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Abstract: 

Background - Heterozygous human NKX2-5 homeodomain (DNA binding domain) missense 

mutations are highly penetrant for varied congenital heart defects, including progressive 

atrioventricular block (AVB) requiring pacemaker implantation.  We recently replicated this genetic 

defect in a murine knock-in model, in which we demonstrated highly penetrant, pleiotropic cardiac 

anomalies. In this study, we examined postnatal AV conduction in the knock-in mice. 

Methods and Results - A murine knock-in model (Arg52Gly, Nkx2-5+/R52G) in a 129/Sv background

was analyzed by histopathology, surface and telemetry ECG, and in vivo electrophysiology 

studies (EPS), comparing with control Nkx2-5+/+ mice at diverse postnatal stages, ranging from 

postnatal day 1 (P1) to 17 months. PR-prolongation (1st degree AVB) was present at 4 weeks, 7 

months, and 17 months of age but not at P1 in the mutant mice. Advanced AVB was also 

occasionally demonstrated in the mutant mice. EPS showed that AV nodal function, and right 

ventricular effective refractory period, were impaired in the mutant mice, while sinus nodal 

function was not affected. AV nodal size was significantly smaller in the mutant mice compared

to their controls at 4 weeks of age, corresponding to the presence of PR-prolongation, but not P1, 

suggesting, at least in part, that the conduction abnormalities are the result of a morphologically 

atrophic AV node.  

Conclusions - The highly penetrant and progressive AVB phenotype seen in human 

heterozygous missense mutations in NKX2-5 homeodomain was replicated in mice by knocking-

in a comparable missense mutation.  

Key words: atrioventricular block, congenital heart disease, genetics, animal models, genetics, 
human, knock-in
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occasionally demonstrated in the mutant mice. EPS showed that AV nodal functiiionnn, ananand d d riririghghght t

ventricular effective refractory period, were impaired in the mutant mice, while sinus nodal 
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Introduction

To date, nearly 40 mutations in the transcription factor NKX2-5 have been found related to familial 

congenital heart disease (OMIM, NCBI). Almost half of these mutations have been found in the

homeodomain (DNA binding domain)1-6. NKX2-5 homeodomain missense mutations have a high 

disease penetrance, with pleiotropic cardiac effects when compared to missense mutations outside 

the homeodomain1-6. In addition, humans harboring a heterozygous homeodomain missense NKX2-5

mutation demonstrate near complete penetrance of progressive atrioventricular block (AVB) during 

postnatal life1, 7.

In order to understand the potential disease mechanisms underlying heterozygous NKX2-5

mutation, we recently generated and analyzed a heterozygous knock-in mouse model by introducing 

a disease-causing missense mutation in homeodomain position 52, and Nkx2-5 protein position 188 

in Nkx2-5 proteins, Arg52(188)Gly, Nkx2-5+/R52G 8. In contrast to heterozygous knock-out mice 

(Nkx2-5+/-), we found that the cardiac effects of knock-in mice (Nkx2-5+/R52G), hereafter described as 

Nkx2-5-KI mice, were similar to those observed in humans. Cardiac malformations were highly 

penetrant, and the effects on cardiac morphology were pleiotropic. Among them, atrial septal defects 

characterized by persistent interatrial communication due to deficiency of the flap valve of the oval 

fossa, are the most prevalent cardiac anomaly found in human patients. In knock-in mice, such 

interatrial communication was shown to be the consequence of an increased size of the oval fossa 

and a decreased length of the flap valve that usually closes the fossa, compared to control wild-type 

mice. In addition, ventricular noncompaction (100%), ventricular septal defects (82%), 

atrioventricular septal defects (18%) and tricuspid valvar anomalies (47%) were displayed in the 

knock-in mice. These lesions were not demonstrated in wild-type mice, but some of them were found 

with lower incidences in heterozygous knock-out mice 8. 

mutation, we recently generated and analyzed a heterozygous knock-in mouse modeelel bbby y ininintrtrtrodododucuu iiing 

a diseasa e-causu ing g g mim ssense mutation in homeodomaiinn position 52, and Nkx2x2-5 protein position 188 

nnn NNNkxk 2-5 prototo eieieinsnsns, ArArArg5g5g52(2(2(1818188)8)8)GlGlGly,y,y, NkNkNkx2x2x2-5-- +//R52G 8. nInIn connntrtrtrasasastt t totot hhheeeterererozoo ygygygououo s knknnococockkk---ououo t t mimimicecece 

NNkNkxx2x2-5+/-// )- , wewe fououound tthahahat the caaardiacc eeeffffecccts ooof kkknoccckkk--innn mmmiiiceee (NNNkxx22(( --5-5+/R5222G)))GG , hhehererereafterrr ddedesccrrribeddd aaas

Nkx2-5-KIKIKI miceee, wereee sisisimim lar totoo those observeveved d ininin hhhumuu ans... CCardiac mmmalformatatatioi nsss were highgg ly 

pepepenenenetrtrtranananttt,, , ananandd d ththt ee e efefeffefefectctctss s ononon cccararardidid acacac mmmorororphphp ololo ogogogyy y wewewererere pppleleeioiootrtrtropopopicicc.. . AmAmAmonononggg ththt ememem,,, aaatrtrtriaiaall seseseptptptalalal  aaaa dededefefeectctctsss
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In the current study, we analyzed the signature phenotype of human patients having an

NKX2-5 mutation, namely progressive AVB observed during postnatal life. We focused on the 

agreements and disagreements between mice and humans by using the combination of surface and 

telemetry ECG, in vivo electrophysiology studies (EPS), and histopathology. As in human NKX2-

5 mutations, we found a progressive and highly penetrant AVB phenotype in heterozygous Nkx2-5-

KI mice.  

Materials and Methods

Generation of Nkx2-5+/R52G mice

Nkx2-5+/R52G knock-in mice were generated as reported previously8. In brief, a targeting vector was 

constructed by introduction of a CGT to GGT point mutation in exon 2, insertion of thymidine 

kinase (TK) gene for negative selection and floxed-neomycin-resistant gene (NeoR) for positive 

selection in the intergenic regions. NeoR gene was deleted subsequently by crossing with Cre-

deleter mice (ACTB-Cre). Cre-deleter transgenes were eliminated during backcrossing to 129/Sv 

mice purchased from Charles River (129/SvPasCrl) over 8 generations. All animal experiments 

were performed with approval from the University of Florida Institutional Animal Care and Use 

Committee.

Surface 6-lead ECG and telemetry ECG recordings

Surface 6-lead ECG and telemetry ECG recordings were performed as previously described 9, 10. 

Briefly, mice were anesthetized with isoflurane (1-2%) and placed on a heated pad (using water 

circulation) at 37°C. ECG recordings were obtained from a 29 gauge subcutaneous electrode. For 

ambulatory ECG analysis in conscious unrestrained mice, 1.6-g transmitters (ETA-F10. DSI) were 

implanted. After 72 hours recovery time from surgical instrumentation, ECG recordings were 

performed in each mouse placed in a separate cage overlying a receiver (DSI) in daytime. Signal-

Nkx2-5+/R52G knock-in mice were generated as reported previously8y . In brief, a targeetititingngng vvvececectototor r r wawawas

constructed by introduction of a CGT to GGT point mutation in exon 2, insertion off thymidine

kiiinananassse (TK)) ggegene for negggative selection and floxeddd-nnneomyyycin-KK resisiistststant gene (NeoR(( ) ) for pop sitive 

eeeleeectc ion in the iintttergeeenniic reggigioons. NeooRoR gennne e wasss dddeletettededed sssububbsequququentlyyy bbyby cccrooossingg g wwwithhh CCCre---

deletererdd mimimicece (ACACCTBTBTB(( -CrCrC e)).). CCre-deded lleletter tranansgssgenenese wwereree elelimimimiininatatatededed ddururrinining babab kckckcrc osssisisinngng to 1212129/9/9/SvSvS  

mice pururrchchchasasasededd fffrororom m m ChChCharararleleles ss RiRiRiveveverrr (1(1( 292929/S/S/SvPvPvPasasasCrCrrl)l)l) ovovovererer 888 gegegenenen rararatititionononsss. AlAlAlll l anananimimimalalal eeexpxpxperererimimimeenents 
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averaged ECGs selected from ~20 stable ECG beats from at least three different time points were 

analyzed by LabChart with the ECG analysis module (ADInstruments) to confirm the consistency of 

the data.

Electrophysiology study (EPS)

Simultaneous atrial and ventricular pacing and recording were performed via 1.1F octapolar 

catheter (EPR-800, Millar) inserted via a jugular vein in mice anesthetized with isoflurane (2-3%).

The standard pacing protocols11-13 were programmed in the multichannel stimulator STG 3008 

(Multichannel systems), which was analyzed by LabChart (ADInstruments). Sinus nodal function 

was evaluated by measuring sinus node recovery time (SNRT) at three pacing drive rates (150, 120 

and 100 ms) and corrected SNRT (SNRT minus sinus cycle length, SCL). AV conduction properties 

were assessed with rapid atrial pacing at rates with a minimum pacing cycle length of 50 ms (up to 

1,200 bpm). The minimum cycle length maintaining 1:1 AV conduction, the Wenckebach paced 

cycle length, and the maximum paced cycle length causing 2:1 AV block were determined. AV 

nodal effective refractory periods were determined by the maximum coupling interval causing AV 

block at the two pacing drive rates (150 and 120 ms). Right ventricular effective refractory periods 

were determined by the maximum coupling interval that failed to stimulate ventricles at the two

pacing drive rates (150 and 120 ms). Right ventricular burst pacing was performed at rates with a

pacing cycle length of 150 to 50 ms (400 -1,200 bpm) to assess retrograde ventriculo-atrial 

conduction.

Histological analysis  

Serial paraffin-embedded tissue sectioning of 5 m thickness was performed to reveal the 

location and dimensions of the atrioventricular conduction axis as described previously8, 14. For 

the purpose of this study, we discriminated the conduction axis as having a ventricular 

and 100 ms) and corrected SNRT (SNRT minus sinus cycle length, SCL). AV condduucuctitition n n prprpropopoperee tities

were aassessed d wiithth rapid atrial pacing at rates with a mim nimum pacing cyclee length of 50 ms (up to 

1,1,,200000 bpm). ThThT ee e mimm ninimumumum m m cycyc clclle e e lelelengngngththh mmmaia ntntntaiaiaininn nggg 1:1 AAAV V V cococondn ucucuctiiiononon, thththeee WeWencncnckekekebababachch pppacacacededed 

cycyyclclle ee length, ana d d thhhe mmmaxxximum m m papp ced d d cycyycllle lengngngth cccauuusingngng 222:111 AAAV bblbloock wwwerrre dddeteteterminenenedd. AAAV 

nodal effefefectcc ive reeefrf actoooryryry ppperiodsdsds were determimiminenen d d d bybyby the mmmaxaa imum couoo plpp ing gg ininintervvvalaa  causinggg AV 

blblb ococockk atatat ttthehee tttwowowo pppacacacininingg g drdrd ivivvee e rararatetetesss (1(1( 505050 aaandndd 111202020 mmms)s)s).. . RiRighghg tt t veveventntntriricucuculalaarr r efefeffefefectctctivivvee e rererefrfracacactototoryryry ppperererioioodsdsds  
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component (made up of the ventricular components of the axis and the bundle branches) and a

penetrating component (made up of the bundle of His), from a compact atrioventricular nodal 

component, and its inferior nodal extensions)17,18. We distinguished the penetrating component 

of the axis on the basis of its insulation from the atrial cardiomyocytes by the fibrous tissues of 

the central fibrous body. This definition of the node, as opposed to the penetrating bundle, was 

initially proposed by Tawara15 although subsequent investigators have described so-called 

“lower nodal cells” as being part of the atrioventricular node. We did not consider these cells as 

belonging to the node, although it was possible to trace the cells through the basal part of the 

node, where they became continuous with the inferior nodal extensions.  

 We then digitized the proximal part of the penetrating bundle immediately it had been 

insulated from the atrial cardiomyocytes, the compact part of the node, and the inferior nodal 

extensions so as to measure their areas, nuclear numbers, and cell width using Image J as 

reported previously.10 The width of the cardiomyocytes within the compact node was measured 

in the troponin T-positive myocytes at the level of the nuclei as shown previously.10 AV nodal 

volume was calculated r){r + ( + )}(r, radius of maximum area size; l, length, 5 x

number of tissue sections). Paraffin-embedded tissue sectioning or cryosectioning of 

paraformaldehyde-fixed hearts was utilized for immunostaining. Immunostaining was performed 

with the following antibodies: actinin (Sigma A7811), connexin 40 (Alpha Diagnostic Inc. cx40-

A), connexin 43 (Zymed 71-700), HCN4 (Millipore, AB5808), Nav1.5( )(Alomone Labs, ASC-

005), troponin T (Sigma, T6277) and Nkx2-516. Presence of fibrosis was examined using 

picrosirius red-stained tissue sections.  Briefly, the tissue sections were heated at 60°C for 45 

min before deparaffinization and stained in 0.1% direct red 80, 0.1% fast green FCF in 1.2% 

picric acid for 60 min.   

We then digitized the proximal part of the penetrating bundle immediatelylyy iiit t t hahahad d d bebebeenee  

nsulatet d fromm thehe atrial cardiomyocytes, the compmppaca t part of the node, anand the inferior nodal 

exexxteeensions so oo asasas ttto oo mememeasasasururure e e thheieieir r r ararareaeaeas,s,s, nnnuccclelelearaa  numumumbersrsrs,, , ananand dd ceeellllll wwwidididththh uuusiss nggg IIImamamagegege JJ aaasss

eeepopoportr ed previviouuuslly.10 TThhe wwwididdthtt  of thththee caardiiiommmyooocyyytesss wwwiti hhhinnn thhe ccompppaccct nnonodded  waasas mmeaeaeasureeeddd 

n the trooopopop nin T-T-T popp siiititit vevv  myoyoy cycycytes at the levevvelel ooof f f thththe nuclclclei as showowwn prpp evvvioioiouslylyly.10 AV nodal 

vovovolululumememe wwwasasas cccalalalcucuculalalateteteddd r)r)r){{{rrr +++ ((( +++ )))}}}(r(r(r, rrradadadiuiuiusss ofofof mmmaxaxaximimimumumum aaarerereaaa sisisizezeze;;; lll, lllenenengtgtgthhh, 555 xxx
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Acetylcholine esterase (AchE) staining using the serial frozen tissue sections (10 m

thickness) was performed as described previously14. 

Statistical analysis 

Data presented are expressed as mean values plus or minus the standard error (SE) or standard 

deviation (SD) of the mean. Results were analyzed by SPSS (version 22) using independent T-

test. Levene’s test was utilized for equality of variance, and P values were calculated depending 

on the assurance of equality. P values are 2-sided and those less than 0.05 were considered 

significant. There are no adjustments for multiple comparison. 

Results

Phenotypes associated with Arg52(189)Gly, NKX2-5+/R52, , homeodomain missense mutation

The pedigree of the family having Arg52(189)Gly mutation previously reported5 was recently

found to include a new patient in the 5th generation who demonstrated atrioventricular block (AVB), 

as well as atrial and ventricular septal defects, resulting in six members of the family with a

mutation (Figure 1). All 6 genotype-positive individuals demonstrate AVB (first, second or third 

degree). Atrial septal defect (ASD) was present in 5 patients, ventricular septal defect (VSD) or a 

small tricuspid valve was present in one patient each.

AVB in heterozygous knock-in Nkx2-5 mutant mice, (Arg52(188)Gly, Nkx2-5+/R52G), measured 

by surface and ambulant ECG recordings

As shown above, the signature phenotype of humans harboring a heterozygous homeodomain 

missense NKX2-5 mutation is development of progressive AVB during postnatal life. A newly 

generated mouse model having a single missense mutation by knock-in8, Nkx2-5+/R52G (Nkx2-5-KI), 

was evaluated by surface ECG recording at postnatal day 1 (P1), 4 weeks, 7 months and 17 months 

of age (Figures 2A-D). The PR interval was not prolonged in P1 Nkx2-5-KI mice, but was prolonged

Results

Phenotypes associated with Arg52(189)Gly, NKX2-5+/R52, , homeodomain missense mutation

ThThhe e pppedigreee e of the family yy havinggg Arg5g 2(189))Gly mumum tation prpp eviooousususlyy repported5 was recentlyyy

fofofounnnd to include a nnnew w paatiennnttt iinin the 5th geeenerraratttion wwwhoh dddemememonononstraaateeed atrriiovvvenennttrrricularrr bblblocckkk (AVBVBVBtt

as welelllll asasas aatriaalll ananddd veve tntnt iriricular r sesesepptal ddefefefeecectss, reesusultltltiining g ininin sixixix mem mbmbmbere s s fofof ttthhhe fafaf mimimillyly wiiiththth aa

mutationnn (((FiFiFigugugurerere 111).).).  AlAlAllll 666 gegegenononotytytypepepe--popoosisisitititiveveve iiindndndivvvidididuauaualslsls dddemememonononstststrararatetee AVAVAVBBB (f(f(firirirststst, sesesecococondndnd ooor r r thththird 
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after 4 weeks of age under low isoflurane anesthesia (1%). The difference was significant; but 

was subtle, in particular at 4 weeks of age (Figure 2E, Table 1). Exposure to the higher dose of 

isoflurane (3%) for 5 minutes prolonged the PR interval, even in the control mice (33.2 ± 0.8 vs. 

41.5 ± 1.5 ms), but the effect was more profound in Nkx2-5-KI mice (36.5 ± 0.6 vs. 54.2 ± 2.2 

ms)(Figure 2F, Supplemental Table 1). These results suggest that the mutant mice demonstrate

postnatal progressive AVB with the lower dose of anesthesia, which became more evident under the 

higher dose of anesthesia.

In order to confirm that the PR prolongation was not a side effect of anesthesia, and to 

examine the presence of advanced AVB, we utilized ambulatory ECG analysis in conscious 

unrestrained aged mice at 17 months of age (Figure 3A, Table 2). The PR interval was significantly 

longer in Nkx2-5-KI mice relative to the controls (38.0 ± 0.9 vs. 33.3 ± 0.9 ms, p< 0.01). One of 16

Nkx2-5-KI mice also demonstrated advanced AVB (complete AVB) (Figure 3B), while none of the 

control mice showed any degree of AVB.

 Wide QRS, indicative of prolonged ventricular conduction times, was demonstrated in Nkx2-

5-KI mice at all ages, with or without anesthesia (Figure 2E, Tables 1, 2). This finding is consistent 

with the previous studies analyzing conditional Nkx2-5 homozygous, as well as heterozygous, Nkx2-

5 knockout mice9, 10, 14, 17, 18. Human patients with NKX2-5 mutations, in contrast, do not 

demonstrate wide QRS5.  

In vivo endocardial electrophysiological studies (EPS)

To determine the electrophysiological functions of conduction systems, in vivo EPS were performed 

in mice at 7 month of age, when AVB is well-established, and mouse body size is large enough for 

EPS following the standard pacing protocol with the basal pacing rate of 150 ms. To be paced at 150 

ms, endogenous sinus cycle length (CL) was kept longer than 150 ms by a higher dose of isoflurane 

unrenn strained aged mice at 17 months of age (Figure 3A, Table 2). The PR interval wwawas s sisigngngnififificicicananan ltltly 

ongerr in Nkx2x -5-KIK mice relative to the controls (388.00 ± 0.9 vs. 33.3 ± 0.9 msm , p< 0.01). One of 16

NNkNkx2x2x2-5-KI mimimicecee aaalslsl o dededemomomonsnsnstrratatatededed adadadvavavancncnceddd AAAVBVV  (((cooompmppleleletetete AAAVBB)B) (F(F(Figigigururureee 3B3 ),),), wwwhihihilelele nnononone e e ofofof  thththe e

cocoontnttroror l mice sshoh wewewed annnyyy degrrreeee of AVAVVBBB.

WWWiiide QQRSRSR , , indididicacacative of f f prprprolongegg d veentntn riiicucuculalalar r conddducuu tion timmmeees,, was deded mooonsnn trated in Nkx2-

5-55 KIKIKI mimicecece  atatat alala ll agagageseses,, , wiwiw ththt ooorr r wiwiw ththt ouououtt t anananesesesththt esesesiaiaa (((aaa FiFigugugurerere 222E,E,E,  TaTaTablblb eseses 111,, , 2)2))... ThThThisiss ffinindidid ngngng  isisis ccconononsisis stststenenentt t 
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(2-3%). The sinus CL was maintained between 160-180 ms (heart rate 350-370 bpm) (Table 3),

which was slower than those utilized for surface ECG recording at 7 months of age (Figure 2E, Table 

1).

Under higher isoflurane anesthesia, the PR interval of mice at 7 months of age was prolonged

similar to those at 4 weeks of age, even in the control mice (36.9 ± 1.2 vs. 40.9 ± 0.7 ms), compared 

to those observed in the surface ECG recordings, but the effect was more profound in Nkx2-5-KI

mice (42.5 ± 2 vs. 53.8 ± 2.5 ms) (Table 1 vs. 3). EPS in Nkx2-5-KI mice consistently showed 

impaired AV nodal conduction properties, as assessed by AV nodal effective refractory period, and 

the longest pacing CL when 1:1 AV conduction failed to Wenckebach type (AVWBCL) and 2:1 

AV conduction (AV2:1 CL) (Table 3). In addition, Nkx2-5-KI mice demonstrated a prolonged 

ventricular effective refractory period, which reflects the wide QRS with an impaired ventricular 

peripheral conduction system. Sinus nodal conduction properties assessed by sinus node recovery 

time (SNRT) and rate-corrected SNRT (CSNRT) were unchanged in Nkx2-5-KI mice (Table 3).  

One of Nkx2-5-KI mice from a total of 7, demonstrated advanced second degree, 3:1 AVB,

shortly after induction of anesthesia (atrial sinus CL, 135 ms), which persisted (Figure 4A, atrial 

sinus CL 135 ms), while none of the control mice demonstrated advanced AVB. Due to lack of the 

1:1 AV conduction, we could not assess PR and QRS interval from surface ECG, as well as AV 

nodal function and ventricular conduction from this Nkx2-5-KI mouse (see Table 3).

Reduced AV nodal size composed of smaller cardiomyocytes in Nkx2-5+/R52G in 4-week-old but 

not in P1 Nkx2-5+/R52G mice

Using the combination of immunostaining with hyperpolarization activated cyclic nucleotide-gated 

potassium channel 4 (HCN4) and hematoxylin and eosin staining (H&E), we defined the AV nodal 

area as being HCN4-positive, containing less-organized sarcomere structure (reduced H&E staining), 

AV conduction (AV2:1 CL) (Table 3). In addition, Nkx2-5-KI mice demonstrated aa prprp olollononongegeged d d 

ventricuc lar efffecttivive refractory period, which reflecctsts the wide QRS with h ana  impaired ventricular 

pepeperiiipppheral conononduduductctctioon n n sysysystststememem.. SiSiSinununus ss nononodadadal cococondnn ucctiooon ppprororopepepertrtr ieesss assssesesesseseseddd byb  sisisinununus s s nonon dedee rrrecececovovoverere y

iiimememe (SNRT) ) anddd rrrate---cooorrecccteteed dd SNNRTRR  (CCCSNNNRRRT) wewewereee uuunnnchhahannngedd iiin Nkkkx2x2x2-555--KKKI miccece (TTTabbble 333)).  
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and having cardiomyocytes in direct contact with atrial muscle19, 20. We excluded from consideration 

the area of the conduction axis insulated from the atrial muscle by connective tissue, defining this 

component as the penetrating AV bundle (Figures 4B, C, see Methods, Histological analysis for 

details). 

Atrophy of AV conduction axis has been postulated as an underlying mechanism of the PR-

prolongation observed in multiple conditional homozygous Nkx2-5 knockout mice9, 10, 18. In keeping 

with this notion, we found that, in Nkx2-5-KI mice at 4 weeks of age, when the PR prolongation was 

first displayed, the area made up of the compact node was markedly reduced, analyzed by AV 

nodal maximum area size, and estimated AV nodal volume modeled as a 3D cylindrical structure 

(see Methods)(Figures 5A, B). The areas of the penetrating bundle and nodal extensions were also 

smaller in Nkx2-5-KI mice. Nuclear density, in contrast, calculated as the number of nuclei per area 

size in the maximum AV node, was increased. The width of the cardiomyocytes visualized by 

sarcomeric troponin-staining revealed that the AV nodal cardiomyocytes were smaller in Nkx2-5-KI

hearts (Figure 5B). The ratio of the number of Nkx2-5-positive (indicating cardiomyocytes) vs. 

Nkx2-5-negative (non-myocytes) nuclei was unchanged (Figures 5C, D), suggesting that the cellular 

component of myocytes and non-myocytes is most likely un-changed between Nkx2-5-KI mice and 

the controls.   

Massive AV nodal fibrosis has been demonstrated in conditional Nkx2-5 knockout mice 

using a myosin-light chain 2v-Cre18. As judged by the extent of picrosirius red staining in our 

material, we did not observe any apparent increase of fibrosis, either at 4 weeks (data not shown) 

nor 7 months of age (Figure 5E).

In contrast, in P1 mice, when PR-prolongation of Nkx2-5-KI mice was not evident, AV

nodal maximum area size and nuclear density were unchanged between Nkx2-5-KI mice and the 

see Methods)(Figures 5A, B). The areas of the penetrating bundle and nodal exteennsnsioioionsnsns wwwerereree e also

malleer in Nkkx2-55-KI mice. Nuclear densityN , in contrt asa t, calculated as the nnumu ber of nucleinnn per area 

iiizezee ini  the maxaxaximimmuuum m AVAVAV nnnododode,,, wwwasasas iiincncncrerereasaa ededd... ThTT euuuu wiwiwiddth h ofofof thththe e e caardrdrdiooomymymyocococytyty es vvvisisisuauaualililizezz d d d bybyby  

aaarcrcrcooomeric troopop nnninnn-staaainnning rrrevvvealed d d tthaat tt the AAAV nodododal cccarararddiomomomyoocycycytes wwwerrere smsmsmala ler iinin NkNkkxx22-5---KKKI

hearts (Figigiguru e 5B)B)B). Thheee rararatio of thththe number of f NkNkNkx2x2x2-5-5-5-popp sitiiivevv  (i(( ndicaaatitit nggg cardididiomyoyoyocyytes))) vs.

NkNkN x2x2x2-555-nenenegagagatitit veveve  (n(n(nononon-mymymyocococytytyteseses))) nununuclclc eieie   wawawasss unununchchc ananangegegedd d (F(F( igiggururureseses 555C,C,C, DDD))),,, sususuggggggesesestitit ngngng ttthahahat t t thththe e e cececellllululu ararar  
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controls (Figures 6A-D). In addition, immunostaining of positive- or negative-markers for AV node, 

penetrating AV node and left bundle branch, including HCN4, connexin 40, connexin 43, and Nav1.5 

was not different between the two groups neither at P1 (Figure 7A) nor 4 weeks of age, except that 

the left bundle branch was under-developed in Nkx2-5-KI mice (Supplemental Figure S2). Notably, 

to detect P1 AV nodes, we needed to utilize picrosirius red staining instead of H&E staining, due to 

less organized sarcomeric structure in the surrounding atrial myocytes at this age.  

In summary, therefore, Nkx2-5-KI mice were found to have smaller AV nodes at 4 weeks but 

not at P1. The cardiomyocytes within the compact AV node at 4 weeks were smaller than those 

of the wild-type animals, but without any noted difference in the ratio of myocyte to non-

myocyte nuclei, and without any noted increase in fibrosis.  

Reduced acetylcholine esterase (AchE) activity in ventricular trabeculations

Wide QRS, indicative of prolonged ventricular conduction times, was demonstrated in Nkx2-5-KI

mice at all ages from the neonatal stage onward. This finding was consistent with P1 hearts 

demonstrating the under-developed left bundle branch in Nkx2-5-KI compared to control mice

(Figure 7A). Further, histopathology of the ventricular conduction system in E18.5 hearts was 

examined by AchE activity, which is known to coincide with parts of the developing ventricular 

conduction system and probably controls conduction of electrical impulses during embryonic 

stages21-23. AchE staining in ventricular trabeculations and left bundle branch was slightly weaker in 

E18.5 Nkx2-5-KI than in control hearts under the same experimental conditions (Figure 7B, n=4 

each). An under-developed ventricular conduction system during the embryonic stage, therefore, 

could be causative, at least in part, of the wide QRS.

Discussion:

Heterozygous missense mutations in the homeodomain of human NKX2-5 lead to near-complete

myocyte nuclei, and without any noted increase in fibrosis.  

Reduceced d acacetetylchchcholine esterase (AchE) activity in vevv ntricular trabeculaaatitit ons

WWWiddede QRS, ininndidiicacacatitit veee ooof f f prprprolololonnngegeged d d veveventntntririricucc lalalar r r cocc nddduccctiononn tttimimimesese , wwawas s s dededemomomonsnsn tratattededed iiin n n NkNkNkx2x2x2-5-5-5---KIKIKI

mmimicecee at all aggese fffrororom thhhe neonnnatatatal staaagegg  onnnwaaarddd. Thhhisss fiiindndndiiinggg wwwas  cooonsistttennnt wwwiitith P11 hhheaeaartsss

demonstrrratata ing gg thhhee undededer-rr develooopepeped left bundldldle e brbrbranananchc  in NkNN x2-5-KIKII comppparrredee  tooo control mice

FFigiggurururee e 7A7A7A).).). FFFurururththt ererer,, , hihistststopopopatatathohoololoogygygy oooff ththt ee e vvvenenentrtrtriciccululu ararar ccconononduduductctctioioonn n sysysystststememem  ininin EEE181818.5.5.5  heheeararartststs wwwasasas  
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penetrance of AV conduction defects, along with high penetrance of diverse cardiac anomalies

compared to mutations outside the homeodomain7. We recently replicated a disease-causing 

missense mutation in the homeodomain in a knock-in mouse model, Nkx2-5+/R52G, which is 

currently the most clinically relevant mouse model8. These mice demonstrate a high incidence of 

diverse cardiac malformations8. Our current study showed that Nkx2-5-KI mice also have 

developed PR-prolongation sufficient to produce first degree AVB by 4 weeks of age, having by 

this age smaller AV nodes composed of smaller AV nodal cardiomyocytes. In addition, two

Nkx2-5-KI mice demonstrated advanced AVB: 3:1 AVB, and complete AVB, at 7 and 18 months of 

age respectively.   

 As yet, the steps involved in the formation of the AV node during development are not 

fully understood, but it is known that the atrial components of the AV conduction axis, including 

parts of the AV node, are derived from the embryonic atrioventricular canal, whereas the 

penetrating AV bundle is developed from the interventricular ring24. It has been postulated that 

the rate of proliferation of whole AV nodal cells originating from the engaged myocytes from the 

embryonic stage could be insufficient, and recruitment from adjacent working myocardium is 

required25. A recent study, in contrast, argued that Tbx3-positive AV nodal cells engaged from 

the embryonic stage would be sufficient, and would proliferate from embryonic day E14.5 to 

postnatal day 14, increasing nearly 5-fold24. To our knowledge, however, maintenance of the 

cellular architecture of the AV node has not been investigated. Additional studies, possibly using 

laser capture to compare the content of mRNA and proteins in the AV node between control and 

Nkx2-5-KI mice, could cast further light on this possibility. We are unable to explain, however, 

why the Nkx2-5(R52G) mutant protein should produce the situation of the compact node being 

composed of smaller cardiomyocytes. 

As yet, the steps involved in the formation of the AV node during developppmemm ntntnt ararareee nonn tt 

fully unu derstot odd, , , bub t it is known that the atrial compmpponents of the AV coondn uction axis, including

papapartttss of the AVAVAV nnnodoo ee,,, ararareee dedederiiveveved dd frfrfromomom ttthehh eeembmbmbryonononici aaatrtrtrioioioveveventn ririricucuculalalar r cccanananala , whwhwhererereaeaeass ththheee 

pepeeneneetrt ating AVAV bbbuuundleee iiis deveveveloll ped d d frf omomom theee iiinterrrveeentttriririccculaaar ringgg2444. It hhhasss bbeeeeeenn n posststuululattteddd thaaat

he rate ofofof ppprolifefeferationonon ooof whololleee AV nodal cececellsss orororigigiginatinnnggg from thhhe ee engagg gegeged mymymyocytyy es from the

ememembrbrb yoyoyoniniccc stststagagagee e cococoulululdd d bebebe iinsnsnsufufu fificicic enenent,t,t, aaandndd rrrecececrururuitittmemementntnt ffrororomm m adadadjajajacececentntnt wwworororkikingngng mmmyoyoyocacacardrdrdiuiuiumm m isiss  
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The population of the Nkx2-5-positive cardiomyocytes as opposed to Nkx2-5-negative 

non-myocytes was unchanged in the AV nodes of Nkx2-5-KI mice compared to their age-matched 

controls. Thus, the previously hypothesized mechanisms, including failure of development of the 

AV nodal cardiomyocytes, or recruitment of cardiomyocytes from the adjacent working 

myocardium demonstrated in Nkx2-5 knockout mice17, 18, would not be conserved in Nkx2-5-KI

mice.  

One substantial discordance between the phenotypes observed in Nkx2-5-KI mouse 

model and human patients with NKX2-5 mutation is the prolongation of QRS, which was 

uniquely demonstrated in Nkx2-5-KI mice from the neonatal stage onward. AchE-positive 

ventricular trabeculations, which likely represent components of the developing ventricular 

conduction system, are morphologically changed and poorly developed in E18.5 Nkx2-5-KI mice

shortly before birth. Ventricular noncompaction demonstrated in Nkx2-5-KI mouse could be 

attributed to abnormal development of the ventricular conduction system. Prolongation of QRS 

complex has been also demonstrated in multiple heterozygous and conditional homozygous 

Nkx2-5 knockout mice, and related to poor development of the ventricular conduction system, 

with reduced expression of selected gap junction protein, such as connexin40, and transcription 

factor Id29, 10, 14, 17, 18, 26. This suggests that, in mice, Nkx2-5 plays a more substantial role in the 

formation and function of the ventricular conduction system than it does in humans. Reduction 

of connexin40, however, was not evident in Nkx2-5-KI mouse when using immunostaining 

(Figure 7A) nor expression profile from whole hearts (data not shown). 

Nkx2-5 is also expressed in the sinus node, and has been implicated in playing a role in 

nodal formation under the control of Shox2 homeodomain transcription factor27-31. Some 

heterozygous Nkx2-5 knockout mice, furthermore, demonstrated sinus bradycardia32, while other 

ventricular trabeculations, which likely represent components of the developing vveventntntririricucuculalalar r r 

conducu tion sysyy teem,m  are morphologically changed aandn  poorly developed inin E18.5 Nkx2-5-KI mice

hhhorrrtly beforeree bbbiririrththth. VVVenenentrtrtricicicullararar nonononcncn omomompapapactctctioioion deeemmmonsnsstrtrtratatatededed in nn NkNkNkx2x2x -5-5-5--KIKK mmmououousesese cccouuuldldld bbbee e I

atatttrtt ibibibuted to aabnnorrrmall  ddedevelooopmpmpment t ofoo  thhhe venenenttricuuulaaar ccconononduduucttionnn ssyystemmm. PrPrrololo oono gattitioonon oooff f QRRRSS

complex hahah s beenenen alsooo dedd monsstrtrtrated in multtipipipleee hehehetetet rozyyygogogous and ccconoo ditionnnala hhhomoo ozygygygous

NkNkNkx2x2x2-555 kknononockckc ouououtt t mimimicecece,,, ananandd d rererelalaatetetedd d tototo pppoooooorr r dededeveveveloloopmpmpmenenentt t ofofo ttthehee vvvenenentrtrtriciciculululararar ccconononduduductctctioioon n n sysysystststememem,,,
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heterozygous and conditional homozygous Nkx2-5 knockout mice did not9, 10, 17, 18, 33. We also 

failed to observe any sinus arrhythmias, including sinus bradycardia, nor did we observe sinus 

nodal dysfunction in our EPS, consistent with the findings in human patients with NKX2-5

mutations5. 

 In summary, we report the presence of progressive AVB in our recently developed Nkx2-

5-KI mouse model having a heterozygous Nkx2-5 missense mutation in the homeodomain. We 

have focused on the phenotypic similarities and differences between our mice and humans. Our 

findings suggest that the mouse model is likely to provide important insights into the molecular 

mechanisms underlying conduction through the AV conduction axis.
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Table 1: Summary of surface ECG analysis

genotype age SCL (ms) HR (bpm) PR (ms) QRS (ms) Qtc (ms)

P1 W/W (n=8) P1 162 ± 16 371 ± 33 52.9 ± 6.3 9.2 ± 0.9 23.1 ± 1.8 

W/R52G (n=6) P1 172 ± 17 351 ± 38 50.2 ± 8.6 11.9 ± 0.6*** 25.9 ± 2.6* 

4 wks W/W (n=11) 4 weeks 144 ± 23 425 ± 69 32.9 ± 1.9 9.6 ± 0.8 23.1 ± 1.1 

W/R52G (n=8) 4 weeks 143 ± 11 421 ± 38 36.1 ± 4.5* 12.2 ± 1.8** 26.7 ± 4.7 

adult W/W (n=6) 7.4 ± 0.4 M 141 ± 17 429 ± 54 36.9 ± 3.0 10.9 ± 0.6 27.6 ± 3.2 

W/R52G (n=6) 7.4 ± 0.4 M 145 ± 18 419 ± 57 42.5 ± 4.9* 13.6 ± 1.0*** 29.4 ± 3.9 

aged W/W (n=10) 17.4 ± 0.8 M 146 ± 15 413 ± 36 37.6 ± 3.4 11.2 ± 0.6 26.4 ± 2.8

W/R52G (n=18) 17.5 ± 1.1 M 145 ± 24 422 ± 63 45.9 ± 5.6*** 14.8 ± 1.9*** 26.5 ± 3.7 
SCL - sinus cycle length; HR - heart rate; bpm - beats per minute
Mean ± SD. P, P value. *P < 0.05, **P < 0.01, ***P < 0.001.

Table 2: Summary of telemetry ECG analysis

Age 
(month) SCL (ms) HR (bpm) PR (ms) QRS (ms) Qtc (ms)

aged W/W (n=10) 17.4 ± 0.8 96 ± 8 629 ± 53 33.3 ± 2.8 11.4 ± 0.7 32.8 ± 2.9

W/R52G (n=15) 17.5 ± 1.2 96 ± 9 628 ± 55 38.0 ± 3.6 (P=0.002)** 14.6 ± 1.9 (P < 0.001)*** 35.1 ± 4.3 
SCL - sinus cycle length; HR - heart rate; bpm - beats per minute  
Mean ± SD. P, P value. **P < 0.01, ***P < 0.001.

W/R52G (n=8) 4 weeks 143 ± 11 421 ± 38 36.1 ± 4.5* 12.2 ±± 111.8. ** 26.7 ±

W/W (n=6) 7.4 ± 0.4 M 141 ± 17 429 ± 54 36.9 ± 3.0 1000.9 ±±± 00.6.6.6 2722 .6 ±

W/R52G (n=6) 7.4 ± 0.4 M 145 ± 18 419 ± 57 42.5 ± 4.9* 13.6 ± 111.00***** 2929.44 ±

W/W/W/WWW (n===101010) 17.4 ± 0.8 M 146 ± 15 413 ± 36 37.6 ± 3.3..444 11.2 ± 0.6 26.4 ±

W/R52G2G2G (n=18) 17.5 ± 1.1 M 145 ± 24 422 ± 63 4555.9.9.9 ± 5.6*** 14.8 ± 1.9*** 26.5 ±
ssinuuuss cycle length; HRR -- R heeeart ratatte;e bbbpmpm -- m bebeeatatatss per mmiminnunute
±±± SDDD. P, P value. *P < 000.0555, **PPP < 00.01, ****PPP < 0.001.

ee 2: Summary of telemetry ECG analysis
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Table 3: Summary of electrophysiology studies (EPS) and simultaneous surface ECG analysis at 

7 months of age. 

One Nkx2-5+/R52G mouse demonstrating 3:1 AV block could not be assessed for PR and QRS interval from 
surface ECG, as well as AV nodal function and ventricular conduction due to lack of the 1:1 AV conduction. SCL - 
sinus cycle length; HR - heart rate; bpm - beats per minute; SNRT - sinus node recovery time; cSNRT – rate
corrected SNRT; AVWBCL - atrioventricular Wenckebach block cycle length; AV2:1CL - atrioventricular 2:1 
conduction block cycle length; AVERP - atrioventricular effective refractory period; VERP - ventricular 
effective refractory period.
Mean ± SD. P, P value. *P < 0.05, **P < 0.01, ***P < 0.001. 

WW (n=5) W/R52G  (n=6 or 7) P value 

body weight 23.1 ± 0.6 24.2 ± 1.5 0.525

SCL (ms) 170 ± 14 163 ± 5 0.261

HR (bpm) 352 ± 29 368 ± 12 0.293

PR (ms) 40.9 ± 1.6 53.8 ± 6.2 0.003**

QRS (ms) 10.1 ± 1.0 14.6 ± 1.4 <0.001*** 

QT (ms) 36.3 ± 3.2 36.8 ± 4.7 0.845

QTc (ms) 27.8 ± 3.1 31.5 ± 4.2 0.136

SNRT 150 (ms) 212 ± 45 204 ± 23 0.696

SNRT 120 (ms) 243 ± 56 277 ± 58 0.333

SNRT 100 (ms) 288 ± 53 275 ± 66 0.742

cSNRT 150 (ms) 48 ± 42 40 ± 21 0.666

cSNRT 120 (ms) 78 ± 53 85 ± 29 0.762

cSNRT 100 (ms) 123 ± 51 82 ± 44 0.165

AVWBCL (ms) 87 ± 10 115 ± 15 0.007**

AV2:1CL (ms) 69 ± 12 83 ± 9 0.047*

AVERP 150 (ms) 46 ± 15 70 ± 9 0.01*

AVERP 120 (ms) 42 ± 18 70 ± 15 0.021*

VERP 150 (ms) 37 ± 10 60 ± 14 0.013*

VERP 120 (ms) 38 ± 11 63 ± 18 0.021*

SNRT 150 (ms) 212 ± 45 204 ± 23 0.6999666

SNRT 120 (ms) 243 ± 56 277 ± 58 0.3333333

SNNRTRTRT 111000000 (((msmss))) 288 ± 53 272727555 ±± 66 0.742

ccScSNNNRT 150 00 (mmms)s)s) 484848 ±±± 42 2 2 4000 ±±± 21 0.0.0.666666666

cScScSNNNRT 120 (mmms))) 7778 ± 55333 855 ±±± 29 9 000.7622

cSSSNRNRNRTTT 1010100 0 0 (m(mms)s)) 112123 ±±± 515151 82822 ±±± 44444 0.0.0.16161 555

AVWBBBCLCLCL (((msmsms))) 878787 ±±± 1110 0 0 111111555 ± ± ± 15155  0.0.0.0000007*7*7 **

AV2:1C1CL L (m(m( s)s)) 696969 ± 111222 838383 ± 999 000.04040 77*7*

AA 1 0 ( ) 46 15 70 9 0 01*
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Figure Legends:

Figure 1: Phenotypes associated with Arg52(189)Gly, NKX2-5+/R52, , homeodomain missense 

mutation. In the kindred, males are denoted by squares, females by circles. Darkened quadrants 

indicate AVB, ASD, VSD, or tricuspid valve abnormality. Open symbols denote normal genotype 

and phenotype. Arg52 is positioned at amino acid 189 in human NKX2-5. ASD, atrial septal defect; 

VSD, ventricular septal defect; TV, tricuspid valve.

Figure 2: Prolongation of PR interval and QRS duration in Nkx2-5+/R52G mice. Representative 

surface ECG recordings obtained from P1 (A), 4 weeks (B), 7-month-old (C) and 17 month-old 

(D) control Nkx2-5+/+ (top) and Nkx2-5+/R52G (bottom) mice. (E) PR-interval and QRS duration 

over time with individual values plotted from control Nkx2-5+/+ (open circle) and Nkx2-5+/R52G

(closed circle) mice. The averages of values, and number of mice examined were indicated. (F) 

PR interval under two different isoflurane dose (1% and 3%) from control Nkx2-5+/+ (open 

circle) and Nkx2-5+/R52G (closed circle) mice at 4 weeks of age. Signal-averaged ECG waves 

were utilized for analysis. Summarized data is shown in Table 1. HR, heart rate. Mean ± SE.

Figure 3: AVB displayed in ambulant telemetry ECG recording from 17 month-old Nkx2-

5+/R52G mice. (A) Representative telemetry ECG recordings from control Nkx2-5+/+ (top) and Nkx2-

5+/R52G (bottom) mice at 17 months of age. Averaged ECG waves from ~ 20 beats at least three 

different time points were utilized for analysis shown in Table 2. (B) Representative ECG 

recording of advanced complete AVB demonstrated in Nkx2-5+/R52G mice. HR, heart rate. Mean 

± SE.

urface ECG recordings obtained from P1 (A), 4 weeks (B), 7-month-old (C) anddd 171717 mmmonononththth-o-- ldll  

D) cono trol NkN x22-5- +/+ (top) and Nkx2-5+/R52G (bottomom) G mice. (E) PR-interervav l and QRS duration 

ovovovererr time wiiththth iiindndndivvidididuauauall l vavavaluuueseses ppplololottttededed fffrooom m m cocc ntttroool NkNkNkx2x2x2-5-5-5+/+ (o(o(opepepen nn cicicircrcrcle) anananddd NkNkNkx2x22-5-5-5+/R52G

ccclololoseses d circlee))) mmmiccce. TTTheee aveeeragagages oof f f vaaaluuues,, aannd nununumbmbmbererer off f mmmiceee eexamiinenened wewewere indnddiicicattteddd. (FFF) )

PR intervavaval undeeer r two o o dididifferennt t t isii oflurane dososose (1(1(1% %% and 3%3%3%))) from ccconoo trol NkNkNkx2-5-5-5+/+ (((opppen 

cicic rcrcrclelee)) ) ananandd d NkNkNkx2x2x2-5-55+/+/+/R5R5R52G2G2G (c(c(cloloosesesedd d cicic rcrcrclelee))) mimicecece aaatt t 444 weweweekeke sss oooff agagage.e.e.  SiSiSigngngnalala -a-a-aveveverararagegegedd d ECECECGGG wawawavevevesss
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Figure 4: Advanced 3:1 AVB from Nkx2-5+/R52G mouse (7 months of age) detected shortly after 

anesthesia for EP study and HCN4-positive AV node vs. penetrating AV bundle. (A) 

Representative recording of surface and intracardiac recordings (RV or RA) demonstrating 3:1 

AVB obtained from Nkx2-5+/R52G mice during EP analysis shortly after induction of isoflurane 

anesthesia with sinus cycle length of 135 ms. (B) Representative HCN4-stained normal heart 

tissues of Nkx2-5+/+ at 4 weeks of age including AV node and penetrating AV bundles traced by 

black dots. (C) Simplified illustration to define AV node vs. penetrating AV bundle with or 

without direct contact to atrial muscle. HCN, hyperpolarization activated cyclic nucleotide-gated 

potassium channel. A, right atrial electrogram; V, right ventricular electrogram.

Figure 5: Reduction of AV nodal size composed of smaller cardiomyocytes without apparent 

increase of fibrosis in 4 weeks or 7 months-old Nkx2-5+/R52G mice. (A) Representative H&E stained 

heart tissues including AV node and penetrating AV bundles traced in black dots from control

Nkx2-5+/+ or Nkx2-5+/R52G mice. (B) Maximum AV nodal area size, calculated AV nodal volume, 

and nuclear density (number of nuclei x 103/mm2). The numbers of mice and nuclei analyzed 

were noted. (C) Representative immunofluorescent images of troponin T (red), Nkx2-5 (green) 

and nuclei (blue) from control Nkx2-5+/+ or Nkx2-5+/R52G mice. AV nodal area is traced by yellow

dots. (D) Ratio of Nkx2-5-positive vs. total nuclear number in the AV node. (E) Representative 

images of picrosirius red-stained tissue sections including AV node from 7-month-old mice. 

Fibrotic tissues are stained in red and muscle tissues are stained in green. RA, right atrium; AS, 

atrial septum; IVS, interventricular septum. Mean ± SE.

Figure 6: Unchanged AV nodal size in P1 Nkx2-5+/R52G mice. (A) Representative HCN4 and

Figuree 5: Reeductctioi n of AV nodal size composed off ssmam ller cardiomyocytees s without apparent 

nnncrrreeease of fiibrbrb osososisisis inn 44 4 weweweekekeks ororor 777 mmmonononthththsss-olololddd NkNN x222-555+/R52GG mimimicec . (A(A(A) ) ) ReReReprprpresee enntatatatititiveveve HHH&E&E&E ssstatatainininedee

heheeararrt t t tissues inincllludddinggg AAAV nododode and d d pepeeneeetratttinnng AVAVAV bununundddleees ttraccceddd in bblalackck ddooots fromomom ccconnntrool

Nkx2-5+/+ oro  Nkkkx2x2x -5+/R52G miceee. . (B(( ) Maximuuum mm AVAVAV nnodal aaarea size,, cacc lculatttedee AAAV VV nodal volume

ananandd d nununuclclc eaeaearr r dededensnsnsitittyy y (n(n(numumumbebeberr r ofofo nnnucucucleleeii xx x 101010333/m/m/ mmm222).).).  ThThee e nununumbmbbererersss ofofof mmmicicicee e ananandd d nununuclclc eieie aaanananalylylyzezezedd d
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picrosirius red-stained normal heart tissues of P1 Nkx2-5+/+ including AV node traced by black 

dots. (B) Representative picrosirius red-stained heart tissues including AV node traced in black 

dots from control Nkx2-5+/+ or Nkx2-5+/R52G mice. (C) Maximum AV nodal area size (n=7 each). 

(D) Representative immunofluorescent images of HCN4 (green), actinin (red) and nuclei (blue) 

from control Nkx2-5+/+ or Nkx2-5+/R52G mice. AV nodal area is traced by yellow dots. Nuclear 

density (number of nuclei x 103/mm2) is measured from the HCN-positive AV nodal area. RA, 

right atrium; TV, tricuspid valve; RV, right ventricle; LV, left ventricle; AS, atrial septum; IVS, 

interventricular septum. Mean ± SE.

Figure 7: Expression of positive- and negative AV nodal, penetrating AV bundle and left bundle 

branch markers in P1 hearts, and AchE activities in E18.5 developing hearts. (A) Representative 

images of serial tissue sections positively (+) or negatively (-) stained with HCN4, connexin 40, 

connexin 43, and Nav1.5 in AV node, penetrating AV bundle (traced by white dots) and left 

bundle branch (arrowheads) from P1 mice. (B) Representative images demonstrating AchE activity 

(brown) in left bundle branch and ventricular trabeculations (Purkinje fibers) from serial tissue 

sectioning of control Nkx2-5+/+ and Nkx2-5+/R52G (+/R52G) hearts, is weaker in Nkx2-5+/R52G hearts.

Areas a-d selected on the left are shown enlarged on the right. RA, right atrium; RV, right ventricle; 

LA, left atrium; LV, left ventricle; AS, atrial septum; IVS, interventricular septum.

Figure 7: Expression of positive- and negative AV nodal, penetrating AV bundle annnd d d lelel ftftft bbbununundldldle 

branchh markeers in n P1 hearts, and AchE activities in EE181 .5 developing heartsts.. (A) Representative 

mmmagagages of seriririalalal tttisisissuuueee sesesectctctioioionsnss pppososositititivivvelelely yy (+++) ) ) oroo  negegegaativvvelelely yy (((-)-)-) statatainininededed wwwititith hh HCCCN4N4N4, , , cococ nnnnnnexexexininin 4440,00  

cocoonnnnnexe in 43,, aanddd NNNav111.555 in AAAVVV nodedee,, pppennnetrratatiing AVAVAV bbbununundldlle (traaaceeed by wwwhihittete dod ts)) anannd leeeft

bundle bbrararancn h (a(a(arrr owwheheheadaa s))) frooom mm P1 mice. (((B)BB  ReReReprprpresentaaatitt ve imagegegess demonsnsn tratttinii ggg AchE activity

bbbrororownwnwn))) inin llefefe tt t bububundndndlelele bbbrararancncnchh ananandd d veveventntntriricucuculalaarr r trtrtrabababecececululu atatatioioonsnsns (P(P( urururkikinjnjnjee e fifibebebersrsrs))) frfromomom ssserereriaiaall l tititissssssueueue  
















