf1 Pmcf NM_019715 N=W  W>N 1.8 

Kcna1 Kv1.1 NM_010595 -  -   

Kcna2 Kv1.2 NM_008417 -  -   

Kcna3 Kv1.3 NM_008418 -  -   

Kcna4 Kv1.4 NM_021275 -  W>N 4.5 

Kcna5 Kv1.5 NM_145983 N=W  -   

Kcna6 Kv1.6 NM_013568 N>W 9.1 N>W 73.0 

Kcna7 Kv1.7 NM_010596 -  -   

Kcna10 Kv1.10 NM_001081140 -  -   

Kcnab1 Kvβ1 NM_010597 -  -   

Kcnab2 Kvβ2 NM_010598 N=W  N=W   

Kcnab3 Kvβ3 NM_010599 -  N=W   

Kcnb1 Kv2.1 NM_008420 -  -   

Kcnc1 Kv3.1 NM_008421 -  -   

Kcnc2 Kv3.2 NM_001025581 -  W>N 3.7 

Kcnc3 Kv3.1 NM_008422 -  -   

Kcnc4 Kv3.4 NM_145922 N>W 16.3 N>W 42.5 

Kcnd1 Kv4.1 NM_008423 -  -   

Kcnd2 Kv4.2 NM_019697 W>N 22.9 W>N 16.1 

Kcnd3 Kv4.3 AK033962 -  W>N 1.9 

Kcne1 MinK NM_008424 N=W  N=W   

Kcne2 MIRP1 NM_134110 -  -   

Kcne3 MIRP2 NM_020574 -  -   

Kcne4 MiRP3 NM_021342 -  N>W 7.0 

Kcne5 Mink NM_021487 N=W  N>W 9.4 

Kcnf1 Kv5.1 NM_201531 -  -   

Kcng2 Kv6.2 XM_140499 W>N 2.4 W>N 2.8 

Kcng3 Kv6.3 NM_153512 -  -   

Kcng4 Kv6.4 NM_025734 -  -   

Kcnh1 Meag NM_001038607 N>W 15.8 N>W 54.1 

Kcnh2 erg1 AF034762 -  -   

Kcnh3 erg2 NM_010601 -  -   

Kcnh5 erg4 NM_172805 -  -   

Kcnh6 erg5 NM_001037712 -  -   

Kcnh7 erg6 AK052366 W>N 4.9 W>N 83.9 

Kcnh8 erg7 NM_001031811 -  -   

Kcnip1 KChIP1 NM_027398 -  -   

Kcnip2 KChIP2 NM_145703 -  -   

Kcnip3 KChIP3 NM_019789 N=W  N>W 4.6 

Kcnip4 KChIP4 NM_030265 -  -   

Kcnj1 Kir1.1 NM_019659 -  -   
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Gene Protein Accession # E10.5 higher E17.5 higher 

       

Kcnj2 Kir2.1 NM_008425 -  -   

Kcnj3 Kir3.1 NM_008426 -  W>N 22.0 

Kcnj5 Kir3.4 NM_010605 N=W  W>N 28.5 

Kcnj6 Kir3.2 NM_010606 -  -   

Kcnj8 Kir6.1 NM_008428 N=W  W>N 4.5 

Kcnj11 Kir6.2 NM_010602 -  W>N 6.0 

Kcnj12 Kir2.2 NM_010603 -  W>N 28.8 

Kcnj15 Kir4.2 NM_019664 -  N>W 33.1 

Kcnk1 TWIK1 NM_008430 -  -   

Kcnk2 TREK-1 NM_010607 N=W  N>W 34.8 

Kcnk3 TASK-1 NM_010608 W>N 5.3 W>N 12.4 

Kcnk4 TRAAK NM_008431 -  -   

Kcnk5 TASK2 NM_021542 -   N=W   

Kcnk6 Twik2 NM_001033525 N>W 10.9 N=W   

Kcnk13  NM_146037 -   N=W   

Kcnk15 TASK5 NM_001030292 -   -   

Kcnk16 TALK-1 XM_907162.1 -   -   

Kcnk18  NM_207261.3 -   -   

Kcnma1  NM_010610 -  N>W 4.4 

Kcnmb1  NM_031169 W>N 6.9 W>N 10.2 

Kcnn1 SK1 NM_032397 N=W   N=W   

Kcnn2 SK2 NM_080465 -   -   

Kcnn3 SK3 NM_080466 -  -   

Kcnn4  NM_008433 -  N>W 9.1 

Kcnq1 KvLQT1 NM_008434 W>N 4.1 W>N 47.9 

Kcnq2 Kcnq2 NM_001006680 -  -   

Kcnq3 Kcnq3 NM_152923 -  -   

Kcnq5 Kv7.5 AK039046 -  -   

Kcns1 Kv9.1 NM_008435 -  N>W 3.9 

Kcns2 Kv9.2 NM_181317 -  -   

Kcns3 Kv9.3 NM_173417 -  -   

Kcnu1  NM_008432 -  -   

Kcnv1 Kv8.1 NM_026200 -  -   

Kcnv2 Kv8.2 NM_183179 -  -   

Pias3 KChap NM_146135 N=W  N>W 2.3 

       

Gap junctional subunits:     

Gja1 Cx43 NM_010288 W>N 2.5 W>N 12.2 

Gja4 Cx37 NM_008120 N=W  N=W   

Gja5 Cx40 NM_008121 W>N 158 W>N 567 

Gjc1 cx45 NM_008122 N=W  N=W   

Gjc2 Cx47 NM_080454 -  N>W 5.6 

Gjd3 Cx30.2 NM_178596 -  W>N 2.3 

       

Miscellaneous genes associated with ion channels or calcium homeostasis 

Abcc8 SUR1 NM_011510 N=W  W>N 982 

Abcc9 SUR2 NM_021041 W>N 17.1 W>N 6.6 

Accn2 ASIC1 NM_009597 N>W 5.9 N>W 14.6 

Accn3 ASIC3 NM_183000 -  W>N 2.8 

Atp1a1  NM_144900 N=W  W>N 3.3 

Atp1b1  NM_009721 N=W  W>N 2.3 

Cftr  NM_021050 -  -   

Clcn1  NM_013491 -  N=W   

Clcn2 ClC2 NM_009900 N=W  N>W 2.9 

Clcn3 ClC3 NM_007711 N=W  W>N 2.6 

Clcn6  AK045787 W>N 3.2 W>N 4.9 

Clcn7  NM_011930 N=W  N=W   

Clic1  NM_033444 N=W  N=W   

Clic3  NM_027085 -  W>N 162 

Clic4  NM_013885 N=W  W>N 2.2 

Clic5  NM_172621 -  W>N 7.2 
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Gene Protein Accession # E10.5 higher E17.5 higher 

       

Clic6  NM_172469 N=W  W>N 9.0 

Clns1a  NM_023671 N=W  N=W   

Hcn1 HCN1 NM_010408 -  -   

Hcn2  NM_008226 -  -   

Hcn3  NM_008227 -  N>W 5.5 

Hcn4 HCN4 NM_001081192 -  -   

P2rx1  NM_008771 -  W>N 4.4 

P2rx4  NM_011026 N=W  N>W 2.5 

P2rx5  NM_033321 -  N=W   

P2rx7  NM_001038887 -  N>W 3.0 

P2rxl1  NM_011028 -  -   

Slc4a3  NM_009208 N=W  W>N 8.3 

Slc8a1  NM_011406 *  *   

Slc26a7  NM_145947 -  N>W 11.8 

Slco3a1  NM_001038643 N=W  N=W   

Trpc4ap  NM_019828 N=W  N=W   

Trpc6  AK086446 N=W  N=W   

Trpc7  NM_012035 -  -   

Trpm4 Mls2s NM_175130 N=W  N=W   

Trpm7  AK009470 N=W  N=W   

Trpv2  NM_011706 N=W  W>N 6.4 

 

E10.5 and E17.5 AV canal/node (N) compared with age-matched working myocardium (W). N>W, higher 
expression in N than in W (p<0.01); W>N, higher expression in W than in N (p<0.01); N=W, not 
differentially expressed between N and W (p>0.01), expression level above threshold in N and/or W; -, 
not differentially expressed between N and W (p>0.01), expression level not above threshold in N and 
W; *, Expressed above threshold, some probes of gene higher signal in N, some in W 
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