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Abstract

Specialized myocytes of the cardiac conduction system (CCS) are essential to coordinate 

sequential contraction of cardiac atria and ventricles. Anomalies of the CCS can result in lethal 

cardiac arrhythmias, including sick sinus syndrome, and atrial or ventricular fibrillation. To 

develop future therapies and regenerative medicine aimed at cardiac arrhythmias, it is important to 

understand formation and function of distinct components of the CCS. Essential to this 

understanding is the development of CCS specific markers. In this review, we briefly summarize 

available mouse models of CCS markers, and focus on those involving the hyperpolarization 

cation-selective nucleotide gated cation channel, HCN4, which selectively marks all components 

of the specialized CCS in adult heart. Recent studies have revealed, however, that HCN4 

expression during development is highly dynamic in cardiac precursors. These studies have 

offered insights into the contributions of the first and second heart field to myocyte and conduction 

system lineages, and suggested the timing of allocation of specific conduction system precursors 

during development. Altogether, they have highlighted the utility of HCN4 as a cell surface marker 

for distinct components of the CCS at distinct stages of development, which can be utilized to 

facilitate purification and characterization of CCS precursors in mouse and human model systems 

and pave the way for regenerative therapies.
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Introduction

Normal heart function is critically dependent on electrical impulses generated by the 

specialized cardiac conduction system (CCS), which ensures coordinated contraction of 

atria, then ventricles, to optimize blood delivery and return. The CCS is comprised of central 

nodal tissues, which include the sinoatrial node (SAN, pacemaker), and the atrioventricular 

node (AVN, conduction delayer), and rapid-conducting peripheral components, including the 

interatrial conduction tracts, the His Bundle (HB), Bundle Branches (BB), and Purkinje 

fibers (PF) (Fig.1).

Cardiac arrhythmias occur preferentially in areas derived from the CCS (Al-Khatib and 

Pritchett, 1999; Haissaguerre et al., 1998; Katritsis et al., 2002; Tsai et al., 2000), and 

abnormalities in CCS development may predispose individuals to arrhythmias and sudden 

death (Gourdie et al., 2003; Jongbloed et al., 2012). Thus, understanding genes and signaling 

pathways underlying CCS development is of critical importance to gain molecular insights 

into human cardiac arrhythmias and to develop more effective therapies.

Recent studies have given us great insight into molecular pathways required for CCS 

development and function, as recently reviewed in depth (Bakker et al., 2010a; Bakker et al., 

2010b; Miquerol et al., 2011). The focus of this review will be to briefly summarize 

available mouse models for markers of the conduction system, with emphasis on recent 

studies highlighting the properties of the hyperpolarization cation-selective nucleotide gated 

cation channel, HCN4, as a marker for earliest differentiating myocytes during 

cardiogenesis, and the developing and adult CCS (Liang et al., 2013; Spater et al., 2013).

Mouse models and markers that facilitate studies of the CCS

During the past two decades, a number of transgenic or knockin mouse models have been 

generated with reporter genes or Cre recombinase being specifically or predominantly 

expressed in the CCS. These lines have been useful for visualization, isolation and 

characterization of CCS components, and have provided invaluable tools to delete genes of 

interest specifically in distinct components of the CCS (Table).

In four widely used CCS-reporter mouse lines, Mink-LacZ, cGata6-LacZ, Troponin I-LacZ 

and CCS-LacZ (Davis et al., 2001; Di Lisi et al., 2000; Kondo et al., 2003; Kupershmidt et 

al., 1999; Rentschler et al., 2001), LacZ transgene expression has been documented 

throughout the conduction system, with the notable exception of the SAN. MinK is a 

potassium channel subunit which co-assembles with KvLQT1 to form the slowly activated, 

delayed rectifier K current that plays an important role in cardiac depolarization(Barhanin et 

al., 1996; Sanguinetti et al., 1996). Gata6 is a transcription factor whose function in the 

atrioventricular node has not yet been addressed, although the highly related transcription 

factor Gata4 plays a critical role in atrioventricular node function(Munshi et al., 2009). CCS-

LacZ is a transgenic insertion of lacZ with complex genomic rearrangement resulting in 

expression within the CCS (Stroud et al., 2007).

Both CCS-LacZ and Cx40-GFP (Miquerol et al., 2013; Miquerol et al., 2004) facilitate 

visualization of Purkinje fibers. Connexin 40 (Cx40) is a relatively fast-conducting gap 
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junction protein expressed in atrial myocytes and the ventricular conduction system, and is 

also required for normal conduction system function (Bevilacqua et al., 2000). Gene 

profiling of CCS-LacZ expressing Purkinje fibers identified Contactin2 as a new marker for 

Purkinje fibers (Pallante et al., 2010). Contactin2-LacZ or -EGFP labels Purkinje fibers and 

a subset of cells in central components of the CCS. Mink-LacZ has been used to perform 

gene profiling of isolated left bundle branch, resulting in identification of the transcription 

factor Id2 as a marker for bundle branches that is also required for normal bundle branch 

development (Moskowitz et al., 2007).

Transcription factors Shox2, Tbx18, Isl1, and Tbx3, and the gap junction channel Cx30 

specifically mark the SAN, while Tbx3 additionally labels the atrioventricular conduction 

system (Gros et al., 2010; Horsthuis et al., 2009; Sun et al., 2013; Sun et al., 2007; Wiese et 

al., 2009). Shox2 is required for SAN differentiation and for preventing ectopic expression 

of atrial “working” myocardial genes within the SAN, including the transcription factor 

Nkx2.5, and the gap junction channel Cx40 (Blaschke et al., 2007; Espinoza-Lewis et al., 

2009). Tbx18 is required for SAN growth, and overexpression of Tbx18 in non-conduction 

cardiomyocytes is sufficient for induction of SAN gene expression and pacemaker function 

(Christoffels et al., 2006; Kapoor et al., 2013; Wiese et al., 2009). A 160kb BAC containing 

the Tbx3 coding region and flanking sequences was used to generate a transgenic mouse 

line, and results in EGFP expression specifically in the AVN, but not in the SAN (Horsthuis 

et al., 2009). Gene profiling of AVN cells from Tbx3-GFP mice has revealed gene programs 

involved in formation and phenotype of the developing AVN (Horsthuis et al., 2009). Tbx3 

is required for normal development and function of both SAN and AVN (Bakker et al., 2008; 

Frank et al., 2012; Wiese et al., 2009).

The hyperpolarization-activated cation-selective nucleotide-gated channel 4 (HCN4), 

encodes the “funny” current, required for pacemaking function in the heart (Bucchi et al., 

2012; Stieber et al., 2003). Recently, a number of mutations in HCN4 have been associated 

with human arrhythmias, in particular sinus bradycardia (DiFrancesco, 2013). A number of 

HCN4 knockin and transgenic mouse lines have been generated, including HCN4-CreERT2, 

-LacZ and -GFP, and HCN4 reporters have been shown to delineate the entire CCS from 

E16.5 onward (Hoesl et al., 2008; Liang et al., 2013; Spater et al., 2013; Sun et al., 2007; 

Wu et al., 2014). In this review, we focus on HCN4 as a marker for progenitors of the first 

heart field and cardiac conduction system, and discuss the contribution of the first and 

second heart field progenitors to the formation of the pacemaker and cardiac conduction 

system.

Myocardial Lineages Derive from the First and Second Lineage

The formation of the heart is a complex morphogenetic process involving multiple cell 

types, including myocytes, endocardium, smooth muscle cells, fibroblasts, vascular 

endothelium, and vascular support cells. These cell types are derived from early mesodermal 

heart fields and two extrinsic populations, the cardiac neural crest and epicardium. Early 

retroviral labeling studies in avian species demonstrated that cells of the CCS derive from 

myocardial lineages (Mikawa and Fischman, 1996). Based on dye labeling and retrospective 

clonal analyses, myocardial lineages in the heart arise from two distinct lineages, the first 
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and second myocardial lineage, based on their timing of differentiation and entry into the 

heart (Buckingham et al., 2005; Evans et al., 2010). Just prior to or at gastrulation, 

cardiogenic mesodermal cells are diversified into the first and second heart lineages that will 

give rise to the first and second heart field. The first heart field (FHF), derived from the first 

lineage, is comprised of the first myocardial cells to differentiate in the cardiac crescent, and 

will give rise to cells in the primitive heart tube and later cells of the left ventricle and 

portions of the atria (Buckingham et al., 2005; Kelly, 2012; Meilhac et al., 2004).

The second heart field (SHF), derived from the second lineage, is located in pharyngeal 

mesoderm medial and dorsal to the FHF at crescent stages, is proliferative, and exhibits a 

complex migratory pathway, where SHF progenitors that will contribute to the anterior pole 

migrate in an anterior direction to populate the second pharyngeal arch, and contribute to the 

outflow tract and right ventricle, and SHF progenitors that will contribute to the posterior 

pole migrate to contribute to both atria and the dorsal mesenchymal protrusion (Buckingham 

et al., 2005; Cai et al., 2003; Dyer and Kirby, 2009; Kelly, 2012). SHF progenitors are 

multipotent and can differentiate into cardiomyocytes, smooth muscle and endothelial 

cells(De Val et al., 2004; Moretti et al., 2006; Sun et al., 2007). Clonal lineage analysis has 

demonstrated that cells of the atrioventricular canal region are derived from both the first 

and second heart lineages (Harvey et al., 2009). At early forming heart tube stages, Tbx2 is 

expressed in a posterior domain, in cells that, by complementary dye labeling studies, will 

give rise to the atrioventricular canal region of the early looping heart (Aanhaanen et al., 

2009; Dominguez et al., 2012; Meilhac et al., 2004). Tbx2 is actively expressed in the region 

of the atrioventricular canal, but is not observed in left ventricular myocardium. However, 

lineage studies with Tbx2Cre demonstrated a significant contribution of Tbx2 expressing 

atrioventricular myocardium to the left ventricular free wall by E10.5, indicating expansion 

of the atrioventricular myocardium into this region, demonstrating unexpected conversion of 

cells with atrioventricular canal identity to a working myocardial identity, and attesting to a 

plasticity of compartment boundaries during the course of cardiac morphogenesis.

Insights into lineage contributions of the SHF have been facilitated by a number of markers. 

The LIM homeodomain transcription factor Isl1 is actively expressed in all progenitors of 

the SHF, with its mRNA expression being downregulated upon differentiation (Cai et al., 

2003; Sun et al., 2007). The secreted growth factor Fgf10 and an enhancer of the 

transcription factor Mef2C label the anterior SHF (Kelly et al., 2001; Verzi et al., 2005). 

Tbx1 is expressed in a subset of anterior SHF progenitors that contribute to the distal right 

ventricular outflow tract and pulmonary artery (Maeda et al., 2006). The discovery of 

specific SHF markers and development of related Cre mouse lines have provided invaluable 

tools to track, isolate and characterize these progenitors that have greatly enhanced our 

understanding of cardiac morphogenesis. Studies of the lineage potential and contributions 

of the FHF, however, have been hampered by lack of specific markers. This is particularly 

relevant, given that a majority of human heart diseases mainly affect left ventricle, and for 

more effective cardiac regenerative therapies, the progenitors of left ventricular 

cardiomyocytes are much needed.
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Earliest Expression of HCN4 Marks the First Heart Field

HCN4 is a marker of the pacemaker of the heart, the SAN, both during development and 

adulthood (Ludwig et al., 1998; Stieber et al., 2003). Expression of HCN4 is first detected in 

the cardiac crescent and is maintained throughout the early heart tube (Garcia-Frigola et al., 

2003). These observations suggested that HCN4, in addition to being a marker for 

pacemaker cells of the heart, might be a marker of the first heart field. To further investigate 

the contribution of HCN4 lineage cells to the heart and the dynamic expression of HCN4 

during heart development, a number of HCN4 knockin mouse lines have been generated by 

our lab and others, including HCN4-nLacZ, -H2BGFP and -CreERT2 (Hoesl et al., 2008; 

Liang et al., 2013; Spater et al., 2013).

At cardiac crescent stages, in situ hybridization and coimmunostaining revealed that 

expression of HCN4 or HCN4 reporters (nLacZ or H2BGFP) partially overlaps with Nkx2-5 

(marker of both the FHF and SHF), Tbx5 (preferential marker of the FHF at this stage), but 

not with Isl1 (SHF marker), suggesting that earliest HCN4 expression marks the FHF (Liang 

et al., 2013; Spater et al., 2013) (Fig. 2). In addition, expression of HCN4-nLacZ and -GFP 

at early developmental stages is also prominent in left ventricular myocardium and atria, 

consistent with HCN4 expression in the first heart field (Liang et al., 2013).

Lineage studies with HCN4CreERT2 and lineage reporters confirmed the contribution of the 

earliest HCN4 expressing cells to the first heart field, as inductions from E6.0 to E7.5 result 

in preferential labeling of the left ventricle and parts of the atria (Hoesl et al., 2008; Liang et 

al., 2013; Spater et al., 2013) (Fig. 2). The first heart field, as labeled by HCN4CreERT2 at 

crescent stages, gives rise to myocardial lineages, but not endothelial or smooth muscle 

lineages, as evidenced by coimmunostaining of HCN4CreERT2 lineages induced at crescent 

stages with markers for endothelial (PECAM), myocardial (MF20, Tnnt2, Actn2) and 

smooth muscle (smMHC) cells (Liang et al., 2013; Spater et al., 2013). These data suggest 

that the FHF, in contrast to the SHF, is restricted to a myocardial fate in vivo. To investigate 

the in vitro potential of FHF cells, Spater et al (Spater et al., 2013) FACS purified 

HCN4CreERT2 lineage traced cells from E7.5–E8.0 embryos and performed clonal 

analyses. 18% of the cells plated showed limited expansion and almost exclusive 

differentiation into cardiomyogenic clones, with no positive staining for PECAM or 

smMHC observed. Human embryonic stem cell derived cardiomyocytes were FACS sorted 

utilizing antibody to HCN4 at day 6 or 7 of differentiation, and were found to comprise 

approximately 2% of the population at this stage, with quantitative PCR analyses 

demonstrating expression of HCN4, and enrichment for TBX5 and NKX2-5. Expression of 

SHF markers ISL1 and MEF2c were not significantly enriched, suggesting HCN4 may also 

be a marker of the FHF in human cardiomyocytes.

Later, Dynamic Expression of HCN4 in Cardiomyocytes and the CCS

Following its expression in the cardiac crescent, HCN4 is expressed throughout the early 

heart tube from E8.0 to E8.5 (Garcia-Frigola et al., 2003; Liang et al., 2013; Spater et al., 

2013; Vedantham et al., 2013) (Fig. 3). At E9.5, HCN4 is expressed at low levels throughout 

the early looping heart tube, and is highly expressed in the sinus venosus region, where the 
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early pacemaker is localized (Kamino et al., 1981; Van Mierop, 1967). From E10.5 to E12.5, 

HCN4, and HCN4 reporter transgenes are highly expressed in the coronary sinus, SAN, 

AVN, and left bundle branch. At E10.5 to E12.5, expression of HCN4 reporter transgenes, 

and to a lesser extent, endogenous HCN4 mRNA, is evident in left ventricular myocardium 

and atria (Fig. 3). By E16.5 until adult stages, HCN4 is highly expressed within all parts of 

the CCS, including the SAN, AVN, His-bundle, bundle branches, and Purkinje fibers (Fig. 

3). Beginning at E12.5, HCN4 is also expressed in endothelial cells of the aorta and 

pulmonary artery, co-expressed with PECAM (Liang et al., 2013). Thus, HCN4 expression 

in the CCS is very dynamic. From E16.5 to adult stages, HCN4 is expressed in all 

components of the well delineated CCS (Liang et al., 2013).

Tracking the Allocation of Temporally Distinct HCN4 Expressing Cells to the 

Cardiac Conduction System

Previous studies have shown that the SAN develops from sinus horn myocardium 

characterized by the expression of Tbx18, Tbx3, Shox2 and Isl1 (Munshi, 2012; Sizarov et 

al., 2011; Wiese et al., 2009), and that the AVN is derived from atrioventricular canal 

myocardium (Aanhaanen et al., 2009). Early retroviral labeling studies demonstrated that 

Purkinje fibers and working myocyte lineages share a common progenitor, findings recently 

reinforced by recent studies with Connexin40 mouse models (Gourdie et al., 2003; Miquerol 

et al., 2013; Miquerol et al., 2004).

Early expression of HCN4 in the first heart field, and dynamic expression of HCN4 in 

distinct subsets of conduction system precursors suggested that “pulse-chase” experiments 

with HCN4CreERT2 might provide insights into contributions of the first heart field to 

conduction system lineages, and also into the potential conduction system fate of temporally 

distinct HCN4 expressing populations. Tamoxifen inductions were performed at distinct 

time points and harvested at E16.5, when HCN4 is expressed throughout the conduction 

system, and gave insights into the progressive allocation of HCN4 expressing myocytes to 

distinct components of the CCS (Liang et al., 2013) (Fig. 4A).

Tamoxifen inductions of HCN4CreERT2 at E7.5 resulted in labeling of a subset of cells in 

coronary sinus, SAN tail, venous valves, left bundle branch, Purkinje fibers, left ventricle, 

ventricular septum, and both atria. Infrequent labeling was observed in some Purkinje fibers 

of the right ventricle. Therefore the first heart field contains precursors of each of these 

lineages, consistent with previous data suggesting a common origin of working ventricular 

cardiomyocytes and Purkinje fibers. No labeling of right bundle branch or His-bundle was 

observed.

Inductions at E8.5 labeled the same populations as inductions at E7.5, and, in addition, the 

SAN head, AVN, His-bundle, and atrial septum. Inductions at E9.5 resulted in more 

restricted cell populations than at E8.5, with reduced labeling of Purkinje fibers, left 

ventricle, and atria, and strong labeling of the SAN, AVN, atrial septum, left superior vena 

cava, and coronary sinus. Inductions at E11.5 or E12.5 resulted in labeling of SAN, AVN, 

venous valves, left superior vena cava, and coronary sinus. A few cells in the His-bundle 

were labeled, but few or no labeled cells were observed in left bundle branch, Purkinje 
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fibers, or left ventricle. As expected, inductions at E16.5, harvested at P1, resulted in 

labeling of all CCS components, including those not labeled by inductions at E12.5, 

indicating re-expression or de novo expression of HCN4 in distinct components of the CCS 

at later stages.

HCN4CreERT2 induction studies were also complemented by lineage studies using Isl1Cre 

(second heart field and SAN), Nkx2-5Cre (first and second heart field), and Tbx18Cre 

(posterior second heart field)(Bertrand et al., 2011; Dominguez et al., 2012; Lescroart et al., 

2012) to examine contributions of these Cre lineages to the CCS. Results of these studies 

suggested a major contribution of the second heart field to the SAN, right bundle branches, 

and right Purkinje fibers, with minor contributions to other components of the CCS (Fig. 

4B).

We found that the earliest HCN4-expressing cells of the first heart field contribute a few 

cells to the SAN tail, but later HCN4-expressing cells from the posterior second heart field 

contribute a majority of cells to the SAN (Fig. 4B). HCN4 is expressed very early in 

precursors of the left Purkinje fibers and left bundle branch, and slightly later also marks 

precursors of the His-bundle and AVN. A previous lineage study with Tbx2Cre revealed that 

a majority of atrial components of the conduction system including the AVN are derived 

from Tbx2+ atrioventricular canal myocardium, whereas the ventricular components of the 

conduction system including the His-bundle are derived from the ventricular myocardium 

(Aanhaanen et al., 2009). Together, these observations suggest that AVN and His-bundle 

may develop from distinct precursors that segregate early in development and that left 

bundle branch precursors differentiate before precursors of the AVN and His-bundle. Our 

lineage studies with HCN4CreERT2, as well as a previous study with Cx40CreERT2 (Beyer 

et al., 2011), reaffirm the lineage derivation of the Purkinje fibers from trabecular 

myocardium (Mikawa and Fischman, 1996). Furthermore, consistent with their derivation 

from the first heart lineage, a majority of cells within the AVN, His-bundle, left bundle 

branches and Purkinje fibers were selectively labeled by Nkx2-5Cre, but not Isl1Cre. In 

contrast, a majority of the SAN and right ventricular conduction system are derived from the 

second heart field, labeled by Isl1Cre. However, Tbx18Cre lineages that contribute a 

majority of cells to the SAN head, appeared not to contribute to AVN, His-bundle or 

ventricular conduction system.

HCN4 as a cell surface marker of the first heart field and CCS precursors

Recent studies utilized antibodies to the cell surface molecule CD166/Alcam to isolate a 

population of CD166+ pacemaker precursors from differentiating mouse ESCs that express 

high levels of genes involved in SAN development (Tbx18, Tbx3, Isl-1, Shox2) and function 

(Cx30.2, HCN4, HCN1, CaV1.3) (Scavone et al., 2013). In culture, CD166+ cells can 

differentiate into autorhythmic cells morphologically similar to, and with 

electrophysiological properties of murine SAN myocytes. Recent studies with hESCs 

indicate that HCN4 may serve as a cell surface marker to permit isolation of HCN4 

expressing precursors from hESC or iPSCs (Spater et al., 2013).
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Our data highlight the use of HCN4 as a marker for precursors of the CCS and emphasize 

that HCN4 expression marks distinct precursors or components of the CCS at distinct times 

during development. It is intriguing to note that HCN4 is expressed, then downregulated in 

several cardiac precursor populations, including those of the left ventricular working 

cardiomyocytes. Upregulation of HCN4 in ventricular myocytes in hypertrophic and failing 

human heart is associated with and has been postulated to contribute to cardiac 

arrhythmias(Herrmann et al., 2011), and may reflect reactivation of this developmentally 

silenced gene.

HCN4 in conjunction with other markers may serve to optimize protocols for generation of 

specific conduction system precursors. However, it must be noted that HCN4 expression 

occurs in several endothelial populations at later stages of heart development. HCN4 as a 

marker of the first heart field may allow for isolation of first heart field precursors, and 

identification of additional markers of these developmentally important cells.

Understanding developmental origins of CCS lineages, identifying markers that can be used 

for tracking these lineages, and for their isolation from human stem cells or induced 

pluripotent stem cells are essential steps toward elucidating the etiology of conduction 

system disease. Potential regenerative therapies aimed at the conduction system, including 

development of biological pacemakers, will also be facilitated by a clear understanding of 

CCS lineage development.
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Figure 1. The specialized Cardiac Conduction System (CCS)
Abbreviations: Sinoatrial node (SAN), atrioventricular node (AVN) and the intermodal 

fibers, His-bundle (HB), bundle branches (RBB and LBB), and Purkinje fibers (PF).
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Figure 2. Early HCN4 expression marks the first heart field
From an anterior view of the mouse embryo at E7.5, HCN4 is expressed in the first 

differentiating myocardial cells of the cardiac crescent, the first heart field (FHF), but at this 

stage is not expressed in the second heart field (SHF) as marked by the transcription factor 

Isl1. Tamoxifen induction of HCN4CreERT2; Rosa indicator mice from E6.0–E7.5 results in 

labeling of first heart field derived lineages, including myocytes within left ventricle (LV), 

His-bundle (HB), left bundle branch (LBB), Purkinje fibers (PF) within LV, and a subset 

within right ventricle (RV) (red arrowheads). A subset of pacemaker cells within the 

sinoatrial node (SAN) tail are also labeled (yellow arrowhead). It is important to note that 

although HCN4 is restricted to the FHF at E7.5, at later stages, HCN4 will be expressed in 

second heart field-derived cells within the SAN, and in other parts of the CCS which are 

derived from the second heart field (see Figs. 3 and 4).
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Figure 3. Cardiac expression of HCN4 during mouse development
From an anterior view of the mouse embryo at E7.5, HCN4 expression is in the first 

differentiating myocardial cells of the cardiac crescent, the first heart field (FHF), but not the 

second heart field (SHF). From an anterior view at E8.5, HCN4 is strongly expressed in the 

inflow tract, and more weakly expressed throughout the more posterior heart tube (HT). At 

E10.5, from a right lateral viewpoint, showing the region of the embryo containing the heart, 

HCN4 is highly expressed in the sinus venosus (SV), including the junction with the caval 

vein, in the region of the prospective sinoatrial node. Faint expression is also still observed 

within the left ventricle (LV). Two views of the heart are diagrammed for E12.5, one a whole 

mount dorsal view, and the second a representative en face section from the heart. From the 

whole mount dorsal view, HCN4 expression is prominent in the coronary sinus (CS) and 

sinoatrial node (SAN), with fainter expression in the left ventricle, and scattered expression 

in other regions of the heart. From the section view, HCN4 is significantly expressed in the 

sinoatrial node (SAN), venous valves (VV), left superior vena cava (LSVC), atrioventricular 

node, and Purkinje fibers (PF) in right and left ventricle. HCN4 expression is also observed 

in the atrioventricular ring (R). From an enface section at E16.5, HCN4 is highly expressed 

within all parts of the CCS, including SAN, AVN, His-bundle (HB), right and left bundle 

branch (RBB, LBB), and Purkinje fibers (PF) of both ventricles. HCN4 expression is also 

found in the venous valves (VV), atrioventricular ring (R) and a subset of cells in the left 

superior vena cava (LSVC).
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Figure 4. Model for lineage origin of CCS precursors in developing heart
A) Timing of allocation of early HCN4 expressing cells to the CCS. Tamoxifen induction 

of HCN4CreERT2 embryos at E7.5, harvesting at E16, revealed contributions of HCN4 

lineage labeled cells to left Purkinje fibers (PF), left bundle branch (LBB), and some cells in 

right bundle branch (RBB), atrioventricular node (AVN) and cells within the tail of the 

sinoatrial node (SAN) (blue). Tamoxifen inductions of HCN4CreERT2 embryos at E8.5, 

harvesting at E16, revealed the same populations as labeled by inductions at E7.5, with 

additional contributions of HCN4 expressing cells to His-bundle (HB) and AVN (purple). 

However, a majority of cells of the SAN and right ventricular conduction system are not 

derived from these early HCN4 lineages. Here, we are selectively examining contributions 

of HCN4 expressing cells to the CCS, but it should be noted that inductions at these early 

stages also label populations of working myocytes (see Fig. 2). B) Contributions of first 
and second heart field progenitors to the CCS. Lineage studies performed with 

HCN4CreERT2 at early stages to mark the first heart field were complemented by lineage 

studies utilizing Isl1Cre, and suggested first and second heart field contributions to the CCS. 

The SAN and right ventricular conduction system are derived from the second heart field 

(dark blue), whereas the AVN, HB and left ventricular conduction system are from the first 

heart field (green). Note that a small subset of cells in SAN and right PF are from the first 

heart field, and a small subset of cells in AVN, HB and LBB are also derived from the 

second heart field.
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