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Abstract

Background—Interleukin-1 beta (IL-1β) is a key regulator of the inflammatory response 

following myocardial infarction (MI), by modulating immune cell recruitment, cytokine 

production, and extracellular matrix turnover. Elevated levels of IL-1β are associated with adverse 

remodeling, and inhibition of IL-1 signaling following MI results in improved contractile function.

Objective—The goal of this study was to determine if IL-1 signaling also contributes to post-MI 

arrhythmogenesis.

Methods—MI was created in two murine models of elevated inflammation: atherosclerotic on 

Western diet or wild-type with a sub-septic dose of lipopolysaccharide. The role of IL-1β was 

assessed with the IL-1 receptor antagonist, anakinra (10mg/kg/day, starting 24h post-MI).

Results—In vivo and ex vivo molecular imaging showed reduced myocardial inflammation 

following a 4-day course of anakinra treatment, despite no change in infarct size. At day 5 post-

MI, high-speed optical mapping of transmembrane potential (Vm) and intracellular Ca2+ in 

isolated hearts revealed that IL-1β inhibition improved conduction velocity, reduced action 

potential duration dispersion, improved intracellular Ca2+ handling, decreased Vm and Ca2+ 

alternans magnitude, and reduced spontaneous and inducible ventricular arrhythmias. These 

functional improvements were linked to increased expression of connexin43 and sarcoplasmic 

reticulum Ca2+-ATPase (SERCA).
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Conclusions—This study revealed a novel mechanism for IL-1β in contributing to defective 

excitation-contraction coupling and arrhythmogenesis in the post-MI heart. Our results suggest 

that inhibition of IL-1 signaling post-MI may represent a novel anti-arrhythmic therapy.
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Introduction

Sudden cardiac death due to ventricular arrhythmias accounts for more than half of all 

cardiac-related deaths in the United States, and prior myocardial infarction (MI) increases 

the risk of sudden death ~6-fold.1 Most MIs are due to coronary artery disease and rupture 

of an atherosclerotic plaque. Atherosclerosis is a chronic inflammatory disease2 and studies 

in mouse models have revealed that underlying atherosclerosis significantly impacts 

remodeling and arrhythmia risk by altering the post-MI inflammatory response.3–5 However, 

most pre-clinical studies of post-MI remodeling and arrhythmogenesis are performed in 

otherwise healthy animals, which do not reflect the underlying clinical pathophysiology and 

systemic inflammation occurring in patients with MI.

We recently showed that interleukin-1 beta (IL-1β) is upregulated ~3-fold in post-MI 

atherosclerotic versus post-MI wild-type mice.5 Clinical evidence suggests that elevated 

levels of IL-1β at early post-MI time points are associated with impaired function, reduced 

left ventricular (LV) ejection fraction, and increased hypertrophy after 1 year.6 Inhibition of 

IL-1 signaling following MI in pre-clinical and clinical studies has resulted in improved LV 

function and lower incidence of new-onset heart failure.7–11 Despite these promising 

findings, the impact of IL-1β on excitation-contraction coupling and arrhythmogenesis post-

MI has not been assessed. This is important because in vitro evidence suggests that IL-1β 
can impair cardiomyocyte Ca2+ homeostasis and disrupt gap junction coupling, both 

important contributors to arrhythmogenesis.

For example, treatment with IL-1β significantly reduces cardiomyocyte contractility,12 

reduces the amplitude and speed of Ca2+ transients,13 and promotes sarcoplasmic reticulum 

(SR) Ca2+ leak and spontaneous arrhythmic activity when combined with other 

inflammatory cytokines.14 Accompanying these changes are reductions in sacroplasmic 

reticulum Ca2+ ATPase (SERCA) at both the gene and protein level.13 IL-1β has also been 

implicated in cell-cell uncoupling and slow conduction following MI via degradation of the 

ventricular gap junction protein, connexin43 (Cx43).15,16 We therefore hypothesized that 

elevated IL-1β may be a key contributor to defective excitation-contraction coupling, slow 

conduction, and ventricular arrhythmia following MI.

To address this hypothesis, IL-1 signaling was inhibited in mouse models of MI using 

anakinra, an IL-1 receptor antagonist clinically used for the treatment of rheumatoid 

arthritis.17 To reflect the large patient population with underlying coronary artery disease, 

MI was created in mice with either atherosclerosis or lipopolysaccharide (LPS)-induced 

inflammation, which we previously showed reproduces the atherosclerotic phenotype 

without confounding effects of hypercholesterolemia.5
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Methods

An expanded methods section is available in the online supplement.

MI surgery

All procedures involving animals were approved by the Animal Care and Use Committee of 

the University of California Davis and adhered to the Guide for the Care and Use of 

Laboratory Animals published by the National Institutes of Health. Mice (n=36) were 

obtained from Jackson Laboratories and underwent MI (ischemia/reperfusion) surgery with 

45 min of ischemia followed by reperfusion.5 We have previously shown that this protocol 

produces a relatively small infarct, yet a robust arrhythmogenic substrate.18

Protocols are shown in Figure 1A. Starting 24h post-MI, all wild-type mice (n=16, C57BL/6 

male, 12–14 weeks of age) were given daily injections of LPS (10µ g/day, I.P.) to reproduce 

the inflammatory response observed in atherosclerotic mice.5 This low dose of LPS is ~25× 

lower than the septic dosage.19 Apolipoprotein E deficient male mice on a C57BL/6 

background (ApoE−/−, n=20) were studied as a model of atherosclerosis. ApoE−/− mice were 

24–26 weeks of age at the time of study following 10–12 weeks on Western diet (Harlan TD.

88137). A subset of ApoE−/− (n=8) and LPS-injected wild-type mice (n=7) were given daily 

injections of anakinra (ANA, 10mg/kg/day, I.P., starting 24h post-MI) and the remainder of 

the mice received sterile saline (0.9% NaCl) as control.

Optical imaging of inflammation

To assess inflammatory activity, mice were injected with ProSense750 FAST (0.16mol/kg, 

I.V., PerkinElmer) 24h post-MI (Day 1) and again on Day 4. In vivo optical imaging of 

ProSense750 was performed on post-MI days 2 and 5. Ex vivo optical imaging of excised 

hearts was also performed on day 5.5

Optical mapping of transmembrane potential (Vm) and intracellular Ca2

On day 5 post-MI, hearts were excised and cannulated for Langendorff perfusion.5 

Blebbistatin (10–20µM) was added to the perfusate to reduce motion artifacts during optical 

recordings. Hearts were stained with voltage- and Ca2+-sensitive dyes (RH237 and 

Rhod-2AM, respectively) for simultaneous optical mapping as previously described.20 LV 

epicardial pacing was performed at a basic cycle length (BCL) of 150ms. Arrhythmia 

propensity was determined by an S1–S2 pacing protocol.5 Alternans were induced with 

continuous pacing, decreasing in 10ms increments until loss of capture.

Optical mapping data analysis

Data were analyzed as previously described.5 Action potential duration (APD) and AP rise 

time (Trise) were calculated from the infarct (area 9×5 pixels) located 4–6 pixels from the 

LAD suture (white boxes in Figure 3). Ventricular tachycardia (VT) was defined as lasting 

>3 beats. A score for severity of spontaneous arrhythmias was determined from the ECG as 

follows: 1=single premature ventricular complexes (PVCs), 2=bigeminy or salvos of PVCs, 

3=VT (lasting >3 beats). Spectral methods were used to determine the presence of APD and 

Ca2+ alternans.21

De Jesus et al. Page 3

Heart Rhythm. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Immunohistochemistry and protein analysis

Following imaging, half the hearts were randomly assigned to immunohistochemistry and 

histology experiments (n=3/group) and the other half to protein analysis (n=3/group). 

Proteins of interest included Cx43 and CD68 (for immunohistochemistry) and Cx43, IL-1β, 

SERCA, Nav1.5, and α-actinin (loading control) for western blotting.

Infarct Size

Six short-axis cryosectioned slices at 0.5mm intervals were stained with hematoxylin and 

eosin for analysis of infarct size (Supplemental Figure 1).

Statistics

All variables are mean±SD. For most data sets, a one- or two-way ANOVA was performed 

with Tukey’s multiple comparison post-testing. A Fisher’s exact test was used to determine 

significance of arrhythmia inducibility. P<0.05 was considered statistically significant.

Results

Survival and infarct size

Three of 8 (37.5%) +LPS and 5 of 11 (45%) ApoE untreated mice died following MI 

compared to 1 of 7 (14%) +LPS+ANA and 1 of 8 (12.5%) ApoE+ANA mice (Figure 1B). 

All deaths occurred >24 hours post-surgery, indicating that surgical complications were 

unlikely and upon necropsy, no hearts displayed evidence of rupture. ANA treatment did not 

significantly impact infarct size at day 5 post-MI (Figure 1C).

IL-1 inhibition reduces myocardial inflammation

To assess myocardial inflammation, epifluorescent imaging of ProSense750 FAST was 

performed. We previously showed that ProSense fluorescence colocalizes with inflammatory 

cells in the post-MI heart.5 Figure 2A and 2C show representative in vivo images of 

ProSense750 fluorescence over the time course of ANA treatment. At day 2, there are no 

significant differences in fluorescence intensity between groups. However, by day 5 there is 

a significant reduction in ProSense750 fluorescence in ANA-treated compared to untreated 

groups (Figure 2B–2C), indicating a reduction in inflammatory cell infiltration and activity. 

Ex vivo imaging of isolated hearts also showed a significant reduction in myocardial 

inflammation in the infarct region of interest (white box, Figure 2D) in +LPS+ANA and 

ApoE+ANA hearts (Figure 2D–2F).

IL-1 inhibition improves conduction velocity (CV), AP rise time, and APD dispersion

At day 5 post-MI, simultaneous optical mapping of Vm and intracellular Ca2+ was 

performed to assess electrophysiological remodeling, Ca2+ handling, and arrhythmia 

susceptibility. CV was significantly slower in the infarct versus non-infarct region of 

untreated hearts and this difference was mitigated with ANA (Figure 3B). ANA treatment 

also significantly improved CV in the infarct region of treated versus untreated hearts. ANA-

treated ApoE hearts had shorter AP rise time (TRise) compared to untreated hearts and there 

was a trend for shorter TRise in treated +LPS hearts (Figure 3C–3D). Mean APD80 was not 
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significantly affected by ANA (Figure 3E–3F); however, treated ApoE hearts had decreased 

APD dispersion (Figure 3I). When all groups were pooled together, there was a significant 

positive correlation between inflammatory activity (as assessed by ProSense fluorescence) 

and TRise and a significant negative correlation between inflammation and CV (Figure 3G–

3H).

IL-1 inhibition prevents spontaneous and inducible arrhythmias

A single premature pacing stimulus (S1–S2, Figure 4A) induced non-sustained VT in 4 of 6 

(67%) +LPS and 3 of 6 (50%) ApoE hearts. ANA treatment prevented pacing-induced 

arrhythmia in all +LPS+ANA hearts (0/6) and reduced the occurrence in ApoE+ANA hearts 

(1/6, 17%, Figure 4B). Pacing-induced arrhythmias were reentrant in nature, and often, 

rotation near or around the infarct was visible. An example of reentrant arrhythmia induced 

by an S2 stimulus is shown in Supplemental Figure 2.

Spontaneous arrhythmic activity was also assessed and scored (Figure 4C). The arrhythmia 

score was higher in untreated compared to ANA-treated hearts (Figure 4D). Furthermore, no 

ANA-treated heart exhibited non-sustained VT (NS-VT >3 beats), which was present in 

untreated groups. Of those spontaneous PVCs captured with optical mapping, the activation 

maps were distinct from sinus rhythm with marked slowing of activation (Figure 4E).

Focal activity may arise due to diastolic Ca2+ elevation.22 To assess propensity to diastolic 

Ca2+ elevation, burst pacing (duration 30sec) was performed in ApoE and ApoE+ANA 

hearts. Diastolic Ca2+ elevation, as seen in Figure 4F, was more frequent in untreated ApoE 

hearts (4/5) compared to ApoE+ANA (1/4). The diastolic Ca2+ elevation was most severe in 

the peri-infarct region (on average <1.5mm from the ligation site). Diastolic Ca2+ elevation 

was never observed in remote regions in any group.

IL-1 inhibition decreases APD and Ca2+ alternans

To assess alternans propensity, hearts were paced at increasing frequency until loss of 

capture. Figure 5A shows representative maps of the spectral magnitude of Ca2+ alternans in 

a +LPS and +LPS+ANA heart showing severe Ca2+ alternans at faster BCL (80ms) in the 

untreated heart. Example Vm and Ca2+ optical traces from these hearts are shown in Figure 

5B. A summary of the average Ca2+ alternans spectral magnitude is shown in Figure 5C. 

The pacing threshold at which significant APD alternans first emerged was significantly 

slower in untreated +LPS versus +LPS+ANA hearts, but was unchanged in ApoE versus 

ApoE+ANA hearts (Figure 5D). The pacing threshold at which significant Ca2+ alternans 

first emerged was reduced by ANA treatment in both groups (Figure 5D), suggesting a 

strong effect of IL-1 inhibition on intracellular Ca2+ handling. Reductions in SERCA 

function may be associated with Ca2+ alternans;23 therefore, we assessed the time constant 

of decay (tau) of the intracellular Ca2+ transient as a measure of SERCA activity. ANA 

significantly accelerated tau in the ApoE versus ApoE+ANA group (Figure 5E) and there 

was a trend for decreased tau in the +LPS+ANA group.
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IL-1 inhibition alters Cx43 and SERCA protein expression

In vitro assays demonstrate that IL-1β down-regulates Cx43 in both brain and heart.15,16,24 

To assess expression of Cx43, infarct sections were co-labeled for Cx43 and the macrophage 

marker CD68. ANA treatment reduced the number of infiltrating macrophages in the infarct 

(Figure 6A vs. 6B). Furthermore, untreated hearts displayed marked Cx43 loss in areas of 

macrophage infiltration (Figure 6A, 6C), whereas ANA-treated hearts had little to no Cx43 

down-regulation (Figure 6D), suggesting that inhibition of IL-1 signaling protects Cx43 in 

the infarct area. Western blotting revealed a significant increase in total Cx43 protein 

expression in +LPS+ANA hearts and a trend for increased expression in ApoE+ANA hearts 

(Figure 6E, 6G). Voltage-gated Na+ channels also play an important role in CV and 

excitability; therefore expression of Nav1.5 was assessed and showed no significant 

differences with ANA treatment (Supplemental Figure 3).

Given the known role of IL-1β in SERCA downregulation13 and our finding of accelerated 

Ca2+ transient decay (Figure 5), total SERCA protein levels were assessed. ANA treatment 

significantly increased SERCA expression in the ApoE group, but had no effect in the LPS 

hearts (Figure 6F, 6H).

ANA treatment does not alter IL-1β expression

Anakinra is an IL-1 receptor antagonist; therefore, ANA treatment is not expected to 

decrease levels of IL-1β per se. Indeed, there were no significant differences in IL-1β 
expression in either group (Figure 6F, 6I). This result is consistent with previous studies with 

anakinra in the post-MI setting.11

Discussion

IL-1β is a key regulator of the post-MI inflammatory response, and recent clinical and 

experimental studies have demonstrated improvements in LV function with IL-1 inhibition 

following MI.7–11 Here we show, for the first time, that IL-1 signaling also plays an 

important role in post-MI electrophysiological remodeling and arrhythmogenesis. A four-

day course of treatment with the FDA-approved IL-1 receptor antagonist, anakinra, reduced 

spontaneous and inducible arrhythmias despite no change in infarct size. Our findings 

demonstrate that IL-1β inhibition improved cell-cell coupling and normalized Ca2+ 

homeostasis, which collectively reduced the propensity to triggered and reentrant 

arrhythmias.

IL-1 signaling

Both IL-1α and IL-1β bind to the interleukin-1 receptor type 1 (IL-1R1). The same cells that 

produce IL-1α and IL-1β also produce a naturally occurring IL-1 receptor antagonist 

(IL-1Ra), which competitively binds to IL-1R1 and inhibits signaling. Anakinra is a 

recombinant human IL-1Ra that is routinely used for the treatment of rheumatoid arthritis.17 

Although anakinra inhibits both IL-1α and IL-1β signaling, these cytokines have nearly 

identical biological activity and IL-1β is the main circulating form of IL-1.25
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IL-1 signaling may recruit additional inflammatory cells to the MI and induce subsequent 

IL-1β production. Therefore, by inhibiting the IL-1 signaling cascade, anakinra may reduce 

levels of IL-1β production. To test for this, we quantified mature IL-1β expression from the 

infarct area and found no significant differences in IL-1β expression (although there was a 

trend for decreased IL-1β in ANA-treated ApoE hearts, Figure 6F, 6I). These findings are 

consistent with previous studies of anakinra in the post-MI heart where IL-1β expression 

was also unchanged.11

Several clinical and pre-clinical studies have demonstrated improvements in structural 

remodeling and LV function with IL-1 inhibition following MI.8,10,11 Investigations into 

underlying mechanisms have reported reduced immune cell recruitment, accelerated 

resolution of inflammation, reduced fibrosis, and attenuated cardiomyocyte apoptosis as 

contributors to improved post-MI function.7,10,11 Despite these favorable findings, very little 

is known about the direct role of IL-1 signaling on excitation-contraction coupling and 

ventricular arrhythmias following MI.

IL-1β and intracellular Ca2+ homeostasis

IL-1β is a negative inotrope, and acute treatment with IL-1β results in decreased amplitude 

and speed of the intracellular Ca2+ transient, decreased SR Ca2+ content, and increased 

spontaneous SR Ca2+ release.12,14 Chronic exposure of cardiomyocytes to IL-1β leads to 

reduced expression of SERCA and its regulatory protein, phospholamban.13,26 Importantly, 

these changes in intracellular Ca2+ handling are not only expected to decrease 

cardiomyocyte contractility, but may also contribute to Ca2+-mediated arrhythmia.22

Our findings in the post-MI mouse heart are consistent with in vitro studies and suggest that 

IL-1β may be a significant contributor to altered Ca2+ homeostasis following MI. Inhibition 

of IL-1 signaling resulted in fewer PVCs and focal arrhythmias, and fewer instances of 

pathological diastolic Ca2+ elevation (Figure 4F). Moreover, anakinra significantly 

attenuated beat-to-beat alternation of the Ca2+ transient and APD (Figure 5), the underlying 

causes of arrhythmogenic T-wave alternans. Several experimental studies have demonstrated 

that beat-to-beat alternation in the amount of Ca2+ released from the SR may underlie 

alternans.21,27 Therefore, a reduction in the magnitude of Ca2+ alternans, or an increase in 

the heart rate at which Ca2+ alternans first appears (both observed in the present study with 

ANA, Figure 5), are indicators of improved Ca2+ homeostasis and decreased arrhythmia 

risk.

Decreased SERCA activity is also associated with increased Ca2+ alternans magnitude23 and 

ANA treatment resulted in acceleration of the time constant of Ca2+ decay (tau) in ApoE 

hearts. Consistent with this, total SERCA expression was significantly increased in the 

ApoE+ANA group compared to untreated ApoEs, whereas SERCA expression was 

unaffected in the +LPS hearts (Figure 6). These results may suggest differential regulation of 

SERCA expression by IL-1 in ApoE versus +LPS hearts.

IL-1β and Cx43

First observed in astrocytes and later in cardiomyocytes, in vitro administration of IL-1β 
reduces Cx43 at both the gene and protein level.15,16,24 Although many cell types can 
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release IL-1β, including endothelial cells, cardiomyocytes, and myofibroblasts, once 

inflammatory cells are recruited to the infarct, they are likely a major source of IL-1β.25 

Indeed, we previously reported significant degradation and lateralization of Cx43 in areas of 

macrophage infiltration, suggesting that macrophage-secreted factors may be influencing 

Cx43 expression.5 In the present study, we found that IL-1 inhibition preserved Cx43 

expression and distribution, even in regions with significant macrophage infiltration (Figure 

6C vs. 6D), suggesting that macrophage infiltration per se does not influence Cx43 and that 

blocking IL-1 signaling in cardiomyocytes is likely responsible for preserved Cx43. The 

mechanism of IL-1β-mediated Cx43 degradation remains unknown, but studies in astrocytes 

suggest that IL-1β results in replacement of Cx43 gap junction proteins with the tight 

junction protein, claudin-1.24 Whether a similar mechanism of cell junction replacement 

occurs in cardiomyocytes is an area for future study.

Total Cx43 protein expression was significantly increased in +LPS+ANA infarcts and there 

was a trend for increased Cx43 expression in ApoE+ANA infarcts (Figure 6). We also 

observed modest, yet significant improvements in CV in both ANA-treated groups (Figure 

3). Since total Na+ channel expression was unaltered with ANA treatment (Supplemental 

Figure 3), these results suggest that increased Cx43 expression may be a mediator of 

improved conduction in this case.

Clinical Implications

Currently, there is significant clinical interest in the role of IL-1 signaling in ischemic heart 

disease. In particular, the Canakinumab Anti-inflammatory Thrombosis Outcomes Study 

(CANTOS) will test whether treatment with canakinumab, a human monoclonal IL-1β 
antibody, inhibits atherothrombosis to reduce rates of recurrent MI and stroke among 

patients with coronary artery disease.28 Smaller clinical studies have investigated the use of 

anakinra to limit adverse left ventricular remodeling and new onset heart failure following 

MI.8,9 However, no clinical nor pre-clinical study to date has assessed the impact of IL-1 

inhibition on post-MI electrophysiological remodeling and arrhythmias, important clinical 

outcomes given that sudden cardiac death due to ventricular arrhythmias may account for 

approximately one-third of cardiovascular-related post-MI mortality.29

Study Limitations

The goal of our study was to assess the efficacy of IL-1 inhibition in a clinically relevant 

animal model of coronary heart disease. Therefore, MI was created in ApoE−/− mice on 

atherogenic diet and wild-type mice treated with LPS, which we and others have shown 

reproduces the ApoE phenotype.3,5 Untreated wild-type mice with MI and sham-operated 

mice were not evaluated in the present study, but a previous report by our group details 

direct comparisons between ApoE, +LPS, untreated wild-type, and sham hearts.5 Risk for 

post-MI arrhythmias decreases sharply over time; we therefore chose an early, 5 day time 

point for study. The long-term effects of anakinra on post-MI arrhythmias remain to be 

evaluated and it will be increasingly important to assess markers of structural remodeling 

and fibrosis as the scar matures. Although infarct size was similar between groups, there 

may be variation in the location of the infarct relative to the mapping field of view. This 
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variation may impact measurements of APD dispersion, which were calculated across the 

entire epicardial surface. Reperfused MIs are typically more patchy and diffuse, with 

heterogeneous distribution of myocytes, inflammatory cells, and fibrotic scar. At 5 days 

post-MI, this model does not produce a clear endo- or epicardial border zone; therefore, the 

infarct region was objectively defined based on the suture location and it was histologically 

verified that this region contained infarct and peri-infarct tissue. Finally, our results point 

toward an increase in total Cx43 expression as a mediator of improved CV, but we did not 

assess lateralization or phosphorylation status of Cx43, which are also important 

contributors to conduction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Experimental design. B) Post-MI survival. C) Infarct size. ANA: anakinra.
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Figure 2. 
A) In vivo imaging of ProSense750 at day 2 post-MI. White oval indicates heart. The neck 

also shows mild inflammation due to a surgical incision to ensure intubation. B) No 

significant differences in myocardial inflammation are observed at day 2, but significant 

reductions are observed by day 5 in both ANA-treated groups. C) In vivo imaging of 

ProSense750 at day 5 post-MI. D) Ex vivo imaging of ProSense750 from isolated hearts at 

day 5 post-MI. White box indicates infarct region of interest (ROI). E) Quantification of ex 
vivo infarct ROI fluorescence. F) Ex vivo imaging of ProSense750 in short-axis slices. 

Dashed white line in (D) indicates location of slice. *p<0.05, ***p<0.001 +LPS vs. +LPS

+ANA or ApoE vs. ApoE+ANA. †p<0.05 +LPS vs. ApoE.
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Figure 3. 
A) Activation maps during LV pacing. B) CV was assessed in the non-infarct (area proximal 

to the suture) and infarct (area distal to the suture) regions. Untreated hearts had significantly 

slower CVs in the infarct vs. non-infarct regions. These differences were mitigated with 

ANA. Additionally, ANA treatment significantly improved CV in the infarct region of 

treated vs. untreated hearts. C) Maps of action potential rise time (TRise). D) TRise from the 

infarct region (white box in C). E) Maps of action potential duration at 80% repolarization 

(APD80). F) No significant differences were observed in APD80 in the infarct region (white 

box in E). G) When all groups were pooled, a significant positive correlation was observed 
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between inflammation intensity (ProSense750 fluorescence) and TRise in the infarct ROI. 

H) A significant negative correlation was observed between inflammation intensity and 

mean CV. I) APD dispersion was calculated across the entire epicardial field of view as the 

inner 95th percentile (IP95: range over which 95% of the data lie). †p<0.05, ††p<0.01 non-

infarct vs. infarct; *p<0.05, **p<0.01, ***p<0.001 +LPS vs. +LSP+ANA or ApoE vs. ApoE

+ANA.
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Figure 4. 
A) Example S1–S2 pacing protocol in which a reentrant arrhythmia was induced in a +LPS 

but not +LPS+ANA heart. B) Proportion of hearts with inducible arrhythmias. C) Example 

ECG from an ApoE heart with 3 spontaneous PVCs indicated with red arrows. D) ANA 

treatment significantly reduced the severity of spontaneous arrhythmias in +LPS hearts. E) 
Activation map during sinus rhythm (left) and PVC (right) from a +LPS heart. White arrow 

indicates suture location. Note the slower total activation time and different pattern of 

activation during the PVC, with earliest activation emerging apical to the infarct. F) 
Example of diastolic Ca2+ elevation following rapid pacing. The final 3 paced beats are 
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shown followed by a diastolic interval in which spontaneous diastolic Ca2+ elevation is 

observed in the infarct region of an untreated ApoE heart. In this example, diastolic Ca2+ 

elevation is interrupted by a sinus beat. *p<0.05 +LPS vs. +LPS+ANA.

De Jesus et al. Page 17

Heart Rhythm. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
A) Maps of Ca2+ alternans spectral magnitude at BCL=100ms (top) and BCL=80ms 

(bottom). B) Example optical Vm and intracellular Ca2+ traces from the hearts shown in (A) 

with the signal location indicated with an asterisk. C) The average Ca2+ alternans spectral 

magnitude was quantified at BCL=80ms. D) The pacing cycle length at which hearts first 

displayed significant APD or Ca2+ alternans (spectral magnitude ≥ 2). E) The time constant 

of decay (tau) of the intracellular Ca2+ transient. *p<0.05, **p<0.01, ***p<0.001 +LPS vs. 

+LPS+ANA or ApoE vs. ApoE+ANA.
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Figure 6. 
A–B) Immunohistochemistry images of the infarct area of a +LPS (A) and a +LPS+ANA 

(B) heart with CD68 staining for macrophages (red) and Cx43 staining (green). Note the 

abundant CD68-positive staining in the infarct region of the +LPS heart. C) Magnified 

image showing a near-complete loss of Cx43 in CD68-positive areas of a +LPS heart. D) 
Robust Cx43 expression in a +LPS+ANA heart, even in areas of CD68-positive cells. E) 
Immunoblot of Cx43 and α-actinin (loading control). F) Immunoblot of SERCA, IL-1β, and 

α-actinin. G) Total Cx43 protein expression. H) Total SERCA protein expression. I) Total 
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IL-1β protein expression. *p<0.05, **p<0.01 +LPS vs. +LPS+ANA or ApoE vs. ApoE

+ANA.
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