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The precise mechanisms by which oxidative stress (OS) causes atrial fibrillation (AF) are not known. Since AF frequently
originates in the posterior left atrium (PLA), we hypothesized that OS, via calmodulin-dependent protein kinase II
(CaMKII) signaling, creates a fertile substrate in the PLA for triggered activity and reentry. In a canine heart failure (HF)
model, OS generation and oxidized-CaMKII–induced (Ox-CaMKII–induced) RyR2 and Nav1.5 signaling were increased
preferentially in the PLA (compared with left atrial appendage). Triggered Ca2+ waves (TCWs) in HF PLA myocytes were
particularly sensitive to acute ROS inhibition. Computational modeling confirmed a direct relationship between
OS/CaMKII signaling and TCW generation. CaMKII phosphorylated Nav1.5 (CaMKII-p-Nav1.5 [S571]) was located
preferentially at the intercalated disc (ID), being nearly absent at the lateral membrane. Furthermore, a decrease in
ankyrin-G (AnkG) in HF led to patchy dropout of CaMKII-p-Nav1.5 at the ID, causing its distribution to become spatially
heterogeneous; this corresponded to preferential slowing and inhomogeneity of conduction noted in the HF PLA.
Computational modeling illustrated how conduction slowing (e.g., due to increase in CaMKII-p-Nav1.5) interacts with
fibrosis to cause reentry in the PLA. We conclude that OS via CaMKII leads to substrate for triggered activity and reentry
in HF PLA by mechanisms independent of but complementary to fibrosis.
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Introduction
Atrial fibrillation (AF) is a cause of  significant morbidity and mortality (1). Unfortunately, traditional phar-
macological therapies have had limited success in AF (2, 3). Ablation procedures developed in recent years 
have been moderately successful in patients with structurally normal hearts but have suboptimal efficacy in 
structural heart disease (e.g., heart failure [HF]; refs. 4, 5). In order to improve upon current ablation tech-
niques and develop new AF therapies, recent research has attempted to better define the mechanisms under-
lying AF, including the mechanisms by which AF originates in the pulmonary veins (PVs) and adjoining pos-
terior left atrium (PLA). One such mechanism is thought to be oxidative stress (OS) (6, 7), with ROS thought 
to modify the function of  key ion channels and Ca2+ cycling proteins (8–10), as well as activate profibrotic 
signaling (11, 12). How OS specifically contributes to electrophysiological remodeling in the PLA — and 
thereby to a vulnerable AF substrate — is not known. It is known, however, that NADPH oxidase (NOX2) 
is a major enzymatic source of  ROS in the fibrillating atrium (13). It is also known that, in patients with AF, 
there is an increase in atrial expression levels of  methionine–oxidized CaMKII (methionine–Ox-CaMKII) 
(14). This form of CaMKII that is enzymatically active in the absence of  Ca2+/CaM, has been reported to 
affect the activity of  both the Na+ and Ca2+ currents (INa

 and ICaL) involved in cardiac depolarization, as well 
as activity of  ryanodine receptor 2 (RyR2), which is integral to excitation-contraction (E-C) coupling (15).

Since AF triggers frequently arise in the PVs/PLA, we hypothesized that OS creates a vulnerable sub-
strate for AF in a canine HF model of  AF by affecting both E-C coupling and cardiac depolarization in the 
PLA and, thereby, creating conditions for both triggered activity and reentry. Recent studies suggest that 
CaMKII-dependent RyR2 phosphorylation at serine 2814 (CaMKII-p-RyR2 [S2814]) leads to increased 

The precise mechanisms by which oxidative stress (OS) causes atrial fibrillation (AF) are not known. 
Since AF frequently originates in the posterior left atrium (PLA), we hypothesized that OS, via 
calmodulin-dependent protein kinase II (CaMKII) signaling, creates a fertile substrate in the PLA 
for triggered activity and reentry. In a canine heart failure (HF) model, OS generation and oxidized-
CaMKII–induced (Ox-CaMKII–induced) RyR2 and Nav1.5 signaling were increased preferentially in 
the PLA (compared with left atrial appendage). Triggered Ca2+ waves (TCWs) in HF PLA myocytes 
were particularly sensitive to acute ROS inhibition. Computational modeling confirmed a direct 
relationship between OS/CaMKII signaling and TCW generation. CaMKII phosphorylated Nav1.5 
(CaMKII-p-Nav1.5 [S571]) was located preferentially at the intercalated disc (ID), being nearly 
absent at the lateral membrane. Furthermore, a decrease in ankyrin-G (AnkG) in HF led to patchy 
dropout of CaMKII-p-Nav1.5 at the ID, causing its distribution to become spatially heterogeneous; 
this corresponded to preferential slowing and inhomogeneity of conduction noted in the HF PLA. 
Computational modeling illustrated how conduction slowing (e.g., due to increase in CaMKII-p-
Nav1.5) interacts with fibrosis to cause reentry in the PLA. We conclude that OS via CaMKII leads 
to substrate for triggered activity and reentry in HF PLA by mechanisms independent of but 
complementary to fibrosis.
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propensity for spontaneous calcium (Ca2+) release (in the form of  Ca2+ waves) in atrial myocytes of  patients 
with chronic AF (16). Our work indicates that atrial myocytes in the setting of  HF have increased suscepti-
bility to the development of  Ca2+ waves during rapid atrial pacing (i.e., triggered Ca2+ waves; TCWs) (17). 
Ca2+ waves are known to create conditions in both the ventricle and atrium for the genesis of  afterdepolar-
izations, which can lead to triggered activity and/or dispersion of  repolarization (18, 19). Another major 
mechanism thought to underlie the development of  a vulnerable AF substrate in HF is slow and inhomoge-
neous conduction in the intact atrium, which creates conditions for reentry (20–22). While several studies 
suggest that increased fibrosis in the HF atrium is a major cause of  this inhomogeneous conduction (21, 
23), it is also known that the HF atrium undergoes significant electrical remodeling (24), with alterations in 
the INa having been implicated in some studies in creation of  the AF disease state (25). Our specific hypoth-
eses for this study were, therefore, as follows: (a) OS generation — and downstream oxidation of  key signal-
ing proteins — is preferentially increased in the PLA/PVs in the HF atrium; (b) the increased vulnerability 
of  HF atrial myocytes to TCW generation is at least partially mediated by OS, with OS creating substrate 
for TCWs by increasing CaMKII-p-RyR2 (S2814) in the HF PLA; and (c) OS, via Ox-CaMKII, increases 
the level of  CaMKII phosphorylated Nav1.5 in HF PLA. This increase in CaMKII phosphorylated Nav1.5, 
particularly CaMKII-p-Nav1.5 (S571) (15, 26), creates conditions for slow and inhomogeneous conduction 
in the HF PLA, which — in the presence of  existing fibrosis — enhances substrate for reentry (in the PLA).

Our results demonstrate that OS — acting at least in part through increased constitutive activity of  
CaMKII — creates a highly vulnerable substrate within the HF PLA for both triggered activity and reen-
try that promotes AF beyond fibrosis. These data not only shed light on the mechanisms underlying the 
creation of  a vulnerable AF substrate, but they also have potentially important translational implications, 
especially with regard to the design of  new, mechanism-guided therapies for AF. These therapies may 
include novel, gene-based approaches targeted at enzymatic sources of  OS (e.g., NOX2), as well as down-
stream signaling mediators of  OS-induced electrophysiological remodeling in the atrium (e.g., CaMKII).

Results

Preferential increase in O2
– generation and protein oxidation in HF PLA

Regional differences in O2
– generation and carbonylation within left atrium. We first investigated whether or not there 

was greater O2
– generation and possible regional differences within the left atrium in the setting of HF. Lucigen-

in chemiluminescence assay revealed a significant increase in overall O2
– generation in HF left atrial homog-

enate, compared with control samples (Figure 1A). This increase in O2
– generation occurred preferentially in 

the PLA, with there being no significant increase in O2
– generation in the left atrial appendage (LAA) (Figure 

1B). Next, we determined relative contribution to O2
– generation by various enzymatic sources of ROS (by the 

application of specific ROS inhibitors). There was higher activity mitochondrial ROS in HF PLA, compared 
with control PLA, with NOX2-generated ROS showing a trend toward an increase (P = 0.140) (Figure 1C). 
No significant difference between control LAA and HF LAA was noted for any enzymatic sources of ROS 
(Figure 1D). Consistent with higher O2

– generation in HF PLA, immunoblot analysis showed that expression 
of gp91, a major subunit of NOX2, was also greater in HF atria, compared with control (Figure 1E). In view 
of increased generation of O2

– in the HF PLA, we next sought to determine if  higher ROS generation in HF 
PLA could affect downstream molecules by either direct protein oxidation or indirectly via increased activity of  
protein kinase signaling pathways. To address the possibility of direct modification, we assessed carbonylation 
in control and HF atrial samples. Level of carbonylation was higher in HF, compared with control (Figure 1F). 
Furthermore, there was a preferential increase in carbonylation in the HF PLA compared with HF LAA (Fig-
ure 1G), which is consistent with higher levels of ROS generation found earlier in the HF PLA.

Differences in oxidation between left and right atrium. To determine whether there were differences in oxida-
tion between the left and right atrium, we examined relative differences in carbonylation between the LAA 
and the right atrial appendage (RAA) in dogs with HF. As shown in Figure 1H, in HF atria, the LAA is sig-
nificantly more oxidized than the RAA. Taken together, these data further support our overall conclusion 
that OS appears to be preferentially increased in the HF PLA as compared with other regions of  the atria.

Regional differences in expression and spatial distribution of  Ox-CaMKII within the left atrium. Since direct 
modification of  cellular proteins by ROS can be spatiotemporally limited, we also assessed ROS-induced 
oxidation of  CaMKII. Immunoblot analysis revealed a significant increase in the ratio of  oxidized-CaMKII 
(Ox-CaMKII) to total CaMKII in HF PLA, compared with control PLA, but not in HF LAA vs. control 
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Figure 1. Higher O2
– generation, higher expression of gp91, and higher carbonylation in canine HF PLA. (A) Overall O2

– generation in atria in control and 
HF. (B) Higher O2

– generation in HF PLA compared with control PLA and HF LAA. (C and D) Contribution of various enzymatic sources of ROS generation in 
PLA and LAA. NADPH oxidase and mitochondrial ROS was found to be responsible for significant increase in ROS generation in HF PLA but not in HF LAA. 
(E) Representative immunoblot and densitometric measurements of gp91 (normalized to GAPDH) from control and HF atria. (F) General protein carbonyla-
tion levels in control and HF atria. (G) Comparison of protein carbonylation in HF PLA and HF LAA. (H) Comparison of protein carbonylation in HF LAA and 
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LAA (Figure 2A). Ox-CaMKII has been suggested to effect conduction slowing in the ventricle after myo-
cardial infarction (27). Since slow and inhomogeneous conduction are thought to promote an AF substrate 
in HF (23, 28), we hypothesized that the spatial distribution of  Ox-CaMKII would be more heterogeneous 
in HF compared with control PLA. We performed a large-scale IHC analysis in entire tissue sections to 
determine spatial distribution of  Ox-CaMKII. Consistent with the immunoblot data, quantification of  
immunofluorescence intensity of  Ox-CaMKII (green) revealed not only higher intensity of  Ox-CaMKII 
(control PLA, 63.45 ± 4.47 AU; HF PLA, 91.51 ± 3.61AU; P < 0.001), but also more spatially hetero-
geneous distribution of  Ox-CaMKII, compared with control PLA (Figure 2B). There was no significant 
difference in spatial distribution of  Ox-CaMKII in HF LAA vs. control LAA (Supplemental Figure 1A; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.120728DS1).

Increased incidence of TCWs in HF PLA myocytes and attenuation of TCWs by 
mitochondrial ROS inhibition
Aberrant Ca2+ cycling is thought to contribute to AF substrate formation (29). We recently described a 
unique form of  aberrant sarcoplasmic reticulum (SR) Ca2+ release in atrial myocytes, wherein atrial myo-
cytes demonstrate the presence of  Ca2+ waves that occur during rapid atrial stimulation, not during diastole 
(17). Preliminary data indicate that these TCWs cause incomplete cellular repolarization on a beat-to-beat 
basis and, therefore, could contribute to afterdepolarizations and/or dispersion of  repolarization (30). The 
incidence of  TCWs increases significantly in HF myocytes, with Ca2+ waves occurring at significantly lon-
ger cycle lengths than in normal myocytes (17). Since CaMKII-p-RyR2 (S2814) has been shown to alter SR 
Ca2+ release (16), and as Ox-CaMKII — which is known to be enzymatically active in the absence of  Ca2 +/
CaM — was increased in the HF PLA, we measured the level of  CaMKII-p-RyR2 (S2814). The ratio of  
CaMKII-p-RyR2 (S2814) to total RyR2 was significantly higher in HF PLA, compared with control PLA 
(Figure 3A; see complete unedited blots in the supplemental material; 2 exposures of  the complete gel have 
been provided, as the fourth sample in the HF PLA is best seen on the longer exposure). There was no dif-
ference in ratio of  CaMKII-p-RyR2 (S2814) to total RyR2 in the HF LAA vs. control LAA.

Since both enhanced OS and enhanced CaMKII phosphorylation of  RyR2 have been shown to alter 
SR Ca2+ release in ventricular and atrial myocytes (16, 31), we hypothesized that the increased levels 
Ox-CaMKII and the ratio of  CaMKII-p-RyR2 (S2814) to total RyR2 noted in the HF PLA would be asso-
ciated with: (a) an increased propensity for HF PLA myocytes to develop TCWs, as compared with LAA 
myocytes, and (b) acute inhibition of  ROS to inhibit TCW generation in HF atrial myocytes.

Quantification of  TCWs evoked by field stimulation in freshly isolated HF atrial myocytes did indicate 
a higher incidence of  TCWs compared with normal atrial myocytes at a basic cycle length (BCL) of  200 ms 
(Figure 3B). In addition, the incidence of  TCWs was significantly greater in HF PLA compared with HF 
LAA myocytes at 300 ms BCL (Figure 3C).

To address whether or not the higher incidence of  TCWs in HF PLA is ROS sensitive, we measured 
Ca2+ cycling following application of  inhibitors for the different enzymatic sources of  ROS in HF PLA 
and HF LAA myocytes. Figure 3D shows that the frequency of  TCWs in PLA myocytes was signifi-
cantly attenuated by preincubation with mitochondrial ROS scavenger, mito-TEMPO, as well as by a 
NOX2 inhibitor, apocynin. Even though apocynin is not a specific inhibitor of  NOX2, our data — when 
taken together with the observed increase of  NOX2-generated O2

– and gp91 in the HF PLA — does 
indicate a likely role for NOX2 in TCW generation in HF atrial myocytes. We also investigated the 
characteristics of  Ca2+ transients. Given that TCWs typically manifest before Ca2+ transients decay to 
baseline (before full repolarization/relaxation), analyses of  Ca2+ transient characteristics were restricted 
to pacing cycle lengths not containing TCWs. Such assessment of  multiple spatiotemporal properties of  
Ca2+ transients indicated statistically insignificant differences between untreated vs. mito-TEMPO– or 
apocynin-treated myocytes (Supplemental Figures 2 and 3). Since the level of  CaMKII-p-RyR2 (S2814) 
was preferentially elevated in the PLA, we also assessed whether TCWs in HF PLA myocytes were sen-
sitive to CaMKII inhibition. Supplemental Figure 4 shows that preincubation with KN-93, a CaMKII 
inhibitor, attenuated the incidence of  TCWs in HF PLA myocytes. We also performed Ca2+ transient 

HF RAA. Data are represented as mean ± SEM; *P < 0.05, **P < 0.01. (A, E, F, G, and H) Independent t test. (B) Two-way ANOVA test of main effects. (C 
and D) Two-way ANOVA with Bonferroni correction on comparison of HF vs. control within each enzyme. HF, heart failure; PLA, posterior left atrium; LAA, 
left atrial appendage; RAA, right atrial appendage. See complete unedited blots in the supplemental material.
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analysis in the presence of  KN93. The only significant change induced by KN93 was the width of  the 
transient at 50% of  its magnitude (TW50, Supplemental Figure 5).

ROS leads to generation of TCWs via CaMKII signaling — a computational modeling study
To better understand the connection between OS, CaMKII signaling, and TCW generation in HF PLA 
myocytes, we investigated the effect of  OS on Ca2+ handling using a spatially distributed atrial cell model. 
To model the relationship between ROS and CaMKII, we applied an established mathematical model 
by Christensen et al. (32), which includes an oxidized active state of  CaMKII that is regulated by ROS 
activity. The subsequent effect of  CaMKII on Ca2+ cycling activity was then described using a model of  
RyR phosphorylation by Hashambhoy et al. (33). Using this combined approach, we then explored the 

Figure 2. Increase in expression and increased heterogeneity of spatial distribution of Ox-CaMKII in HF PLA. (A) Representative immunoblot and densitomet-
ric measurements of Ox-CaMKII (normalized to native CaMKII) from control and HF in PLA (left) and LAA (right). (B) Quantification of immunofluorescence in all 
myocytes in random nine 10× images in control and HF PLA. Coefficient of variation of Ox-CaMKII immunofluorescence for control vs. HF PLA is compared in the 
graph on the right. Scale bar: 40 μm. Data are represented as mean ± SEM. *P < 0.05. Independent t tests. HF, heart failure; PLA, posterior left atrium; LAA, left 
atrial appendage. See complete unedited blots in the supplemental material.

https://doi.org/10.1172/jci.insight.120728
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relationship between ROS activity and the spatiotemporal dynamics of  Ca2+ cycling in atrial cells. As a 
starting point, we first considered the steady state Ca2+ transient for a range of  ROS concentrations. In 
Figure 4A, we show the Ca2+ transient after 30 beats of  pacing with periodic stimulation in which the 
ROS concentration was fixed at low concentrations of  ROS (i.e., ROS = 1 μM). Here, we see that the Ca2+ 
transient was synchronized with the periodic pacing. To keep track of  subcellular Ca2+, we also simulated 
a longitudinal line scan that measured the dyadic junction Ca2+ concentration within our 60 × 20 × 20 
atrial myocytes model (Supplemental Figure 6). The result is that subcellular Ca2+ rises mostly on the cell 
boundary, and there was minimal Ca2+ release in the cell interior. In contrast, we also performed a similar 
simulation where CaMKII was oxidized with ROS = 3 μM (Figure 4B) and with ROS = 5 μM (Figure 
4C). In this case, we found that, after several beats, Ca2+ release occurred in the cell interior in the form of  
mini-waves. At intermediate levels of  ROS (3 μM), these waves were found to grow in magnitude, even-
tually turning into full Ca2+ waves spanning the entire longitudinal axis of  the atrial myocytes at higher 
concentrations of  ROS (5 μM). This effect appears to be due to the increased “leakiness” of  the RyR2 
because of  constitutive activity of  CaMKII resulting from its oxidation that led to an increased propensity 
of  Ca2+ wave propagation in the cell interior.

Taken together, the experimental and modeling data presented above demonstrate that OS is intricately 
involved in the generation of  TCWs in HF atrial myocytes, with CaMKII signaling being one of  the likely 
mediators of  this effect of  OS generation on TCW generation.

CaMKII-dependent phosphorylation of Nav1.5 is preferentially increased in HF PLA and localized at the 
intercalated disc (ID) in atrial myocytes

CaMKII phosphorylates Nav1.5, resulting in altered INa steady-state inactivation, recovery from inacti-
vation, and late current. CaMKII-p-Nav1.5 (S571) enhances late Na+ current and decreases channel avail-
ability (15, 26). Recent studies suggest that Na+ channels exist in more than one spatial pool in the cell 
membrane, owing to the interactions of  Nav1.5 with a variety of  kinases (including CaMKII) and binding 
protein partners that help the trafficking of  the Na+ channel macromolecular complex to the cell membrane 
(26, 34). As mentioned earlier, HF leads to a vulnerable substrate for AF, at least in part by leading to 
slowing and inhomogeneity of  conduction in the atrium. Since CaMKII, via its interactions with binding 
partners such as AnkG and βIV-spectrin, is thought to associate with Nav1.5 at the ID, we hypothesized 
that CaMKII-p-Nav1.5 (S571) has a unique pattern of  expression and spatial distribution in the HF atrium 
that likely contributes to the slow and inhomogeneous conduction observed in HF.

Consistent with the increased expression of  Ox-CaMKII in HF PLA, we found that the ratio of  CaM-
KII-p-Nav1.5 (S571) to total Nav1.5 was higher in HF PLA, compared with control PLA (Figure 5A). Of  
note, there was a significant decrease in native Nav1.5 expression in the HF atrium (Figure 5A). There was 
no significant difference in the ratio of  CaMKII-p-Nav1.5 (S571) to total Nav1.5 between control LAA and 
HF LAA (Supplemental Figure 7A).

To assess subcellular localization of  CaMKII-p-Nav1.5 (S571) in control and HF atrium, we performed 
IHC with confocal microscopy. As expected, native Nav1.5 was located at both the ID and lateral membrane 
in control atrial myocytes, as well as in HF atrial myocytes (Figure 5B, top panel, and Supplemental Fig-
ure 7B). In sharp contrast, CaMKII-p-Nav1.5 (S571) was localized preferentially at the ID and was almost 
entirely absent from the lateral membrane in control atrial myocytes (only a negligible number of  myocytes 
showed CaMKII-p-Nav1.5 [S571] labeling at the lateral membrane; Figure 5B, middle panel, and Figure 
5C). This absence of  CaMKII-p-Nav1.5 (S571) at the lateral membrane was observed in both control and 
HF atrium (Figure 5B, bottom panel). To our knowledge, this is the first report of  preferential localization 
of  CaMKII-p-Nav1.5 (S571) at only 1 spatial pool. The near-complete absence of  CaMKII-p-Nav1.5 (S571) 
may have major implications for slow and/or inhomogeneous conduction in the HF atrium, in view of  data 

Figure 3. Increased expression of CaMKII-p-RyR2 (S2814) in HF PLA and sensitivity of triggered Ca2+ waves in PLA myocytes to acute ROS inhibition. 
(A) Representative immunoblot and densitometric measurements of CaMKII-p-RyR2 (S2814) (normalized to native RyR2) from control and HF in PLA 
(left) and LAA (right). (B) HF atrial myocytes showed higher incidence of triggered Ca2+ waves, compared with control. (C) Higher incidence of triggered Ca2+ 
waves in HF PLA myocytes, compared with HF LAA myocytes at 300 ms BCL. (D) Ca2+ imaging showed attenuation of incidence of triggered Ca2+ waves at 
500 ms and 300 ms BCL in the presence of mito-TEMPO and apocynin in HF PLA myocytes, but not in HF LAA myocytes. Time bar: 1 second. The myocytes 
for these experiments were obtained from 4 HF dogs, and the number of myocytes for each experimental condition is given in each figure panel. Data are 
represented as mean ± SEM. *P < 0.05, ***P < 0.001. (A and B) Independent t test. (C) Paired t test. (D) Main effect of ANOVA (P = 0.017 at 300 ms, 0.053 
at 500ms), post hoc t tests with each cycle with Bonferroni correction. HF, heart failure; PLA, posterior left atrium; LAA, left atrial appendage.  
See complete unedited blots in the supplemental material.
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in a KO mouse model wherein the absence of  Nav1.5 at the lateral membrane leads to at least a 40% reduc-
tion in conduction velocity (CV) in the myocardium (35). Indeed, as discussed later in this manuscript, the 
preferential increase in CaMKII-p-Nav1.5 (S571) noted in the HF PLA closely corresponds to the preferen-
tial slowing of  conduction noted in this region in the setting of  HF (as compared with the LAA).

Decrease in AnkG attenuates trafficking of CaMKII-p-Nav1.5 (S571) to the ID in HF, leading 
to increased spatial heterogeneity of distribution of CaMKII-p-Nav1.5 (S571) in HF
As in normal dogs, CaMKII-p-Nav1.5 (S571) was localized almost entirely at the ID in the HF atrium 

Figure 4. Computational modeling of Ca2+ cycling at low and high level of ROS. Computational modeling of Ca2+ cycling at low level of ROS (A), 
intermediate level of ROS (B), and high level of ROS (C). Top trace represents the Ca2+ transient when the cell is paced for 30 beats using a periodic 
voltage clamp. Bottom trace is a longitudinal linescan of our spatially distributed model of 60 × 20 × 20 calcium release units. The linescan location 
is at position ny = 10 and nz = 15. Scale bar: 45 μm.

https://doi.org/10.1172/jci.insight.120728
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(Figure 5B, bottom panel). Interestingly, the percentage 
of  IDs that had demonstrated the presence of  CaM-
KII-p-Nav1.5 (S571) was significantly decreased in HF 
compared with normal atrium, due to a patchy drop-
out of  CaMKII-p-Nav1.5 (S571) at the ID (Figure 6A). 
The absence of  CaMKII-p-Nav1.5 (S571) labeling at a 
significant percentage of  IDs in HF, even though these 
IDs showed adequate cadherin labeling, translated into 
a significant decrease in the ratio between CaMKII-p-
Nav1.5 (S571) and cadherin labeling at the ID (Figure 
6A). Some dropout of  native Nav1.5 at the ID was also 
noted in the HF atrium (Supplemental Figure 7B).

To investigate possible mechanisms for this patchy 
dropout of  CaMKII-p-Nav1.5 (S571) in HF, we next 
determined the expression levels of  important bind-
ing partners to traffic Nav1.5 to the ID (i.e., AnkG and 
βIV-spectrin; ref. 36). Immunoblot analysis revealed a 
significant reduction of  AnkG in HF atrium in both 
cytosolic and membrane fractions (Figure 6B) com-
pared with control atria. Immunocytochemistry exper-
iments further confirmed this decrease in AnkG in HF 
atrium, with a significant decrease in AnkG at the ID 
in HF atrial myocytes (even though cadherin labeling 
was similar in control and HF myocytes) (Figure 6C). 
Changes in expression of  βIV-spectrin were less pro-
nounced, with βIV-spectrin being nearly absent in the 
cytosolic fraction but increased in the membrane frac-
tion (Supplemental Figure 7C).

As shown in Figure 6D, AnkG and CaMKII-p-
Nav1.5 closely colocalize with each other. AnkG and 
CaMKII-p-Nav1.5 (S571) are either both present or 
both absent at the ID in the vast majority (almost 90%) 
of  HF atrial myocytes. Only a small minority of  myo-
cytes demonstrate the presence of  only a single protein 
at the ID. Taken together, these results strongly suggest 
that a decrease in AnkG contributes to the dropout of  
CaMKII-p-Nav1.5 (S571) at the ID in the HF.

Figure 5. Increased expression of CaMKII-phosphorylated 
Nav1.5 at serine 571 in HF PLA and preferential localization 
of CaMKII-p-Nav1.5 (S571) at the ID. (A) Representative 
immunoblot of CaMKII-p-Nav1.5 (S571), native Nav1.5, and 
cadherin (top) and densitometric measurements for CaMKII-
p-Nav1.5 (S571) (normalized to native Nav1.5, bottom left) 
and native Nav1.5 (normalized to cadherin, bottom right) 
from control and HF in PLA. (B) While Nav1.5 was localized 
at both ID (white arrows) and the lateral membrane (LM, 
yellow arrows) in both control and HF (top), CaMKII-p-Nav1.5 
(S571) was only localized at ID in control (middle) and HF 
(bottom). Scale bar: 40 μm. (C) Quantification of myocytes 
with LM labeling of Nav1.5 and CaMKII-p-Nav1.5 (S571) in 
control and HF myocytes. Data are represented as mean ± 
SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (A) Independent t 
tests. (C) Two-way ANOVA, Bonferroni adjusted within level 
comparisons. HF, heart failure; PLA, posterior left atrium; 
ID, intercalated disc. See complete unedited blots in the 
supplemental material.
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This patchy dropout of  CaMKII-p-Nav1.5 (S571) at the ID led to an increase in spatial heterogeneity 
of  CaMKII-p-Nav1.5 (S571) distribution in the HF PLA. As shown in Figure 7A, we quantified the ratio 
(numbers in yellow) of  CaMKII-p-Nav1.5 (S571) (green) labeling at the ID against cadherin (red) labeling 
at the ID in a random sample of  9 images. The control images of  the PLA showed a consistent CaMKII-
p-Nav1.5/cadherin ratio across all images (Figure 7A, left panel). However, in HF, some images showed 
a much higher ratio than others (Figure 7A, right panel). Thus, there was a significant increase in the 
coefficient of  variation of  CaMKII-p-Nav1.5 (S571)/cadherin ratio, compared with control PLA (Figure 
7C). Interestingly, there was no significant difference in the coefficient of  variation of  CaMKII-p-Nav1.5 
(S571)/cadherin ratio between control vs. HF LAA (Supplemental Figure 1B). We also assessed the spatial 
distribution of  native Nav1.5. While the spatial distribution of  Nav1.5 was more heterogeneous in the HF 
PLA compared with control, the increase in heterogeneity was less pronounced than noted with CaMKII-
p-Nav1.5 (S571) (Figure 7, B and C).

Conduction changes in HF atrium correspond to the preferential increase in expression and enhanced 
spatial heterogeneity of  Ox-CaMKII and CaMKII-p-Nav1.5 (S571) in the PLA

Previous reports have shown that HF contributes to the formation of  AF substrate by promoting inho-
mogeneous conduction in the atrium (23, 28). However, it is not known whether there are regional dif-
ferences in conduction slowing in the HF atria and whether conduction changes in the PLA are different 
from those elsewhere in the left atrium. Since OS appears to have a regional predilection for the HF PLA, 
resulting in a unique spatial distribution pattern of  Ox-CaMKII and CaMKII-p-Nav1.5 (S571) at both 
the intra-cellular and inter-cellular level, we hypothesized that the conduction slowing and inhomogeneity 
previously described in the HF atrium occur preferentially in the HF PLA compared with the rest of  the 
left atrium. We therefore performed high-density electrophysiological mapping in the left atrium at baseline 
and after the induction of  HF, and we compared conduction characteristics between the PLA and the LAA. 
As shown in Figure 8, ventricular tachypacing–induced (VTP-induced) HF led to a decrease in CV during 
pacing at BCL of  400 and 300 ms in the PLA (Figure 8A). In the LAA, there was no significant change in 
CV with HF (Figure 8B). In addition to a slowing in CV, there was also a marked increase in conduction 
inhomogeneity (CI) during sinus rhythm and during pacing at 300 ms in the PLA after 3 weeks of  VTP 
(Figure 8C). However, there was no significant change in CI in LAA with VTP (Figure 8D).

The preferential decrease in CV seen in the PLA corresponds to the preferential increase in Ox-CaM-
KII and CaMKII-p-Nav1.5 (S571) levels noted in the PLA. Similarly, the increase in CI corresponds to the 
increased heterogeneity of  spatial distribution of  Ox-CaMKII and CaMKII-p-Nav1.5 (S571) in the HF PLA.

Addition of slow conduction to existing fibrotic substrate enhances vulnerable substrate 
for AF in HF — insights from computation modeling
As mentioned earlier, fibrosis is thought to be a key component of  AF substrate formation in HF. The cur-
rent study suggests that, in addition to fibrosis, OS-induced slowing of  conduction via an increase in the 
level of  CaMKII-p-Nav1.5 (S571) may also contribute to substrate for reentry in the HF PLA. To investigate 
whether slowing of  conduction (e.g., by an increase in CaMKII-p-Nav1.5 [S571]) in the presence of  existing 
fibrosis can exacerbate substrate for AF in the HF atrium, we performed a number of  computer simulations 
in a 2-dimensional (2-D) atrial cell model, where vulnerability to wavebreak and reentry — and resulting 
sustained AF — was assessed in the presence of  (a) a number of  fibrotic conditions alone (Figure 9A,Sup-
plemental Figure 8, and Supplemental Videos 1 and 4–6) and (b) regions of  slow conduction that were 
juxtaposed to existing regions of  fibrosis, either in a concentrated (Figure 9B and Supplemental Video 2) or 
scattered configuration (Figure 9C and Supplemental Video 3). As shown in Supplemental Figure 8, B and 
C, fibrosis alone was able to reliably cause sustained reentry only when a single extra stimulus was delivered 
close to 2 regions of  fibrosis separated by a narrow isthmus of  normal conduction. However, the addition of  

Figure 6. Decrease in expression and ID localization of AnkG is responsible for dropout of CaMKII-p-Nav1.5 (S571) in HF PLA. (A) In HF PLA, there was a 
dropout of CaMKII-p-Nav1.5 (S571) at certain ID (red arrow), where cadherin labeling was still intact at those ID (left). Quantification of myocytes with ID 
labeling of CaMKII-p-Nav1.5 (S571) in control and HF PLA (right). (B) Representative immunoblot and densitometric measurements of AnkG (normalized to 
GAPDH and cadherin) in cytosolic and membrane fractions, respectively, from control and HF PLA. (C) ID localization of AnkG (red) was reduced in isolated 
HF myocytes, while labeling of cadherin (green) seemed similar in control and HF myocytes. (D) Colocalization of CaMKII-p-Nav1.5 (S571) and AnkG at the 
ID (white arrows). Scale bar: 40 μm. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (A and B) Independent t test. (C) Gener-
alized linear model, logit link comparing rates if ID localization of AnkG. (D) χ2 test. HF, heart failure; PLA, posterior left atrium; ID, intercalated disc. See 
complete unedited blots in the supplemental material.
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Figure 7. Increase in spatial heterogeneity of distribution of 
CaMKII-p-Nav1.5 (S571) in HF PLA. (A and B) More heterogeneous 
distribution of CaMKII-p-Nav1.5 (S571) (A) and Nav1.5 (B) in HF PLA, 
compared with control PLA in random nine 40× confocal images. 
Each number (yellow) represented the ratio of labeling frequency 
of CaMKII-p-Nav1.5 (S571) (A, green) and Nav1.5 (B, green) against 
cadherin (red) at ID. Scale bar: 40 μm. (C) Comparison of spatial 
distribution of CaMKII-p-Nav1.5 (S571) and Nav1.5 in control and HF 
PLA. Note that CaMKII-p-Nav1.5 (S571) was more heterogeneously 
distributed than Nav1.5 in HF PLA. Data are represented as mean ± 
SEM. *P <0.05, **P < 0.01. Independent t tests. HF, heart failure; 
PLA, posterior left atrium; ID, intercalated disc.
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Figure 8. Change in conduction velocity and conduction inhomogeneity in PLA and LAA by ventricular tachypacing induced HF. (A and B) Conduction velocity 
was decreased at 400 ms and 300 ms cycle length in PLA after 3 weeks of ventricular tachypacing, but not in LAA. (C and D) Conduction inhomogeneity was 
increased at NSR, 400 ms, and 300 ms cycle length in PLA after 3 weeks of ventricular tachypacing, but not in LAA. (E and F) Representative examples of acti-
vation maps in the PLA and LAA, respectively. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Repeated measures 2-way ANOVA with 
Bonferroni adjusted within cycle comparisons. HF, heart failure; PLA, posterior left atrium; LAA, left atrial appendage.
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even small regions of  slow conduction (50% of  normal conduction) in and around regions of  widely spaced, 
homogeneously distributed fibrosis — which would ordinarily not allow for the emergence of  reentry — led 
to the initiation of  wavebreak and sustained reentry (Figure 9, B and C). Furthermore, AF in the setting of  
the combination of  fibrosis and patchy, slow conduction was significantly more disorganized than that noted 
in the setting of  fibrosis alone (See pseudo ECGs in Figure 9, B and C, vs. Supplemental Figure 8, B and C).

Discussion
The findings of  this study indicate that, in HF, OS creates a unique substrate in the PLA for both trig-
gered activity and reentry (Figure 10). Specifically, our study demonstrates that there is increased OS in the 
HF left atrium, with the PLA demonstrating a preferential increase in OS compared with the rest of  the 
left atrium. This increase in OS is accompanied by an increase in CaMKII phosphorylation of  RyR2 and 
Nav1.5, likely secondary to an increase in expression of  Ox-CaMKII. The increased CaMKII-phosphor-
ylated RyR2 in the PLA appears to significantly enhance the propensity of  HF PLA myocytes to initiate 
TCWs, which are highly sensitive to ROS inhibition. The increase in CaMKII-phosphorylated Nav1.5 in 
the HF PLA appears to create substrate for reentry by the following mechanisms: (a) unlike native Nav1.5, 
CaMKII-phosphorylated Nav1.5 is largely confined to a single compartment in the myocyte cell membrane 
(ID), which likely contributes to slowing of  conduction in the HF PLA by leading to a decrease in peak INa; 
(b) there is patchy dropout of  CaMKII-phosphorylated Nav1.5 at the ID in HF (owing at least in part to a 

Figure 9. Mathematical simulation of action 
potential propagation in 2-D atrial tissue. 
Simulations were performed on a 200 × 
200 grid equivalent to a 5 × 5 mm sheet of 
tissue. Dense fibrotic region was modeled 
as inactive and nonconducting areas (gNa 
= 0). Regions were assigned either normal 
(gNa = 12) or reduced (gNa = 6) sodium 
conductance. Arrhythmia induction was 
performed in the presence of fibrosis alone 
(A) or reduced gNa regions juxtaposed to 
regions of fibrosis, either in a concentrated 
(B) or scattered configuration (C). In each 
condition, 25 screen shots of activation mov-
ie were taken every 75 ms. Sustained reentry 
could be induced in the setting of condition 
B and C, but not condition A.
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decrease in the level of  its binding partner, AnkG). As a result, the spatial distribution of  CaMKII-phos-
phorylated Nav1.5 is significantly more heterogeneous in HF compared with control PLA, corresponding 
closely to the preferential increase in conduction heterogeneity seen in the HF PLA compared with the 
rest of  the left atrium. Computational modeling supported the notion that slowing of  conduction in and 
around regions of  atrial fibrosis in the HF atrium — as may be expected to be the case with increased 
expression and enhanced heterogeneity of  spatial distribution of  Ox-CaMKII and its downstream signaling 
partner CaMKII-phosphorylated Nav1.5 — creates conditions that are more conducive to the emergence 
of  sustained reentry and AF than the presence of  fibrosis alone (i.e., fibrosis in the absence of  neighboring 
regions of  slow conduction).

Potential role of  OS in creating electrical and structural remodeling in the intact PLA and in promoting a vul-
nerable substrate for AF. While it has been known for several years that ectopic foci originate in the PVs in 
most patients with AF, the structural, electrophysiological, and molecular characteristics of  this region 
that make it fertile for the emergence of  these reentrant/triggered foci are just beginning to be under-
stood. It is known that the PLA has a unique pattern of  myocyte fiber orientation, which is thought to 
predispose to reentry (37). The PLA is also known to have peculiar electrophysiological characteristics, 
including longer refractory periods and significantly slower conduction than the rest of  the atrium (38). 

Figure 10. Schematic illustration of potential mechanisms by which OS leads to substrate for triggered activity 
and reentry in the HF PLA. Increase in ROS generation by NADPH oxidase (NOX2) and mitochondrial ROS results in 
enhanced oxidation of CaMKII in the HF PLA. Ox-CaMKII hyperphosphorylates downstream target molecules, including 
RyR2 and Nav1.5. At the cellular level, CaMKII-dependent phosphorylation of RyR2 leads to emergence of triggered Ca2+ 
waves, which predispose to afterdepolarizations (triggered activity). At the tissue level, CaMKII-dependent phosphoryl-
ation of Nav1.5 results in selective trafficking of the channel protein to the ID, with little or no trafficking to the lateral 
membrane (LM). An increase in the level of CaMKII-p-Nav1.5 (S571) would therefore be expected to decrease peak INa 
and lead to conduction slowing. Furthermore, a decrease in AnkG levels in HF leads to defective forward trafficking of 
CaMKII-p-Nav1.5 (S571) to the ID; this results in a patchy dropout of CaMKII-p-Nav1.5 (S571) and, therefore, in increased 
heterogeneity of expression of CaMKII-p-Nav1.5 (S571). The increased heterogeneity of expression of CaMKII-p-Nav1.5 
(S571) promotes inhomogeneous conduction in the HF PLA. The conduction slowing and increased inhomogeneity of 
conduction caused by altered expression patterns of CaMKII-p-Nav1.5 (S571) leads to substrate for reentry. HF, heart 
failure; PLA, posterior left atrium; ID, intercalated disc.

https://doi.org/10.1172/jci.insight.120728


1 6insight.jci.org   https://doi.org/10.1172/jci.insight.120728

R E S E A R C H  A R T I C L E

Differences in refractory periods between the PLA/PVs and the adjoining left atrium are thought to be, 
at least in part, secondary to relative differences in ionic current properties between the PVs and the left 
atrium, with PV inward-rectifier currents being smaller and delayed-rectifier currents being larger in the 
PVs than in the left atrium (39, 40). In recent years, our laboratory and others have shown that the PVs/
PLA also demonstrate greater autonomic innervation than the rest of  the left and right atriums, making 
this region more sensitive to autonomic manipulation — and therefore the emergence of  reentry — than 
the rest of  the atria (41–43). These baseline structural and electrophysiological differences between the 
PLA and the rest of  the atrium appear to be exacerbated in the setting of  the atrial remodeling that 
occurs with AF (44–46).

Unfortunately, the molecular mechanisms and signaling pathways that lead to electrical and structural 
remodeling in the PLA — and therefore to AF — are poorly understood. Studies in recent years have impli-
cated OS as a likely mechanism in the creation of  a vulnerable AF substrate. Mihm et al. demonstrated 
significant oxidative damage in atrial appendages of  AF patients undergoing the Maze procedure (47). 
Carnes et al. showed that dogs with sustained AF had increased protein nitration, suggesting enhanced OS 
(48, 49). Kim et al. showed that NOX2 was a major source of  atrial ROS in patients with AF (13). More 
recently, Reilly et al. showed that atrial sources of  ROS vary with duration and substrate of  AF, with NOX2 
being elevated early in AF (e.g., postoperative AF) and with mitochondrial oxidases and uncoupled NOS 
being noted in long-standing AF (50). At the molecular level, OS creates substrate for AF by modifying 
key ion channels (8–10) and activating profibrotic signaling (11, 12) in the atrium. Experimental evidence 
suggests that ROS-mediated disturbances of  intracellular Ca2+ and Na+ handling may result in electrical 
instability and create conditions conducive to the development of  AF (51). In models of  AF, ROS also 
increase cardiac RyR2 open probability, with the resulting sarcoplasmic reticulum (SR) Ca2+ leak thought to 
increase susceptibility to AF (52, 53). This effect of  ROS on RyR2 opening is thought to be at least partially 
mediated by CaMKII-dependent phosphorylation of  RyR2 (54, 55).

In spite of  these initial studies, the precise contribution of  OS to electrophysiological remodeling in 
the intact atrium — and how this electrophysiological remodeling predisposes to reentry and triggered 
activity — is not well understood, nor is it known if  OS is specifically involved in the genesis of  AF in the 
PVs/PLA, whether or not structural heart disease is present. Since AF in the setting of  HF is currently less 
amenable to ablation or antiarrhythmic drugs, a greater understanding of  the AF disease state in the HF 
atrium — and how OS may be contributing to this disease state — would be crucial for the development 
of  new, mechanism guided therapies for AF. To our knowledge, this is the first study that has systemati-
cally examined the role of  OS in creation of  a vulnerable substrate for AF in the HF PLA. Our results 
demonstrate a preferential increase in OS in the HF PLA, as compared with the rest of  the left atrium. 
This increase in OS appears to cause both a general increase in protein oxidation in the PLA, as well as 
an increase in oxidation of  CaMKII, an important kinase thought to be involved in electrophysiological 
signaling in the atrium. This preferential increase in oxidation in the PLA appears to contribute both to sub-
strate for triggered activity — by increasing the propensity of  PLA myocytes to harbor TCWs in response 
to rapid atrial rates — and to substrate for reentry, by leading to inhomogeneous conduction in the atrium 
via an increase in CaMKII phosphorylation of  Nav1.5. Furthermore, to the best of  our knowledge, this is 
the first demonstration of  regional differences in oxidation in the intact HF atrium, especially in the context 
of  how OS may be creating a vulnerable substrate for AF. In addition to having important mechanistic 
implications for the genesis of  the AF disease state, these findings may also have important therapeutic 
implications for patients with AF (see below).

Our study also indicates that both NOX2 and mitochondrial ROS are preferentially elevated in 
the HF atrium, with both sources of  OS appearing to contribute to the generation of  TCWs. While 
the relative contribution of  each source of  OS to electrical and structural remodeling in the HF atri-
um is not clear, recent studies indicate the presence of  significant cross-talk between these enzymatic 
sources of  ROS, with Nox2 stimulating mitochondrial ROS by activating reverse electron transfer and 
with mitochondrial ATP-sensitive potassium channel–mediated (mitoK+

ATP-mediated) mitochondrial 
O2– stimulating cytoplasmic Nox2 in endothelial cells (56, 57). This cross-talk may magnify the role of  
both sources of  OS in the generation of  triggered activity and reentry in the HF atrium.

Role of  CaMKII in mediating OS-induced electrical remodeling in the PLA. CaMKII is a multifunctional ser-
ine-threonine protein kinase that is abundantly expressed in various tissues, with CaMKIIδ being the pre-
dominant isoform in the heart. CaMKII may be activated or inactivated by posttranslational modifications, 
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but posttranslational modifications to the CaMKII regulatory domain allow CaMKII to become persistently 
active under the influence of  upstream signals that increase intracellular Ca2+ and ROS (58). CaMKII acts on 
a variety of  downstream targets in cardiomyocytes by phosphorylating key targets, including voltage-gated 
ion channels (L-type Ca2+ channels, K+ channels, and Na+ channels) and E-C coupling proteins (RyR2 and 
phospholamban) (58, 59). The net effect of  CaMKII phosphorylation on these targets, by altering cellu-
lar excitability and by creating conditions conducive for afterdepolarizations, is to promote proarrhythmic 
conditions in myocytes. While most studies that examined the role of  CaMKII on ion channels and E-C 
coupling have done so in the ventricle, at least a few studies have examined the role of  CaMKII in the elec-
trophysiology of  isolated atrial myocytes. These suggest that CaMKII may be affecting atrial repolarization 
via effects on inward rectifying K current (IK1) and transient outward current (Ito) (60, 61). As in the ventricle, 
there is also evidence in the atrium that CaMKII affects — and is affected by — late INa, thereby increasing 
substrate for afterdepolarizations (62, 63). Another mechanism by which CaMKII may increase substrate for 
triggered activity is via its effects on RyR2 phosphorylation, specifically at the serine 2814 site (55). Although 
these studies suggest that CaMKII may contribute to a vulnerable substrate for AF, there is a paucity of  
studies that examined how CaMKII contribute to AF substrate in the intact atrium. A key mechanism that 
is thought to underlie AF substrate formation, especially in the setting of  HF, is slow and inhomogeneous 
conduction (23). There is some evidence that increased CaMKII activity by enhanced oxidation may lead to 
slow conduction in the post–myocardial infarction ventricle, with computational modeling suggesting that at 
least part of  this slowing may result from altered Na+ channel kinetics (32). Nonetheless, the precise electro-
physiological mechanisms by which increased CaMKII may be slowing conduction in the ventricle — and 
whether a similar mechanism may be operative in the HF atrium — has not hitherto been studied.

In this study, we have examined the effect of  CaMKII signaling on triggered activity and on intact 
atrial conduction — in a clinically relevant large-animal model of  AF. The enhanced CaMKII signaling in 
this model appears to be caused in large part by increased OS. Once activated, CaMKII appears to affect 
atrial electrophysiology, possibly via its phosphorylation of  RyR2 and Nav1.5. Enhanced CaMKII-p-RyR2 
(S2814) has been shown in several studies to increase afterdepolarizations in both ventricular and atrial 
myocytes, by increasing Ca2+ leak from RyR2 receptors. Voigt et al. showed that CaMKII-p-RyR2 (S2814) 
leads to an increased propensity for spontaneous Ca2+ release (Ca2+ waves) — and consequent delayed 
afterdepolarizations — in atrial myocytes from patients with chronic AF (16). Very recently, we have shown 
that atrial myocytes demonstrate a propensity for Ca2+ waves that occur in the setting of  rapid heart rates 
(17). These TCWs occur during atrial systole and cause membrane depolarizations that are conducive to 
the genesis of  early-afterdepolarizations (30). Atrial myocytes appear prone to these waves since they have 
a poorly developed T-tubular system — at least in some species — so that Ca2+ signaling occurs mostly on 
the cell boundary. This paucity of  T-tubules appears to be especially pronounced in canine atrial myocytes, 
as we have reported recently (64). In our computational study, we found that CaMKII phosphorylation of  
RyR2, which is induced by increased ROS activity, favors Ca2+ wave propagation by reducing the activation 
threshold for Ca2+ sparks. This is due to the increased open probability of  CaMKII-phosphorylated RyR2. 
Thus, the signaling architecture of  atrial myocytes makes them particularly prone to abnormal Ca2+ cycling 
activity caused by a disruption of  Ca2+ signaling. Notably, recent reports indicate the presence of  volumi-
nous axial tubules — at least in mouse and human atria — with extensive junctions to the SR that include 
RyR2 clusters (65). Even if  T-tubules are somewhat well developed in some species, T-tubule breakdown 
would not be unexpected in the setting of  HF, based on our prior work in the HF ventricle where significant 
T-tubule breakdown occurs with advancing HF (66). Future studies are needed to determine whether a 
relationship exists between TCWs and T-tubule architecture in these other species.

The incidence of  TCWs increases significantly in HF myocytes, with Ca2+ waves occurring at signifi-
cantly slower cycle lengths than in normal myocytes. These TCWs are highly sensitive to CaMKII block-
ade, implicating CaMKII-dependent RyR2 phosphorylation as a potential mechanism underlying these 
TCWs. In the current study, we have demonstrated that these TCWs are markedly sensitive to ROS block-
ade, especially in myocytes from the PLA. Taken together, these data strongly suggest that OS creates sub-
strate for TCWs in the HF PLA and does so, at least in part, by increasing CaMKII signaling in the atrium.

Importantly, the PLA has been shown to harbor substrate for not only triggered activity, but also reen-
try (38), with most rapidly firing PV foci thought to be reentrant in nature. Furthermore, since HF leads to 
both electrical and structural remodeling in the atrium, reentry may be a key electrophysiological mech-
anism involved in the maintenance of  the AF disease in HF. We therefore examined whether OS affects 
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conduction characteristics in the intact atrium via CaMKII-p-Nav1.5 (S571). Surprisingly, we discovered 
that, unlike native Nav1.5, CaMKII-p-Nav1.5 (S571) is almost entirely absent at the lateral membrane in 
atrial myocytes. Recent work suggests that CaMKII may be involved in the forward trafficking of  Nav1.5 
to the cell membrane, in good part due to its interactions with cytoskeletal adaptor proteins such as AnkG 
and βIV-spectrin (15, 26, 36). Several reports in recent years demonstrate the presence of  different pools of  
ion channels in the cardiac cell membrane. This compartmentalization of  ion channel proteins is thought 
to occur in large part due to binding to trafficking proteins such as the dystrophin-syntrophin multipro-
tein complex, SAP97 and AnkG (67, 68). Of  these, the dystrophin-syntrophin macromolecular complex 
appears to target Nav1.5 to the lateral membrane region of  the cardiomyocyte (35). Other reports demon-
strate interaction at the ID between gap junctions, desmosomes, and the NaV1.5 channel complex through 
the interactions of  Cx43, pkp2, and AnkG (34, 69). The selective compartmentalization of  CaMKII-p-
Nav1.5 (S571) to the ID — noted in both control and HF atria in our experiments — is likely due to the 
previously demonstrated interaction between CaMKII, Nav1.5, AnkG, and βIV-spectrin, which have been 
shown to coexist within a large macromolecular complex (36). This finding has significant implications for 
the conduction slowing and inhomogeneous conduction that is typically noted in the HF atrium, especially 
in the PLA. Indeed, as demonstrated by Shy et al., dropout of  Nav1.5 at the lateral membrane results in 
approximately 40% decrease in peak INa, which probably contributes to significant conduction slowing in 
the ventricle (35). In light of  these findings, it is highly likely that the slow and inhomogeneous conduction 
that characterize AF substrate in HF may be at least partially mediated by an OS-induced increase in CaM-
KII-p-Nav1.5 (S571). The importance of  AnkG in trafficking CaMKII-p-Nav1.5 (S571) to the ID is further 
underscored by the observation that, even though Ox-CaMKII activity increases in HF, CaMKII-p-Nav1.5 
expression at the ID — the only compartment where it preferentially exists — decreases. Our data indicate 
that this patchy dropout of  CaMKII-p-Nav1.5 is secondary to a significant decrease in AnkG in the HF 
atrium. Our computational modeling studies strongly support a role for preferential conduction slowing in 
the PLA — such as that resulting from decreased Nav1.5 availability owing to the above-mentioned mech-
anisms — for the creation of  reentrant substrate in the atrium. It has long been known that fibrosis creates 
important structural barriers in the atrium that are necessary for the emergence of  reentry (20, 23). Impor-
tantly, our computational studies suggest that fibrosis, while a key component of  inhomogeneous conduc-
tion slowing in the atrium, may alone not always be sufficient for the creation of  conditions conducive for 
reentry. It appears that — in the presence of  interstitial fibrosis, which establishes inexcitable conduction 
barriers in both in the PLA and in the LAA — further conduction slowing by decreased availability of  INa 
(e.g., due to an increase in CaMKII phosphorylated Nav1.5) may more readily create conditions conducive 
to reentry in the PLA than would be possible in the presence of  fibrosis alone.

Implications for therapeutic targeting of  AF in HF. Currently, success of  both pharmacological and ablative 
therapies for AF in patients with HF is significantly below that of  patients without structural heart disease 
(70). The low success of  ablation in patients with structural heart disease or in patients with long-standing 
persistent AF is thought to be at least in part because AF ablation in its current form is largely anatomic, 
with PV isolation (the primary objective of  ablation) being inadequate to sufficiently disrupt the key molec-
ular mechanisms (e.g., OS) responsible for the genesis and maintenance of  AF in HF. Recent attempts at 
ablating large amounts of  atrial myocardium — by adding linear ablation in the atrium or ablating com-
plex fractionated atrial electrograms — have not demonstrated a significant increase in ablation success 
in patients with long-standing persistent AF and/or structural heart disease (71). Furthermore, it is well 
known that excessive ablation in the atrium is associated with significant risks, including collateral damage 
to surrounding structures and a long-term risk of  decreased atrial function (72). Due to these inherent 
limitations of  ablation, future therapeutic strategies for patients with AF in HF should consider biological 
therapies that can selectively target OS and/or key signaling pathways involved in the creation of  this sub-
strate (e.g., CaMKII), without causing myocardial damage. Recent years have seen promising results with 
gene-based therapies that have targeted both electrical and structural remodeling in large-animal models of  
AF, including an AF model of  HF (73–77). The results of  the current study suggest that targeted reduction 
of  OS in the HF PLA with such a strategy may have a beneficial effect on both triggered and reentrant sub-
strate for AF. Furthermore, since OS is also thought to contribute to the creation of  atrial fibrosis, targeted 
inhibition of  OS with a gene-based therapy may also lead to the prevention of  fibrosis in the longer term.

Study limitations and future directions. Our study did not investigate precisely why the PLA should gen-
erate more OS than the surrounding left atrium. A potential explanation may be differences in stretch 
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between different atrial regions (during atrial systole), as well as excess OS generation due to the high 
concentration of  sympathetic nerves in the PLA. Future studies are needed to look at the fundamental 
mechanisms that lead to greater OS generation in the PLA.

Another area of  future investigation would be to link the increased heterogeneity of  Ox-CaMKII dis-
tribution in HF PLA with downstream E-C coupling effectors. Since canine atria have little or no T-tubules 
and since there appears to be no gross disruption of  RyR2 receptors in the canine HF atrium (unpublished 
data), higher-resolution imaging using techniques such as direct stochastic optical reconstruction microsco-
py (d-STORM) will be need to examine ultrastructural changes in RyR2 distribution and to correlate these 
changes with upstream CaMKII signaling. Related studies should also assess how more targeted disruption 
of  ROS — using specific probes such as the NOX2 inhibitory peptide gp-91-tat — affect E-C coupling and 
TCW generation in HF atrial myocytes.

Since HF atria in our study clearly show both fibrosis and an increase in CaMKII-p-Nav1.5, it is difficult to 
tease out the relative contribution of each mechanism to conduction changes seen in the atrium in HF. In the 
absence of a pure animal model of conduction slowing/inhomogeneity due to increase in CaMKII-p-Nav1.5, we 
are currently unable to compare our mathematical predictions with actual mapping studies. Future studies are 
necessary to assess CaMKII-p-Nav1.5 expression/distribution at earlier time points during tachypacing-induced 
HF; since these earlier time points would be expected to have less fibrosis, any conduction changes seen would 
be expected to be largely due to electrical remodeling (e.g., secondary to an increase in CaMKII-p-Nav1.5).

Methods
Supplemental Methods are available online with this article.

Hound dogs used in this study weighed 25–35 Kg and were aged ≥1 year. Canine HF model was 
induced by right VTP (240 beats/min) for 3 weeks. Two groups of  dogs were studied: HF (n = 33) and 
controls (n = 26). Animals were subjected to 1 or more of  the following types of  studies: (a) In vivo elec-
trophysiological study, (b) studies in isolated myocytes for Ca2+ cycling and immunocytochemistry, or (c) 
tissue analysis (lucigenin chemiluminescence, carbonylation, immunoblotting, and IHC). Mathematical 
modeling of  spatiotemporal distribution of  Ca2+ in an atrial cell model was performed to better understand 
the connection between OS, CaMKII signaling, and TCW generation at different levels of  ROS. (32, 33, 
78, 79). Two-dimensional mathematical simulation for an atrial action potential was performed to study 
influence of  slow conduction on AF generation in the presence of  fibrosis (80).

Statistics. Data are represented as mean ± SEM. The number of  samples (animals or isolated myocytes) 
for each experiment is given in each figure panel. Essentially, when control and HF animals were directly com-
pared, independent 2-tailed t tests were used; when comparisons were made within control and HF animals, 
1- or 2-way ANOVA methods were used. The statistical analyses performed for each experiment are provided 
in each figure legend. An overview of the statistical analysis used is given below. Some caution should be used 
when making inferences pertaining to the mean, SEM, and P values, as sample sizes are restrictive.

Comparison of  tissue parameters (e.g., superoxide generation, immunoblot) between HF and control 
animals was performed using independent t tests (2 tailed). Comparison of  different sources of  ROS in 
PLA and LAA was performed using 2-way ANOVA. Comparison of  tissue parameters within regions 
(PLA vs. LAA) within HF or control animals was performed using independent t tests (2-tailed).

The incidence of  TCWs (and other Ca2+ cycling parameters) was compared between HF and control 
myocytes using independent t tests (2-tailed). TCWs were compared in the presence of  different inter-
ventions using an ANOVA. Comparison of  conduction parameters (at different pacing cycle lengths) in 
control and HF dogs was performed using 2-way ANOVA. In instances where an ANOVA with main 
effects with multiple categories was statistically significant, post hoc pairwise t tests were performed with 
a Bonferroni correction to adjust for multiple comparisons. Quantification of  myocytes with LM labeling 
of  Nav1.5 and CaMKII-p-Nav1.5 (S571) in control and HF myocytes were compared within group using 
a 2-way ANOVA. ID localization of  AnkG was compared across control and HF myocytes using general-
ized linear models with a logit link to account for multiple observations and detection. Colocalization of  
CaMKII-p-Nav1.5 (S571) and AnkG at the ID was compared using a χ2 test. All statistical comparisons 
were run in SigmaPlot at a significance level of  0.05.

Study approval. Hound dogs used in this study were maintained in accordance to the Guide for the Care 
and Use of  Laboratory Animals published by the U.S. NIH (publication no. 85-23, revised 1996). The study 
was approved by the animal care and use committee (IACUC) of  Northwestern University.
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