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Introduction
The cardiac conduction system (CCS) ensures regular contractile 
function, and injury to any of its components can cause cardiac 
dysrhythmia. For example, atrioventricular node (AVN) injury can 
lead to complete heart block (CHB), a common clinical arrhythmia 
often requiring permanent pacemaker implantation. In contrast to 
device therapies, a major goal of regenerative medicine is to pro-
mote endogenous repair mechanisms for therapeutic benefit (1). 
Owing to sustained neonatal proliferative capacity (2), ventric-
ular myocytes (VMs) (3) are capable of regeneration during this 
developmental window. Although CCS and working (i.e., atrial 
and ventricular) cardiomyocytes (CMs) originate from cardiac 
progenitors (4, 5), CCS cells constitute a biologically distinct lin-
eage with unique functional and developmental characteristics 
(6–14). Indeed, as opposed to neonatal VMs, the AVN undergoes 
early terminal differentiation, exits the cell cycle, and proliferates  
slowly (15–18), suggesting negligible regenerative capacity after 
birth (3, 19). Nevertheless, atrioventricular conduction system 
(AVCS) plasticity has not been directly evaluated, since genetic 
models for cell type–specific injury do not exist.

Using a Cx30.2 enhancer directing expression to the AVCS 
(11), we established a genetic system for inducible AVCS injury 
(Figure 1A) that resulted in atrioventricular block (AVB) following 
tamoxifen-induced injury. Remarkably, we identified unexpected  
AVCS plasticity that was unique to injured neonatal mice and 
remained durable for up to 6 months. Interestingly, CM prolifera-
tion did not appear to entirely explain the recovery from dysrhyth-
mia we observed in the injured neonatal mice. Taken together, our 
findings establish an inducible AVB (iAVB) mouse model, identify 
a latent AVCS regenerative capability, and hint at unique cellular 
mechanisms for AVCS plasticity.

Results and Discussion
Using a previously characterized AVCS-specific Cx30.2 
enhancer(11), we created Tg(Cx30.2-MerCreMer) mice (Supple-
mental Figure 1A; supplemental material available online with this 
article; https://doi.org/10.1172/JCI138637DS1). We confirmed 
AVCS recombination in Tg(Cx30.2-MerCreMer)/+ Rosa26lacZ/+ 
mice following i.p. or s.c. tamoxifen administration (Supplemental 
Figure 1, B–H). In brief, we found that Cre recombination was leak-
proof, inducible, and largely confined to the AVCS (Supplemental 
Figure 1, B–H). Collectively, these experiments demonstrated that 
Tg(Cx30.2-MerCreMer) mediated efficient, tamoxifen-inducible 
recombination within the AVCS.

In order to establish a system for conditional ablation of 
AVCS cells, we generated Tg(Cx30.2-MerCreMer)/+ Rosa26DTA/LacZ  
triple-heterozygous iAVB mice along with Rosa26DTA/LacZ littermate 
controls (Figure 1A). Although diphtheria toxin fragment A (DTA) 
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mice as a tool for controlled 
ablation of AVCS CMs.

Next, we evaluated the 
functional consequences of 
AVCS injury in adult iAVB 
mice (Figure 2A). We observed 
no significant difference in 
survival between adult iAVB 
and control mice (Figure 2B), 
despite clear differences in 
cardiac conduction (Figures 
2, C and D, and Supplemental 
Figure 3). All adult iAVB mice 
developed irreversible 1° or 3° 
AVB (Figure 2E), suggesting 
a lack of regenerative capaci-
ty. Interestingly, we observed 
progressive LV dysfunction in 
iAVB mice with a reduction of 
approximately 15% in fraction-
al shortening (FS) by 6 months 
of age compared with controls 
(Figure 2F), which is consistent 
with clinical studies showing 
that abnormal AV conduction 
is associated with cardiac con-
tractile dysfunction (20, 21). 
Furthermore, left ventricular 
(LV) systolic dysfunction was 
proportionate to the degree of 
AVB (Figure 2G and Supple-
mental Figure 4) and not clear-
ly attributable to LV fibrotic 
scar formation (Supplemental 
Figure 5). Moreover, we clearly 
observed progressive LV cham-
ber dilation (Supplemental Fig-
ure 6, A and B) in adult iAVB 
mice, and careful inspection 
of histological images revealed 
evidence of patchy interstitial 
fibrosis (Supplemental Figure 
6, C and D), consistent with 
changes observed following 
chronic right ventricular pac-

ing in patients (22, 23). In response to isoproterenol infusion, the 
P-P and R-R intervals were shortened in adult iAVB mice, while 
atropine had minimal effect (Supplemental Figure 7). Collectively, 
these results demonstrate regenerative failure in adult iAVB mice, 
which had LV functional deterioration and a subset of pharmaco-
logical responses similar to those in patients with acquired AV con-
duction defects and long-term pacing (20).

Since regenerative capacity typically decreases with age, we 
reasoned that a younger AVCS would have a better chance of 
recovery. Therefore, we ablated AVCS cells in neonates by admin-
istering tamoxifen to Tg(Cx30.2-MerCreMer)/+ Rosa26DTA/LacZ 
(iAVB) mice and Rosa26DTA/LacZ littermate controls on P0. Remark-

leakiness and nonspecific cardiac electrical effects were excluded 
by injecting control mice with tamoxifen (Figure 1B), iAVB mice 
had ECG results indicative of AVCS injury (1° AVB on P49 and 3° 
AVB on P56) after induction (Figure 1C). Histological analysis con-
firmed hyperpolarization-activated cyclic nucleotide–gated potas-
sium channel 4–positive (HCN4+) CM dropout and progressive 
fibrosis in iAVB mice (Figure 1, D and E, and Supplemental Figure 
2, A and B), which are consistent with tamoxifen-inducible AVCS 
CM injury. Furthermore, we observed that iAVB/LacZ mice had 
less X-gal+ AVCS cells than did control Tg(Cx30.2-MerCreMer)/+ 
Rosa26LacZ/+ (AVCS-iLacZ) mice on P50 and P180 (Supplemen-
tal Figure 2C). Taken together, these experiments establish iAVB 

Figure 1. A genetic system for precise and inducible AVCS injury. (A) Experimental setup for tamoxifen-induc-
ible AVCS injury. (B) Lead II ECG tracings at baseline (P40) and following tamoxifen administration (P49 and 
P56) in control mice. A representative tracing is shown (n = 12). (C) A similar analysis of iAVB mice showed NSR 
at baseline followed by progression from 1° AVB (P-R prolongation) to 3° AVB (AV dissociation) on P49 and P56, 
respectively. Black arrowheads designate P waves (atrial depolarization); white arrowheads designate QRS com-
plexes (ventricular depolarization). P-P and R-R intervals were fixed but distinct from one another. A represen-
tative tracing is shown (n = 16). (D) The hearts of iAVB and control (CTRL) mice were cryosectioned on P49 or P55 
and stained for HCN4 (AVCS marker). A representative section is shown (n = 3). Scale bar: 100 μm. (E) The HCN4+ 
area was quantified as a fraction of the total AVN area (n = 3). Values represent the mean ± SEM. **P < 0.01.
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numbers of X-gal+ AVCS cells, although they never reached the 
quantities observed in the uninjured mice. Taken together, these 
results document AVCS ablation and subsequent recovery at the 
cellular level in neonatal mice. In addition, the data suggest that 
recovery from dysrhythmia was mediated in part by preexisting  
X-gal+ AVCS cells (see also Supplemental Figure 13).

Although a subset of neonatal mice recovered from dysrhyth-
mia 1 month after injury, the durability of this response remained 
unclear. To address this issue, we evaluated neonatal, juvenile, 
and adult iAVB mice at 6 months of age by ECG and histological 
analyses. Similar to injured adults (Figure 2, B and E), juvenile 
iAVB mice demonstrated normal survival and persistent AVB, 
although their dysrhythmia became fixed relatively soon after 
injury induction (Supplemental Figure 12). Consistent with our 
previous results (Figure 3), we found that the recovered neonatal 
iAVB mouse remained in NSR (Supplemental Figure 13A, right 
panels). In contrast, juvenile and adult iAVB mice showed per-
sistent 3° AVB (Supplemental Figure 13, B and C, right panels). Fur-
thermore, the recovered neonatal iAVB mouse demonstrated less 
fibrosis and better structural preservation of the AVCS compared 
with juvenile and adult iAVB mice (Supplemental Figure 13, A–C, 
left panels). The architectural destruction and fibrotic replace-
ment of the AVCS seen in juvenile and adult iAVB mice resembles 
the histological changes observed in human hearts with acquired 
CHB (27). Consistent with our short-term analysis of recovered 
neonatal iAVB mice (Figure 3D), we clearly observed X-gal+ AVCS 
cells 6 months after injury (Supplemental Figure 13A). In contrast, 
we failed to detect any significant X-gal+ AVCS cells in juvenile or 

ably, although a littermate control remained in normal sinus 
rhythm (NSR) throughout the time course (Supplemental Figure 
8A), we observed 1° followed by 2° AVB with a return to NSR in an 
iAVB mouse (Supplemental Figure 8B). On the basis of this initial 
result, we performed serial ECGs on a larger cohort of neonatal, 
juvenile, and adult iAVB mice. Juvenile (n = 16) and adult (n = 17) 
iAVB mice showed no evidence of recovery, yet 40% (n = 42) of the 
surviving neonatal iAVB mice (Supplemental Figure 9) recovered 
from dysrhythmia, consistent with a limited AVCS regenerative 
potential (Figure 3A). Given the observed spectrum of AVB among 
injured mice, we noted that mice with 1° AVB had a 64% recovery 
rate, whereas those with 2° or 3° AVB had a 29% recovery rate (Fig-
ure 3B). Interestingly, mice with 1° AVB recovered quickly, while 
those with a higher degree of AVB had slower recovery kinetics 
(Figures 3C and Supplemental Figure 10). Taken together, these 
results demonstrate a discrete AVCS regenerative capacity in neo-
natal mice that varied according to the extent of injury, similar to 
what has been observed in fetal (24, 25) and neonatal (26) working 
myocyte injury models.

Next, we performed paired ECG and histological analy-
ses of injured iAVB/LacZ mice using X-gal staining to trace the 
fate of LacZ+ cells in comparison with Tg(Cx30.2-MerCreMer)  
Rosa26LacZ/+ (AVCS-iLacZ) control mice. On the basis of our obser-
vation of maximal injury between P10 and P17 in iAVB mice, we 
analyzed time points before (P4 and P7) and after (P21 and P35) 
peak injury. On P4, we found that 1° AVB correlated with loss of 
X-gal+ cells (Figures 3D and Supplemental Figure 11), consis-
tent with AVCS injury. From P7 to P35, we observed increasing 

Figure 2. AVCS injury in adult mice results in regenerative failure and contractile dysfunction. (A) Schedule of ECG and echocardiogram acquisition for 
longitudinal analysis of adult control and iAVB mice. (B) Kaplan-Meier plot showing survival of iAVB versus control mice up to 6 months of age (n = 28). 
A log-rank statistical test was performed. (C) Serial analysis of P-P interval/sinus rate (n = 28). (D) Serial analysis of P-R interval/AV conduction times 
(n = 28). (E) Plot of the predominant rhythm versus time in iAVB mice (n = 28). (F) Serial analysis of FS in iAVB versus control mice. The numbers of mice 
analyzed at each time point were as follows: P42 (control, n = 15; iAVB, n = 18); P49 (control, n = 14; iAVB, n = 15); P63 (control, n = 13; iAVB, n = 14); P180 
(control, n = 12; iAVB, n = 16). (G) Comparison of FS between mice with 1° iAVB or 3° iAVB and control mice with NSR on P63 (NSR mice, n = 13; 1° iAVB mice, 
n = 5; 3° iAVB mice, n = 9). Comparisons in G remained significant after correction for multiple-hypothesis testing. Values represent the mean ± SEM. *P < 
0.05, **P < 0.01 by 2-tailed Student’s t test (C, D, F, and G).
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not observe significant rates of AVB in AVCS-iCre mice following 
tamoxifen-induced injury on P0 compared with iAVB mice (Sup-
plemental Figure 15C). Taken together, these studies demonstrate 
the chronic effects of neonatal AVCS ablation and exclude Cre tox-
icity as a potential confounder of our phenotypic analysis.

Previous reports clearly document that proliferation of pre-
existing CMs accounts for neonatal VM regenerative capaci-
ty (3). However, our studies using iAVB neonatal mice (Figure 
3D) suggest that Cx30.2+ CMs may not completely account for 
AVCS plasticity. Therefore, we conducted a time course analy-
sis to investigate the cellular dynamics of neonatal AVCS recov-
ery without lineage tracing (Supplemental Figure 16). We used 
phosphorylated histone H3 (p-H3) antibody to stain cells in 
mitosis, while α-actinin and HCN4 marked all CMs and con-
duction CMs, respectively. We administered tamoxifen on P0 
to control (Rosa26DTA/lacZ) and iAVB (Tg(Cx30.2-MerCreMer)/+  
Rosa26DTA/lacZ) mice and collected AVCS sections at multiple time 
points after ablation. We found that injury led to a statistically 
significant increase in overall cellular proliferation on P4 and 
P21 (Figure 4A). Interestingly, we did not observe significant 
proliferation of CMs within the AVCS in injured animals com-
pared with controls (Figure 4B). In contrast, the proliferation of 
α-actinin– (non-CM) cells increased significantly in injured mice 

adult iAVB mice at 6 months of age (Supplemental Figure 13, B and 
C). Taken together, our results demonstrate sustained recovery 
from dysrhythmia in neonatal iAVB mice and suggest that AVCS 
regenerative failure in juvenile and adult mice is due in part to 
incomplete repopulation by preexisting AVCS CMs.

To address potential chronic effects of DTA in neonatal 
iAVB mice, we generated an independent cohort of mice injured 
on P0 and examined at 6 months of age. By chance, a majority 
of the mice in this cohort developed 3° AVB by 6 months of age 
despite consistent tamoxifen dosing regimens. Compared with 
Tg(Cx30.2-MerCreMer)/+ (AVCS-iCre) control mice, we found 
that FS was significantly reduced in iAVB mice (Supplemental 
Figure 14). Interestingly, neonatal iAVB mice with 1° AVB (n = 2) 
had an FS of 41% compared with 26% in the remainder of the 
cohort. Consistent with the data for adult iAVB mice (Figure 2G), 
cardiac dysfunction appeared proportionate to injury severity, 
although the numbers of neonatal iAVB mice analyzed were lim-
ited. To exclude the possibility that transgenic Cre expression has 
significant phenotypic consequences, we also assessed FS and 
P-R intervals in AVCS-iCre mice compared with Rosa26DTA/LacZ  
controls on P28 and P180 following tamoxifen injection on P0. We 
found no significant difference in FS or P-R intervals at either time 
point (Supplemental Figure 15, A and B). Furthermore, we did 

Figure 3. Neonatal AVCS plasticity contributes to recovery from dysrhythmia in a subset of mice. (A) Quantification of the percentage of animals show-
ing ECG evidence of recovery under various AVCS injury paradigms (adult, n = 17; juvenile, n = 16; neonatal, n = 42). **P < 0.01, by Fisher’s exact test.(B) 
Relative distribution of the number of recovered versus nonrecovered animals with varying degrees of AVB (n = 42). (C) Plot of recovery from dysrhythmia 
as a function of time to demonstrate recovery kinetics in neonatal iAVB mice (n = 42). (D) ECG and histological analysis was performed on neonatal iAVB/
LacZ mice on P4, P7, P21, and P35. For comparison, the hearts of uninjured AVCS-iLacZ mice were harvested at identical time points following tamoxifen 
induction. X-gal staining was used to identify LacZ-expressing cells along with nuclear fast red (NFR) counterstaining (n = 3). Scale bars: 100 μm.
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able to recover from varying degrees of injury (Figure 
3, A–C), we interpreted these findings to indicate that 
neonates had a unique ability to recover from AVCS 
injury rather than a relative resistance to DTA toxic-
ity. Despite the recovery of iAVB mice, we found that 
the number of HCN4+ AVCS CMs diminished — yet 
increased in control mice — between P2 and P7 (Supple-
mental Figure 17E). Collectively, these results demon-
strate prominent non-CM proliferation after neonatal 
AVCS injury. Furthermore, our data suggest the intrigu-
ing possibility that the neonatal AVCS deploys alterna-
tive mechanisms to achieve recovery from dysrhythmia 
in addition to proliferation of preexisting CMs.

In this report, we generated a genetic system for 
inducible AVCS injury. Using this paradigm, we show 
that AVCS ablation in adult mice resulted in persistent 
AV conduction block and impaired LV systolic func-
tion. Unexpectedly, we found that neonatal AVCS 
ablation uncovered a latent and durable regenerative 
capacity. In addition, we show that AVCS regenera-
tion occurred in part by repopulation with preexisting 
AVCS CMs, although additional cellular contributions 
appeared to exist. Collectively, our data demonstrate 
that the neonatal AVCS harbored a heretofore unap-
preciated degree of plasticity and suggest that unique 
cellular mechanisms were functional, potentially 
including the remodeling of residual AVCS CMs and 
non-CMs. Given the clear role of gap junctions in CCS 
impulse propagation (28), we investigated Cx30.2, 
Cx40, and Cx45 distribution in recovered neonatal 
iAVB mice (Supplemental Figure 18). Remarkably, 
we observed a specific, Cx40-mediated remodeling 
event in non-CMs associated with electrical recovery. 
In parallel, we assessed for latent bypass tracts that 
could serve as alternative AV conduction pathways 
in iAVB mice. However, we failed to detect evidence 
of aberrant AV connections by pharmacological chal-
lenge (Supplemental Figures 19 and 20) or histological 

analysis (Supplemental Figures 21 and 22).
AVCS CM proliferation does not appear significantly 

increased following injury (Figure 4B), yet X-gal+ cells were  
noted to increase (Figure 3D). How can we reconcile these obser-
vations? Although the differences in CM proliferation did not 
meet statistical significance, the number of proliferating AVCS 
CMs was numerically higher in iAVB mice on P2 and P4, so our 
analysis could be underpowered to detect a biologically mean-
ingful difference. Alternatively, the fact that the proliferation of 
AVCS non-CMs was robust following injury (Figure 4C) suggests 
that AVCS CM proliferation is not the only mechanism for elec-
trical recovery. One potential explanation for these seemingly 
discrepant observations is that non-CMs could proliferate and 
fuse with preexisting X-gal+ CMs, as CM fusion has recently been 
recognized to regulate cardiac development and CM renewal 
(29–32). Another potential explanation is that non-AVCS X-gal+ 
CMs, such as transitional atrial-nodal or nodo-ventricular CMs 
(33), could migrate into the injury zone and contribute to AVCS 
repair. Future work will focus on clarifying the molecular mech-

on P4, P21, and P35 (Figure 4C). To explore the possibility that 
the heterogeneity of mixed HCN4+ and HCN4– AVCS CMs may 
obscure a biologically important signal, we also counted each 
cell population separately (Figure 4, D and E). Although there 
was a trend toward increased proliferation of HCN4+/α-actinin+ 
myocytes on P2 and P4 in the injured mice, none of the early dif-
ferences reached statistical significance.

Given these findings, we next assessed the relative balance 
between cell death and proliferation at early time points in neo-
natal iAVB mice. We performed activated caspase-3 AVCS CM 
immunostaining on P2, P4, and P7 in control and iAVB mice 
(Supplemental Figure 17, A–D). Interestingly, we found that the 
percentage of apoptotic cells (~1.5%) was less than the percent-
age of proliferating cells (~2.5–5%) in the AVCS at equivalent 
time points, suggesting that proliferation was favored over 
cell death in neonatal iAVB mice. Furthermore, the percent-
age of apoptotic cells in neonatal iAVB mice was intermediate 
between adult and juvenile iAVB mice (Supplemental Figure 
17, A–D). Together with the fact that neonatal iAVB mice were 

Figure 4. Cellular dynamics of proliferation following neonatal AVCS injury. (A–E) 
Cellular proliferation was quantified in the AVCS of control and iAVB mice. Each 
section was stained for p-H3 (mitosis), α-actinin (CMs), HCN4 (AVCS CMs), and DAPI 
(nuclei). Tamoxifen-induced injury was performed on P0, and hearts were collected 
on P2, P4, P7, P14, P21, and P35. Comparisons between control and injured mice were 
made for (A) all proliferative cells (p-H3+); (B) proliferative CMs (p-H3+/α-actinin+); 
(C) proliferative non-CMs (p-H3+/α-actinin–); (D) proliferative AVCS CMs  
(p-H3+/α-actinin+/HCN4+); and (E) proliferative non-AVCS CMs (p-H3+/α-actinin+/
HCN4–). n = 3. *P < 0.05 and **P < 0.01, by 2-tailed Student’s t test.
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