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Abstract

Rationale—The cardiac conduction system (CCS) consists of distinct components including the 

sinoatrial node (SAN), atrioventricular node (AVN), His bundle, bundle branches (BB) and 

Purkinje fibers (PF). Despite an essential role for the CCS in heart development and function, the 

CCS has remained challenging to interrogate due to inherent obstacles including small cell 

numbers, large cell type heterogeneity, complex anatomy and difficulty in isolation. Single-cell 

RNA-sequencing (scRNA-seq) allows for genome-wide analysis of gene expression at single-cell 

resolution.

Objective—Assess the transcriptional landscape of the entire CCS at single-cell resolution by 

scRNA-seq within the developing mouse heart.

Methods and Results—Wild-type, embryonic day 16.5 mouse hearts (n=6 per zone) were 

harvested and three zones of microdissection were isolated, including: Zone I – SAN region; Zone 
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II – AVN/His region; and Zone III – BB/PF region. Tissue was digested into single cell 

suspensions, isolated, reverse transcribed and barcoded prior to high-throughput sequencing and 

bioinformatics analyses. scRNA-seq was performed on over 22,000 cells and all major cell types 

of the murine heart were successfully captured including bona fide clusters of cells consistent with 

each major component of the CCS. Unsupervised weighted gene co-expression network analysis 

led to the discovery of a host of novel CCS genes, a subset of which were validated using 

fluorescent in situ hybridization as well as whole mount immunolabelling with volume imaging 

(iDISCO+) in three-dimensions on intact mouse hearts. Further, subcluster analysis unveiled 

isolation of distinct CCS cell subtypes, including the clinically-relevant but poorly characterized 

“transitional cells” that bridge the CCS and surrounding myocardium.

Conclusions—Our study represents the first comprehensive assessment of the transcriptional 

profiles from the entire CCS at single-cell resolution and provides a gene atlas for facilitating 

future efforts in conduction cell identification, isolation and characterization in the context of 

development and disease.
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INTRODUCTION

The cardiac conduction system (CCS) is made up of specialized heart cells that establish the 

rhythmic beating of the heart through coordinated contraction of its chambers.1 This 

intricate system is comprised of distinct components including the sinoatrial node (SAN), 

atrioventricular node (AVN), His bundle (His), bundle branches (BB) and Purkinje fibers 

(PF).2 The CCS is essential for the formation and normal function of the heart and 
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disturbance to the CCS can result in severe clinical manifestations including arrhythmias, 

decreased cardiac output and even sudden death.3

Each component of the CCS consists of unique cardiac cell types with their own physiologic 

and electrochemical properties.4 Further, the CCS components each have significant 

intracomponent cell type heterogeneity.5 The most clinically relevant example of this 

heterogeneity has been the discovery of “transitional cells”, that exist in each CCS 

component and provide a cellular bridge to the surrounding working myocardium.6–10 They 

are hypothesized to play a role in facilitating the spread of depolarization, providing a high 

resistance barrier as well as amplifying the current before passing it on to the surrounding 

myocardium.9 Transitional cells have been implicated in several important clinical disorders 

including sinus node dysfunction, heart block and even ventricular fibrillation. However, 

they remain poorly understood due to challenges in their identification, isolation and, 

ultimately, molecular characterization.6,8,9,11

Currently, the limited number of distinct molecular markers that are known for the different 

CCS cell types present a number of challenges for additional investigation into their 

specification, patterning and function. While individual factors have been examined thus far, 

these studies have been performed at tissue but not at single-cell resolution.12–14 Specific 

hurdles to better understanding the molecular signature of the CCS cells have included: 1) 

low total number of conduction cells in the heart; 2) complex three-dimensional anatomy of 

the CCS; 3) inability to isolate these cells from the surrounding working myocardium; and 

4) the aforementioned significant inter- and intra-component cell type heterogeneity.1 While 

prior studies have assessed gene expression within individual components of the CCS using 

sophisticated techniques such as microdissection, laser capture or even fluorescence-

activated cell sorting12–21, these analyses are unable to discern cell type heterogeneity due to 

bulk tissue analysis and/or a reliance on transgenic fluorescent reporter models.

Single-cell RNA sequencing (scRNA-seq) allows for global gene expression analysis at 

single-cell resolution and thereby circumvents many of the aforementioned hurdles 

including small cell numbers, complex and variable anatomy as well as distortion of unique 

transcriptional profiles by cell type heterogeneity or contamination from non-conduction cell 

types. Here, we performed scRNA-seq on over 22,000 cells from wild-type, developing 

mouse hearts, successfully capturing all components of the CCS including previously 

unattainable conduction cell subtypes including transitional cells. Using unsupervised 

weighted gene co-expression network analysis22,23, we discovered sets of uniquely 

expressed genes within the entire conduction system, individual CCS components as well as 

conduction cell subtypes. Validation of both established and novel markers derived from our 

scRNA-seq data was performed at single-cell resolution using fluorescence RNA in situ 
hybridization (RNAscope). Additionally, whole-mount immunostaining and volume imaging 

using iDISCO+ (immunolabeling-enabled three-dimensional imaging of solvent-cleared 

organs) and light sheet microscopy was utilized to visualize, three-dimensionally, the entire 

conduction system in intact whole hearts. Overall, our studies represent the first step in the 

deconvolution of the molecular and cellular identity of the cardiac conduction system at 

single-cell resolution, resulting in the discovery and validation of a host of new conduction-

specific genes and an unprecedented profiling of previously elusive conduction cell 
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subtypes. Our molecular analysis of individual cells in the CCS provides a new foundation 

for future efforts to understand the functional role of this anatomically complex cellular 

network and to improve our ability to diagnose and treat diseases of the conduction system 

in utero and during adulthood.

METHODS

All data and materials have been made publicly available at the Geo Repository and can be 

accessed at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132658

Accession numbers

All scRNA-seq raw data have been deposited into the NCBI/GEO database under accession 

number GEO: GSE132658.

Mice

Wild-type, timed pregnant CD1 mice were acquired from Jackson Laboratory (Sacramento, 

CA). Embryonic pups or postnatal mice at indicated ages were used in accordance with the 

Institutional Animal Care and Use Committee of Stanford University. Both female and male 

mice were used for all experiment types described at an 1:1 ratio.

Tissue isolation and single-cell sequencing using the 10x Genomics© platform

Single cells were isolated and analyzed using the droplet-based platform by 10x Genomics, 

Inc per recommended company guidelines. Single cells were prepared following the 

protocol from 10x Genomics, Inc (Pleasanton, CA). Briefly, embryonic day 16.5 (E16.5), 

wild-type CD1 mouse hearts were harvested and three zones of microdissection were 

isolated based on anatomical landmarks and entailed: Zone I - Sinoatrial node (SAN) region 

(SVC/right atrial junction), Zone II - Atrioventricular node (AVN)/His region (crux of heart) 

and Zone III - Bundle branch (BB)/Purkinje fiber (PF) region (luminal side of ventricles). 

Specifically, Zone II was dissected as a large area at the crux of the heart from the base of 

the interatrial septum (including the triangle of Koch) to below the plane of the mitral 

annulus, from the posterior-most aspect of the heart to the anterior-most. Tissues from a total 

of six different embryos were pooled for each zone of dissection. Use of E16.5 hearts for 

analysis was influenced by: 1. size restriction associated with cell capture within 

microfluidic channels of the Chromium ™ platform from 10x Genomics; and 2. the 

opportunity to investigate the genetic program required not only for the function but also for 

the embryonic development of the CCS. The libraries were sequenced using Illumina HiSeq 

4000. Additional details provided in Supplemental Methods.

Bioinformatics analysis

The Droplet platform data was de-multiplexed and mapped to mouse genome MM10 using 

CellRanger from 10x Genomics with default parameters. Cell filter, data normalization, and 

unsupervised analysis were carried out in Seurat version 2 per their recommended steps 

(Butler et al., 2018; Macosko et al., 2015). Significance is presented as an “adjusted p-

value”, which is based on the Bonferroni correction using all features in the dataset. Briefly, 

the cells were filtered by their gene number and UMI number. The threshold we used for 
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gene number is 500 to 60,000, and UMI number is 1,000 to 5 million. Next we used the 

LogNormalize function to normalize gene expression in each cell. Specifically, we 

calculated the expression value of genes by following this formula: log {(each gene 

expression level / total gene expression value)*10,000}. The Y-axis of all ViolinPlots 

indicates this normalized gene expression. Average log fold change (avg_log FC) described 

in all data provided (Online Tables II–VII) represents the log fold-change of the average 

expression between the two groups. To remove the unwanted sources of variations, we 

scaled the data with the “vars.to.regress” parameter based on the number of UMIs, 

percentage of ribosome genes, and Rn45s expression value. Furthermore, we found all the 

variable genes and used them to perform principal component analysis (PCA). Within all the 

PCs, we used the top 10 PCs to do clustering and tSNE analysis. In the tSNE analysis, we 

set the seed.use as 10 and perplexity as 30. Finally, we used the FindAllMarker function to 

identify the genes differentially expressing in the cell clusters. To be detected, the genes 

have to express in at least 25% of cells in one of the two comparing clusters and the 

differential expression level also should be higher than 25%. Finally, Gene Ontology (GO) 

Expression Analysis was performed using the DAVID Bioinformatics Resources 6.8, 

NIAID/NIH (https://david.ncifcrf.gov/summary.jsp). GO/KEGG term enrichment analyses 

were performed using geneAnswers R package with hypergeometric test. Statistically 

significant cardiac-related terms with at least 2 genes were used for each gene list.

Immunofluorescence

Immunofluorescence staining was carried out by following a previous protocol with minor 

modifications24. Specifc details can be found in Supplemental Methods. Primary antibodies 

used included: Anti-mouse Igfbp5 Goat Polyclonal Antibody (R&D systems/Fisher 

Scientific: AF578) at 1:100 dilution; Anti-mouse Connexin 40 Rabbit Polyclonal antibody 

(Alpha Diagnostics, Cx40-A) at 1:100 dilution; Anti-mouse Hcn4 Rat Monoclonal [SHG 

1E5] antibody (Abcam, ab32675) at 1:75 dilution. The following secondaries were used at a 

1:500 dilution: Donkey anti-goat IgG Alexa Fluor 555 (Invitrogen, A-21432), Chicken anti-

Rabbit IgG Alexa Fluor 488 (Invitrogen, A-21441), Donkey anti-Rabbit IgG Alexa Fluor 

647 (Invitrogen, A-31573) and Chicken anti-Rat IgG AlexaFluor 488 (Invitrogen A-21470). 

All images were taken with Axioimager microscope at Neuroscience Microscope Service 

(NMS) facility at Stanford University. Negative controls for immunostaining included the 

use of primaries or secondary antibodies alone. A minimum of 4 biological (different hearts) 

and 4 technical (different slides/heart) replicates were used for each antibody staining.

iDISCO+

For detailed protocol, please see https://idisco.info/idisco-protocol/. Protocol was followed 

strictly with primary and secondary incubation periods lasting 2 days each. The following 

primary antibodies were used: Anti-mouse Igfbp5 Goat Polyclonal Antibody (R&D systems/

Fisher Scientific: AF578) at 1:200 dilution (total 1.4 mL/embryo); Anti-mouse Cx40 Rabbit 

Polyclonal antibody (Alpha Diagnostics, Cx40-A) at 1:200 dilution (total 1.4 mL/embryo); 

Anti-mouse Hcn4 Rat Monoclonal [SHG 1E5] antibody (Abcam, ab32675) at 1:200 dilution 

(total 1.4mL/embryo). The following secondaries were used at a 1:700 dilution: Donkey 

anti-goat IgG Alexa Fluor 555 (Invitrogen, A-21432), Donkey anti-Rabbit IgG Alexa Fluor 

647 (Invitrogen, A-31573) and Chicken anti-Rat IgG AlexaFluor 647 (Invitrogen A-21472). 
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At least one day after clearing, iDISCO+ samples were imaged on a light sheet microscope 

(Ultramicroscope II, LaVision Biotec) equipped with a sCMOS camera (Andor Neo) and a 

2×/0.5 NA objective lens (MVPLAPO 2x) equipped with a 6 mm working distance dipping 

cap. Version v285 of the Imspector Microscope controller software was used. We imaged 

using 488-nm, 561-nm, and 640-nm lasers. The samples were scanned with a step-size of 3 

μm using the continuous light-sheet scanning method. A minimum of 8 biological (different 

hearts) replicates were used for each immunolabelling within optically cleared hearts.

RNAscope in situ hybridization

RNAscope® Multiplex Fluorescent v2 (Cat. #323100) was used per manufacturer suggested 

protocol. The following murine probes were used: Mm-Hcn4-C2 – 421271-C2, Mm-Smoc2-

C1 - Cat No. 318541, Mm-Rgs6-C1 - Cat No. 521211, Mm-Rgs6-C1 - Cat No. 521211, 

Mm-Cpne5-C3 - Cat No. 496711-C3 and Mm-Ntm-C1 - Cat No. 489111. All images were 

taken with Axioimager microscope at Neuroscience Microscope Service (NMS) facility at 

Stanford University. A minimum of 3 biological (different hearts) and 4 technical (different 

slides/heart) replicates were used for each in situ hybridization.

RESULTS

Single-cell isolation and expression profiling of cardiac conduction cells

In order to obtain the transcriptional profiles of individual cardiac conduction cells, wild-

type, embryonic day 16.5 (E16.5) mouse hearts (n=6 per zone) were harvested and three 

zones of microdissection were isolated based on anatomical landmarks (Figure 1A). These 

three zones included the SAN region (Zone I), the AVN/His region (Zone II) and the BB/PF 

region (Zone III). Our designed workflow then entailed tissue digestion and single-cell 

capture on a microfluidic panel, automated reverse transcription, barcoding, library 

generation, and high-throughput sequencing and bioinformatics analysis (Figure 1A). We 

acquired high quality samples from each zone, collecting 5,919 cells from Zone I, 5,625 

cells from Zone II and 10,918 from Zone III (Figure 1B). Unsupervised dimensionality 

reduction of the scRNA-seq data by t-Distributed Stochastic Neighbor Embedding (t-SNE)25 

from each zone, or all zones combined, demonstrated expected clusters of the major cell 

types contained within the E16.5 heart including fibroblasts, endocardial, epicardial, 

endothelial and smooth muscle cells in addition to cardiomyocytes (Figure 1B, Online 

Figure I, Online Table I). Interestingly, when we analyzed genes that were previously 

reported to be differentially expressed in the SAN using the most stringent bulk RNA 

sequencing approaches to date20 (e.g., transgenic reporter plus laser capture 

microdissection), we found a significant portion (25%) of these genes to be enriched in other 

cell types such as endothelial cells and fibroblasts rather than SAN cells (Online Figure II), 

demonstrating the power and specificity of the single cell transcriptomic approach. 

Similarly, more recent efforts21 using cell sorting and knock-in Tbx3 reporter mice to 

perform transcriptome analysis of the SAN showed similar issues of contamination (Online 

Figure III). When compared to our dataset, 12 of the top 16 (75%) reported SAN-enriched 

genes from E17.5 mice appear to be enriched within non-conduction cell clusters including 

fibroblasts (Clusters 2, 5, 6, 11; eg. Tnxb), endothelial (Cluster 13; eg. Tgfb1), endocardial 
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(Clusters 4 and 7; eg. Sox18) and/or neuronal (Cluster 14; eg. Ngfr) rather than the Hcn4+/
Shox2+/Tbx3+ SAN cluster (Cluster 9).

Identification of a Bona Fide Sinoatrial Node (SAN) Cell Cluster within Zone I

Zone I cells underwent unsupervised clustering by t-SNE (Figure 2A), and gene enrichment 

analysis (Figure 2B) revealed six cardiomyocyte clusters (Tnnt2+/Actn2+ double positive) 

(Clusters 0, 1, 3, 9, 12, 15) (Figure 2A–B). To identify the cell cluster(s) containing putative 

SAN cells, we assessed for the expression of established SAN markers including Hcn4, Isl1, 
Shox2, and Tbx3 5,26,27 in addition to a cardiomyocyte signature. Only one (Cluster 9) of all 

sixteen clusters showed significant enrichment of nodal markers (Figure 2C–D). Further, 

gene ontology (GO) functional cluster analysis of all enriched genes for Cluster 9 revealed 

multiple statistically significant GO terms associated with not only cardiac development but 

also heart rate regulation and SAN development and function (Figure 2E). Finally, in 

addition to the enrichment of established nodal genes, our analysis revealed a host of 

significant novel genes not previously involved in SAN development or function (Online 

Table II), including Igfbp5 (Insulin growth factor binding protein 5) which showed the 

greatest amount of enrichment (2.12 avg log FC, adjusted p value = 2.63×10−126). 

Immunostaining of murine heart sections confirmed expression of Igfbp5 protein within the 

compact SA node (cSAN) but not in the surrounding atrial working myocardium (Figure 2F) 

nor additional cardiac cell types such as the SAN artery (Online Figure IV). Igfbp5 gene 

expression was also enriched within Clusters 4 (endocardial) and 10 (epicardial) (Figure 

2B); however, protein expression could not be detected within these additional cell 

populations by immunofluorescence (data not shown). Other novel genes found to be 

significantly enriched within Cluster 9 included Smoc2 (SPARC-related modular calcium-

binding protein 2; 1.69 avg log FC, adjusted p=5.2×10−164), Ntm (Neurotrimin; 0.75 avg log 

FC, adjusted p value = 4.97×10−81), and Cpne5 (Copine 5; 0.57 avg log FC, adjusted p value 

= 2.90×10−37) as well as the previously identified Rgs6 (regulator of G-protein signaling 

type 6; 0.6 avg log FC; adjusted p value = 2.92×10−61) (Figure 2D).28 Interestingly, Smoc2 
was also recently reported by the Christoffels group as a new SAN marker.21 We 

subsequently validated these genes by either immunostaining or FISH, showing their 

enrichment within the SAN as compared to the surrounding atrial myocardium (Online 

Figure V).

Analysis of Cluster 9 in Zone I reveals unique compact SAN and transitional cell subtypes

To further evaluate SAN cell type heterogeneity, Cluster 9 was isolated as an independent 

Seurat object and unbiased subcluster analysis was then performed (Figure 3A).29 Two 

distinct subclusters were identified within Cluster 9, both showing high expression of Actn2 
consistent with cardiomyocyte identities (Figure 3B–C). One cluster (named “cSAN” for 

compact SAN) showed high levels of established SAN markers including Hcn4, Hcn1, Gjc1, 
Isl1, Shox2, Tbx3 and Tbx18, with low or no expression of known atrial cardiomyocyte 

gene markers Gja5 (Cx40), Scn5a and Nkx2–5, consistent with isolation of compact SAN 

cells (Figure 3C–D). Conversely, while the second cluster (named “Tz” for transitional cells) 

expressed these same nodal markers, they were expressed at lower levels. Additionally, the 

Tz cluster was reciprocally enriched for atrial cardiomyocyte markers consistent with the 

isolation of a hybrid or transitional SAN cell population (Figure 3D).2,7,8,30,31 Differential 
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gene expression was assessed between the cSAN and Tz cell clusters (Online Table III). 

Notably, Smoc2 was found to be present in both the cSAN and Tz subclusters (Figure 3E). 

Consistently, high resolution fluorescent in situ hybridization (RNAscope) and co-

immunostaining analyses of wild-type murine heart sections of the SAN region further 

validated these results. Clear subpopulations of cells entailing: 1) cSAN cells (Hcn4+/
Smoc2+/Cx40neg); 2) Tz cells (Hcn4low/neg/Smoc2+/Cx40low); and 3) atrial cardiomyocytes 

(Hcn4neg/Smoc2neg/Cx40+) (Figure 3F–G). Additional novel SAN markers, including 

Igfbp5, Cpne5, Rgs6 and Ntm, were also found to be expressed in both the cSAN and 

transitional cell subpopulations (Online Figure VI) and validated by immunostaining or 

FISH (Online Figure V).

In order to further investigate possible subdomains within the cSAN, cardiomyocytes (CMs) 

expressing the nodal gene Hcn4 (Hcn4+/Actn2+ double positive) were next isolated in silico. 

Notably, two distinct clusters emerged consistent with previously recognized “Head” and 

“Tail” subdomains within the cSAN (Online Figure VIIA).5,8 While both clusters were 

expectedly enriched for the nodal markers Hcn4 and Shox2, the “Head” cluster showed 

increased Tbx18 and decreased Nkx2–5 expression as per prior reports (Online Figure 

VIIB).2,31 Conversely, the “Tail” cluster reciprocally showed downregulation of Tbx18 and 

upregulation of Nkx2–5.2,5,31 These subclusters represent highly distinct cell populations 

consistent with the previously recognized functional subdomains of the SAN. Comparison of 

these two subpopulations have revealed a host of significant, differentially expressed genes 

not previously reported (Online Table IV).

Identification of an Atrioventricular Node (AVN)/His Cluster in Zone II

Unbiased clustering of Zone II single cells by t-SNE revealed 14 total clusters of which five 

(Clusters 0, 3, 4, 5, 7) represented cardiomyocyte clusters by gene expression analysis 

(Figure 4A). Only one (Cluster 4) showed enrichment of established AVN/His markers 

including Hcn4, Kcne1, Cacna2d2 and Cacna1g6,26,32–35 consistent with isolation of a 

legitimate AVN/His cluster (Figure 4C–D). GO functional clustering analysis of all 

significantly enriched genes in Cluster 4 also revealed several significant GO terms 

associated with cardiac development and regulation of heart rate in addition to Bundle of His 

development (Figure 4E). Finally, Cluster 4 showed highly significant enrichment of several 

novel genes not previously reported in AVN/His cells (Online Table V), including Cpne5 
(0.73 avg log FC, adjusted p value < 2.22×10−308) but not the SAN-enriched gene, Smoc2 
(Figure 4D, 4F). Consistent with this scRNA-seq data, immunostaining within murine heart 

sections confirmed robust and specific signal within the AVN for Cpne5 but not Smoc2 
(Figure 4G). Of note, while our scRNA-seq data showed that Smoc2 was mildly enriched 

within Clusters 2, 8, 11 (Fibroblasts) and Cluster 13 (Epicardial) within Zone II (Figure 4F), 

Smoc2 could not be detected by immunofluorescence within these cell types (data not 

shown). Single-cell FISH analysis of Cpne5 expression additionally confirmed robust and 

specific signal within the His bundle but not the surrounding ventricular myocardium 

(Figure 4H). Additionally, most of the other novel genes found to be enriched within the 

SAN cluster were also present within the AVN/His cluster including Igfbp5 (1.19 avg log 

FC, p = 1.49×10−120), Rgs6 (0.39 avg log FC; p = 9.75×10−153) and Ntm (0.55 avg log FC, 
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p = 1.20×10−101). Consistently, expression of Igfbp5, Rgs6 and Ntm were all detected within 

the murine AV node (Online Figure VIII).

Analysis of Cluster 4 in Zone II Unveiled Distinct AVN, His Bundle and Transitional Cell 
Subtypes

Prior studies have described at least four distinct cell subtypes within the AVN/His region 

through detailed immunofluorescence and electrophysiologic analyses, including the 

compact AVN (cAVN), nodal AV Ring (NAVR) and His bundle32,36 as well as transitional 

cell types such as the transitional AV ring (TAVR).6,33,37 In order to evaluate for 

transcriptional heterogeneity within the AVN/His region and their relationship to these 

previously reported cell subtypes, we focused on Cluster 4 from Zone II and performed a 

subcluster analysis (Figure 5A–B). Six distinct subclusters were identified and these show 

consistency with previously reported gene profiles6 including: 1) cAVN (Hcn4hi/Tbx3hi/
Kcne1hi/Gjc1+/Gja1neg/Gja5neg/Scn5aneg/Cacna2d2+); 2) NAVR (Tbx3+/Kcne1+/Gjc1+/
Gja1neg/Gja5neg/Scn5aneg/Cacna2d2+); 3) His bundle (Hcn4+/Tbx3+/Kcnehi/Gjc1+/Gja1neg/
Gja5+/Etv1+/Scn5a+/Cacna2d2+); and 4) TAVR (Hcn4neg/Tbx3low/neg/Kcne1+/Gjc1+/Gja1+/
Gja5neg/Scn5a+/Cacna2d2low). Two additional, distinct transitional cell types were isolated 

which we have termed: 5) Atrial Transitional Zone (ATZ) (Myh6hi/Tbx3low/neg/Kcne1low/
Gjc1+/Gja5hi/Cacna2d2+); and 6) Ventricular Transitional Zone (VTZ) (Myl2hi/Myh7hi/
Tbx3low/neg/Kcne1hi/Gjc1+/Gja1+/Gja5neg/Cacna2d2low) based on their atrial/nodal and 

ventricular/nodal hybrid expression signatures, respectively (Figure 5C–E). Differential gene 

expression between each cell cluster revealed a number of genes that are significantly 

different in their expression level, further refining their unique signatures (Online Table VI). 

When assessing Cpne5 gene expression within the AVN cell subtypes, it was found to be 

enriched in all of the Hcn4 positive cell populations, including the cAVN and His bundle 

cells (Online Figure IX). Consistently, in situ hybridization revealed perfect co-localization 

of Cpne5 mRNA expression with Hcn4 expression (Figure 4H).

Identification of an immature Purkinje Fiber (PF) Cell Cluster in Zone III

Unsupervised clustering of Zone III cells by t-SNE revealed 15 distinct clusters, nine of 

which (Clusters 0, 1, 2, 3, 6, 7, 8, 10, 13) were ventricular cardiomyocytes based on their 

gene signatures (Figure 6A–B). Of all clusters, only one (Cluster 13) demonstrated 

significant enrichment of the ventricular conduction system genes Gja5 (Cx40), Scn5a, Irx3 
and Cacna2d2 among others (Figure 6C).17,26,38–40 Given the isolation of putative Purkinje 

fiber cells within Cluster 13 of Zone III occurs at embryonic day 16.5 these cells are 

considered to be “immature” Purkinje fiber cells. The concordant expression of these known 

PF genes, however, strongly supports the identification of Cluster 13 as a bona fide PF 

cluster. Further, GO term analysis of all significantly enriched genes within Cluster 13 

revealed functional categories such as heart development, regulation of heart rate and cardiac 

conduction (Figure 6D). Enrichment of several novel genes were detected within this PF 

cluster (Online Table VII) including Igfbp5 (0.96 avg log FC, adjusted p value = 

1.11×10−100), Cpne5 (0.68 avg log FC, adjusted p value < 2.22×10−308) and Ntm (0.61 avg 

log FC, adjusted p value = 6.32×10−110) (Figure 6E, 6F). FISH and immunostaining of 

murine heart sections confirmed highly specific expression of these genes within the 

ventricular conduction system including the bundle branches and Purkinje fiber network as 
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compared to the surrounding ventricular working myocardium (Figure 6G and Online 

Figure X).

Analysis of Cluster 13 in Zone III identified distinct PF and transitional PF Cell subtypes

To further evaluate subpopulations of cells within Cluster 13, subcluster analysis was 

performed. Two distinct cell clusters were detected, representing standard Purkinje fibers 

(PF) as well as transitional PF cells (Tz), both known to exist at the Purkinje-myocyte 

junction (Figure 7A–B).9,10,41,42 Consistent with these prior reports, the standard PFs were 

enriched for Gja5 (Cx40), Etv1, Cacna2d2 and Sema3a while the transitional PF cells 

expressed these distal conduction genes at lower levels as well as the conduction marker 

Gjc1. Conversely, Tz PF cells were enriched for the ventricular myocardial gap junction 

gene Gja1 (Cx43) (Figure 7D–E). Several novel genes were noted to be significantly 

enriched within the Tz PF cells that were largely found to be expressed within the 

ventricular myocardium as well, consistent with a transitional or hybrid phenotype (Online 

Table VIII).

Overall, Cluster 13 showed significant upregulation of many genes not previously associated 

with ventricular conduction cells including Ntm.43 Interestingly, upon subcluster analysis, 

Ntm was found to be expressed in both standard and transitional PF cell types, with a trend 

towards enrichment within the standard PF subcluster (0.53 avg log FC, adjusted p = 

1.22×10−01) (Figure 7F). Consistently, FISH of wild-type murine heart sections of the 

ventricular conduction region reinforced these in silico results, showing cell subpopulations 

including 1) standard immature Purkinje fiber cells (Hcn4+/Ntmhi); 2) transitional PF cells 

(Hcn4neg/Ntmlow); and 3) ventricular cardiomyocytes (Hcn4neg/Ntmneg) (Figure 7G). Cpne5 
expression was similarly detected within transitional PF cells in addition to standard PF cells 

(Online Figure X).

Optical clearing and 3D volumetric analyses delineate the architecture of the entire CCS 
and SA Nodal substructure within intact murine hearts

Comparative gene analysis of all conduction cardiomyocytes throughout the CCS (SAN = 

Zone I Cluster 9; AVN/His = Zone II Cluster 4; BB/PF = Zone III Cluster 13) as compared 

to all other cell types revealed multiple enriched genes including Igfbp5, Cpne5, Rgs6 and 

Ntm (Online Tables II, V and VII). For example, the expression of Igfbp5 was dramatically 

increased in all conduction clusters including the SAN (Cluster 9, Zone I = 2.12 avg log FC, 

adjusted p value = 2.63×10−126), AVN/His (Cluster 4, Zone II = 1.19 avg log FC, adjusted p 

value = 1.49×10−120) and BB/PF (Cluster 13, Zone III = 0.96 avg log FC, adjusted p value = 

1.11×10−100) (Online Figure XIA). Given the challenges of visualizing the complex three-

dimensional anatomy of the CCS, whole-mount immunostaining and 3D imaging was 

undertaken using tissue clearing (iDISCO+)44 and light sheet microscopy with volume 

rendering on intact wild-type mouse hearts (Figure 8A). Consistent with the enrichment of 

Igfbp5 expression within the conduction system by scRNA-seq, anti-Igfbp5 protein signal 

was detected within the entire CCS, including SAN, AVN, His, bundle branches and 

Purkinje fiber network (Figure 8B). Igfbp5 was also detected within connecting tracts 

between these major CCS components including the internodal tracts and right and left 

atrioventricular ring bundles (Figure 8B, Online Figure XI, Online Movie I). Similarly, 
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Cpne5, another novel marker, was shown to mark the entirety of the CCS in 3D (Online 

Movie II).

In order to further evaluate the transitional and compact SAN subpopulations uncovered in 

our transcriptome analyses, iDISCO+ cleared wild-type hearts were co-immunolabeled for 

Hcn4 and Rgs6, one of the novel CCS markers we uncovered in this study (Figure 8C–D). 

At least 2 distinct transitional sinoatrial conduction pathways (SACPs) (Hcn4neg/Rgs6+) 

exiting the SA node were visualized including one from SAN body directed rightward 

towards the crista terminalis and another from the SAN head directed inferiorly and leftward 

(Figure 8C–D, Online Movie III). Additionally, a third Hcn4+/Rgs6+ pathway emerged from 

the tail to give rise to the internodal tracts (Figure 8D). These transitional SACPs were 

faithful across multiple timepoints examined (E16.5 through P12) and, consistent with the 

aforementioned 2D data (Figure 3, Online Figure V), also labelled by other novel markers 

including Smoc2, Igfbp5 and Cpne5 protein (Online Figure XII).

DISCUSSION

While the cardiac conduction system remains a crucial element to heart development and 

function, progress in our understanding of its intricate cellular and molecular landscape 

remains incomplete.5 Significant limitations within the field have included: 1) low 

conduction cell numbers within the heart; 2) intra- and intercomponent cell type 

heterogeneity; 3) challenges in conduction cell isolation; and 4) complexity of the three-

dimensional anatomy of the CCS. As a result, our molecular understanding of the 

conduction system of the heart has largely originated from painstaking evaluation of the 

overlapping expression of a handful of known markers within each component, including 

ion channels (Hcn4, Cacna2d2), transcription factors (Isl1, Tbx3, Tbx5, Tbx18) and gap 

junction genes (Gjc1/Cx45, Gja5/Cx40), with only a limited number of unique and validated 

conduction-specific markers (Hcn4, Contactin 2).18,45 Further, bulk RNA sequencing 

approaches are plagued by non-CCS cell contamination (Online Figure II) even when 

coupled with cell-sorting strategies using historical SAN reporter genes such as Tbx3 
(Online Figure III). Here, we have employed microdissection coupled with single-cell 

isolation and RNA sequencing in order to overcome the aforementioned technical hurdles. 

Specifically, we have successfully isolated cell types representing the entirety of the cardiac 

conduction system including rare CCS subtypes for deep sampling in order to assess 

differential genome-wide expression. Our analyses have uncovered a host of novel 

conduction markers as well as unique molecular signatures of the various CCS cell subtypes 

not previously attainable to provide the foundation for a molecular blueprint of the 

conduction system (Figure 9). Further, high-resolution in situ hybridization (RNAscope) and 

volume-rendering whole-mount immunofluorescence with iDISCO+ tissue clearing have 

provided platforms for gene expression validation both at single-cell resolution and in 

complex three-dimensional space within the intact murine heart.

The SAN, the primary pacemaker of the heart, has long been recognized as a 

multicomponent structure containing functional subdomains, including “Head” and “Tail” 

regions.5 The Head represents the leading pacemaker region; however, this can shift 

(“wandering pacemaker”) to the tail in response to various stimuli both physiologic and 
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extrinsic.30,46 These distinct but partially redundant subdomains have even been suggested 

to provide important “fail-safes” to prevent from rhythm failure47 further arguing for 

additional insight into these poorly defined structures.48 Additionally, in between the 

compact SAN and surrounding working atrial myocardium, the existence of transitional cells 

have also been recognized by electron microscopy and patch clamp experiments.8,49 They 

are suspected to facilitate the spread of depolarization and may play a crucial clinical role 

(e.g., sinus node exit block); however, the molecular and cellular identity of these cell types 

remains virtually unknown.5 By combining microdissection with scRNA-seq, we have 

demonstrated the isolation of not only a bona fide SAN cell cluster (Cluster 9 from Zone I) 

(Figure 2) but unique SAN cell subtypes including Head and Tail cells within the compact 

node (Online Figure V) and transitional SAN cells (Figure 3), thereby allowing differential 

gene expression analysis at unprecedented resolution (Online Tables III and IV). As a result, 

a host of novel SAN genes were uncovered including Igfbp5, Cpne5, Rgs6, Ntm and Smoc2. 

Interestingly, Smoc2, a gene previously associated with endothelial cell proliferation and 

migration and angiogenesis in non-cardiac tissues50, was enriched in the compact SAN, 

transitional SAN and internodal cell populations but excluded from the rest of the CCS. 

Finally, enrichment of Rgs6 within the SAN is consistent with prior reports demonstrating 

Rgs6 as a necessary modulator of parasympathetic innervation in the heart28 and implicated 

in resting heart rate variability in humans by GWAS.51 Homozygous Rgs6 knockout mice 

demonstrated exaggerated bradycardia in response to carbachol and significantly enhanced 

the effect of carbachol on inhibition of spontaneous SAN cell action potential firing.28

Interestingly, all of these novel SAN markers were also present within the transitional SAN 

cell population, providing some of the first unique markers for this previously elusive cell 

type. Further, high-resolution, 3D studies using iDISCO+ have provided insight into SA 

nodal architecture, detailing the exact locations of these transitional cells (Hcn4low/neg/
Igfbp5+/Cpne5+/Rgs6+/Smoc2+) in at least 2 clear transitional SAN conduction pathways 

(SACPs) (Figure 8, Online Figure XII). These findings are remarkably consistent with prior 

activation mapping research of the SAN and surrounding atria in canines and humans 

showing at least 2 SACPs exiting the SAN in similar locations.8,14,52,53 These 

electrophysiological studies demonstrated that SACPs not only allow for direct activation of 

the surrounding atrial tissue but also play an important role in protecting the SAN against 

overdrive activation during atrial arrhythmias.53 Further studies are now needed to 

understand a possible role for these other novel genes uncovered within the conduction 

system, in particular the transitional SAN cell population.

The AVN remains critical to the CCS in transmitting and delaying the electrical impulses 

generated by the SAN, thereby allowing the ventricles to be filled before their contraction is 

initiated.33 Unfortunately, due to its complex anatomy, buried within the crux of the heart, 

and significant cell type heterogeneity, the AVN has remained a challenge to define 

molecularly. Our study has not only demonstrated successful isolation of AVN cells but also 

uncovered a host of novel AVN-specific genes and represents the first genome-wide analysis 

of the AVN region at single-cell resolution (Figure 4A–D). Notably, one of the most 

significantly enriched genes within the original AVN cluster (Cluster 4, Zone II) was Cpne5 
(Figure 4D), a member of the copine calcium-dependent, phospholipid-binding family of 

proteins thought to possibly play a role in membrane trafficking.54 While its true function 
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remains unknown, Cpne5, along with its paralog Cpne8, have been associated with heart rate 

variability in humans by GWAS.55 Unsupervised analysis of the AVN cluster additionally 

unveiled six subclusters representing previously suspected AVN subtypes.6,33,37 With our 

ability to identify these AVN subtypes we are well-positioned to resolve the unique 

molecular signature of each cell type (Figure 5, Online Table VI) and begin to understand 

the factors intrinsic in establishing their function and, possibly, development.

The distal portion of the conduction system, including the bundle branches and Purkinje 

fibers, allow for the rapid transmission of electrical impulses throughout the ventricular 

myocardium thereby allowing for their coordinated contraction.4 Within Zone III ventricular 

cells, a legitimate immature Purkinje fiber cluster was detected (Cluster 13) (Figure 6A–E). 

Differential gene expression analysis of this cluster revealed a host of novel genes including 

Igfbp5, Cpne5 and Ntm. Neurotrimin (Ntm), a member of the IgLON immunoglobulin 

domain-containing cell adhesion molecules43 was found to be significantly enriched in 

ventricular conduction cells by scRNA-seq data (Figure 7F) and validated by FISH (Figure 

7G). Ntm, not previously associated with the CCS, was found to be expressed within all 

components of the CCS (Figure 7, Online Figures V and VIII).

To date, while a unified description of Purkinje fiber subtypes is lacking within the 

literature, several groups have concretely showed at least two distinct cell types in the distal 

portions of the CCS by electron microscopy and functional patch clamp analysis: 1) standard 

PF cells56 and 2) transitional PF cells - broader cells that serve as an intermediate layer 

between the PF and the working cardiomyocytes.9,41 Poised at the Purkinje-myocyte 

junction, these transitional PF cells are hypothesized to play a role in facilitating the spread 

of depolarization, providing a high resistance barrier, shielding the Purkinje system from 

electrotonic loading, as well as amplifying the current before passing it on to the 

surrounding myocardium.9 Clinically, Purkinje fiber and transitional PF cells are believed to 

be particularly vulnerable for the development of serious and even life-threatening 

tachyarrhythmias including bundle branch or fascicular re-entry and polymorphic ventricular 

tachycardia/fibrillation (VT/VF).11 Upon subcluster analysis of Cluster 13, two distinct 

populations were isolated that suggest their identities as standard PFs and transitional PFs 

(Figure 7A–E), identified by at least two novel markers including Ntm (Figure 7G) and 

Cpne5 (Online Figure X). To our knowledge, these finding represent the first transcriptomic 

characterization of these cell subtypes and provides a unique opportunity for uncovering new 

molecular markers and key regulators for standard and transitional PFs.

Finally, in addition to providing insight into the rare conduction cell subtypes of each CCS 

component, our analyses have also allowed for the systematic discovery of a host of genes 

enriched throughout the entire conduction system including Igfbp5, Cpne5 and Ntm. Our 

dataset has also allowed for the discovery of conduction genes enriched within specific CCS 

components such as Smoc2 that was found to be specifically enriched within the SAN and 

internodal tracts but notably absent from the AVN. Further studies are currently underway to 

validate additional conduction-specific genes as well as employing CRISPR-Cas9 

technology in order to generate systemic knockdowns of top candidates for the assessment 

of their possible functional roles in CCS development and/or function. Altogether, our study 

represents the first comprehensive assessment of transcriptional profiles from the entire CCS 
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at single-cell resolution (Figure 9) and provides bioinformatics tools to facilitate future 

efforts in conduction cell identification, isolation, characterization in the context of 

development and disease and to improve our ability to diagnose and treat diseases of the 

conduction system in utero and during adulthood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

scRNA-seq Single-cell RNA-sequencing

CCS Cardiac conduction System

SAN Sinoatrial node

AVN Atrioventricular node

His His bundle

BB Bundle branches

PF Purkinje fibers
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Normal function and formation of the heart relies on specialized cardiac cells 

known as the cardiac conduction system (CCS).

• A limited number of conduction-specific markers are known in part due to 

challenges in studying the CCS including large cell type heterogeneity, small 

cell numbers and complex three-dimensional (3D) anatomy.

• Single-cell RNA-sequencing (scRNA-seq) allows for genome-wide analysis 

of gene expression at single-cell resolution.

What New Information Does This Article Contribute?

• Using large-scale single-cell RNA-sequencing, we provide the single-cell 

transcriptome of the entire CCS within developing mice.

• Cell clusters were identified representing each major component of the 

conduction system, supported by expression enrichment of known conduction 

genes.

• Differential gene expression analyses between these CCS clusters and other 

cell types revealed a host of markers not previously associated with the 

conduction system, a subset of which were validated using fluorescent in situ 
hybridization as well as whole mount immunolabelling with volume imaging 

(iDISCO+) in three-dimensions on intact mouse hearts.

• Subcluster analysis additionally unveiled distinct conduction cell subtypes, 

including the clinically-relevant but previously poorly characterized 

“transitional cells”.

Coordinated contraction of the heart relies on specialized cardiac cells known as the 

cardiac conduction system. Despite its essential role, the CCS has remained challenging 

to interrogate due to inherent obstacles including cell type heterogeneity, small cell 

numbers and their complex 3D anatomy. scRNA-seq allows for genome-wide analysis of 

gene expression at single-cell resolution. Leveraging the advantages of scRNA-seq, we 

have overcome these hurdles and successfully isolated conduction cells from the entirety 

of the murine CCS. Analyses revealed cell clusters consistent with each major component 

of the CCS and led to the discovery and validation of several novel conduction genes. 

Further, subcluster analysis unveiled distinct conduction cell subtypes, including the 

clinically-relevant but poorly characterized “transitional cells”. Our study represents the 

first comprehensive assessment of transcriptional profiles from the entire CCS at single-

cell resolution and provides a gene atlas for facilitating future efforts in conduction cell 

identification, isolation and characterization.
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Figure 1. Single-Cell Isolation and Expression Profiling of Murine Cardiac Conduction System 
Components.
(A) Schematic representation of experimental design and workflow. Wild-type, embryonic 

day 16.5 (E16.5) CD1 mouse hearts were harvested and three zones of microdissection were 

isolated based on anatomical landmarks and entailed: Zone I - Sinoatrial node (SAN) 

region, Zone II - Atrioventricular node (AVN)/His region and Zone III - Bundle branch 

(BB)/Purkinje fiber (PF) region. A minimum of 6 embryonic hearts were pooled per zone. 

Tissues were digested into a single cell (SC) suspension, isolated via oil droplets, mRNA 
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labelled with cell-specific barcodes, made into a library and subsequently sequenced, all 

using the commercial droplet-based cell capture platform from 10x Genomics®. Data was 

then aligned with gene expression quantified followed by a series quality control (QC) steps 

as well as differential gene expression and subcluster analysis. (B) (Left) Table listing the 

number of cells isolated from each Zone and total number of cells evaluated. (Right) t-SNE 

plot of all cells combined with representative cell types identified by cluster. CCS, cardiac 

conduction system. CM, cardiomyocyte. LBB, left bundle branch. PMJ, Purkinje-myocyte 

junction. RBC, red blood cell. RBB, right bundle branch. scRNA-seq, single-cell RNA 

sequencing. SMC, smooth muscle cell. VM, ventricular myocardium. WBC, white blood 

cell.
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Figure 2. scRNA-seq Analysis of Zone I Revealed a Bona Fide Sino-Atrial Node (SAN) Cell 
Cluster.
(A) Cluster cell numbers and t-SNE plot for Zone I cells. (B) Heatmap of differentially 

expressed genes for each cluster of cells. (C) Cardiomyocyte (Actn2+) and Nodal (Hcn4+, 

Isl1+, Shox2+, Tbx3+) signatures visualized by ViolinPlots (top) and FeaturePlots (bottom). 

(D) Table highlighting differentially expressed genes in Cluster 9. Avg log FC, average log 

fold change. (E) Gene ontology (GO) functional cluster analysis of all enriched genes for 

Cluster 9. (F) Immunofluorescence staining of postnatal day 4 (P4) (n=8) wild-type murine 
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cardiac tissue sections showing a SAN with colocalization of Hcn4 (green) and Igfbp5 (red) 

protein. Nuclei stained with DAPI (blue). RA, right atrial myocardium.
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Figure 3. Analysis of Cluster 9 Revealed Unique SAN Subtypes.
(A) t-SNE plot of Cluster 9 cells demonstrated two distinct subclusters consistent with 

compact SA nodal cells (cSAN) (Hcn4hi/Gja5neg/Gjc1+) and Transitional cells (Tz) 

(Hcn4low/neg/Gja5+/Gjc1+). (B) Expression heatmap of established SAN and atrial CM 

genes for each subcluster of cells. (C) ViolinPlots (top) and FeaturePlots (bottom) for key 

cSAN and Tz markers. (D) Table highlighting differentially expressed genes between cSAN 

and Tz subclusters. Avg log FC, average log fold change. (E) Gene expression enrichment 

for Smoc2 within Cluster 9 and the cSAN cluster as compared to all Zone I cells and the Tz 
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cluster, respectively. Smoc2 gene expression within Cluster 9 visualized by ViolinPlot (top) 

and Featureplot (bottom). (F) Fluorescent RNA in situ hybridization targeting Hcn4 (red 

punctae) and Smoc2 (green punctae) mRNA within postnatal day 0 (P0) (n=3), wild-type 

mice. Compact SA node (cSAN), transitional (Tz) and surrounding right atrial (RA) cells. 

DAPI (blue). Solid line depicting cSAN cells (Hcn4hi/Smoc2+) and dashed line showing Tz 

cells (Hcn4low/neg/Smoc2+). Beyond these borders are right atrial cardiomyocytes (RA) 

(Hcn4neg/Smoc2neg). (G) Immunofluorescent staining of P0 (n=5) wild-type murine cardiac 

tissue sections showing a cSAN with expression of Smoc2 protein (red) and negative 

staining for Cx40 (green). A transitional cell population of cells (Smoc2+/Cx40low) 

emerging from the cSAN is demarcated by dashed border. Surrounding tissue is the RA 

(Smoc2neg/Cx40+).
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Figure 4. Identification of an AVN/His Cell Cluster Within Zone II.
(A) Cluster cell numbers and t-SNE plot of Zone II cells.(B) Heatmap of differentially 

expressed genes by cell cluster. (C) Cardiomyocyte (Actn2+) and AVN (Hcn4+, Cacna2d2+, 

Cacna1g+) gene signatures visualized by ViolinPlots (top) and FeaturePlots (bottom). (D) 

Table highlighting differentially expressed genes in Cluster 4. Avg log FC, average log fold 

change. (E) Gene ontology (GO) functional cluster analysis of all enriched genes for Cluster 

4. (F) Cpne5 and Smoc2 gene expression within Zone II cells as illustrated by ViolinPlots. 

Cpne5 expression is enriched within Cluster 4 while Smoc2 is not. (G) The same postnatal 
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day 12 (P12) heart co-immunostained for Cpne5 and Smoc2 protein (white); insets show a 

Cpne5+ (solid white arrow) but Smoc2neg (empty white arrow) AVN. Red arrows, internodal 

tracks; blue arrows, right AV ring bundle; yellow arrows, left AV ring bundle. (H) FISH 

targeting Hcn4 (red punctae) and Cpne5 (green punctae) mRNA within a E16.5 (n=3), wild-

type mouse heart section showing the His bundle giving rise to the left bundle branch (LBB) 

(both Hcn4+/Cpne5+) and surrounding ventricular cells of the IVS (Hcn4neg/Cpne5neg).
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Figure 5. Analysis of Cluster 4 in Zone II Unveiled Distinct AVN and Transitional Cell Subtypes.
(A) Cells from the putative AVN/His cluster (Cluster 4 in Zone II) were selected for further 

analysis. t-SNE plot of Cluster 4 cells demonstrated six distinct subclusters. (B) Illustration 

of AV nodal region subdomains by transcriptional profiling (adapted from Aanhaanen et al. 

2010).6 (C) Heatmap, (D) ViolinPlots and (E) FeaturePlots demonstrating typical nodal, 

transitional and ventricular CM gene expression signatures for each subcluster of cells. ATZ, 

Atrial Transitional Zone; cAVN, compact AVN; His, His bundle; NAVR, nodal AV ring; 
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TAVR, transitional AV ring; VTZ, ventricular transitional zone; VM, ventricular 

cardiomyocytes.
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Figure 6. An Immature Purkinje Fiber (PF) Cell Cluster was Detected Within Zone III.
(A) Cluster cell numbers and t-SNE plot of Zone III cells. (B) Heatmap of differentially 

expressed genes for each cluster of cells. (C) Cardiomyocyte (Actn2+) and PF (Gja5+, Scn5a
+, Irx3+ and Cacna2d2+) gene signatures visualized by ViolinPlots (top) and FeaturePlots 

(bottom). (D) Gene ontology (GO) functional cluster analysis of all enriched genes for 

Cluster 13. (E) Table highlighting differentially expressed genes in Cluster 13. Avg log FC, 

average log fold change. (F) Cpne5 gene expression within Zone III cells illustrated by 
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ViolinPlot (left) and FeaturePlot (right). (G) Immunofluorescence staining of an E16.5 (n=6) 

wild-type murine cardiac tissue section showing Cpne5 (white) of the immature PF network.
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Figure 7. Analysis of Cluster 13 in Zone III Identified Unique Immature PF and Transitional PF 
Cell Subtypes.
(A) t-SNE plot demonstrated two distinct subclusters within Cluster 13, consistent with a 

standard immature PF cluster (“PF”) and a transitional PF cluster (“Tz”). (B) Expression 

heatmap of known PF and ventricular cardiomyocyte genes within the standard PF and Tz 

clusters. (C) Table highlighting differentially expressed genes between the two subclusters, 

represented by (D) ViolinPlots (top) and FeaturePlots (bottom). Avg log FC, average log 

fold change. (E) Illustration of the Purkinje-myocyte junction (PMJ) consisting of standard 

PF (blue), ventricular CMs (gray) and transitional PFs (red) bridging the two (adapted from 
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Tranum-Jensen et al. 1991).9 Summary of enriched (green) and downregulated (red) genes 

for each cell subtype based on scRNAseq data presented here. (F) Gene expression 

enrichment table for Ntm between Cluster 13 and standard PF subcluster as compared to the 

rest of Zone III cells and Tz subcluster, respectively. Ntm gene expression demonstrated in 

Zone III (upper panels) and within Cluster 13 (lower panels) as visualized by ViolinPlot 

(left) and Featureplot (right). (G) Fluorescent RNA in situ hybridization targeting Hcn4 (red 

punctae) and Ntm (green punctae) mRNA expression within immature PFs and transitional 

PF cells within a P0 mouse heart section (n=3). DAPI (blue). Solid line depicting standard 

immature PF cells (Hcn4+/Ntm+) and dashed line showing Tz cells (Hcn4low/neg/Ntm+). 

Beyond these borders are ventricular myocardial cells (Hcn4neg/Ntmneg). Larger brightly-

stained objects (examples noted by white arrows) in both red and green channels represent 

autofluorescence from red blood cells (yellow in merge photos). True RNAscope fluorescent 

in situ hybridization signal is represented by small punctae in either green (Ntm) or red 

(Hcn4).
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Figure 8. Optical Clearing and 3D Volumetric Analyses Delineate the Architecture of the Entire 
CCS and SA Nodal Substructure Within Intact Murine Hearts.
(A) Schematic representation of workflow for iDISCO+ clearing of intact embryonic and 

postnatal mouse hearts and visualization using light sheet microscopy. At least 10 biological 

replicates were used for each immunolabelling. (B) A wild-type whole heart from an E16.5 

mouse embryo is shown at four angles of view (0, 90, 180 and 270 degrees) at 0.63x 

magnification. Top and bottom rows are the same optically cleared heart using iDISCO+ 

where, in the top row, background fluorescence has been saturated to provide a 
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representation of the opacified heart. Bottom row demonstrates the same tissue-cleared 

heart, showing Igfbp5 immunostaining which marks the cardiac conduction system in its 

entirety. (C) iDISCO+ cleared wild-type, intact SAN (6.3x magnification) from E16.5 

murine heart co-immunolabeled for Hcn4 (red) and Rgs6 (green) protein. SAN shown at 

three angles of view (0, 90, ~225 degrees). (D) Merge image (Hcn4 in red, Rgs6 in green) 

with two major transitional sinoatrial conduction pathways (SACPs) outlined (Hcn4neg/

Rgs6+). Purple SACP: from SAN body directed rightward; Black SACP: from the SAN head 

directed inferiorly and leftward. A third Hcn4+ SACP is also marked by Rgs6 and emerges 

inferiorly from the tail of the SAN to give rise to the internodal tracks (blue line) not seen 

here but visible in panel 8B. Ant, Anterior. AVN, atrioventricular node. His, His bundle. 

INT, internodal tracks. LA/RA, left or right atrium. LAVRB, left AV ring bundle. LBB/RBB, 

left of right bundle branch. LV/RV, left or right ventricle. PF, Purkinje fiber. Post, Posterior. 

RAVRB, right AV ring bundle. SAN, sinoatrial node.
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Figure 9. Transcriptional Landscape of the Cardiac Conduction System.
A summary of differential gene expression, both established and novel per the scRNA-seq 

findings of this study, within all components of the CCS including the sino-atrial node 

(SAN), atrioventricular node/His bundle (AVN/His) and Purkinje fiber (PF) regions. 

Asterisk (*) highlights genes with different expression as compared to parental cell type 

within the hierarchy. AM, atrial myocardium, ATZ, Atrial Transitional Zone; cAVN, 
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compact AVN; NAVR, nodal AV ring; TAVR, transitioanal AV ring; VTZ, ventricular 

transitional zone; VM, ventricular cardiomyocytes.
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