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Abstract
The function of the conduction system depends on structure, function and molecular 
composition of its components. Studying the relation between these aspects would 
greatly benefit from a mouse model in which the cells of the conduction system can be 
easily recognized in situ. We present a transgenic mouse model that expresses yellow 
fluorescent protein Venus under control of the Tbx3 locus (Tbx3Venus). The expression 
pattern of Venus precisely recapitulates that of Tbx3, and specifically marks the 
conduction system components, including the sinus node, but excluding the Purkinje 
fiber network. Combined optical mapping and fluorescence microscopy demonstrated 
that the cardiac impulse always originated from the fluorescently labeled sinus node 
region. Furthermore, patch-clamp of fluorescently labeled cells isolated from embryos, 
fetuses and adults revealed that these cells display sinus node action potentials and 
spontaneous depolarization. These data indicate that the fluorescent cells represent the 
sinus node. From E12.5 onwards, If current was present and sodium current INa was 
absent from sinus node cardiomyocytes. An interactive three-dimensional model of the 
atria including the sinus node was generated and revealed novel aspects of the complex 
structure of the sinus node in the adult mouse heart. We conclude that Tbx3Venus is a 
reliable tool to visualize the conduction system cells in situ, to isolate pacemaker cells 
and to facilitate studies integrating structure, function and molecular composition of 
the conduction system during development and disease.

proefschrift.indb   118 8-11-2012   13:33:21



A novel Tbx3-based conduction system marker mouse

119

Chapter

5

Introduction
The cardiac conduction system is responsible for initiation and propagation of the 
cardiac impulse. It consists of the sinus node, the atrioventricular (AV) node, the AV 
bundle, the bundle branches and the Purkinje fibers. The sinus node is the pacemaker 
of the heart and generates the cardiac impulse. To generate the cardiac impulse, sinus 
nodal cells are able to depolarize spontaneously. Subsequent transfer of the cardiac 
impulse to the atrial myocardium requires that the sinus nodal cells are relatively 
uncoupled to prevent current-to-load mismatch1. Molecular analysis of the sinus node 
and surrounding working myocardium has revealed distinct gene expression profiles 
underlying the important electrophysiological differences between the sinus node and 
the surrounding myocardium2-4. 

Dysfunction of the sinus node can result in arrhythmia syndromes including the sick 
sinus syndrome (SSS), responsible for half of the electronic pacemaker implantations in 
the elderly5. The pathophysiology of sick sinus syndrome has not yet been elucidated. 
Unraveling the genetic profile of the sinus node in relation to structure and function 
is crucial to understand sinus node dysfunction and improve therapeutic strategies, 
including sinus node repair or generation of biological pacemakers. A molecular tool 
that marks the sinus node would facilitate studying these relations and is currently not 
available. 

The sinus node has been defined on the basis of function and morphology. 
Characteristic features of the sinus node are its location at the junction of the crista 
terminalis, the superior caval vein and the intercaval region (sinus venarum), the 
abundance of connective tissue within the sinus node, the small and spindle shaped cells 
in the center, the pale and undifferentiated appearance of the cells, and characteristic 
electrophysiological properties such as reduced maximum diastolic potential and 
spontaneous diastolic depolarization. The combination of the particular structure 
of the sinus node and the properties of its cells enable it to spontaneously depolarize 
and to activate the much larger atrial muscle (reviewed in4,6-8). Despite their specific 
properties and anatomical locations, the cells of the conduction system, including the 
sinus node, are not unambiguously distinguishable from surrounding cardiomyocytes or 
other cell types. Therefore, efforts have been made to generate transgenic mice in which 
the components of the conduction system are labeled by expression of a reporter gene, 
including cGATA6/lacZ9, CCS-lacZ10 and minK-lacZ11 and Hop/lacZ12. In none of 
these mice the sinus node was specifically labeled13. Molecularly, the sinus node can be 
defined as being positive for Hcn4 and Tbx3 and negative for Nppa, Scn5a (Nav1.5), Gja1 
(Cx43) and Gja5 (Cx40)3,4,14,15. Hcn4 is the major contributor to the pacemaker current 
If, also designated the funny current (reviewed in16). Gja1 and Gja5 are expressed in the 
working myocardium, but not in the pacemaker tissues of the sinus node and AV node, 
whereas Gja5 is also expressed in the fast conducting components of the ventricular 
conduction system2,14,17. Molecular markers that might be added to the sinus node’s 

proefschrift.indb   119 8-11-2012   13:33:21



120

signature are Cacna1d (CaV.1.3), Cacna1g (CaV3.1) and, possibly, Islet-12,18,19. These 
genes might be suitable to label the conduction system. 

Previously, we showed that Tbx3 is specifically expressed in all components of the 
developing and mature conduction system, except for the Purkinje fibers20. T-box 
factor 3 (Tbx3) is an evolutionary conserved transcription factor that is specifically 
expressed in the cardiac conduction system of vertebrates20-22. During development, 
Tbx3 is required for the molecular specification of the sinus node23 and AV bundle24. 
Ectopic activation of Tbx3 in embryonic atrial myocytes in vivo results in suppression 
of Gja5 and Gja1, induction of pacemaker channel Hcn4 and the formation of ectopic 
pacemaker sites in the atrial myocardium23. In adult hearts, expression of Tbx3 induces 
reprogramming of cardiomyocytes into pacemaker-like cells25. Hence, to specifically 
mark conduction system cells, we generated a transgenic mouse in which the modified 
enhanced yellow fluorescent protein Venus26 is inserted into Tbx3. In this study, we 
investigate whether the Tbx3Venus allele specifically marks the conduction system, 
and, subsequently, we used the model to study sinus node cell characteristics during 
development and to generate a 3-dimensional model of the sinus node.

Methods
Mice. A cosmid with Tbx3, isolated from the 129/Ola cosmid genomic library obtained 
from the Resourcenzentrum (RZPD) in Berlin, was kindly provided by Dr. Andreas 
Kispert (Institut fur Molekularbiologie, Medizinische Hochschule Hannover, Hannover, 
Germany). Homologous DNA sequences (6.1 kb of upstream sequence and 1.9 kb of 
downstream sequence) were ligated to a Venus-polyA-Frt-flanked PGK-neo cassette 
derived from pKOII (Bardeesy et al. 2002) to generate a Tbx3-targeting construct (Fig.1) 
in which the first three codons of the Tbx3-coding region were replaced by the Venus-pA 
cassette. The linearized targeting construct was electroporated into E141B10 embryonic 
stem (ES) cells to generate targeted cell lines. A diphtheria toxin A cassette was used to 
positively select for homologous recombinants. Chimeras were generated by injection 
of targeted ES cells into C57Bl6 host blastocysts. Germline transmission of the targeted 
allele was obtained by mating with FVB females. Subsequently, Tbx3-VenusNEO mice 
were crossed with FlpE mice (Rodriguez et al. 2000) to remove the PGK-neo cassette. 
Progeny was screened by PCR for the presence of the Tbx3-Venus allele using the following 
primers: fw1 (AGCGGAGCCAAGCCAGCA), rv1 (CCTTGGCCTCCAGGTGCAC), and 
rv2 (TTGATGCCGTTCTTCTGCTTGT). The Tbx3-Venus allele has been maintained 
on a FVB background. Animal care was in accordance with national and institutional 
guidelines.

Whole mount in-situ hybridization. Embryos were fixed in 4% formaldehyde. Whole 
mount in situ hybridization was performed as described previously27.
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Immunohistochemistry. Hearts were fixed overnight in 4% formaldehyde, embedded 
in paraplast and sectioned at 7 μm. Embedding media were removed from sections 
and by boiling for 5 minutes in a high pressure cooking pan in Antigen Unmasking 
Solution (Vector H3300), the epitopes in the tissue were unmasked. Tissue sections were 
incubated with primary antibodies overnight in Tris-NaCl buffer with blocking powder. 
Primary antibodies used were goat-anti-col3a1 (Santa Cruz, SC-8781, 1:200), mouse-anti-
Troponin1 (Millipore, MAB1691), rabbit-anti-Cardiac Troponin 1 (Hytest LTD, 4T21_2, 
1:200), mouse-anti-Cx40 (USBiological, C7856, 1:200), mouse-anti-Cx43 (BDtransd 
610061, 1:200), goat-anti-GFP (Abcam 839963, 1:100), rabbit-anti-GFP (SZ E2110, 
1:100), rabbit-anti-Hcn4 (Chemicon NG164345, 1:200), goat-anti-Pecam1 (Santa Cruz, 
SC-1506), mouse-anti-Pgp9.5 (Abcam G1608, 1:200) and goat-anti-Tbx3 (Santa Cruz 
B1006, 1:200). Secondary antibodies used, were Alexa 680 (1:250; Molecular Probes), 
Alexa 568 (1:250; Molecular Probes) and Alexa 488 (1:250; Molecular Probes) with the 
epitope appropriate to visualize the primary antibody. For detection of goat-anti-Tbx3 
we used biotinylated donkey anti-goat (1:250). For detection of biotinylated antibodies 
we used the TSA Enhancement kit (Perkin&Elmer, NEL702).

Fluorescence microscopy. We used a Leica MZ FL III microscoop (filter excitation 
470/40 and emission 590LP) and a Leica DFC320 camera to view and photograph 
fluorescent hearts. 

3D-reconstruction protocol. The 3D-reconstruction process has been described 
previously28. In short, adult male mouse hearts were serially sectioned and fluorescently 
labeled as mentioned above with mouse-anti-Tnni3 and goat-anti-GFP antibodies. 
Sections were photographed using a Leica DM6000 fluorescence microscope with a 
XY stage. Using the align-module of Amira 5.2.1., Tnni3 images were aligned. Images 
failing to register automatically were manually aligned. After complete registration of 
the Tnni3 stack of images, the same translation and rotation parameters were applied 
to the Venus images. Next, labels of the expression domains were generated, by masking 
expression signal followed by manually segmentation within this mask. Other labels 
beside ‘myocardium’ and ‘Venus’ that were attributed, were ‘lumen of the heart’, ‘lumen 
of the vasculature’ for the aorta and pulmonary trunk, ‘vasculature’ for the vessel walls of 
the aorta and pulmonary trunk and ‘pulmonary veins’. Venus within the atrioventricular 
conduction system was removed from the reconstruction. 

The resulting label-set was further smoothed and converted into an interactive 
3D-PDF as previously described29 using Adobe Acrobat Pro Extended® version 9.5. The 
3D-PDF can be viewed with the freeware version: Adobe Reader® (version 9.3 or higher) 
with Javascript® enabled. We used general vertebrate terms to annotate position in the 
mouse body: cranial, caudal, ventral, dorsal, left and right. 
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Cell isolation. Single cells were isolated from this tissue by an enzymatic dissociation 
procedure modified from Verkerk et al30. In summary, the tissue was cut in small strips 
of ~0.5 mm width, 1.0 mm length and stored in a modified Tyrode’s solution (20°C) 
containing (mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1.0, glucose 5.5, HEPES 5.0; pH 
7.4 (NaOH). The strips were placed in nominally Ca2+-free Tyrode’s solution (20°C), i.e., 
modified Tyrode’s solution with 10 mM CaCl2, which was refreshed two times. Then, 
the strips were incubated for 15 min in nominally Ca2+-free Tyrode’s solution (37°C) to 
which liberase IV (0.25–0.29 U/ml; Roche, Indianapolis, USA) and elastase (2.4–0.7 U/
mL, Serva, Heidelberg, Germany) were added. During the incubation period, the strips 
were slowly triturated through a pipette (tip diameter: 2.0 mm). The dissociation was 
stopped by transferring the strips into a modified Kraft-Brühe (KB) solution (37°C) 
containing (mM): KCl 85, K2HPO4 30, MgSO4 5.0, glucose 20, pyruvic acid 5.0, creatine 
5.0, taurine 30, b-hydroxybutyric acid 5.0, succinic acid 5.0, BSA 1%, Na2ATP 2.0; pH 
6.9 (KOH), that was refreshed two times (at 20°C). Finally, the strips were triturated in 
modified KB solution (20°C) through a pipette (tip diameter 0.8 mm) for 2 min to obtain 
single cells. Single cells were kept at room temperature in modified KB solution until 
FACS sorting or they were put into a recording chamber on the stage of an inverted 
microscope, and superfused with modified Tyrode’s solution (37ºC). 

Fluorescence-activated cell sorting (FACS). Single cells were obtained as described 
above. Cells were sorted on a FacsAria flow cytometer (BD Biosciences) using 
FacsDIVA software. Samples were gated to exclude debris and cell clumps. Fluorescent 
cells comprised, on average, 9-10% of live-gated single cells. Because the number of 
Venus-positive cells per heart was low (approximately 500 cells per heart), the isolated 
cells of 3 hearts were pooled to obtain sufficient RNA. There were 6 hearts available, 
resulting in 2 samples. After isolation of total RNA using an isolation Kit (Machery-
Nagel) according to the manufacturer’s protocol, total RNA was reversed transcribed 
into cDNA using the Superscript II reverse transcription kit (Qiagen). Before reverse 
transcription we concentrated the sample using a Centrivac concentrator (Labconco®). 
Left atrium samples of 6 hearts served as control samples and total RNA was isolated 
and reversed transcribed into cDNA in the same procedure. 

qRT PCR. Expression of genes was assayed using the Roche Lightcycler 480 system. 
Target quantities were calculated using LinRegPCR software31. Values were normalized 
to Gapdh. Two pooled samples of 3 Tbx3Venus sinus node samples were compared with 
6 left atrium samples. These are the primer sequences used: 

Gapdh: FW/ TGTCAGCAATGCATCCTGCA, R/ CCGTTCAGCTCTGGGATGA
Gja5: FW/ GGAAGACGGGCTGTTCCA, R/ CCCATTTCAGAAAACAAACACA
Hcn4: FW/ TCCTTGATCCCTTCAGCTCT, R/ AGAGAATCCAGCCAGCTGTT
Scn5a: FW/ GGGACTCATTGCCTACATGA, R/ GCACTGGGAGGTTATCACTG
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Figure 1 A, scheme for generation of Tbx3Venus/+ mice. B, southern blot analysis of EcoR1-digested (left 
panel) and Xmn1-digested (right panel) genomic DNA from wild type, targeted (Venus-Neo) and flipped 
(Venus) mice. The 3’ external probe indicated in panel a, was used to distinguish the endogenous allele 
(4.3 kb) and the targeted allele (3.2 kb). The 5’ internal probe distinguishes the endogenous allele (7.7 kb), 
the Venus-neo allele (8.6 kb) and the Venus allele (8.9 kb). C, PCR detection of the wild type Tbx3 allele 
(377 bp) and the Tbx3Venus allele (578 bp) in DNA of embryos of heterozygous crosses. D, Whole mount 
in situ hybridization of E10.5 Tbx3Venus/+ littermates stained for Tbx3 and Venus mRNA. E, fluorescent 
image of E10.5 embryo. Note that both expression domains of Venus and the fluorescent signal are equal 
to endogenous Tbx3 expression. Abbreviations: E, indicates EcoR1; X, Xmn1
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Using a Mann-Whitney U-test on the 2 sinus node samples versus the 6 left atrial 
samples the 2 sinus node samples are statistically significant outliers (p-value 0.046). 

Optical mapping. The mice were killed by cervical dislocation after which the heart 
was excised and placed in Tyrode’s solution (30ºC, ((in mmol/L) 128 NaCl, 4.7 KCl, 1.45 
CaCl2, 0.6 MgCl2, 27 NaHCO3, 0.4 NaH2PO4, and 11 glucose (pH maintained at 7.4 by 
equilibration with a mixture of 95% O2 and 5% CO2))). Fat and non-cardiac tissue was 
removed from the venous pool of the heart. Then the right atrium, crista terminalis and 
intercaval area was dissected free. The perparation was pinned down on agarose gel 
(20%). After that, the isolated preparations were incubated in 10 ml Tyrode’s solution 
containing 15 μM Di-4 ANEPPS (Invitrogen) and subsequently superfused and placed in 
the optical mapping setup. Excitation light was provided by a 5 Watt power LED (filtered 
510 +/- 20 nm). Fluorescence (filtered > 610nm) was transmitted through a tandem lens 
system on CMOS sensor (100 x 100 elements, sampling rate 5 kHz, MICAM Ultima). 
Optical action potentials were analyzed with custom software.

Patch-clamp experiments. Single Venus-positive and Venus-negative cells were selected 
or in case of non-transgenic mice we selected single spindle and elongated spindle-like 
cells displaying regular contractions for sinus node experiments. Membrane potentials 
and currents were recorded using the amphotericin-perforated patch-clamp technique 
using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA). Signals 
were low-pass filtered a 10-kHz cut-off frequency, and digitized at 25-kHz. Data 
acquisition and analysis were accomplished using custom software. Pipettes (borosilicate 
glass; resistance 2–4 MW) were filled with a solution containing (in mM): K-gluconate 
125, KCl 20, NaCl 5, amphotericin B 0.22, and HEPES 10; pH 7.2 (KOH).

Action potentials (APs) were measured in both spontaneous active and quiescent 
cells. AP in quiescent cells were elicited at 2-Hz by 3-ms current pulses, 1.5´ threshold 
current pulses through the patch pipette. We analyzed cycle length, maximal diastolic 
potential (MDP), diastolic depolarization rate (DDR, measured over the 50-ms time 
interval starting at MDP + 1 mV), maximal upstroke velocity (Vmax), maximal AP 
amplitude (APA), and AP duration at 20, 50, and 90% repolarization (APD20, APD50 and 
APD90). Parameters from 10 consecutive APs were averaged.

Statistics. Data are mean±SEM. Groups were compared using unpaired t-test. P<0.05 
defines statistical significance.

proefschrift.indb   124 8-11-2012   13:33:23



A novel Tbx3-based conduction system marker mouse

125

Chapter

5

Results

Generation and characterization of the Tbx3Venus allele
In order to fluorescently label the cardiac conduction system, we inserted the fluorescent 
Venus reporter26 into the start codon of Tbx3, replacing the first three codons of the 
Tbx3-coding sequence. Two fragments containing poly-adenylation and transcription 
termination sequences were placed downstream of the Venus coding sequence to 
prevent read-through (see methods section and Figure 1A,B for details). To remove the 
Neo cassette, offspring was crossed with FLPe-deleter mice32,33. Removal of the Neo 
cassette was assessed by Southern and PCR (Fig. 1B, C).

Whole mount in situ hybridization revealed characteristic expression of Venus and 
Tbx3 in the snout, eye, ear, mammary glands, the genital tubercle and the limbs (Fig. 
1D) as has been described previously for Tbx334. Figure 1E confirms bright fluorescence 
of Venus in the same domains. These experiments indicate that Venus recapitulates the 
endogenous expression profile of Tbx3.

Because Venus has been inserted into the translation start codon of Tbx3, it is expected 
to disrupt Tbx3 function. To assess whether the Tbx3Venus allele is dysfunctional, we 
intercrossed heterozygous Tbx3+/Venus animals to generate homozygous mutants. We 
did not find Tbx3Venus/Venus fetuses after developmental stage E12.5. Homozygous 
Tbx3Venus/Venus embryos had abnormal fore limbs (Fig. 2A), displayed double outlet 
right ventricle (Fig. 2B) and a dramatically decreased liver size (Fig. 2C). The AV bundle 
phenotype was lost and Cx43, a negative marker of the AV bundle, was ectopically 
expressed in the crest of the interventricular septum (Fig. 2D). We did not find any of 
these abnormalities in heterozygous embryos. Together, these findings are in accordance 
with previously described phenotypes of other Tbx3 mutant alleles24,34-37, indicating 
that function of Tbx3 is disrupted in the Tbx3Venus allele. 

Tbx3Venus visualizes the components of the conduction system 
Fluorescent microscopy revealed bright fluorescence of the cardiac conduction system 
components (Fig. 3), allowing for live analysis and dissection of the embryonic and adult 
heart to study the cardiac conduction system. On dorsal view, the main body of the sinus 
node is clearly visible at the junction of the superior caval vein and the right atrium, 
running down the sino-auricular or terminal groove, which is the groove between the 
sinus venarum and the right atrial appendage38. In the adult heart, but more pronounced 
in the fetal heart, we observed a second tract of fluorescence connecting the left side of 
the sinus node at the medial side of the superior caval vein with the AV node (Fig. 3C). 
On the endocardial side, fluorescence is visible at the medial side of the crista terminalis 
from the sinus node to the AV node (Fig. 6A). Fluorescence of the AV node is visible at 
the caudal side of the heart. The entire AV node, the AV rings and the AV bundle are 
visible upon removal of the atria. After removal of the ventricular free walls the right 
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and left AV bundle including the small fibers of the left bundle branch running down the 
interventricular septum, are clearly visible without further enhancement.

To determine the nature of Venus-expressing cells, we performed immunolabeling of 
pacemaker channel Hcn4, and fast conducting gap junction subunit Cx40. We found that 
Hcn4/Tnni3 (cTnI)-positive cells were positive for Venus (Fig. 4), and conclude that Hcn4 
and Venus strictly overlap in the sinus node area. In contrast, there is a sharp border 
between the domains of Venus and Cx40. These data indicate that Venus is specifically 
expressed in the myocardial sinus node cells. 

The AV conduction axis is a complex structure including the AV node, the lower 
nodal cells, the AV rings. The different components express variable levels of Hcn439. In 
all regions, Hcn4 and Venus overlapped, indicating that Venus marks the AV conduction 

Figure 2, Tbx3Venus/Venus embryos (E12.5) exhibit Tbx3 knock-out phenotype. A, magnification of the 
forearm in WT and KO, demonstrating limb malformations due to ulnar hypoplasia. B, null-embryos 
demonstrate double outlet right ventricle and C, hypoplasia of the liver. D, In KO-embryos the AV-bundle 
domain is not specified as demonstrated by abnormal expression in knock-out embryos in the top of 
the interventricular septum. Note that the AV bundle is formed normally in heterozygous embryos. 
Abbreviations:Ao indicates aorta; avb, AV bundle; l/r a, left/right atrium; l/r v, left/right ventricle; pt, 
pulmonary trunk
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axis. In figure 5 the nodal structure of the compact node is clearly distinguishable and 
positive for Tnni3, Hcn4 and Venus. 

Cx40 specifically identifies the fast-conducting components of the conduction 
system, namely the AV bundle, bundle branches and Purkinje fiber network40. We found 
that expression of Venus and of Cx40 strictly co-localized (Fig. 5). We did not detect 
Venus in the Purkinje fibers, nor did we detect Venus within the working myocardium. 
Together, these data indicate that Venus is specifically expressed in the entire domain 
that is molecularly defined as the conduction system, except for the Purkinje fibers. 

Tbx3Venus labels cardiac ganglia and small endocardial cells
In addition to presence of Venus in the components of the cardiac conduction system, we 
found Venus in cardiac ganglia at the dorsal side of the atria (Fig. 4). These Tnni3-negative 
cardiac ganglia express high levels of Tbx341, corresponding with intense fluorescence. 
Some of these ganglia are in close proximity to the sinus node and appear to connect 
directly to the sinus node. 

Furthermore, we detected Venus in small cells within the muscle walls of both the 
ventricle and the atrium (Supplementary file). Furthermore, careful examination of 
Tbx3-immunolabeling revealed identical, weakly positive cells, although fewer in number 
compared to the Venus-positive cells. This can be explained by the nuclear localization 
of Tbx3 and the fact that nuclei are not always included in cytosolic Venus-positive 

Figure 3, fluorescent images of the atrial conduction system components in adult (A,B) and in an E17.5 
(C) mouse heart. Views are indicated in the figure. Legend: a. indicates (sinus node) artery; avn, AV node; 
it, internodal tract; l/r scv, left/right superior caval vein; san, sinus node. For other abbreviations see legend 
to Figure 2. * indicates the sinus venarum
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cells in the sections. The shape of some of the Venus-positive cells at E17.5 suggested 
an endocardial or vascular identity. Co-staining with Pecam1, which is an endocardial 
marker, revealed presence of Pecam1 and Venus in these cells, confirmed that these 
cells are endocardial in nature. Tbx3 has been shown to induce endocardial epithelial-
mesenchymal transition (EMT) in the atrioventricular cushions in the developing 
heart42. These mesenchymal cells can differentiate into many different cell types, 
including myocytes. We speculate that these cells might be endocardial-mesenchymal 
cells remaining in an undifferentiated state. Additional immunolabeling of neuronal and 
fibroblast markers, Pgp9.5 and Col3a1, suggested these cells were neither neurons nor 
fibroblast. Further analysis is required to establish the nature of these cells.

Optical mapping identifies the first site of activation within the 
Venus-positive area
To relate the first moment of atrial activation with the expression domain of Venus we 
performed high density optical mapping (5 kHz sampling rate) on tissue preparations 
(n=13) containing the right atrium, the crista terminalis and the intercaval area. The sinus 
rhythm of the tissue in the bath was 395 +/- 27 beats per minute (bpm). We mapped both 
the endocardial (n=8) and the epicardial side (n=6) of the preparations. At both sides, the 
first moment of activation was in the center of the Venus expression domain (Fig. 6A). 
Upon administration of noradrenalin (1μM), sinus rhythm increased to 542 +/- 23 bpm 
(p<0.05) (Fig. 6B), accompanied by a pacemaker shift in 8 out of 11 preparations4,6-8. The 
site of initial activation remained within the Venus-positive domain, but the direction of 
the shift varied (shift up: n=4, shift down: n=4, no shift: n=3). 

Venus-positive cells isolated from the sinus node display pacemaker 
properties
To examine electrophysiological properties of Venus-positive cells, we performed 
patch-clamp experiments on isolated cardiomyocytes. Venus-negative cells obtained 
from the sinus node region served as controls. Figure 6C shows typical examples; average 
action potential characteristics are shown in Figure 6E. On average, the maximum 
maximal diastolic potential (MDP) was significantly less negative in Venus-positive cells 
than in Venus-negative cells. In addition, Venus-positive cells had a significantly lower 
upstroke velocity and shorter action potential duration at 20 and 50% repolarization 
(APD20 and APD50, respectively) than Venus-negative control cells. Furthermore, 
all Venus-positive cells exhibited spontaneous phase 4 depolarization, resulting in 
automaticity (Fig. 6C). If was present in Venus-positive cells, whereas INa (encoded by 
Scn5a) was virtually absent (Fig. 6F). These experiments showed that the configuration 
of the action potential of single Venus-positive was similar to action potentials of sinus 
node cells3. We did not find Venus-positive cells that were quiescent. 
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Next, we determined the expression levels of positive and negative markers of the 
sinus node in Venus-positive cells purified by fluorescence-activated cell sorting (FACS). 
Two pooled samples of 3 Venus-positive sinus nodes were compared with 6 left atrial 
appendages, which served as controls. We found that the expression of Hcn4 was much 
higher in the sinus node samples (23 and 5 times, p-value <0.05) than in the atrial samples, 
whereas the expression levels of Gja5 and Scn5a were significantly lower in the sinus 
node samples than in controls (Fig. 6D). This experiment confirms that Venus-positive 
cells display molecular characteristics of pacemaker cells.

Figure 4, immunolabeling of the sinus node region in pre-natal and adult hearts. The first column contains 
overview images. The last column contains a merged image of the red and green signal. Antibodies and 
color codes as indicated in the images. 
Abbreviations: cgl indicates cardiac ganglion; ivs, interventricular septum; vv, venous valves. For other 
abbreviations see Figures 1 and 2.
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An interactive three-dimensional model of the sinus node and atrial 
structures
The atrioventricular conduction axis (AV node, AV ring and AV bundle) has been 
reconstructed in detail recently39. To gain insight into the structure of the atrial 
components of the conduction system, we generated a three-dimensional reconstruction 
of the Venus-positive tissues. Tnni3 was used to mark the myocardium. The interactive 
3D-reconstruction is available online (http://3d.hfrc.nl and click downloads). The 
reader can zoom-in, turn around and remove cardiac components to visualize and 
study the complex anatomy of the conduction system. Figure 7 depicts snapshots of the 
3D-reconstruction. 

It is generally accepted that the sinus node has a comma shape6. In the reconstruction, 
however, it appears that the Venus-positive region is circular, surrounding the entire 
orifice of the superior caval vein. Indeed, the body of the sinus node is at the right and 
cranial side of the right superior caval vein. There is, however, a substantial amount 
of Venus-positive myocardium at the left side of the caval vein and a small connection 
between the right and left at the caudal side of the superior caval vein. 

Two tracts of Venus-positive tissue are located in the dorsal wall of the right atrium and 
coronary sinus, thereby connecting the sinus node with the atrioventricular conduction 
axis. The right tract runs down the sulcus terminalis at the epicardial side of the heart 
and medial to the crista terminalis at the endocardial side of the heart and comprises the 
structure that is known as the sinus node tail. The left tract is located in the interatrial 
septum. Both tracts have been previously described in rat, mouse and human and have 
been named the anterior (left) and posterior (right) internodal pathway10,43-45. 

Characterization of the fetal sinus node
The Tbx3Venus allele was used to study development of the sinus node. The Venus-positive 
domain is clearly visible in subsequent stages of embryonic development using fluorescence 
microscopy from E10.5 onwards. At the dorsal side of the embryonic heart, the sinus node 
primordium, dorsal atrial wall and the AV canal are highly fluorescent (Fig. 8A). During 
further development, the Venus-positive domain becomes restricted to the cavo-auricular 
junction, marking the definite location of the sinus node and the internodal tract are also 
more discernible as tracts of Venus-positive tissue (Fig. 3C). Immunolabeling at E12.5 
revealed that levels of Hcn4 and Venus are modest in the sinus node primordium and the 
crest of the interventricular septum, and high in the AV canal, with highest expression 
at the right side of the AV canal. Double labelings of Venus, Hcn4, Tbx3 and Cx40 show 
that the patterns of Venus overlap perfectly with Hcn4 and Tbx3 and that the domains of 
Venus are complementary to Cx40 from E12.5 onwards (Fig. 8B).

Fluorescent single cells that were obtained from the sinus node region enabled us to 
study the sinus node action potential and to measure ionic currents of sinus node cells 
at E12.5. Figure 8C shows representative examples of action potentials of single sinus 
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node cells at E12.5, E17.5 and adult stages. Note the gradual changes from embryonic to 
adult stages, being a decrease in cycle length due to an enhanced diastolic depolarization 
velocity, an increase in MDP and e upstroke velocity and a decrease of the action potential 
duration (Fig. 8D). All stages displayed spontaneous phase 4 depolarization and a regular 
rhythm. Measurement of ionic currents showed that If was present in Venus-positive 
cells as early as E12.5 and that INa was virtually absent from Venus-positive cells, 
indicating that pacemaker cells are characterized by absence of INa and presence of If 
from early stages in development onwards. 

Discussion

Tbx3Venus specifically marks the conduction system including the sinus 
node 

Tbx3 was previously shown to be expressed specifically in all conduction system 
components throughout development and in the adult, except for the Purkinje fiber 
network and its precursor, the prenatal trabecular myocardium. Its specific pattern 
can be observed as early as E9, briefly after the atrial and ventricular chambers start 
to develop in the embryonic heart tube20,46. Furthermore, knock-out and ectopic 
expression experiments have shown that Tbx3 is required for the development 
and homeostasis of the conduction system, and sufficient to induce the pacemaker 
phenotype in myocardium23-25,37. The molecular analyses has indicated that Tbx3 
induces the pacemaker phenotype of the components of the conduction system (sinus 
node, AV node, AV junction, AV bundle, bundle branches), which, only in case of the AV 
bundle and bundle branches, is overlaid by a gene program for fast conduction (Scn5a 
and Gja5) induced by Tbx5 and Irx347-50. We show that a fluorescent reporter targeted 
to the Tbx3 locus precisely recapitulates the pattern of Tbx3, and serves as a marker for 
the conduction system in the developing and adult heart. 

A number of mouse conduction system reporters have been described, each with 
its own specificities, advantages and disadvantages9-12,40,49. In general, these lines 
specifically mark the AV bundle, branches and the Purkinje fibers in the adult heart, 
but do not mark the sinus node13, and to varying degrees mark the nodal cells of the 
AV junction, including the AV node. Furthermore, these models show expression of the 
transgene outside the conduction system to variable extents13,51. 

Another Tbx3 allele (Tbx3G(H)) was recently described37, in which a Tbx3-GFP 
fusion protein is expressed. It has been used for loss of function analysis, and the pattern 
of GFP expression has not yet been fully characterized. The excision of a large part of the 
gene may also have removed regulatory sequences, a possibility that warrants detailed 
investigation. 
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BacTbx3EGFP mice harbor a bacterial artificial chromosome (BAC) that contains 
the Tbx3 gene in which the fluorescent protein-encoding EGFP gene was inserted at 
the translation start site41. Although enough regulatory sequences of Tbx3 appear to 
be present in the BAC, BacTbx3EGFP appears to lacks critical regulatory sequences for 
the sinus node, AV bundle, left component of the AV ring bundle, and bundle branches. 

Although several studies report that the pacemaker channel Hcn4 is expressed in 
the (developing) atrial working myocardium2,21,52,53, Hcn4 is highly enriched in the 
conduction system in the postnatal and adult mouse heart in many species, including 
mouse and human2,3,54,55, and can serve as a specific marker. During development, 

 Figure 5, immunolabeling of the sinus node region in pre-natal and adult hearts. The first column contains 
overview images. The last column contains a merged image of the red and green signal. Antibodies and 
color codes as indicated in the images. 
Abbreviations: lbb indicates left bundle branch. For other abbreviations see previous Figure legends. 

proefschrift.indb   132 8-11-2012   13:33:28



A novel Tbx3-based conduction system marker mouse

133

Chapter

5

Figure 6, the cardiac impulse originates within the Tbx3Venus expression domain. A, at the right a 
fluorescence image of Tbx3Venus in atrial preparation and at the left the activation pattern. B, increase 
in heart rate after noradrenalin administration. C, shows action potentials recorded from Venus-positive 
and Venus-negative cardiomyocytes. D, bar graph demonstrating expression of Hcn4, Gja5 and Scn5a 
in Venus-positive cells compared to left atrial myocardium. E, bar graph demonstrating action potential 
characteristics of Venus-positive and Venus-negative cells. F, If current in Venus-positive cardiomyocytes 
and INa in Venus-negative cardiomyocytes. Abbreviations: BPM indicates beats per minute; ct, crista 
terminalis; ias, interatrial septum. For other abbreviations see previous Figure legends. 
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however, the expression domain of Hcn4 includes the entire sinus venosus, and only 
during late fetal stages Hcn4 becomes confined to the sinus node46. Hcn4 marker 
mice have not been reported, although several Hcn4 mutants, including an inducible 
Hcn4-KiT-Cre allel, have been generated and studied. Hcn4-KiT-Cre, for example, has 
been crossed with a Cre-reporter mouse, demonstrating specific reporter activation in 
the sinus node after tamoxifen administration56. However, expression of the transgene 
in the working myocardium and Cre recombination efficiency are issues that need 
further investigation. 

Recently, Islet-1 (Isl1) has been shown to mark the sinus node in mouse, human and 
fish18. Intriguingly, we found that expression of Isl1 is limited to the presumed sinus node 
region and does not extent into the internodal tracts. An import issue that needs further 
investigation, however, is the observation that only a subpopulation of approximately 
half of the Hcn4 expressing sinus node cells expresses Isl118. 

We conclude that Tbx3Venus is currently the only available transgenic marker of the 
sinus node, and the earliest, and most precise marker of the developing conduction 
system, with exception of the Purkinje fiber network. Tbx3Venus is a bright and direct 
marker, not depending on potential Cre-sensitivity. A potential limitation of this mouse 
model is its heterozygosity for Tbx3. Previously, we have shown that Tbx3 is involved 
in the regulation of conduction system development and homeostasis. Therefore, the 
conduction system of heterozygous Tbx3 mutant mice might be affected. So far, no 
differences have been observed in the sinus node or AV node between heterozygous and 
wild-type mice23,24. Arrhythmias have been reported in response to reduced expression 
of Tbx337, but they were reported only for mice in which the reduction of Tbx3 was 
more than 2-fold. In human, however, heterozygous mutations in TBX3 were found to 
cause malformations in Ulnar-mammary syndrome, with sporadic patients suffering 
from ventricular septal defects57-59.

Visualization of the conduction system components
To provide a more readily available tool to study the complex 3D-structure of the sinus 
node and related tissues, we generated a 3D-reconstruction of the Venus-positive domain, 
representing the cardiac conduction system. Venus is highly suitable for this purpose 
because 1) Venus specifically marks the components of the cardiac conduction system, 
2) in contrast to Tbx3, Venus is present in the cytosol clearly marking the cells, and 3) 
the signal of the fluorescently labeled Venus antibody is very clear. The Venus-positive 
domains that we found are highly similar to previously reported sinus node domains 
and internodal tracts of conduction system tissues in human, rabbit and mouse3,19,60,61. 
The reported shape of the sinus node is comma-shaped, with the sinus node head at 
the sino-auricular junction and the sinus node tail running down the crista terminalis. 
In Tbx18-null embryos the sinus node head was not formed, whereas the sinus node 
tail was present, indicating that these sinus node components represent separate 
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regulatory domains61. We observed and reconstructed a ‘circular’ Venus-positive 
domain surrounding the entrance of the superior caval vein. The brightest fluorescence 
was observed at the right lateral side of the superior caval vein, corresponding to the 
location of the sinus node head, that consists of densely packed small pacemaker cells3,62. 
Interestingly, although a circular shape of the sinus node has never been reported in 
mouse, rabbit and human, we recently found that the sinus node domain in zebrafish is 
a ring around the entrance of the atrium63. 

The sinus node tail is clearly visible, using fluorescence microscopy. In the 
3D-reconstruction, however, the sinus node tail is continuous with the right internodal 
tract. Immunolabeling is more sensitive to detect signal, thereby explaining a broader 
domain of Venus-positive tissue than observed with fluorescence microscopy. It has 
been shown that the sinus node is surrounded by myocardium that expresses both 
working myocardial genes and pacemaker genes. In human, this myocardium has 
been designated the paranodal area and has been analyzed molecularly, revealing 
a distinct gene expression profile, albeit closely related to the working myocardium2. 
Subsequently, the sinus node and paranodal area have been reconstructed and action 
potential characteristics and histology have been elegantly incorporated in the model60. 
The paranodal area spirals around the sinus node tail and runs further down the crista 
terminalis. A paranodal area has not been reported in mouse or rabbit. 

In rabbit, however, the myocardium in between the sinus node and adjacent myocardium 
is characterized by expression of Hcn4, Scn5a, Gja1 and Nppa and high levels of Cacna1d. 
The sinus node is characterized by high levels of Hcn4/Cacna1d and low Scn5a/Gja1/Nppa 
and the working myocardium by the complementary profile19. This myocardium with an 
intermediate phenotype has been designated the ‘sinus node periphery’, resembling in 
phenotype the paranodal area. In mouse, intermediate phenotypes have not been shown. 
What has been shown are ‘interdigitations’3. Hcn4-positive fingers project into the 
atrial muscle and Cx43-positive strands penetrate into the sinus node, thereby creating 
a transitional zone. In human similar ‘radiations’ have been reported64. We did not study 
this aspect in detail, but we did observe clear fluorescent ‘radiations’ projecting from the 
sinus node into the adjacent myocardium (Fig. 3A). 

The two Venus-positive internodal tracts that we report most likely belong to 2 of the 
3 internodal tracts that have been described and debated previously45,65-67. Classical 
studies throughout the last century identified Purkinje-like or conduction system cells 
within the course of these preferential pathways38,45,67. Molecularly, such strands have 
been identified in CCS-lacZ mice10, and Gln2/Leu-7/HNK-1 labeling studies44,68,69. 
In rat, Hcn4-expressing nodal-like cells were identified in a tract within the interatrial 
groove70, resembling the left internodal tract that we found. Functional experiments 
revealed that the leading pacemaker site could shift to this location in the presence of 
isoproterenol70. 
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Fast conduction through either of these non-insulated tracts has never been 
demonstrated convincingly. The orientation of the working cardiomyocytes is likely to 
be responsible for preferential conduction through the atrial muscle bands65. This is 
supported by experiments showing broad fronts of excitation waves through the muscle 
bands, regardless of the site of activation71. Our data confirm the existence of internodal 
tracts. Ironically, these cells are not ‘specialized’, but have retained their primitive, and 
therefore likely slow-conducting phenotype (reviewed in72). The ability of the internodal 
tract to ensure sino-ventricular conduction when conduction through the atrial working 
myocardium is hampered, as has been shown during hyperkalemia73 and sodium 

Figure 7, snapshots taken from the interactive 3D reconstruction. Please note that the contour of the 
heart is formed by the contour of the lumen. Therefore, the conduction system is situated outside the 
contour of the heart. Please find the interactive 3D-PDF online at www.3D.hfrc.nl. 
Abbreviations: oft indicates outflow tract (aorta + pulmonary trunk); pv, pulmonary veins. I, the sinus 
node head; II, sinus node tail and/or posterior internodal tract; III, left lateral part of sinus node, referred 
to in a “horseshoe shaped sinus node”; IV, anterior internodal tract; V, medial internodal tract. VI, venous 
valves region. For other abbreviations see previous Figure legends. * indicates the sinus venarum
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Figure 8 A, fluorescent image of E12.5 embryo heart, caudal view. Note that the majority of the sinus 
venarum is fluorescent. B, immunolabeling of E12.5 sections of the embryonic heart. In the left upper 
panel an overview in which the other 3 panels (1 to 3) are indicated with a box. Antibodies and color codes 
as indicated in the images. C, typical examples of action potentials of E12.5, E17.5 and adult pacemaker 
cells. D, bar graphs depicting cycle length and action potential characteristics of E12.5, E17.5 and adult 
pacemaker cells. 
Abbreviations: b. indicates bronchus; Cs, cushion; l/r avc, left/right AV canal; r a/v w, right atrial/
ventricular wall; tr, trachea. For other abbreviations see previous Figure legends.* indicates the sinus 
venarum
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current blockade66 which might be an explanation for evolutionary preservation of the 
internodal tracts. 

The impulse originates within the Venus-positive domain
We demonstrate that the electrical impulse is generated within the Venus-positive area, 
at the top of the crista terminalis, in close proximity to the junction of the superior caval 
vein and the right atrial appendage. This anatomical location is generally accepted as the 
first site of activation and has been reported for mouse, rabbit and human3,6,60,74. For 
rabbit, the reported location of initiation of the cardiac impulse appears to be further away 
from the sinus node head6. We investigated pacemaker shift through beta-adrenergic 
stimulation, as has been demonstrated previously for mouse and rabbit6,74. These studies 
showed a shift towards the superior caval vein in the presence of isoproterenol. We did 
not observe such a clear pacemaker shift, possibly due to insufficient sensitivity of our 
set-up or the use of noradrenalin rather than isoproterenol. Importantly, although the 
pacemaker shifts appeared random, the leading pacemaker site always remained within 
the Venus-positive domain. 

A major advantage of this line is the possibility to isolate fluorescent pacemaker 
cells and characterize in detail their electrophysiological properties. Previously, single 
pacemaker cells were identified by microscopy on the basis of their morphology. 
Tbx3Venus facilitates the unbiased detection of the pacemaker cells, and distinguishes 
unequivocally pacemaker cells from working myocytes. Furthermore, Tbx3Venus can be 
used to isolate pure cell populations through FACS to further investigate their molecular 
properties. 

Development of the conduction system
As Tbx3 is a very early marker of conduction system cells, we used Tbx3Venus to study 
development of the sinus node. We studied E10.5 to E17.5 embryonic and fetal hearts. 
The bright fluorescence that we found at the junction of the right superior caval vein 
and the right atrium corresponds with the notion that Tbx3 is the executor of the sinus 
node gene program, defining the sinus node primordium from approximately E10.5 
onwards20,46. Hcn4 is expressed in the entire sinus venosus in the embryonic heart 
tube75. Once Tbx3 is expressed in the sinus node primordium, the expression domain of 
Hcn4 becomes restricted to this region46. This is in accordance with functional data that 
show that the leading pacemaker site shifts from the left sinus horn to the sinus node 
primordium46,66. 

By isolating fluorescent cells at 3 developmental time points we were able to study 
changes in action potential characteristics in sinus node cells during development. 
Patch-clamp experiments with fluorescent cells that we collected, reveal a certain 
‘maturation’ of the pacemaker action potential, being an increase in diastolic 
depolarization velocity, an increase in MDP, an increase in the action potential upstroke 
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velocity, and a decrease in action potential duration. The overall effects on the action 
potential configuration results in a decrease of the cycle length, which has also been 
shown previously76. We demonstrate that the decrease of the cycle length is due to action 
potential shortening and the increased diastolic depolarization rate. We hypothesize 
that developmental changes in the intracellular ‘calcium clock’, which has been shown 
to be important for pacemaking77, underlie the shift in threshold potential as can be 
observed in Figure 8C. 

Together, these data show that Tbx3Venus marks developing sinus node cells from 
early stages in development onwards. Furthermore, these experiments illustrate how 
Tbx3Venus facilitates research in the field of conduction system development. 

Conclusion and future perspectives
Tbx3Venus is a novel and reliable tool to visualize the conduction system in situ and 
Tbx3Venus mouse hearts greatly simplify collection and investigation of pacemaker 
cells. Promising areas of future conduction system research include, for example, the 
intercross of Tbx3Venus with other transgenic mouse lines carrying mutations affecting 
sinus node structure or function, or detailed characterization of gene expression profiles 
of conduction system components. Development of new therapies for sinus node 
dysfunction requires knowledge of structure, function and molecular composition. 
We conclude that Tbx3Venus facilitates integration of these important aspects of the 
conduction system during development and disease.
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Supplementary file 1.
Venus-positive, but Tnni3-negative cells in atrial and ventricular myocardium. Note that the expression 
pattern at E17.5 suggests endothelium, which is confirmed by double labeling of Venus and Pecam1. 
Abbreviations: rvw indicates right ventricular wall. For other abbreviations see previous Figure legends. 
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