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Abstract

Many important components of the cardiovascular system display circadian rhythmicity. In both

humans and mice, cardiac damage from ischemia/reperfusion (I/R) is greatest at the transition

from sleep to activity. The causes of this window of susceptibility are not fully understood. In the

murine heart we have reported high amplitude circadian oscillations in expression of the

cardioprotective protein regulator of calcineurin 1 (Rcan1). This study was designed to test

whether Rcan1 contributes to the circadian rhythm in cardiac protection from I/R damage. Wild

type (WT), Rcan1 KO, and Rcan1-Tg mice, with cardiomyocyte-specific overexpression of Rcan1,

were subjected to 45 minutes of myocardial ischemia followed by 24 hours of reperfusion.

Surgeries were performed either during the first two hours (AM) or the last two hours (PM) of the

animal’s light phase. The area at risk was the same for all genotypes at either time point; however,

in WT mice, PM-generated infarcts were 78% larger than AM-generated infarcts. Plasma cardiac

troponin I levels were likewise greater in PM-operated animals. In Rcan1 KO mice there was no

significant difference between the AM- and PM-operated hearts, which displayed greater indices

of damage similar to that of PM-operated WT animals. Mice with cardiomyocyte-specific over

expression of human RCAN1, likewise, showed no time-of-day difference, but had smaller infarcts

comparable to those of AM-operated WT mice. In vitro, cardiomyocytes depleted of RCAN1 were

more sensitive to simulated I/R and the calcineurin inhibitor, FK506, restored protection. FK506

also conferred protection to PM-infarcted WT animals. Importantly, transcription of core circadian

clock genes was not altered in Rcan1 KO hearts. These studies identify the calcineurin/Rcan1-

signaling cascade as a potential therapeutic target through which to benefit from innate circadian
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changes in cardiac protection without disrupting core circadian oscillations that are essential to

cardiovascular, metabolic, and mental health.
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1. Introduction

Circadian rhythms are self-sustaining, 24-hour cycles in molecular, biochemical, and

behavioral parameters that help an organism prepare for anticipated changes in physiological

demand. The molecular basis of the circadian clock consists of cell-autonomous interlocking

positive and negative transcriptional and posttranscriptional feedback loops [1]. The “master

clock”, located in the suprachiasmatic nucleus (SCN) within the hypothalamus, responds to

changes in daily light cycles and influences the phase of independent molecular clocks

found in peripheral organs, including the heart. Many important cardiovascular factors,

including metabolism, heart rate, blood pressure, and hormone release, oscillate over a 24-

hour period [2–6]. Clinical and experimental studies have demonstrated repeatedly the

importance of circadian rhythms in cardiovascular health and the need to maintain proper

coordination of rhythmic processes. For instance, in humans, the incidence of myocardial

infarction (MI) [7, 8], sudden cardiac death [9, 10], ventricular tachyarrhythmias [11], and

rupture of aortic aneurysms [12–14] peaks in the morning around the time of transition from

sleep to waking [15, 16]. The strength and persistance of the intrinsic circadian clock is such

that the incidence of sudden cardiac death in long distance travelers peaks at a time

corresponding to the early morning in the time zone from which the traveler originated [17].

Although it is well accepted that circadian rhythms influence the timing of MI in humans,

whether there is a specific time of day when the heart sustains more damage from a heart

attack remains controversial in both the clinical and basic literature. Both cardiac intrinsic

and extrinsic oscillations contribute to maintenance of cardiac function and many of these

certainly have the potential to impact the susceptibility ot the heart to damage. Retrospective

studies in humans argue both for and against the time-of-day of the on-set of ST segment

elevation myocardial infarction (STEMI) influencing infarct size and/or long-term outcomes

[18–28]. Using an elegant closed-chest model of I/R, Durgan et al demonstrated that the

murine heart is more susceptible to damage from I/R at the time of day when mice become

active, than when they transition to a period of rest [3]. However, other studies using

different techniques and modes of analysis have drawn the opposite conclusion [29].

In addition to cycling of transcriptional clock components, many cells and tissues also

display persistent circadian fluctuations in cytoplasmic Ca2+ levels [30, 31]. Dysregulation

of Ca2+ handling is a hallmark of heart disease. Several Ca2+-responsive signaling pathways

have been causally linked to the progression of heart failure [32]. Prominent among these is

the Ca2+-activated protein phosphatase calcineurin. Sustained activation of calcineurin is

sufficient to drive pathological hypertrophic remodeling of the myocardium with subsequent

heart failure and premature death [33]. The regulators of calcineurin (RCANs) are a family
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of proteins that can bind directly to the catalytic subunit of calcineurin and inhibit its activity

[34]. Expression of the exon 4 isoform of Rcan1 (Rcan1.4) is under the control of

calcineurin and thus functions as an endogenous feedback inhibitor, protecting cells from

unrestrained calcineurin activity [35]. In mice, cardiac-specific expression of an Rcan1

transgene blunts hypertrophic growth and inhibits pathological remodeling of the heart in

response to a variety of stresses [36–38]. Mice with a disruption of the Rcan1 gene are

reported to sustain more damage from I/R than in WT mice [39].

Our laboratory recently demonstrated a strong circadian oscillation in protein and transcript

levels of Rcan1.4 in the hearts of normal, healthy mice indicating a circadian pattern of

activation of the cardioprotective calcineurin/Rcan1.4 feedback loop [40]. The peaks in both

transcript and protein levels occurred in the early morning coinciding with the transition to

rest and the time of day when the murine heart is reported to be most resistant to damage

from I/R [3]. Based on these observations we postulated that circadian changes in RCAN1

abundance or calcineurin activity could contribute to the circadian rhythm in protection of

the heart to damage from I/R.

2. Materials and Methods

2.1. Animals

C57BL/6:129 mixed background, male, wild type (WT), Rcan1 KO [41], and Rcan1-Tg [37]

mice were raised and maintained in ventilated chambers outfitted with independent lighting

systems on a 12:12 light:dark cycle. One chamber was set for lights to come on at 10 AM

and off at 10 PM (AM Box). The other chamber was set for lights to come on at midnight

and off at noon (PM Box). Cardiac function was assessed by echocardiography in

unanaesthetized animals using the VisualSonics Vevo 770 imaging system. All animal

procedures were carried out with the oversight and approval of the University’s Institutional

Animal Care and Use Committee and conformed to the current Guide for the Care and Use

of Laboratory Animals, published by the National Institutes of Health.

2.2. Ischemia/reperfusion (I/R)

Surgeries were performed on males between 10 and 14 weeks of age using standard

procedures [42]. Briefly, animals were anesthetized with a cocktail of 8 mg/kg xylazine and

60 mg/kg ketamine (IP). Anesthesia was maintained via inhalation of isofluorane. A

warming pad was used to maintain constant body heat at 37°C. Ligation of the left anterior

descending (LAD) coronary artery was performed at a level resulting in a large ischemic

area encompassing 60% of the left ventricle (LV). After 45 min of ischemia the ligation was

removed and reperfusion confirmed visually. Animals that did not achieve complete

reperfusion were excluded from the study. The chest cavity was closed and sutured. After

recovery from anesthesia the animal was returned to it’s respective light cycle box. FK506

or vehicle was administered immediately following reperfusion (cutting of the ligation) at a

dose of 0.05 mg/kg in 0.1% cremophore in physiological saline injected directly into the LV

lumen through the wall of the apex using a tuberculin syringe. Subsequent coronary

perfusion then allowed delivery of the drug directly to the area at risk.
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2.3. Assessment of area at risk (AAR) and infarct (INF)

After 24 hrs of reperfusion, the animal was re-anesthetized, intubated, and blood drawn for

assessing cardiac troponin I levels. The right carotid artery was cannulated and 100µl of

heparin (50 units/ml) perfused through the carotid artery. The LAD was ligated in the same

location as the previous day’s surgery. Evan’s blue was injected through the catheter to

delineate the ischemic (AAR) from nonischemic zones. The excised heart was sliced

coronally at 1mm intervals from the point of LAD ligation to the apex. The slices were

placed in 1% 2,3,5-Triphenyltetrazolium chloride (TTC) for 4 minutes to differentiate

between live and necrotic (INF) areas of the myocardium. Photographs were taken of each

side of each heart slice to calculate AAR, INF, and remote area using Image J. Heart slices

were weighed and the percent AAR per left ventricle (%AAR/LV) and percent infarct area

per AAR (%INF/AAR) calculated. Troponin levels in the cleared plasma were measured

using a High Sensitivity ELISA assay for cardiac troponin-I in mouse plasma (Life

Diagnostics). For terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL),

hearts were excised 24-hours after reperfusion and fixed in 4% paraformaldehyde. Five-

micron thick coronal sections were cut every 500 microns from the LAD ligation to the

apex. Sections were stained using the Promega DeadEnd Fluorometric TUNEL System kit

(G3250).

2.3. Real-time PCR and Immuno-analysis

Total RNA was extracted using Trizol (Invitrogen) and first strand cDNA synthesized from

2 µg of RNA using Superscript III (Invitrogen). Real-time PCR was carried out in a Roche

480 Lightcycler. Primers sequences were as reported previously [40]. Transcript levels were

normalized to 18s rRNA. To assess circadian changes in gene expression WT and Rcan1 KO

mice were entrained to a 12:12 light:dark cycle for two weeks and then shifted to constant

darkness at the beginning of a dark phase. Three hearts from each genotype were harvested

for each time point.

Total soluble protein extracts were isolated in M-PER reagent (Pierce) with protease and

phosphatase inhibitors using a Dounce homogenizer. Protein extracts (20µg) were

fractionated by SDS-PAGE, transferred onto a nitrocellulose, blocked, then probed with

primary antibodies for RCAN1 (Sigma D6694), α-tubulin (Sigma T5168), or calcineurin

(Chemicon AB1695). Secondary antibodies were conjugated with an infrared label. Blots

were scanned using the Odyssey Imaging System (LI-COR Biosciences).

2.4. Simulated ischemia reperfusion (sim-I/R)

Neonatal rat ventricular myocytes (NRVMs) were isolated and cultured as described

previously [43]. Cells were grown for 48 hours in DMEM:M199 (4:1), 10% FBS, with BrdU

and antibiotics, then transfected with a control siRNA (UGGUUUACAUGUCGACUAA) or

ones targeting RCAN1 (UGGAGGAGGUGGAUCUGCAUUU and

GAUGAUGUCUUCAGCGAAAUU) (Dharmacon ON-TARGETplus) using

Lipofectamine®RNAiMax reagent. 48 hours after transfection, media was changed to

ischemia-mimicking solutions containing 5mM HEPES, 10mM 2-deoxy-D-glucose,

139mM, 12mM KCl, 0.5mM MgCl2, 1.3mM CaCl2, 20mM and lactic acid, pH 6.2, then

incubated under 100% nitrogen (O2<1%) at 37°C for 6 hours. The cultures were then
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returned to normal culture conditions for 12 hours, DMEM/M199 (4:1), 5% FBS; 37°C

ambient air, 5% CO2. Release of lactate dehydrogenase (LDH) into the media was measured

using the Promega CytoTox 96® kit.

2.5. Statistical analysis

Analysis of Variance statistics were performed with a Bonferonni post-test using GraphPad

Prism to determine statistical significance for %AAR/LV, %INF/AAR, circulating troponin

I, and %FS. Student’s t-test was used for protein and transcript analysis.

3. Results

3.1. Damage is greater in hearts subjected to I/R at the end of the light phase than at the
beginning of the light phase

To test our hypothesis, we designed a model in which the surgeon was blinded to the

circadian time of the animal being operated upon (Fig 1A). Male, WT, C56BL/6:129 mixed

background, mice were raised and maintained in light-tight ventilated chambers outfitted

with independent lighting systems. The AM box was set for the lights to go on at 10:00 AM

and off at 10:00 PM. The PM box was set for the lights to come on at midnight and off at

noon. The two chambers were identical so that the surgeon was unaware as to which was the

AM or PM box. All surgeries were performed between 10:00 AM and noon, corresponding

to zeitgeber time (ZT) 0–2 for the animals from the AM chamber and ZT:10–12 for the PM

animals. Performing surgeries only during the light phase of the circadian day avoided the

problem of exposing the animals to a phase-shifting stimulus during the operation. Ligation

of the left anterior artery (LAD) was performed as described in methods. Following 45

minutes of ischemia, arterial flow was restored and mice were returned to their respective

light chambers. Hearts were analyzed twenty-four hours later to quantify AAR and INF.

The %AAR/LV was the same between the two groups (Fig 1B). However, %INF/AAR was

78% larger in hearts subjected to I/R at the end of the light phase than in those challenged at

the beginning of the light phase (Fig 1C, E, and H). Consistent with this, circulating cardiac

troponin I levels were higher in the PM group than in the AM group indicative of greater

muscle damage (Fig 1D). There were fewer TUNEL-positive cells in LV cross-sections

from the AM hearts (Fig 1F, G, and K) than in sections from the PM hearts (Fig 1I, J, and

K). These data demonstrate that the time of day has a large influence on the extent of

damage in the open-chest model of I/R, an animal model used widely by investigators. The

peak in cardioprotection occurred at the dark to light transition similar to that reported

earlier in a closed-chest model of I/R using WT C57BL/6 mice [3]. Thus, the circadian

changes in sensitivity to I/R are not specific to the technique used, genetic background, or

operator bias, as the surgeon in our study was blinded as to the circadian time of the mouse.

3.2. Rcan1.4 expression increases in response to I/R

There was a circadian pattern of Rcan1.4 expression in the hearts of the C57BL/6:129 mixed

background mice similar to that reported for inbred C57BL/6, C3H, and 129 lines [40].

Rcan1.4 expression was highest at ZT:1, around the time of the AM surgeries, and lowest at

ZT:11, around the time of the PM surgeries (Fig 2A). RCAN1.4 protein levels were also
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higher at ZT:1 than at ZT:11 (Fig 2B and S1A). Protein levels of RCAN1.1 and the catalytic

subunit of calcineurin (CnA) were not different between the two time points (Fig 2B, S1B-

C). Three hours after I/R RCAN1.4 protein levels were elevated in the infarct zone

regardless of whether I/R occurred in the AM or PM (Fig 2C and S1D) indicating that the

calcineurin/Rcan1.4 feedback loop is activated in response to I/R regardless of the time of

day the challenge occurs. Three hours after I/R corresponds approximately to ZT:5 for the

AM animals and ZT:15 for the PM animals when Rcan1.4 transcript levels are similar but

either declining or increasing respectively (Fig 2A). Thus, at least at these two time points, it

appears that stress activation of Rcan1.4 expression over-rides underlying circadian control.

Twenty-four hours after I/R, RCAN1.4 protein levels were still elevated in the infarct and

border zones but not in the remote tissue (Fig 2D and S1E), indicating sustained activation

of the calcineurin/Rcan1.4 feedback loop primarily in the regions of the heart with greatest

damage. Extended hypoxia and hypoxia/reperfusion increased RCAN1.4 protein levels in

cultured NRVMs (Fig 2E and S1F) suggesting that oxidative stress can activate the Rcan1.4

feedback loop in isolated cardiomyocytes. Taken as a whole, these data demonstrate that

prior to I/R the circadian pattern of Rcan1.4 expression coincides with resistance of the

myocardium to I/R damage. Subsequent stress-dependent activation of Rcan1.4 is largely

independent of time of day. Therefore, we hypothesize that differential levels of Rcan1.4 at

the time of I/R, rather than its subsequent activation in response to stress contributes to the

window of cardiac resistance at ZT:0–2.

3.3. Hearts from Rcan1 KO mice lack time-of-day differences in susceptibility to I/R
damage

Cardiac function in Rcan1 KO mice was compared to that of WT littermates by

echocardiography. There was no difference in %FS at 10, 35 and 60 weeks of age (Fig 2F).

Thus, there was no evidence of an age-dependent decline in cardiac function in Rcan1 KO

mice. Circadian patterns in systolic blood pressure (Fig 2G) and physical activity (Fig 2H)

were also comparable in Rcan1 KO and WT siblings. Rcan1 KO C57BL/6:129 mixed

background mice were raised and entrained in the AM and PM light boxes then subjected to

I/R at ZT:0–2 or ZT:10–12 as described for WT. There was no significant difference in

%AAR/LV (Fig 3A), %INF/AAR (Fig 3B), or circulating cardiac troponin I levels (Fig 3C)

in the AM operated Rcan1 KO hearts compared to the PM operated KO. Furthermore,

damage was similar in the Rcan1 KO from either time point to that found in WT hearts

subjected to I/R at the PM time point, when WT is most susceptible to damage (Fig 3B-D).

Disruption of the microtubule network is an early sign of irreversible ischemic injury [44]

and maintenance of microtubule integrity has been implicated in preconditioning resistance

to I/R [45, 46]. We therefore examined changes in tubulin levels as an indication of

disruption of the microtubular network. Western blot analysis of protein extracts from the

infarct zone three hours after I/R showed a decrease in α-tubulin abundance compared to

controls that mirrored the circadian and genotype pattern of damage (Fig 3E and S1G). In

other words, the decrease in α-tubulin was greatest in the Rcan1 KO AM, Rcan1 KO PM

and WT PM I/R samples but minimal in the WT AM I/R samples indicative of disruption of

the microtubular network at 3 hours in a pattern mirroring the extent of myocardial damage

at 24 hours post I/R. Taken together these results suggest that the Rcan1 gene is necessary

for the window of protection from I/R in WT mice during the active to resting transition.
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3.4. The hearts of Rcan1 KO mice have an intact transcriptional circadian clock

Our findings suggest that Rcan1 KO mice have lost a circadian oscillation in susceptibility

of the heart to damage from I/R. We therefore asked whether the transcriptional circadian

clock is either lost or substantially altered in Rcan1 KO hearts. The negative core clock gene

Per2 (Fig 4A) and the positive core clock gene Bmal (Fig 4B) continued to oscillate under

free-running conditions with opposing phases as in WT hearts. Expression of additional

components of the transcriptional clock, including Rev-erb-α (Fig 4C) and Dbp (Fig 4D),

showed circadian patterns of expression indistinguishable from that in WT hearts.

Mitochondrial uncoupling is protective in I/R and expression of uncoupling proteins is

circadian in many tissues including the heart [2]. Expression of the uncoupling proteins

Ucp2 and Ucp3 was not significantly altered in the Rcan1 KO hearts (Fig 4E-F). Likewise,

we did not see significant changes in expression of the apoptosis related proteins Bax and

Bcl-2 (Fig S3A-B). Expression of the cardiac survival factor Nfil3 is circadian in the heart

and in phase with Rcan1.4 expression [3]. However, the circadian expression of Nfil3 was

also preserved in the Rcan1 KO (Fig 4G). The transcription factor Klf15 has been identified

recently as an important regulator of circadian processes in the heart [47, 48]. Circadian

expression of Klf15 was preserved in the Rcan1 KO (Fig 4G). These results demonstrate that

the transcriptional circadian clock is intact in the hearts of Rcan1 KO mice. Therefore, the

loss of time-of-day changes in cardiac susceptibility to I/R is not simply a secondary

consequence of lost rhythmicity but more directly related to some downstream component

of Rcan1 activity.

3.5. Cardiomyocytes deficient for RCAN1 are more susceptible to I/R in vitro. Inhibiting
calcineurin restores protection

To assess whether RCAN1-mediated protection is myocyte autonomous or mediated

through functions external to the heart, NRVMs were depleted of both RCAN1 isoforms

using RCAN1-targeted siRNAs (Fig 5A). Two days after siRNA transfection cultures were

subjected to simulated I/R (sim-I/R) as outlined in Fig 5B. Knock down of RCAN1 had no

effect on cell viability at base line, but reduced cell survival following sim-I/R (Fig 5C).

Furthermore, pharmacological inhibition of calcineurin using FK506 had no significant

effect on viability of control cells but restored survival of RCAN1-depleted NRVMs

following sim-I/R to that of control siRNA transfected NRVMs subjected to sim-I/R (Fig

5C). Taken together these studies suggest that RCAN1-dependent protection from I/R is

cardiomyocyte autonomous, and that protection is conferred via its ability to inhibit

calcineurin activity.

3.6. Calcineurin inhibition confers protection from I/R to PM-operated hearts

Genetic and pharmacological approaches were used to test whether time-of-day differences

in calcineurin activity contribute to the time-of-day-dependent differences we observed in

susceptibility of the heart to I/R damage. Transgenic mice expressing a human RCAN1

transgene under the control of the cardiomyocyte-specific αMHC promoter (αMHC-

RCAN1) and WT littermates were subjected to I/R during either the AM or PM time point as

previously described. The αMHC-RCAN1 transgene encodes aa 81–197 of hRCAN1 [37]

which is common to both RCAN1 isoforms and provides potent calcineurin inhibition. In
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WT animals infarct size was significantly larger in PM-operated WT hearts than in AM-

operated hearts as previously shown. The αMHC-RCAN1 transgene conferred protection

from I/R to PM-operated animals, whereas, it provided no additional protection at the AM

time point (Fig 5D). Pharmacological inhibition of calcineurin by administering FK506

immediately upon reperfusion verified that calcineurin inhibition was capable of providing

protection from reperfusion damage at the PM time point (Fig 5E). These studies indicate

that activation of calcineurin contributes to cardiac damage when I/R occurs near the

transition to waking, but is less of a contributing factor when I/R occurs near the transition

to rest.

4. Discussion

Taken as a whole, the current findings suggest that Rcan1 underlies circadian changes in

cardiac tolerance to I/R and that it functions, at least in part, by controlling the activation of

cardiomyocyte-localized calcineurin in response to I/R. Furthermore, Rcan1 accomplishes

this, not by altering global circadian rhythmicity, but likely acts downstream as a mediator

between the transcriptional clock mechanism and circadian changes in cardiac susceptibility

to I/R damage. This is important because it positions calcineurin activity and Rcan1 as

potential therapeutic targets through which to benefit from innate circadian changes in

cardiac protection without disrupting core circadian oscillations that are essential to

cardiovascular, metabolic, and mental health.

We show that in WT mice, peak expression of Rcan1.4 coincides with the time of greater

resistance of the mouse heart to damage from I/R, at the transition from the active to resting

phase. Rcan1 KO mice no longer have this window of protection and are equally susceptible

to cardiac I/R damage at both the beginning and end of the light phase. Rcan1 KO mice lack

both the Rcan1.4 and the Rcan1.1 isoforms; so either one may contribute protective

functions. Repeated studies demonstrate that either isoform can act as a potent inhibitor of

calcineurin. There is one study suggesting that, in the context of angiogenesis, RCAN1.4

inhibits calcineurin, whereas, RCAN1.1 may act to potentiate calcineurin-dependent

responses [49], however, the molecular mechanism of any such isoform-specific functions

remains undefined. Transcription of Rcan1.1 and Rcan1.4 is under the control of

independent promoters and only Rcan1.4 acts a feedback inhibitor of calcineurin. Given the

pronounced circadian oscillations in Rcan1.4 expression, it is reasonable to postulate that

Rcan1.4 confers a key activity relevant to our studies. The cardiomyocyte-specific αMHC-

RCAN1 transgene confers protection at the end of the light period as does systemic

administration of FK506, whereas, αMHC-RCAN1 confers no additional protection at the

beginning of the light phase. This suggests that differential calcineurin activation is a key

element of the circadian response, thus RCAN1’s primary function in this context likely

relates to its ability to inhibit calcineurin.

Many studies have implicated activation of calcineurin in I/R damage in neurons [50, 51],

lung [52], kidney [53], and heart [54–57]. Pharmacological studies using cyclosporine A

(CsA) to inhibit calcineurin need to be interpreted with caution because CsA also inhibits

the mitochondrial permeability transition pore (MPTP) in a calcineurin-independent fashion

and MPTP is an important component of the cascade through which I/R damage occurs [58].
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However, FK506, does not inhibit MPTP and has also been shown to be cardioprotective in

rat models of I/R [54–57, 59]. Our studies would suggest there are time of day differences in

the activation of calcineurin in response to I/R, however, we were not able to detect

significant AM/PM differences in in vitro biochemical assays of total calcineurin activity in

heart tissue extracts (data not shown). These assays only assess total potential calcineurin

activity, not the actual activity of calcineurin in the tissue. Likewise, they provide no

information regarding subcellular pools of calcineurin or microdomains, which can be

important for specificity of calcineurin signaling [60, 61].

Calcineurin has diverse functions in many tissues and processes, including synaptic

signaling [62], survival of neurons [63, 64], immune responses [51], cytokine production

[52], and angiogenesis [53], many of which are known to contribute to survival of the

myocardium after I/R. It is therefore possible that multiple systems in the Rcan1 KO mice

contribute to increased susceptibility to I/R and loss of the early morning window of

protection from I/R damage, however, the αMHC-RCAN1 transgenic mice, along with our

in vitro studies, demonstrate that an important component of this protective process is

cardiomyocyte-intrinsic rather than the result of Rcan1-dependent functions in other tissue

systems.

Our results, showing an increase in cardiac susceptibility to I/R at the time of transition to

waking is consistent with the report of Durgan et al., who also measured infarct size and

troponin levels 24 hours after I/R [3]. Interestingly, another recent study, analyzing infarct

size only 3 hours after I/R, reported the opposite phase for peak sensitivity [29]. We

speculate that these contrasting findings may reflect fundamental differences in the

mechanism of cell damage during ischemia versus those set into play at reperfusion.

Retrospective studies in humans argue both for and against the time-of-day of STEMI onset

influencing infarct size and/or long-term outcomes [18–28]. It has been suggested that in

these epidemiological studies the type of medical intervention received is a key factor. In

general, when the majority of patients underwent revascularization, a circadian component

was observed, whereas, when most of the patients did not receive reperfusion intervention,

no circadian-dependent differences were noted. Consistent with this, we find no evidence of

circadian differences in the size of infarct following permanent LAD in WT mice, suggesting

that circadian timing has an impact on events triggered by reperfusion, whereas death of

myocytes during sustained ischemia is independent of the time of onset.

Our findings highlight the danger of ignoring the influence of the circadian clock in studies

of cardiac I/R. For instance, it was previously reported that the Rcan1 KO is more

susceptible to damage from I/R [39]. Our studies show that this is indeed true for animals

subjected to I/R early in the light phase, however, the same experiment carried out at the end

of the light phase would have drawn the conclusion that I/R damage in the Rcan1 KO was

similar to that seen in wild type mice. Certainly there are circadian oscillations in many

factors that can influence cardiovascular health. It is therefore essential to carefully control

for the contribution of the circadian clock in experimental design. This includes not only

controlling the window of time in which a procedure such as I/R is performed, but also

considering the impact that a specific treatment might have on the entrainment of the animal
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prior to experimentation, such as forced treadmill exercise during an animal’s normal sleep

period.

5. Conclusions

The present study demonstrates that circadian rhythms have a profound influence on the

susceptibility of the heart to damage in a widely used mouse model of I/R and identifies

Rcan1 control of calcineurin activation as necessary for this daily oscillation in cardiac

resistance to damage. Rcan1 accomplishes this, not by altering global circadian rhythmicity,

but likely acts downstream as a mediator between the transcriptional clock and circadian

changes in protective mechanisms. Numerous studies have demonstrated links between

cardiovascular disease and disruption of circadian homeostasis in humans. Man is diurnal

(active during the day) whereas mice are nocturnal. Therefore, whether there is a reverse

oscillation of Rcan1.4 in human heart remains a critical question, as does identifying the

downstream nodal points through which Rcan1 confers protection.
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Highlights

• Infarct size in the standard mouse model of cardiac I/R is highly dependent on

the time of day.

• The heart is protected from I/R at the transition to rest when RCAN1.4 levels

peak.

• Rcan1 KO mice lack this window of protection yet maintain normal circadian

clock function.

• Rcan1 protects via calcineurin inhibition and acts cardiomyocyte-autonomously.

• Exogenous calcineurin inhibition protects when the heart is most vulnerable to

I/R damage.
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Figure 1.
Damage from I/R is greater at the end of the light phase (PM) than at the beginning of the

light phase (AM) in wild type mice. The schematic illustrates the timing of light entrainment

and I/R surgeries for the AM and PM boxes (A). Grey shadowing indicates periods of

“lights-off”. Area at risk (%AAR/LV) (B), infarct (%INF/AAR) (C), and circulating cardiac

troponin I levels (D) in the AM (n=7) or PM (n=10) operated animals 24 hours after I/R.

Troponin levels in sham operated animals (S) and animals with permanent LAD (MI) are

provided for comparison. Representative images of TTC and Evans blue staining (E and H)

and TUNEL-positive signal (F, G, I and H) are provided for AM (E, F, and G) PM (H, I, and

J) surgeries. Green indicates TUNEL-positive nuclei and red total nuclei in the image

overlays in G and J. The inset bar indicates either 1 mm (in E, F, H, and I) or 0.1 mm (G and

H). Quantification of TUNEL-positive signals in individual 1mm slices arrayed from apex to

the site of ligation from AM and PM hearts 24 hours after I/R. (n=3 per slice). Error bars

indicate standard error.
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Figure 2.
Rcan1.4 expression is highest in the AM and activated in response to I/R. Real-time PCR

was used to compare Rcan1.4 transcript levels in the hearts of wild type mice at the

Zeitgeber times (ZT) indicated in unoperated control animals (A). Signal was normalized to

18s rRNA. RCAN1 protein levels were assessed by western blot in control hearts (B) and

hearts 3 hours (C) or 24 hours (D) after I/R. The surgeries in D were performed and

analyzed at 4 PM (ZT:10) when RCAN1.4 levels are normally low. Western blot analysis

was used to compare RCAN1 protein in NRVMs cultured at ambient O2 (C), or exposed to

1% O2 (99% N2) for 24 hours (H), then reperfused for 3 hours (H/R) (E). Cardiac function

in wild type and Rcan1 littermates was assessed at 10, 35 and 60 weeks of age (F) (n=5 for

each genotype). Blood pressure was monitored over a 60 hour time period starting at 6AM

(G). Physical activity was monitored over a 60 hour time period starting at 6PM (H) (n=3

each genotype). Grey bars along x-axis indicate timing of light cycle relative to each graph.
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Figure 3.
Damage from I/R is greater in Rcan1 KO hearts than in wild type hearts and shows no AM

window of protection as assessed by area at risk (A), infarct (B), and circulating cardiac

troponin I levels (C). Representative images of TTC and Evans blue staining are provided

(D). AM (n=5); PM (n=7). Alpha-tubulin levels in heart extracts three hours after surgery

were compared for the various genotypes and treatments using western blot analysis (E).

Ponceau staining is provided as a loading control. Error bars indicate standard error. The

white bar in D indicates 1 mm.
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Figure 4.
Circadian expression of core clock genes is not disrupted in hearts from Rcan1 KO mice.

Transcript levels for Per2 (A), Bmal (B), Rev-erb-α (C), Dbp (D), Ucp2 (E), Ucp3 (F),

Klf15 (G), and Bax (H) were quantified by real-time PCR in the hearts of wild type and

Rcan1 KO mice at the Zeitgeber times (ZT) indicated. Signal was normalized to 18s rRNA.

RNA from three hearts was pooled for each time point. Error bars indicate standard

deviation. (n=3 per time point)
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Figure 5.
Loss of RCAN1 sensitizes cardiac myocytes to I/R damage. Calcineurin inhibition restores

protection. Depletion of RCAN1 proteins from NRVMs was verified by western blot 48

hours after transfection with control (si-control) or RCAN1-targeted si-RNA (si-RCAN1)

(A). Tubulin was used as a loading control. Schematic depicts the parameters for simulated

I/R (B). LDH release into the media was used to quantify cell death following sim-I/R.

Cultures were treated with vehicle or FK506 prior to sim-I/R as indicated (C). A

cardiomyocyte-specific RCAN1 transgene (TG) conferred protection from I/R damage in

PM operated animals, but provides no increase in protection to AM-operated animals (D)

(n=5 each genotype and time point). Injection of FK506 just prior to reperfusion confers

protection to the PM-operated animals (E) (n=5 each treatment).
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