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Abstract: 
 

The ventricular conduction or His-Purkinje system (VCS) mediates the rapid propagation and 

precise delivery of electrical activity essential for the synchronization of heartbeats. Mutations 

in the transcription factor Nkx2-5 have been implicated in a high prevalence of developing 

ventricular conduction defects or arrhythmias with age. Nkx2-5 heterozygous mutant mice 

reproduce human phenotypes associated with a hypoplastic His-Purkinje system resulting 

from defective patterning of the Purkinje fiber network during development. Here, we 

investigated the role of Nkx2-5 in the mature VCS and the consequences of its loss on cardiac 

function. Neonatal deletion of Nkx2-5 in the VCS using a Cx40-CreERT2 mouse line 

provoked apical hypoplasia and maturation defects of the Purkinje fiber network. Genetic 

tracing analysis demonstrated that neonatal Cx40-positive cells fail to maintain a conductive 

phenotype after Nkx2-5 deletion. Moreover, we observed a progressive loss of expression of 

fast-conduction markers in persistent Purkinje fibers. Consequently, Nkx2-5- deleted mice 

developed conduction defects with progressively reduced QRS amplitude and RSR’ complex 

associated with higher duration. Cardiac function recorded by MRI revealed a reduction in the 

ejection fraction in the absence of morphological changes. With age, these mice develop a 

ventricular diastolic dysfunction associated with dyssynchrony and wall-motion abnormalities 

without indication of fibrosis. These results highlight the requirement of postnatal expression 

of Nkx2-5 in the maturation and maintenance of a functional Purkinje fiber network to 

preserve contraction synchrony and cardiac function. 

 

 

1. Introduction 
 

 

Electrical impulses delivered by specialized components of the conduction system (CS) 

ensure the rhythm and the coordination of cardiac contractions [1,2]. Electrical activity 

initiates in the sinoatrial node (SAN) and then reaches the atrioventricular node (AVN), the 

unique electrical connection with the ventricles in the definitive heart. From the AVN, the 

electrical activity takes a fast-conducting route mediated by the His-Purkinje or ventricular 

conduction system (VCS). The VCS comprises the His or AV bundle (AVB), right and left 

bundle branches, and ends in a complex network of Purkinje fibers (PFs). The VCS represents 

only 1–2% of the cardiac volume but is responsible for the rapid cardiac conduction essential 

for the normal rhythm of cardiac contractions [3,4]. The electrophysiological properties of 

these specialized conductive cardiomyocytes result from the expression of a large range of 

specific genes coding for ion channels enabling active conduction, and gap junctions 

responsible for passive conduction velocity and a low level of contractile proteins [5–8]. 

Altered cardiac conduction can lead to ventricular arrhythmias and bundle branch blocks 

(BBB), which are associated with increased mortality in heart failure patients due to 

myocardial dyssynchrony [9]. In addition, terminal conduction delay of left ventricular 

depolarization, showing abnormal QRS complex but different from either RBBB or LBBB, 

causes major ventricular arrhythmias due to impaired tissue surrounding old infarct scars [10]. 

 

Nkx2-5 encodes for an essential homeobox transcription factor that orchestrates cardiac 

development [11]. In humans, mutations of NKX2-5 with a high penetrance often promote the 

occurrence of severe and progressive AV conduction blocks and atrial septal defects [12]. In 

transgenic mice, Nkx2-5
+/-

 embryos and mice progressively reproduce the phenotype 

observed in human patients, including atrial septal defects and conduction disturbances [13]. 



Electrocardiogram analysis reveals that Nkx2-5 haploinsufficient mice present a prolonged 

PR interval and a progressive elongation of the QRS. This phenotypic evolution is associated 

with progressive loss of the AVB [14,15]. Indeed, adipose tissue has been found to replace the 

AVB in a human patient with an NKX2-5 mutation [15]. Moreover, patients carrying 

mutations in NKX2-5 present a large spectrum of congenital heart diseases frequently 

associated with conduction disturbances or arrhythmias, and long-term follow-up reveals a 

high incidence of sudden cardiac death in these patients with aging [16,17]. However, the 

underlying mechanisms remain unclear. In particular, whether Nkx2-5 plays a primary role 

within conductive cardiomyocytes remains an open question. 

 

We have previously shown that Nkx2-5 plays a crucial role in Purkinje network patterning in 

mice by controlling the progressive recruitment of PF during ventricular development [18,19]. 

In the present study, we characterized the role of Nkx2-5 in the mature VCS. We created a 

conditional knockout of Nkx2-5 within the VCS using a tamoxifen-inducible Cre mouse line 

[20,21]. Exploiting this strategy, we removed Nkx2-5 in the VCS without affecting Nkx2-5 

expression in the contractile or working ventricular myocardium. Nkx2-5 VCS conditional 

deletion at birth provoked a mild VCS hypoplasia and progressive loss of expression of fast-

conduction markers, which resulted in the appearance of an altered ventricular activation 

sequence. Longitudinal analysis revealed that these conduction defects were associated with 

ventricular dyssynchrony. Nkx2-5 VCS-deleted mice developed contractility defects and early 

diastolic dysfunction associated with a decreased ejection fraction. This study reveals a cell-

autonomous role for Nkx2-5 in maintaining a functional conductive phenotype in the VCS 

and protecting against heart dysfunction. 

 

2. Materials and Methods 
 

 

2.1. Mouse Lines 

 

The investigation was approved by the ethics committee for animal experimentation of the 

French ministry (no. 01055.02). Animal procedures conformed to the guidelines from 

Directive 2010/63/EU of the European Parliament for the Care and Use of Laboratory 

Animals. Cx40-CreERT2, R26-YFP and Nkx2-5-floxed mouse lines were genotyped as 

previously reported [20–22]. To conditionally delete Nkx2-5, tamoxifen was injected 

intraperitoneally into newborn pups (P0 or P1) in a single injection (10 L). Tamoxifen (T-

5648, Sigma) was dissolved at a concentration of 20 mg/mL in ethanol/sunflower oil = 

(10/90). Nkx2-5-DNeo
fl/fl

::Cx40
Cre/+ 

were designated as Nkx2-5DVCS mice and compared to 

control mice Nkx2-5
+/+

::Cx40
Cre/+, 

both receiving Tam injection at birth. 

 

2.2. Macroscopic and Histological Analyses 

 

Mice were euthanized by cervical dislocation and hearts from young and old animals were 

rapidly collected in cold PBS (1m) at 2 and 12 months. Macroscopic examination of the 

internal surface of the ventricles was performed as previously described [23]. Whole-mount 

and histological immunofluorescence and image analysis were carried out as previously 

described [19]. Antibodies used in this study are specific to Nkx2-5 (Sc8697 Santa-Cruz, 

Dallas, TX, USA), GFP (AbD Serotec, Purchheim, Germany), RFP (Rockland, Pottstown, 

PA, USA), Contactin-2 (AF1714 R&D system, Minneapolis, MN, USA), Pecam-1 

(MEC13.3- 



BD Pharmingen, San Jose, CA, USA), HCN4 (Millipore, Burlington, MA, USA), ETV-1 

(Abcam, Cambridge, U.K.), Troponin I (Abcam) and WGA-Cy3 (Sigma, St. Louis, MO, 

USA). Antibodies against Cx43 and CX40 are homemade and previously described [6,23]. 

 

2.3. Cardiac Magnetic Resonance Imaging (MRI) 

 

MRI was carried out every 2 months on the same animal groups of 2–12-monthold mice 

under isoflurane anesthesia (4% for the induction and 2% during the image recordings). The 

experiments were performed on a Bruker Biospec Avance 4.7 T/30 imager (Bruker Biospin 

GmbH, Ettlingen, Germany), and images were analyzed as previously described [19]. 

 

2.4. Echocardiography 

 

Echocardiography was performed for two groups of mice (3 and 12 months old) under 

isoflurane anesthesia (2%) using a Vevo 2100 ultrasound system (VisualSonics, Toronto, 

Canada) equipped with a real-time micro-visualization scan head probe (MS-550D) operating 

at a frame rate of 300 frames per sec (fps). Left ventricular (LV) characteristics were 

quantified according to the standards of the American Society of Echocardiology and the 

Vevo 2100 Protocol-Based Measurements and Calculations guide, as previously described 

[20]. High-frequency speckle tracking for strain analysis was performed on parasternal long-

axis B-mode loops. The standard deviation of time to peak strain corrected by the inter-beat 

interval was used to measure the intraventricular dyssynchrony [24]. LV strain analysis was 

performed offline using Vevostrain analysis software 3.1.1 (VisualSonics). To quantify the 

peak longitudinal strain rate during early LV filling, the “reverse peak” option was used. 

 

2.5. Surface Electrocardiography 

 

Surface ECGs were performed on anesthetized mice. An induction with 5% isoflurane was 

followed by maintenance at 2% in a constant flow of oxygen at 1 L/min. ECGs were recorded 

every two months from 2 to 12 months using a bipolar system as previously described [19]. 

 

2.6. Statistical Analysis 

 

Data are expressed as means +/- standard error of the mean (SEM) for bar graphs and median 

with min./max. for box plots. Significant differences between groups were determined using 

one-way or two-way analysis of variance (ANOVA) followed by Sidak post hoc testing with 

PGraphPad Prism software (PGraphPad Prism 7.0, La Jolla, CA, USA). A p value < 0.05 was 

considered statistically significant. 

 

3. Results 
 

3.1. Conditional Deletion of Nkx2-5 in the Ventricular Conduction System 

 

To conditionally delete Nkx2-5 gene in the VCS, we crossed mice containing Floxed-Nkx2-5-

Dneo alleles with Cx40-CreERT2 mice. Cre recombinase activity was induced by tamoxifen 

injection into newborn pups, thereafter designated as Nkx2-5
VCS

. The efficiency of Nkx2-5 

deletion was verified by immunofluorescence on sections from control and Nkx2-5
VCS

 mice 

at P10. Nkx2-5-negative cardiomyocytes are restricted to subendocardial cells, representing a 

very low percentage of cells in the entire heart (Figure 1A). Using Contactin-2 (Cntn2) to 

identify cells of the VCS [25], we found that Nkx2-5-negative cells co-localize with Cntn2-



positive cells (Figure 1B). These Nkx2-5-negative cardiomyocytes are also positive for Cx40 

expression detected using a Cx40 antibody or through the expression of the Cx40-RFP allele 

(Figure 1B). As shown previously, a single postnatal injection of tamoxifen is sufficient to 

target a large proportion of cardiomyocytes of the VCS [21] and efficiently delete Nkx2-5 in 

these cells. 

 

 
 

 
Figure 1. Condition deletion of Nkx2-5 in the ventricular conduction system. (A) Nkx2-5 immunofluorescence 

on transversal sections of P10 hearts from control (CTL) and Nkx2-5VCS mutant mice. High magnification of 

the squares is represented below. IVS: interventricular septum; pm: papillary muscles. Scale bars = 100m; 

high-magnification image bar = 25 m. (B) Co-immunofluorescence of Nkx2-5 and Cx40 or CNTN2 and Cx40-

RFP on serial sections of P10 Nkx2-5VCS mutant hearts. Pecam1 and Dapi staining were used to delineate 

cardiac contours and nuclei. Scale bar = 50 m. 

 



3.2. Neonatal Loss of Nkx2-5 in the VCS Disturbs Its Maturation and Provokes Apical 

PF Hypoplasia 

 

To investigate the phenotypic consequences of the loss of Nkx2-5 in the Purkinje fiber (PF) 

network, we performed whole-mount immunofluorescence using Cntn2 antibody on opened 

left ventricles from 3-month-old control and Nkx2-5
VCS

 mice (Figure 2A). Nkx2-5
VCS

 

mutant mice present a reduced density of the PF network compared to control mice (Figure 

2C), a defect that is more pronounced in the apical region (Figure 2A). Loss of Nkx2-5 in the 

VCS thus provokes a mild hypoplasia of PF, primarily affecting the apical part of the left 

ventricle. In contrast, prior work has shown that earlier deletion during development results in 

severe VCS hypoplasia [19]. 

 

 

 
 



 
Figure 2. Nkx2-5 VCS-conditional deletion mice present PF hypoplasia by cell dropout. (A) Wholemount 

immunofluorescence with Contactin-2 on opened LV from 3-month-old control and Nkx2-5VCS hearts. Scale 

bar = 1 mm. (B) Genetic tracing of ventricular Cx40-positive cells after Cre induction at E18.5 in control and 

Nkx2-5VCS mice showing the distribution of YFP+ cells in the PF network indicated by a co-

immunofluorescence with CNTN2 at P20. High magnifications of peripheral PFs are presented in inserts. Scale 

bar = 0.5 mm. Below are sections from genetic tracing experiments stained with YFP and CNTN2 antibodies. 

Scale bars = 50 m. (C) Quantification of PF density and branching density from images treated with angiotool. 

(D) Quantification of the percentage of YFP+ cells included in the VCS. N = 3 hearts per group. Mean +/- SD; 

Student t-tests: * p < 0.05; ** p < 0.01; *** p < 0.001 Nkx2-5DVCS vs. control. 

 

 

To understand the cellular mechanism responsible for this PF hypoplasia, we performed a 

genetic tracing analysis of Nkx2-5-deleted cardiomyocytes to follow their fate. We crossed 

Cx40-CreERT2::Nkx2-5
fl/+ 

with Rosa26-YFP::Nkx2-5
fl/+

 mice and we induced Cre activity by 

tamoxifen injection into pregnant females at E18.5. We performed whole-mount 

immunofluorescence with Cntn-2 to compare the localization of YFP-positive cells in hearts 

from 3-week-old Nkx2-5
+/+

 (WT) and Nkx2-5
VCS

 mice (Figure 2B). Cx40-derived 

(YFPpositive) cardiomyocytes are present in the same proportion in WT and Nkx2-5DVCS 

mutant hearts, demonstrating that those cells are not lost after Nkx2-5 deletion. In contrast to 

the situation in the control hearts, a large number of these YFP cells, mainly localized in the 

apex, do not express the conductive marker Cntn2, indicative of a maturation defect towards a 

conductive phenotype. We quantified this on sections and counted the percentage of YFP+ 

cells integrated in the VCS with the co-expression of Cntn-2 (Figure 2D). Only 50% of YFP+ 

cells co-expressed Cntn-2 in the apex of Nkx2-5
VCS

 mutant hearts compared to 70% in WT 

hearts (Figure 2D). The majority of YFP+/Cntn-2- cells were close to VCS (Cntn-2+) cells 

and maintained an elongated shape characteristic of PF cells (Figure 2B). This analysis 

demonstrates a failure of Nkx2-5-negative cardiomyocytes to robustly maintain a conductive 

phenotype and suggests that PF hypoplasia in Nkx2-5
VCS

 mutant hearts may arise by a 

mechanism of cell dropout. 

 

 

3.3. Persistent Nkx2-5-Negative Conductive Cells Progressively Downregulate Fast-

Conduction Markers 

 

To further analyze the cellular phenotype of the cardiac conduction system after conditional 

deletion of Nkx2-5, we carried out immunostaining on sections from 3-monthold control and 

Nkx2-5
VCS

 mutant hearts. Nkx2-5 was not deleted in the AVN where Cx40-Cre was not 

expressed and only partially in the AVB (Figure S1). These two components expressed a high 



level of Hcn4, ETV1, and Cntn-2 in both control and Nkx2-5
VCS

 mutant hearts. The central 

part of the conduction system is thus largely unaffected in Nkx2-5
VCS

 mutant mice. 

 

In the peripheral VCS, numerous Cntn-2+/Nkx2-5- cells were observed in Nkx2-5
VCS

 mutant 

hearts (Figure 3A). However, only very few of these Cntn-2+/Nkx2-5- cells express Cx40 and 

Hcn4; in contrast, these cells continue to express the conductive markers ETV1 and Cx43. 

Overall, these results show that the deficit of Nkx2-5 in the VCS induces the loss of a subset 

of markers important for electrical conduction such as Cx40 and Hcn4 but not ETV1 or Cntn-

2, in line with the idea that Nkx2-5 promotes a conductive phenotype by directly controlling 

the expression of specific genes. 

 

With aging, the density of Cntn-2 and Cx40 double-positive cells was very low in 10-month-

old Nkx2-5DVCS mutant heart sections (Figure S2). High-magnification views showed a 

drastic reduction in these two markers in Nkx2-5
VCS

 mutant compared to the control hearts 

while the expression of Cx43 was preserved. Using WGA-Cy3 staining to label cell contours, 

we quantified the number of total cardiomyocytes per section and the percentage of Nkx2-5+ 

cells (Figure 3B). Quantification revealed a similar number of cardiomyocytes per field in 

control and Nkx2-5
VCS

 mutant mice, suggesting the absence of hypertrophy in these mutants. 

However, a reduced number of cardiomyocytes per field in old mice suggests a slight increase 

in cardiomyocyte size developing with age in both control and Nkx2-5VCS mutant mice. 

Moreover, the thin contour of WGA staining surrounding cardiomyocytes excludes any signs 

of fibrosis in both control and Nkx2-5
VCS

 mutant hearts. Quantification of the percentage of 

Nkx2-5+ cardiomyocytes per field revealed an increase in Nkx2-5
VCS

 mutant mice between 3 

and 10 months of age, increasing from 60% to 75%. These data indicate that, in addition to 

premature cell dropout, a loss of Nkx2-5-deleted cardiomyocytes naturally occurs with age. 

Moreover, the loss of fast conduction markers suggests that persistent PFs in Nkx2-5
VCS

 

mice are less conductive. 

 

 

3.4. Conditional Deletion of Nkx2-5 in the VCS Leads to Cardiac Functional Defects 

 

Surface electrocardiograms (ECGs) were recorded in control and Nkx2-5
VCS

 mutant mice to 

investigate cardiac electrical activity at 3, 6 and 9 months of age. ECG traces revealed a small 

increase in QRS complex duration in Nkx2-5
VCS

 mutant mice, which was significant at 6 

months (Table 1). This increase was not representative of the defects observed in some Nkx2-

5
VCS

 mutant mice. Indeed, the QRS complex had an RSR’ shape in some mutant mice, the 

number of which increased with age from 28% at 3 months to 55% at 9 months (Table 1, 

Figure 4B). In these mice with an abnormal QRS complex, the average QRS duration was 3 

ms longer than in the control mice. In addition, the amplitudes of the QRS complexes in 

derivation II were smaller in the mutant mice (Table 1, Figure 4A). This difference increased 

with aging and was due to the decrease in the amplitude of the R-wave (Figure 4C,D). No 

QRS defects were observed in control mice, and in contrast to ventricular activation, the 

repolarization phase, represented by QT intervals and T wave amplitude, and atrial activation, 

represented by PR interval, were unaffected in both groups of mice (Table 1). 

 

  



 

 
Figure 3. Ventricular conduction defects in Nkx2-5VCS mutant hearts. (A) Immunofluorescence with Nkx2-5 

and HCN4 or ETV1 and Contactin-2 or Cx40, CNTN2 and WGA or Troponin I (TrI) and Cx43 on serial sagittal 

sections at the level the left Purkinje fibers from control (CTL) and Nkx2-5VCS hearts. Scale bar = 100 m. High 

magnifications of the selected area (rectangle) are presented below. Scale bar = 20m. (B) High magnifications 

at the level of LPF stained with WGA-cy3 and Nkx2-5 from 3- and 10-month-old control (CTL) and Nkx2-5VCS 

hearts. Scale bar = 50m. (C) Nkx2-5 deletion was quantified by counting the percentage of Nk2-5-positive 

cardiomyocytes per frame at the subendocardial surface of transverse sections from 3- and 10-month-old control 

(CTL) and Nkx2-5VCS (DVCS) mice. (D) Quantification of cardiomyocyte hypertrophy by counting the number 

of cardiomyocytes per frame on high-magnification images of transverse sections from 3- and 10-monthold 

control (CTL) and Nkx2-5  (DVCS) mice. n = 20–30 frames per heart; N = 3 mice per group; mean +/- SD; 

two-way analysis of variance (ANOVA) followed by Sidak post hoc tests: ** p < 0.01; **** p < 0.0001 DVCS 

vs. control; $ p < 0.05; $$ p < 0.01, 3-month-old vs. 10-month-old hearts. 

 



 

 

 
 



 

Figure 4. Nkx2-5 deletion in the conduction system of neonate mice leads to QRS defects associated with 

ventricular dysfunction. (A) Representative tracings from surface ECG measured in lead II in Tracings from 

Nkx2-5VCS mice demonstrated ventricular conduction defects. (B) Representative tracings of a QRS pattern 

with RSR’ shape observed in Nkx2-5DVCS mice. (C,D) Graphs representing the evolution of the QRS and R 

amplitudes measured in the same mice over a year. QRS and R amplitudes are lower in the Nkx2-5DVCS group 

compared to the control (N = 14–18 in the control and N = 12–18 in Nkx2-5DVCS). Mean+/- SD; two-way 

analysis of variance (ANOVA) followed by Sidak post hoc tests: * p < 0.05DVCS vs. control; § p < 0.05 3-

month-old vs. 9 month-old hearts. (E,F) Graphs representing MRI measurements of the ejection fraction (EF) 

and stroke volume (SV) in 6-month-old mice. Both parameters are significantly decreased in Nkx2-5DVCS mice 

(N = 11 in control and N = 17 for Nkx2-5DVCS). Mean +/- SD; Student t-tests: * p < 0.05 Nkx2-5DVCS vs. 

control. (G) Measurements of cardiac parameters by echocardiography in 10-month-old control and Nkx2-5VCS 

mice show a strong correlation between ejection fraction and strain radial. Mean +/- SD; Student t-tests: ** p < 

0.01 Nkx2-5VCS vs. control. (H) Strain radial is decreased in 10-month-old Nkx2-5VCS in comparison to control 

mice. (I) Representative curves of longitudinal strain rate in 10-month-old control and Nkx2-5VCS mice. 

Diastolic function estimates by measurements of SRE and E/SRE. Mean+/- SD; Student t-tests: * p < 0.05; ** p < 

0.01 Nkx2-5VCS vs. control. 

 

 

 
 

 

The cardiac function of individual 6-month-old mice was evaluated using cardiac MRI. 

Cardiac parameters calculated from MRI analysis showed a decrease in the ejection fraction 

(EF) and stroke volume (SV) in Nkx2-5
VCS

 mutant compared to control mice (Figure 4E,F). 

No differences were observed in morphological parameters between both groups or with 

aging (Table 2, Figure S3). 

 



To better characterize this cardiac phenotype, we used a highly sensitive speckle tracking- 

based strain imaging technique to detect regional ventricular wall deformation. Nkx2-5
VCS

 

mutant mice present reduced radial strain predominantly affecting the anterior wall region 

(Figure 4H). We found a strong correlation between reduced EF and radial strain (Figure 4G). 

 

In addition, high-frequency speckle-tracking echocardiography was used to access subtle 

changes in diastolic function. Representative curves of longitudinal strain rate showed an 

important defect in the coordination of myocardial deformation and a reduced peak global 

strain rate during early diastole (SRE) in Nkx2-5
VCS 

mutant compared to control mice (Figure 

4I). The diastolic index E/SRE was increased in Nkx2-5
VCS 

mutant mice. Taken together, 

these data suggest a diastolic dysfunction in old mutant mice (Figure 4I). LV mechanical 

dyssynchrony was determined as time-to-peak variation, defined as the standard deviation of 

time to peak over all six segments. Control mice presented minimal longitudinal 

dyssynchrony (8.0+/- 0.5% at 3 months and 8.5 +/-1.8% at 10 months), whereas Nkx2-

5DVCS mice had significant dyssynchrony (13.9+/- 1.4% at 3 months and 14.9 +/- 1.9% at 10 

months) compared to age-matched control mice (p < 0.05 at 3 months and p < 0.01 at 10 

months). Defects of myocardial deformation and systolic/diastolic dysfunction suggest that 

premature VCS cell dropout and the loss of fast-conduction markers progressively lead to 

conduction defects associated with wall-motion abnormalities and ventricular dysfunction. 

 

4. Discussion 
 

 

In this study, we analyzed the cardiac function of mice lacking Nkx2-5 expression in the 

ventricular conduction system after conditional deletion in Cx40-positive cardiomyocytes one 

day after birth. Our data demonstrate that Nkx2-5 deletion restricted to the VCS induces 

progressive ventricular conduction defects that result in early intraventricular dyssynchrony 

followed by mechanical strain defects and decreased EF. Nkx2-5 is required in Cx40-positive 

cells to maintain a PF phenotype. Nkx2-5
VCS

 mutant hearts present a significant PF 

hypoplasia and loss of expression of a subset of conduction markers. These results highlight 

the importance of Nkx2-5 in the maturation and maintenance of the PF network and the role 

of loss of function of VCS cells in promoting conduction defects, ventricular mechanical 

dyssynchrony and left ventricular dysfunction. 

 

Previous studies have shown an important role for Nkx2-5 in cardiac function in human 

patients as well as in Nkx2-5 haploinsufficient mice [26–28]. To date, the role of Nkx2-5 has 

been mainly studied in contractile cardiomyocytes, which represent the force generating 

myocardial component of the heart. Deletion of Nkx2-5 disturbed the expression of numerous 

cardiac genes, inducing calcium-handling defects and decreased contractibility, which 

impaired cardiac function [29–31]. Here, Nkx2-5 deletion was restricted to a very small 

population of cells forming the VCS, representing only 1–2% of the total heart volume. ECG 

analysis revealed progressively reduced QRS amplitude and abnormal wave patterns, with 

RSR’ complex associated with a wide QRS, in line with morphological and histological 

disturbance of the PF network in Nkx2-5DVCS mutant mice. In particular, the drastic 

decrease in R wave amplitude corresponding to a cutback of the parietal vector [32] is 

consistent with the hypoplasia of PF in the median and apical part of the myocardium. Mouse 

models in which Cx40 is abolished had a remodeling of passive conductance properties and 

developed prolonged intervals for all ECG parameters, including split QRS complexes, in line 

with uncoordinated ventricular activation [33–35]. Moreover, spatial propagation of electrical 



activity through the working myocardium, reflected by the mean frontal plane axis, is 

abnormal in Cx40
-/-

 mice [34]. Our data on Nkx2-5 deletion in the VCS are consistent with 

these results and now confirm the role of a Cx40-deficient VCS in the occurrence of altered 

ventricular activation sequence [33,34,36,37]. 

 

Nkx2-5 regulates numerous cardiac genes involved in active conduction, such as HCN4, 

encoding the channel responsible for the If current, and SCN5A, encoding the sodium channel 

Nav1.5 [31,38]. Regarding the role of HCN4 in PF [39], its decreased expression may also 

participate in the Nkx2-5
VCS

 phenotype, particularly the abnormal QRS pattern because of 

disturbed active ventricular conduction. Conversely, Nkx2-5-deleted conductive 

cardiomyocytes maintain expression of ETV1, Cx43 and Cntn-2, suggesting that these genes 

are not direct targets for this transcription factor. These data are consistent with Nkx2-5 

operating downstream of ETV1, a transcription factor responsible for the activation of a rapid 

conduction genetic program [40]. PF hypoplasia and reduced expression of Nkx2-5 and fast-

conduction markers including Cx40 and Nav1-5 have been recently observed in 

cardiomyocyte-specific deletion of ETV1 [41]. Besides this intrinsic role of Nkx2-5 in the 

maintenance of a fast-conductive PF phenotype, we observed cell dropout of a number of 

Nkx2-5-negative elongated cardiomyocytes associated with the loss of Cntn-2 expression. In 

patients, it was shown that the RSR’ complex associated with a wide QRS, a unique mural 

conduction defect unrelated to right or left bundle branch block, was a sign of myocardial 

infarct scarring [10]. Our data reveal that loss of VCS cells and their fast conduction capacity 

is similar to the terminal conduction delay of left ventricular depolarization within impaired 

tissue due to myocardial infarction [10]. These data show that Nkx2-5 is required postnatally 

to retain cells in the VCS during maturation of the PF network and during aging. This 

provides new mechanistic insights into the previously defined requirement for maximal Nkx2-

5 levels in VCS development [42]. 

 

Nkx2-5
VCS

 mice present conduction disturbances and ventricular dyssynchrony associated 

with LV dysfunction. Indeed, these mutant mice develop strain defects, which are correlated 

with a decreased EF and diastolic dysfunction. However, these mice exhibited no structural 

changes in the myocardium and developed no apparent signs of cardiac hypertrophy or 

fibrosis, known triggers of heart failure. In this respect, abnormal conduction and progressive 

mechanical dysfunction would result from intrinsic properties of the VCS rather than a 

secondary consequence of other cardiac defects. Our data strongly suggest a direct role for 

conduction defects in the appearance of cardiac dysfunction. In a previous study, we 

demonstrated that the conditional deletion of Nkx2-5 in trabecular cells during embryonic 

development provokes a hypertrabeculated phenotype associated with cardiac hypertrophy, 

subendocardial fibrosis and severe VCS hypoplasia, which induced heart failure with age 

[19]. However, young mice developed LV dysfunction detected by a reduction in EF similar 

to Nkx2-5
VCS

 mice. Together, these data suggest that conduction defects represent a 

triggering factor for LV dysfunction in non-compaction cardiomyopathy and might explain 

the poor prognostic of patients with non-compaction cardiomyopathy associated with ECG 

defects [43–45]. Furthermore, our results highlight the important role of the ventricular 

conduction system in the origin of conduction defects and cardiac dysfunction in non-

compaction cardiomyopathy. Likewise, the asymptomatic phenotype of numerous individuals 

with hypertrabeculated hearts may arise from a different etiology in which the VCS is not 

affected [46]. 

 

Finally, this is the first study highlighting the direct effect of conduction defects on contractile 

function. Using recently developed technology, including high-frequency speckle tracking 



echocardiography [24], we were able to detect mechanical dyssynchrony in Nkx2-5
VCS

 

hearts. Mechanical dyssynchrony measures the variation in the timing of regional ventricular 

deformation during cardiac contraction and is altered in mouse models with contractile 

function defects or with age [47,48]. One of the explanations for age-related dyssynchrony is 

increased fibrosis and lipid content [49,50]; however, in our mutants, the defects were 

restricted to the Purkinje fiber network. Recent studies have described dyssynchrony as an 

important prognostic factor in patients with heart diseases for cardiac resynchronization 

therapy (CRT) [51]. CRT is now an important therapy for heart failure patients with reduced 

EF and ventricular conduction delay [52]. However, not all patients respond to this treatment, 

and those who do have more severe systolic dyssynchrony, suggesting that the VCS may be 

affected [53,54]. Our data strongly suggest that conduction defects are an important trigger of 

mechanical dyssynchrony that can be corrected by CRT and provide predictive insights into 

this responsiveness. If the VCS rather than the contractile compartment is primarily affected, 

as in our mutant mice, CRT may be more efficient. This assumption warrants further 

investigation in the future to establish clear diagnostic criteria for CRT. 

 

 

 

Author Contributions:  

 

Conceptualization, C.C., N.L. and L.M.; methodology, C.C., P.S., F.K., N.L. and L.M.; 

validation, C.C., P.S., F.K., N.L. and L.M.; formal analysis, C.C., P.S., J.V., T.H.M.N., I.V., 

N.L. and L.M.; investigation, C.C., P.S., J.V., T.H.M.N., I.V. and L.M.; resources, F.K., S.R., 

R.G.K., N.L. and L.M.; data curation, C.C., P.S., J.V., N.L., I.V. and L.M.; writing—original 

draft preparation, C.C., N.L., R.G.K. and L.M.; writing—review and editing, C.C., P.S., F.K., 

M.B., S.R., R.G.K., N.L. and L.M.; visualization, C.C., J.V., T.H.M.N. and L.M.; supervision, 

F.K., M.B., S.R., R.G.K., N.L. and L.M.; project administration, N.L. and L.M.; funding 

acquisition, M.B., S.R., R.G.K. and L.M. All authors have read and agreed to the published 

version of the manuscript. 

 

Funding:  

 

This work was supported by the Ligue contre la Cardiomyopathie, the Association Française 

contre les Myopathies (AFM-Téléthon) to L.M. and the Fondation pour la Recherche 

Médicale (DEQ20150331717) to R.G.K. C.C. was supported by the Groupe de Réflexion sur 

la Recherche Cardiovasculaire/Société Française de Cardiologie (GRRC/SFC). C.C. and J.V. 

were supported by the Association Française contre les Myopathies (AFM-Téléthon). N.L. 

and J.V. received support from the French government under the France 2030 investment 

plan, as part of the Initiative d’Excellence d’Aix-Marseille Université—A*MIDEX (AMX-

19-IET-007). 

 

Institutional Review Board Statement:  

 

The investigation was approved by the ethics committee for animal experimentation of the 

French ministry (no. 01055.02). Animal procedures conformed to the guidelines from 

Directive 2010/63/EU of the European Parliament for the Care and Use of Laboratory 

Animals. 

 

 

 



Informed Consent Statement: 

 

 Not applicable. 

 

Data Availability Statement:  

 

Data are available from the authors upon request. 

 

 

Acknowledgments:  

 

We acknowledge the France-BioImaging/PICsL infrastructure (ANR-10-INSB-04-01), the 

Small animal imaging platform of Montpellier (IPAM) for echocardiography and France Life 

Imaging network (ANR-11-INSB-0006) for MRI. 

 

Conflicts of Interest:  

 

The authors declare no conflict of interest. 

 

 

References 
1. Boyett, M.R. ‘And the beat goes on.’ The cardiac conduction system: The wiring system of 

the heart. Exp. Physiol. 2009, 94, 1035–1049. [CrossRef] [PubMed] 

 

2. Anderson, R.H.; Ho, S.Y. The morphology of the cardiac conduction system. Novartis 

Found. Symp. 2003, 250, 6–17; discussion 18–24, 276–279. 

 

3. Miquerol, L.; Moreno-Rascon, N.; Beyer, S.; Dupays, L.; Meilhac, S.M.; Buckingham, 

M.E.; Franco, D.; Kelly, R.G. Biphasic development of the mammalian ventricular 

conduction system. Circ. Res. 2010, 107, 153–161. [CrossRef] [PubMed] 

 

4. Zaglia, T.; Pianca, N.; Borile, G.; Da Broi, F.; Richter, C.; Campione, M.; Lehnart, S.E.; 

Luther, S.; Corrado, D.; Miquerol, L.; et al. Optogenetic determination of the myocardial 

requirements for extrasystoles by cell type-specific targeting of channelrhodopsin-2. Proc. 

Natl. Acad. Sci. USA 2015, 112, E4495–E4504. [CrossRef] [PubMed] 

 

5. van Kempen, M.J.; ten Velde, I.;Wessels, A.; Oosthoek, P.W.; Gros, D.; Jongsma, H.J.; 

Moorman, A.F.; Lamers,W.H. Differential connexin distribution accommodates cardiac 

function in different species. Microsc. Res. Tech. 1995, 31, 420–436. [CrossRef] [PubMed] 

 

6. Gros, D.B.; Jongsma, H.J. Connexins in mammalian heart function. Bioessays 1996, 18, 

719–730. [CrossRef] [PubMed] 

 

7. Marionneau, C.; Couette, B.; Liu, J.; Li, H.; Mangoni, M.E.; Nargeot, J.; Lei, M.; Escande, 

D.; Demolombe, S. Specific pattern of ionic channel gene expression associated with 

pacemaker activity in the mouse heart. J. Physiol. 2005, 562, 223–234. [CrossRef] [PubMed] 

 

 

 



8. Gaborit, N.; Le Bouter, S.; Szuts, V.; Varro, A.; Escande, D.; Nattel, S.; Demolombe, S. 

Regional and tissue specific transcript signatures of ion channel genes in the non-diseased 

human heart. J. Physiol. 2007, 582, 675–693. [CrossRef] 

 

9. John, R.M.; Tedrow, U.B.; Koplan, B.A.; Albert, C.M.; Epstein, L.M.; Sweeney, M.O.; 

Miller, A.L.; Michaud, G.F.; Stevenson, W.G. Ventricular arrhythmias and sudden cardiac 

death. Lancet 2012, 380, 1520–1529. [CrossRef] [PubMed] 

 

10. Varriale, P.; Chryssos, B.E. The RSR’ complex not related to right bundle branch block: 

Diagnostic value as a sign of myocardial infarction scar. Am. Heart J. 1992, 123, 369–376. 

[CrossRef] 

 

11. Harvey, R.P.; Lai, D.; Elliott, D.; Biben, C.; Solloway, M.; Prall, O.; Stennard, F.; 

Schindeler, A.; Groves, N.; Lavulo, L.; et al. Homeodomain factor Nkx2-5 in heart 

development and disease. Cold Spring Harb. Symp. Quant. Biol. 2002, 67, 107–114. 

[CrossRef] [PubMed] 

 

12. Schott, J.J.; Benson, D.W.; Basson, C.T.; Pease,W.; Silberbach, G.M.; Moak, J.P.; Maron, 

B.J.; Seidman, C.E.; Seidman, J.G. Congenital heart disease caused by mutations in the 

transcription factor Nkx2-5. Science 1998, 281, 108–111. [CrossRef] 

 

13. Tanaka, M.; Berul, C.I.; Ishii, M.; Jay, P.Y.;Wakimoto, H.; Douglas, P.; Yamasaki, N.; 

Kawamoto, T.; Gehrmann, J.; Maguire, C.T.; et al. A mouse model of congenital heart 

disease: Cardiac arrhythmias and atrial septal defect caused by haploinsufficiency of the 

cardiac transcription factor Csx/Nkx2.5. Cold Spring Harb. Symp. Quant. Biol. 2002, 67, 

317–325. [CrossRef] [PubMed] 

 

14. Jay, P.Y.; Harris, B.S.; Maguire, C.T.; Buerger, A.; Wakimoto, H.; Tanaka, M.; 

Kupershmidt, S.; Roden, D.M.; Schultheiss, T.M.; O’Brien, T.X.; et al. Nkx2-5 mutation 

causes anatomic hypoplasia of the cardiac conduction system. J. Clin. Investig. 2004, 113, 

1130–1137. [CrossRef] [PubMed] 

 

15. Pashmforoush, M.; Lu, J.T.; Chen, H.; Amand, T.S.; Kondo, R.; Pradervand, S.; Evans, 

S.M.; Clark, B.; Feramisco, J.R.; Giles,W.; et al. Nkx2-5 pathways and congenital heart 

disease; loss of ventricular myocyte lineage specification leads to progressive cardiomyopathy 

and complete heart block. Cell 2004, 117, 373–386. [CrossRef] [PubMed] 

 

16. Ellesoe, S.G.; Johansen, M.M.; Bjerre, J.V.; Hjortdal, V.E.; Brunak, S.; Larsen, L.A. 

Familial atrial septal defect and sudden cardiac death: Identification of a novel Nkx2-5 

mutation and a review of the literature. Congenit. Heart Dis. 2016, 11, 283–290. [CrossRef] 

[PubMed] 

 

17. Maury, P.; Gandjbakhch, E.; Baruteau, A.E.; Bessiere, F.; Kyndt, F.; Bouvagnet, P.; 

Rollin, A.; Bonnet, D.; Probst, V.; Maltret, A. Cardiac phenotype and long-term follow-up of 

patients with mutations in nkx2-5 gene. J. Am. Coll. Cardiol. 2016, 68, 2389–2390. 

[CrossRef] [PubMed] 

 

18. Choquet, C.; Kelly, R.G.; Miquerol, L. Nkx2-5 defines distinct scaffold and recruitment 

phases during formation of the murine cardiac Purkinje fiber network. Nat. Commun. 2020, 

11, 5300. [CrossRef] 



19. Choquet, C.; Nguyen, T.H.M.; Sicard, P.; Buttigieg, E.; Tran, T.T.; Kober, F.; Varlet, I.; 

Sturny, R.; Costa, M.W.; Harvey, R.P.; et al. Deletion of Nkx2-5 in trabecular myocardium 

reveals the developmental origins of pathological heterogeneity associated with ventricular 

non-compaction cardiomyopathy. PLoS Genet. 2018, 14, e1007502. 

 

20. Furtado, M.B.; Wilmanns, J.C.; Chandran, A.; Tonta, M.; Biben, C.; Eichenlaub, M.; 

Coleman, H.A.; Berger, S.; Bouveret, R.; Singh, R.; et al. A novel conditional mouse model 

for Nkx2-5 reveals transcriptional regulation of cardiac ion channels. Differentiation 2016, 

91, 29–41. [CrossRef] 

 

21. Beyer, S.; Kelly, R.G.; Miquerol, L. Inducible Cx40-cre expression in the cardiac 

conduction system and arterial endothelial cells. Genesis 2011, 49, 83–91. [CrossRef] 

[PubMed] 

 

22. Srinivas, S.;Watanabe, T.; Lin, C.S.;William, C.M.; Tanabe, Y.; Jessell, T.M.; Costantini, 

F. Cre reporter strains produced by targeted insertion of eYFP and eCFP into the Rosa26 

locus. BMC Dev. Biol. 2001, 1, 4. [CrossRef] 

 

23. Miquerol, L.; Meysen, S.; Mangoni, M.; Bois, P.; van Rijen, H.V.; Abran, P.; Jongsma, 

H.; Nargeot, J.; Gros, D. Architectural and functional asymmetry of the his-purkinje system of 

the murine heart. Cardiovasc. Res. 2004, 63, 77–86. [CrossRef] 

 

24. Bhan, A.; Sirker, A.; Zhang, J.; Protti, A.; Catibog, N.; Driver, W.; Botnar, R.; Monaghan, 

M.J.; Shah, A.M. High-frequency speckle tracking echocardiography in the assessment of left 

ventricular function and remodeling after murine myocardial infarction. Am. J. Physiol. Heart 

Circ. Physiol. 2014, 306, H1371–H1383. [CrossRef] 

 

25. Pallante, B.A.; Giovannone, S.; Fang-Yu, L.; Zhang, J.; Liu, N.; Kang, G.; Dun, W.; 

Boyden, P.A.; Fishman, G.I. Contactin-2 expression in the cardiac Purkinje fiber network. 

Circ. Arrhythm. Electrophysiol. 2010, 3, 186–194. [CrossRef] [PubMed] 

 

26. Benson, D.W. Genetic origins of pediatric heart disease. Pediatr. Cardiol. 2010, 31, 422–

429. [CrossRef] [PubMed] 

 

27. Prendiville, T.; Jay, P.Y.; Pu, W.T. Insights into the genetic structure of congenital heart 

disease from human and murine studies on monogenic disorders. Cold Spring Harb. Perspect. 

Med. 2014, 4, 100262. [CrossRef] [PubMed] 

 

28. Benson, D.W. Genetics of atrioventricular conduction disease in humans. Anat. Rec. A 

Discov. Mol. Cell. Evol. Biol. 2004, 280, 934–939. [CrossRef] 

 

29. Ashraf, H.; Pradhan, L.; Chang, E.I.; Terada, R.; Ryan, N.J.; Briggs, L.E.; Chowdhury, R.; 

Zarate, M.A.; Sugi, Y.; Nam, H.J.; et al. A mouse model of human congenital heart disease: 

High incidence of diverse cardiac anomalies and ventricular noncompaction produced by 

heterozygous Nkx2-5 homeodomain missense mutation. Circ. Cardiovasc. Genet. 2014, 7, 

423–433. [CrossRef] [PubMed] 

 

 

 



30. Briggs, L.E.; Takeda, M.; Cuadra, A.E.; Wakimoto, H.; Marks, M.H.; Walker, A.J.; Seki, 

T.; Oh, S.P.; Lu, J.T.; Sumners, C.; et al. Perinatal loss of Nkx2-5 results in rapid conduction 

and contraction defects. Circ. Res. 2008, 103, 580–590. [CrossRef] [PubMed] 

 

31. Terada, R.; Warren, S.; Lu, J.T.; Chien, K.R.; Wessels, A.; Kasahara, H. Ablation of 

Nkx2-5 at mid-embryonic stage results in premature lethality and cardiac malformation. 

Cardiovasc. Res. 2011, 91, 289–299. [CrossRef] [PubMed] 

 

32. Boukens, B.J.; Hoogendijk, M.G.; Verkerk, A.O.; Linnenbank, A.; van Dam, P.; Remme, 

C.A.; Fiolet, J.W.; Opthof, T.; Christoffels, V.M.; Coronel, R. Early repolarization in mice 

causes overestimation of ventricular activation time by the QRS duration. Cardiovasc. Res. 

2013, 97, 182–191. [CrossRef] [PubMed] 

 

33. Kirchhoff, S.; Nelles, E.; Hagendorff, A.; Kruger, O.; Traub, O.;Willecke, K. Reduced 

cardiac conduction velocity and predisposition to arrhythmias in Connexin40-deficient mice. 

Curr. Biol. 1998, 8, 299–302. [CrossRef] [PubMed] 

 

34. Simon, A.M.; Goodenough, D.A.; Paul, D.L. Mice lacking Connexin40 have cardiac 

conduction abnormalities characteristic of atrioventricular block and bundle branch block. 

Curr. Biol. 1998, 8, 295–298. [CrossRef] [PubMed] 

 

35. van Rijen, H.V.; van Veen, T.A.; van Kempen, M.J.; Wilms-Schopman, F.J.; Potse, M.; 

Krueger, O.; Willecke, K.; Opthof, T.; Jongsma, H.J.; de Bakker, J.M. Impaired conduction in 

the bundle branches of mouse hearts lacking the gap junction protein Connexin40. Circulation 

2001, 103, 1591–1598. [CrossRef] [PubMed] 

 

36. Schrickel, J.W.; Kreuzberg, M.M.; Ghanem, A.; Kim, J.S.; Linhart, M.; Andrie, R.; 

Tiemann, K.; Nickenig, G.; Lewalter, T.; Willecke, K. Normal impulse propagation in the 

atrioventricular conduction system of Cx30.2/Cx40 double deficient mice. J. Mol. Cell. 

Cardiol. 2009, 46, 644–652. [CrossRef] [PubMed] 

 

37. Tamaddon, H.S.; Vaidya, D.; Simon, A.M.; Paul, D.L.; Jalife, J.; Morley, G.E. High-

resolution optical mapping of the right bundle branch in Connexin40 knockout mice reveals 

slow conduction in the specialized conduction system. Circ. Res. 2000, 87, 929–936. 

[CrossRef] [PubMed] 

 

38. Ye, W.; Wang, J.; Song, Y.; Yu, D.; Sun, C.; Liu, C.; Chen, F.; Zhang, Y.; Wang, F.; 

Harvey, R.P.; et al. A common Shox2-Nkx2-5 antagonistic mechanism primes the pacemaker 

cell fate in the pulmonary vein myocardium and sinoatrial node. Development 2015, 142, 

2521–2532. [PubMed] 

 

39. Mesirca, P.; Alig, J.; Torrente, A.G.; Muller, J.C.; Marger, L.; Rollin, A.; Marquilly, C.; 

Vincent, A.; Dubel, S.; Bidaud, I.; et al. Cardiac arrhythmia induced by genetic silencing of 

‘funny’ (f) channels is rescued by girk4 inactivation. Nat. Commun. 2014, 5, 4664. 

[CrossRef] [PubMed] 

 

40. Shekhar, A.; Lin, X.; Liu, F.Y.; Zhang, J.; Mo, H.; Bastarache, L.; Denny, J.C.; Cox, N.J.; 

Delmar, M.; Roden, D.M.; et al. Transcription factor Etv1 is essential for rapid conduction in 

the heart. J. Clin. Investig. 2016, 126, 4444–4459. [CrossRef] [PubMed] 



41. Shekhar, A.; Lin, X.; Lin, B.; Liu, F.Y.; Zhang, J.; Khodadadi-Jamayran, A.; Tsirigos, A.; 

Bu, L.; Fishman, G.I.; Park, D.S. Etv1 activates a rapid conduction transcriptional program in 

rodent and human cardiomyocytes. Sci. Rep. 2018, 8, 9944. [CrossRef] 

 

42. Meysen, S.; Marger, L.; Hewett, K.W.; Jarry-Guichard, T.; Agarkova, I.; Chauvin, J.P.; 

Perriard, J.C.; Izumo, S.; Gourdie, R.G.; Mangoni, M.E.; et al. Nkx2.5 cell-autonomous gene 

function is required for the postnatal formation of the peripheral ventricular conduction 

system. Dev. Biol. 2007, 303, 740–753. [CrossRef] [PubMed] 

 

43. Bhatia, N.L.; Tajik, A.J.; Wilansky, S.; Steidley, D.E.; Mookadam, F. Isolated 

noncompaction of the left ventricular myocardium in adults: A systematic overview. J. Card. 

Fail. 2011, 17, 771–778. [CrossRef] 

 

44. Brescia, S.T.; Rossano, J.W.; Pignatelli, R.; Jefferies, J.L.; Price, J.F.; Decker, J.A.; 

Denfield, S.W.; Dreyer, W.J.; Smith, O.; Towbin, J.A.; et al. Mortality and sudden death in 

pediatric left ventricular noncompaction in a tertiary referral center. Circulation 2013, 127, 

2202–2208. [CrossRef] [PubMed] 

 

45. Kimura, K.; Takenaka, K.; Ebihara, A.; Uno, K.; Morita, H.; Nakajima, T.; Ozawa, T.; 

Aida, I.; Yonemochi, Y.; Higuchi, S.; et al. Prognostic impact of left ventricular 

noncompaction in patients with Duchenne/Becker muscular dystrophy—Prospective 

multicenter cohort study. Int. J. Cardiol. 2013, 2, 214. [CrossRef] 

 

46. Towbin, J.A.; Lorts, A.; Jefferies, J.L. Left ventricular non-compaction cardiomyopathy. 

Lancet 2015, 386, 813–825. [CrossRef] [PubMed] 

 

47. Bauer, M.; Cheng, S.; Unno, K.; Lin, F.C.; Liao, R. Regional cardiac dysfunction and 

dyssynchrony in a murine model of afterload stress. PLoS ONE 2013, 8, e59915. 

 

48. de Lucia, C.; Wallner, M.; Eaton, D.M.; Zhao, H.; Houser, S.R.; Koch, W.J. 

Echocardiographic strain analysis for the early detection of left ventricular systolic/diastolic 

dysfunction and dyssynchrony in a mouse model of physiological aging. J. Gerontol. A Biol. 

Sci. Med. Sci. 2018, 3, 2441. [CrossRef] [PubMed] 

 

49. Crendal, E.; Dutheil, F.; Naughton, G.; McDonald, T.; Obert, P. Increased myocardial 

dysfunction, dyssynchrony, and epicardial fat across the lifespan in healthy males. BMC 

Cardiovasc. Disord. 2014, 14, 95. [CrossRef] [PubMed] 

 

50. Lin, L.Y.; Wu, C.K.; Juang, J.M.; Wang, Y.C.; Su, M.Y.; Lai, L.P.; Hwang, J.J.; Chiang, 

F.T.; Tseng, W.Y.; Lin, J.L. Myocardial regional interstitial fibrosis is associated with left 

intra-ventricular dyssynchrony in patients with heart failure: A cardiovascular magnetic 

resonance study. Sci. Rep. 2016, 6, 20711. [CrossRef] [PubMed] 

 

51. Cai, Q.; Ahmad, M. Left ventricular dyssynchrony by 3 dimensional echocardiography: 

Current understanding and potential future clinical applications. Echocardiography 2015, 32, 

1299–1306. [CrossRef] [PubMed] 

 

 

 



52. Engels, E.B.; Mafi-Rad, M.; van Stipdonk, A.M.; Vernooy, K.; Prinzen, F.W. Why qrs 

duration should be replaced by better measures of electrical activation to improve patient 

selection for cardiac resynchronization therapy. J. Cardiovasc. Transl. Res. 2016, 9, 257–265. 

[CrossRef] [PubMed] 

 

53. Suffoletto, M.S.; Dohi, K.; Cannesson, M.; Saba, S.; Gorcsan, J., 3rd. Novel speckle-

tracking radial strain from routine black-andwhite echocardiographic images to quantify 

dyssynchrony and predict response to cardiac resynchronization therapy. Circulation 2006, 

113, 960–968. [CrossRef] [PubMed] 

 

54. Yu, C.M.; Gorcsan, J., 3rd; Bleeker, G.B.; Zhang, Q.; Schalij, M.J.; Suffoletto, M.S.; 

Fung, J.W.; Schwartzman, D.; Chan, Y.S.; Tanabe, M.; et al. Usefulness of tissue doppler 

velocity and strain dyssynchrony for predicting left ventricular reverse remodeling response 

after cardiac resynchronization therapy. Am. J. Cardiol. 2007, 100, 1263–1270. [CrossRef] 

[PubMed] 

 


