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and decreased by application of carbachol. Each drug 
was administrated at the dose that led to a maximal 
change in beating rate (Xmax) and to 50% of that 
maximal change in adult tissue (X50). cAMP, NADH, 
NAD + NADH, and ATP levels were measured in the 
same tissue. The tight correlation between cAMP 
levels and the beating rate (i.e., the ATP demand) 
demonstrated in adult atria was altered in aged atria. 
cAMP levels were lower in aged compared to adult 
atrial tissue exposed to X50 of ISO or IBMX, but this 
difference narrowed at Xmax. Neither ATP nor NADH 
levels correlated with ATP demand in either adult or 
aged atria. Baseline NADH levels were lower in aged 
as compared to adult atria, but were restored by drug 
perturbations that increased cAMP levels. Reduction 
in Ca2+-activated adenylyl cyclase-induced decreased 
cAMP and prolongation of the spontaneous beat 
interval of adult atrial tissue to their baseline levels in 
aged tissue, brought energetics indices to baseline lev-
els in aged tissue. Thus, cAMP regulates right atrial 
ATP supply-to-demand matching and can restore age-
associated ATP supply-to-demand imbalance.

Keywords  Aging · Beating rate · cAMP · 
Energetics · Mitochondria

Introduction

According to World Health Organization estimates, 
by the year 2030, 1 in 6 people worldwide will 

Abstract  The prevalence of atria-related diseases 
increases exponentially with age and is associated 
with ATP supply-to-demand imbalances. Because 
evidence suggests that cAMP regulates ATP supply-
to-demand, we explored aged-associated alterations 
in atrial ATP supply-to-demand balance and its corre-
lation with cAMP levels. Right atrial tissues driven by 
spontaneous sinoatrial node impulses were isolated 
from aged (22–26  months) and adult (3–4  months) 
C57/BL6 mice. ATP demand increased by addition of 
isoproterenol or 3-Isobutyl-1-methylxanthine (IBMX) 
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be aged 60  years or older. The number of persons 
aged 80 years or older is expected to triple between 
2020 and 2050, reaching 426 million. In parallel, 
the number of persons with cardiac diseases that 
affect atrial function, and specifically atrial fibrilla-
tion (AF), has reached epidemic proportions, with 
incidences increasing exponentially with increasing 
age [1]. Understanding changes in atrial physiology 
that accompany healthy aging will serve as a sound 
foundation for elimination of age-associated atrial 
diseases.

While the tight links between aging and electro-
physiological [2] and structural remodeling [3] of the 
atria have long been described, more recent evidence 
suggests that imbalances in energetic metabolism that 
are tightly coupled with ion channel function and 
excitation–contraction coupling may also underlie 
age-associated deterioration of atrial function [4–6]. 
Of note, age-associated alterations in well-known 
ATP control mechanisms [7, 8], such as Ca2+ cycling 
[9], NAD+ [10], and post-translational modification 
of signaling molecules [11, 12], were documented 
in rapidly paced atria of aged animals and in aged 
patients who underwent surgery that suffer from heart 
disease. However, the link between post-translational 
modification signaling, specifically cAMP-associated 
protein phosphorylation, and ATP supply-to-demand 
matching in the atria of the healthy aged heart 
remains unknown.

Because the spontaneous beating rate of the 
sinoatrial node (SAN) regulates ATP demand and 
because the basal spontaneous beating rate and the 
beating rate responses to drug perturbations of iso-
lated SAN are affected by age [13], we aimed to 
evaluate the energetics of atrial tissues spontaneously 
driven by SAN. We explored changes in ATP supply-
to-demand balance and their relationship to changes 
in cAMP levels in response to drug perturbations that 
influence ATP demand (beating rate). We hypoth-
esized that (i) changes in cAMP are directly related 
to changes in ATP demand (quantified by change in 
spontaneous beating rate) and that this link becomes 
altered in advanced age; (ii) no correlation exists 
between ATP demand and other energetic indexes 
(e.g., NADH, NAD + NADH and ATP); (iii) reduc-
tion in Ca2+-activated adenylyl cyclase (AC)-cAMP/
PKA signaling and prolongation of the spontaneous 
beat interval to the level reported for aged tissue, 
can mimic the effect of age-associated energetics 

imbalances; and (iv) age-associated differences 
in cAMP, NADH, NAD + NADH, and ATP exist 
between right and left regions of the heart.

In this work, right atrial tissue from adult 
(2–4  months) and aged (22–26  months) C57/BL6 
mice were exposed to drugs that alter ATP demand, 
after which, cAMP, NADH, NAD + NADH, and 
ATP levels were measured. We found that cAMP is 
an important regulator of right atrial ATP supply-
to-demand matching, and that age-associated ATP 
demand–supply imbalance can be restored by increas-
ing cAMP levels in aged right atria.

Methods

Tissue isolation

All animal studies were performed in accordance 
with the Guide for the Care and Use of Labora-
tory Animals published by the National Institutes of 
Health (NIH Publication no. 85–23, revised 1996). 
Experimental protocols were approved by the Animal 
Care and Use Committee of the National Institutes 
of Health (protocol #441LCS2013). Experiments 
were performed on 3–4-month-old (n = 35; adult) 
and 22–26-month-old (n = 36; aged) C57/BL6 mice, 
sedated with ketamine. Hearts were quickly excised 
and placed in HEPES-buffered solution (36 ± 0.5 °C) 
of the following composition (in mM): 137 NaCl, 4.9 
KCl, 1 MgCl2, 20 HEPES, 1.2 NaH2PO4, 5 NaHCO3 
1.8 CaCl2, and 16.6 glucose, titrated to pH 7.2 with 
NaOH and bubbled with O2. The right and left atria 
were dissected together with the SAN region. The 
right and left ventricles were quickly frozen in liq-
uid nitrogen. The SAN was identified by its anatomic 
landmarks (the crista terminalis, the inter-atrial sep-
tum, and the superior and inferior vena cava) and, 
together with the right atria, was fixed in a heated 
bath (36 ± 0.5 °C) and superfused with HEPES-buff-
ered solution at a rate of 8 ml/min.

Electrophysiological measurements

The average beat interval was quantified from extra-
cellular electrograms collected using a Neurolog 
system NL900D (Digitimer, Hertfordshire, UK). An 
insulated custom-made stainless-steel electrode with 
a 0.15-mm-diameter tip was placed in the center of 
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the SAN that was connected to the right atria. Extra-
cellular electrograms were recorded for 10 min under 
control conditions (after 15 min of stabilization) and 
20  min following drug application. Average beat 
intervals were calculated using PhysioZoo, as previ-
ously described [14, 15].

Tissue preparation

Left atrial tissue was dissected from the heart and 
immediately transferred to a liquid nitrogen tank. 
Right atrial tissue was dissected from the SAN and 
quickly transferred to a liquid nitrogen tank. Left 
and right ventricles were transferred to liquid nitro-
gen tank after the dissection of the atria. Each tissue 
was then transferred to a Precellys CK14 Lysing Kit 
tube (VWR) with beads for soft tissue homogeniz-
ing; atrial tissues were transferred to 0.5 ml tubes and 
ventricular tissues to 2  ml tubes. Tris–EDTA (TE) 
buffer (100  mM trizma base (Sigma-Aldrich) and 
4  mM EDTA (Sigma-Aldrich), adjusted to pH 7.75 
with HCl) was added to the tubes (200  µl for atrial 
tissues and 400 µl for ventricular tissues). The tissues 
underwent the first homogenization (3 cycles of 20 s 
at 5500 RPM with 120  s rest between cycles) using 
a Precellys tissue homogenizer (Bertin), then placed 
on ice for 5 min and then homogenized a second time 
(2-time protocol of 3 cycles of 10 s at 5000 RPM with 
120  s rest between cycles). The tubes were heated 
for 5 min at 95 °C to release all ATP, cooled on ice 
for 5  min, and then centrifuged at 5000 RPM 4  °C 
for 5  min (Centrifuge 5430R, Eppendorf). Superna-
tants were transferred to − 80 °C. Pellets were resus-
pended in RIPA buffer (Thermo Fisher Scientific) 
supplemented with a protease inhibitor cocktail (PIC) 
(Sigma-Aldrich; 1:300) (100 µl for atrial tissues and 
400 µl for ventricular tissues), and then vortexed for 
10 s. The samples were left to cool on ice for 30 min 
and then centrifuged (5000 RPM, 4 °C, 5 min). The 
supernatants were collected and the total protein con-
centration was determined by a BCA Protein Assay 
(Pierce).

cAMP measurements

cAMP concentrations were determined using the 
LANCE Ultra cAMP 384 assay kit (PerkinElmer). 
The standard curve was prepared according to the 
manufacturer’s instructions. The tissue samples were 

thawed and kept on ice. Samples (5  µl) were dis-
pensed into black 384-well microplates (Thermo 
Fisher), after which, 5  µl HEPES solution contain-
ing (in mM) NaCl 140, KCl 5.4, HEPES 5, Glucose 
10, MgCl2  2, CaCl2  1 (pH 7.4 with NaOH), and 
cAMP antibody solution, was added. The microplates 
were incubated in the dark for 30 min at room tem-
perature. Eu-cAMP tracer (7.5  µl) and ULight-anti-
cAMP working solution (7.5  µl) were added to the 
cAMP standards and tissue samples, and plates were 
incubated again in the dark for 60 min, at room tem-
perature. The time-resolved fluorescence (emission/
excitation ratio: 340/665  nm) was measured in the 
Varioskan LUX 3020 (Thermo Fisher Scientific).

NADH and NAD + NADH measurements

NADH and NAD + NADH concentrations were 
measured using the fluorometric NAD/NADH Assay 
Kit (Abcam). Due to the small tissue volumes and 
because there is more NADH compared to NAD in 
healthy mammalian cells and tissue, we measured 
only the total NAD + NADH and NADH concentra-
tions in the sample. The experiments were performed 
in black 96-chimney-well microplates (Thermo 
Fisher). The tissue samples were thawed and kept on 
ice. A standard curve was prepared per the manufac-
turer’s instructions. Following the addition of 25  µl 
of each tissue sample, 12.5  µl of NAD/NADH con-
trol solution or NADH extraction solution was dis-
pensed over the tissue samples for measurements of 
the total NAD + NADH and NADH concentrations, 
respectively. Samples were then incubated for 15 min 
at 37 °C. NADH reaction mixture (37.5 µl) was then 
added into each well and the plates were incubated at 
room temperature for 2 h. Fluorescence increase was 
measured with a Varioskan LUX 3020 microplate 
reader (Thermo Fisher Scientific) at excitation/emis-
sion wavelengths of 540/590 nm.

ATP measurements

ATP concentrations were measured using the ATP 
Bioluminescence Assay Kit HS II (Roche). ATP 
standard solutions and the luciferase reagent were 
prepared per the manufacturer’s instructions. The 
measurements were performed in white 96-well 
NUNC optical-bottom microplates (Grenier). Tissue 
samples were thawed and kept on ice. Each standard 
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or tissue sample (5  µl) was pipetted into the wells 
with 45 µl TE buffer (see above). Thereafter, 100 µl 
luciferase reagent was added to each well. ATP bio-
luminescence was measured by the microplate reader 
(Varioskan LUX 3020 (Thermo Fisher Scientific)) at 
a measurement time of 10 s and a lag time of 1 s.

Drugs

Isoproterenol (ISO), carbachol and 3-isobutyl-
1-methylxanthin (IBMX) were purchased from 
Sigma.

Statistical analyses

All data are presented as mean ± SD. T-test was used 
to determine age and drug effects. Differences were 
considered statistically significant at p ≤ 0.05.

Results

Changes in ATP demand (i.e., spontaneous beat-
ing rate) were elicited by applying one of the fol-
lowing drugs: isoproterenol (ISO), which stimulates 
β-adrenergic receptors (AR) and subsequently upreg-
ulates cAMP; carbachol (CCh), which results in phys-
iological suppression of cAMP through activation of 
cholinergic receptors; or 3-isobutyl-1-methylxanthin 
(IBMX), which inhibits phosphodiesterase (PDE) that 
degrades cAMP, leading to upregulation of cAMP. 

Each drug was tested at two concentrations: X50 
(10 nM ISO, 50 nM CCh or 5 µM IBMX) and Xmax 
(100 nM ISO, 100 nM CCh, 100 µM IBMX). At X50 
50% of max response of beat interval of adult SAN is 
achieved and at Xmax maximum change in beat inter-
val in both adult and aged mice is achieved [16]. With 
the exception of experiments in which energetics 
was measured in different regions of aged and adult 
hearts, all experiments were performed on right atria.

Changes in cAMP level and ATP demand in aged vs. 
adult atrial tissue

Because changes in cAMP/PKA levels were sug-
gested as one of the regulatory mechanisms of ener-
getics, we first quantified their concentrations in aged 
vs. adult atrial tissue. Figure  1A shows that cAMP 
levels tended to be lower in aged atrial tissue as com-
pared to their levels in adult atrial tissue, but this 
trend did not reach significant levels.

ISO50 increased cAMP concentrations in both 
adult and aged atrial tissue, but to a greater magni-
tude in the former as compared to the latter (Fig. 1A). 
In contrast, ISOmax increased cAMP concentrations in 
both adult and aged atrial tissue by the same degree.

CCh50 did not change cAMP levels in adult or in aged 
atrial tissue (Fig. 1A), while CChmax decreased cAMP in 
both adult and aged atrial tissue by the same degree.

Effects similar to those measured following ISO 
treatment were documented for IBMX. IBMX50 
increased cAMP levels in both adult and aged atria, 

Fig. 1   cAMP levels under different ATP-demand conditions in 
adult and aged atrial tissues. (A) cAMP levels in control ver-
sus in response to drug perturbation of adult and aged atrial 
tissue. Three drugs were applied (isoproterenol (ISO), carba-
chol (CCh), and 3-isobutyl-1-methylxanthin (IBMX)) at two 
different concentrations: at the dose that led to a 50% change 

in the beating rate in adult tissue (X50) and the dose that led 
to maximal change in beating rate (Xmax). (B) Correlation 
between spontaneous beat intervals and cAMP levels in adult 
and aged atrial tissue. #Compared to control (either adult or 
aged). *Compared to adult for the same treatment
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but to a greater magnitude in the former (Fig. 1A). 
In contrast, IBMXmax increased cAMP levels in 
both adult and aged atrial tissue by the same degree.

We investigated how changes in ATP demand cor-
relate with changes in cAMP levels. Increase in beat 
interval leads to increased work of the atria and thus 
to an increase in ATP demand and vice versa. Thus, 
change in beat interval is a direct measure of ATP 
demand. Figure  1B  shows the relationship between 
the average beat interval and cAMP in adult and aged 
atria under basal conditions and in response to drug 
challenges. This tight correlation at adult age (− 0.96) 
was reduced (− 0.7) with advanced age.

Changes in NADH, NAD + NADH levels and ATP 
demand in aged vs. adult atrial tissue

NADH and total NADH + NAD levels were quanti-
fied in the same tissues in which cAMP levels were 
quantified. NADH levels were lower in aged com-
pared to adult atrial tissue (Fig. 2A). However, there 
was no difference in total NADH + NAD levels 
between adult and aged atrial tissue (Fig. 2B).

ISO50 did not change NADH levels in either adult 
or aged tissue, but NADH was higher in adult than 
aged atrial tissue (Fig.  2A). In response to ISO50, 
the total NADH + NAD concentration was lower 
in the aged tissue as compared to aged basal and 
was also higher in adult compared to aged atrial tis-
sue (Fig.  2B). In contrast, following treatment with 
ISOmax, there were no differences measured in either 
NADH (Fig.  2A) or total NAD + NADH (Fig.  2B) 
concentrations in adult vs. aged atrial tissue.

CCh50 did not impact NADH levels in either 
adult or aged atrial tissue (Fig.  2A). The total 
NADH + NAD concentrations were not different in 
adult as compared to aged samples (Fig.  2B). Simi-
larly, following treatment with CChmax, there was 
no difference in either NADH (Fig.  2A) or total 
NAD + NADH (Fig.  2B) in adult versus aged atrial 
tissue. However, the NADH level in CChmax-treated 
adult atrial tissue was lower than its adult basal.

Following IBMX50 treatment, NADH levels in 
adult atrial tissue were lower than in basal adult, 
which were not different than the NADH levels 
measured in aged atrial tissues (Fig.  2A). The total 
NAD + NADH content was lower in aged atrial tissue 

Fig. 2   NAD and NAD + NADH levels under different ATP-
demand conditions in adult and aged atrial tissues. (A) NADH 
and (B) NAD + NADH levels in control versus in response to 
drug perturbation of adult and aged atrial tissue. Three drugs 
were applied (isoproterenol (ISO), carbachol (CCh) and 
3-isobutyl-1-methylxanthin (IBMX)) at two different concen-

trations: at the dose that led to a 50% change in the beating rate 
in adult tissue (X50) and the dose that led to maximal change 
in beating rate (Xmax). Correlation between spontaneous beat 
intervals and (C) NADH and (D) NAD + NADH levels in adult 
and aged atrial tissue. #Compared to control (either adult or 
aged). *Compared to adult for the same treatment
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compared to basal aged, but was not different than the 
total NAD + NADH measured in adult atrial tissue 
(Fig.  2B). Following treatment with IBMXmax, there 
was no difference in either NADH (Fig. 2A) or total 
NAD + NADH (Fig.  2B) levels in adult versus aged 
atrial tissue.

To investigate how changes in ATP demand cor-
relate with NAD or NAD + NADH levels, the rela-
tionship between the average beat interval and NAD 
or NAD + NADH levels in adult and aged atria under 
basal conditions and in response to drug challenges 
was calculated. There was no correlation between 
average beat interval and either NADH (− 0.6 for 
adult and − 0.3 for aged; Fig.  2C) or NAD + NADH 
(− 0.6 for adult and − 0.3 for aged; Fig. 2D) levels.

Changes in ATP levels and ATP demand in aged vs. 
adult atrial tissue

ATP levels quantified in the same tissues in which 
NAD, total NADH + NAD, and cAMP levels were 
measured, were not affected by ISO50, ISOmax, CCh50, 
CChmax, IBMX50, or IBMXmax (Fig.  3A). To inves-
tigate how changes in ATP demand correlate with 
ATP levels, the relationship between the average beat 
interval and ATP in adult and aged atria under basal 
conditions and in response to drug challenges was 
calculated. No correlation (− 0.3 for both adult and 
aged) was found between the average beat interval 
and ATP levels (Fig. 3B).

The effect of prolonged beat interval on energetic 
indices in adult atrial tissue

It has been shown that Ca2+ activates adenylyl 
cyclase (AC)-cAMP/protein kinase A (PKA) in the 
atria [17]. Thus, a reduction in cytosolic Ca2+ con-
centrations can potentially reduce cAMP levels to 
those of aged tissue. To test whether changes in the 
levels of Ca2+-activated AC-cAMP/PKA can mimic 
the effect of aging on energetic balance, 1 µM CPA, 
a SERCA2A blocker, was applied to adult atrial tis-
sues. To physiologically prolong the beat interval 
(an index of ATP demand) in adult atrial tissue to 
the same interval observed in aged atrial tissue, 
3 µM IVA was applied to block HCN4 in par, which 
is downregulated by aging [18]. The combination of 
these two drugs prolonged the average beat interval 
by 24.8 ± 8% (n = 6), confirming previous results 
for untreated control-aged tissue compared to adult 
[13]. cAMP level was similar to those measured in 
aged atrial tissue (Fig.  4A) as were NADH levels. 
NADH levels were lower in both untreated aged 
controls and in IVA- and CPA-treated atrial tissue 
as compared to untreated adult atrial tissue. Total 
NADH + NAD content following IVA and CPA 
treatment was similar to that measured in untreated 
aged atrial tissue (Fig. 3C). ATP levels were similar 
in adult atrial tissue treated with IVA and CPA as 
compared to its levels in both untreated adult and 
aged atrial tissue (Fig. 4D).

Fig. 3   ATP levels at different ATP-demand conditions in 
adult and aged atrial tissues. (A) ATP levels in control versus 
in response to drug perturbations of adult and aged atrial tis-
sue. Three drugs were applied (isoproterenol (ISO), carbachol 
(CCh), and 3-isobutyl-1-methylxanthin (IBMX)) at two differ-

ent concentrations: at the dose that led to a 50% change in the 
beating rate in adult tissue (X50) and the dose that led to maxi-
mal change in beating rate (Xmax). (B) Correlation between 
spontaneous beat intervals and ATP levels in adult and aged 
atrial tissue
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cAMP levels and energetics indices in different 
regions of aged and adult hearts

We next compared cAMP and the energetic indices 
quantified above in different regions of the heart. Fig-
ure 5A  shows that cAMP levels were lower in aged 
left atria compared to adult. The cAMP level in adult 
left atrial tissue was similar to the level in adult right 
atrial tissue. In contrast, the cAMP levels in aged left 
atria were lower than those measured in aged right 
atrial tissue. cAMP levels in aged left ventricles were 
similar to their levels in adult left ventricles (Fig. 5A). 
cAMP levels in aged right ventricular and adult right 
ventricular tissues were similar. cAMP levels in both 
adult and aged samples were lower in the left ventri-
cles as compared their right ventricles.

NADH levels were not different in aged com-
pared to adult left atrial tissues (Fig.  5B). In con-
trast, total NAD + NADH levels were lower in aged 

as compared to adult right atrial tissues (Fig.  5C). 
NADH levels in aged right ventricles were similar 
to their levels in adult right ventricles (Fig.  5B). 
Similarly, NAD + NADH levels were compara-
ble in aged right ventricles and adult right ventri-
cles (Fig. 5C). NADH levels in aged left ventricles 
were similar to their levels in adult left ventricles 
(Fig.  5B), as were NAD + NADH levels versus 
adult left ventricles (Fig.  5C). NADH and total 
NAD + NADH levels in both adult and aged left 
ventricles were lower as compared to their levels in 
right ventricles.

ATP levels were similar in adult and aged left 
atrial tissues and were similar to their levels meas-
ured in counterpart right atrial regions (Fig.  5D). 
Similarly, ATP levels in aged left ventricles were 
comparable to their levels in adult left ventricles. 
Similar ATP levels were measured in aged as com-
pared to adult right ventricles.

Fig. 4   Energetics indices in response to reduced Ca.2+. (A) 
cAMP, (B) NADH, (C) NAD + NADH, and (D) ATP levels in 
adult and aged atrial tissues and adult atrial tissues treated with 

SERCA pump blocker (1 µM CPA) and HCN4 blocker (3 µM 
IVA). *Compared to adult
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Discussion

Here we report on the change in energetics indices 
in healthy adult and aged right atrial tissues under 
basal conditions and in response to drugs that affect 
ATP demand. The right atrium was connected to the 
sinoatrial node to ensure a biological pace. A tight 
correlation was found between atrial cAMP levels and 
the beating rate driven by the SAN, which was altered 
in advanced age. ATP, NADH, or NADH + NAD 
were not corelated with beating rate. Reduced NADH 
levels were documented at advanced age, but were 
restored by drug-induced perturbations that increased 
cAMP levels. Pharmacological perturbations that 
decrease intracellular Ca2+ of adult atrial tissue and 
prolonged the spontaneous beat interval to the level 
reported for aged tissue modified energetics indices 
to achieve those of aged mice. Finally, differences in 
energetics indices were found between aged right and 
left atria and between aged right and left ventricles.

The difference between cAMP levels in adult versus 
aged tissue was not significant at baseline. Upon treat-
ment at X50 of ISO or IBMX, cAMP level was lower in 

aged vs. adult (Fig. 1A), suggesting that increased PDE 
amount or activity in aged atrial cells or disbalance in 
intracellular Ca2+ limits cAMP activity in response to 
these interventions. These differences were abolished, 
however, following treatment with maximal concen-
trations of ISO and IBMX. Thus, cAMP production 
reserve capacity is restored to match ATP demand at 
Xmax. Restoration of cAMP activity at Xmax in aged 
atrial can be due to increased cAMP production or 
decreased cAMP degradation. Future experiments 
will be needed to clarify this point. We also showed 
(Fig. 1B) a tight connection between cAMP levels and 
average spontaneous beat intervals, with different cor-
relations measured for aged versus adult tissue. Age-
dependent change in drug sensitivity may explain the 
differences between these correlations.

In addition, we showed here an age-associ-
ated reduction in NADH levels under basal con-
ditions (Fig.  2). Both aging and cardiac diseases 
are associated with reduced NAD+ in the heart 
(reviewed in [10]). Note that NAD+ is also con-
nected to other energy-related signaling pathways. 
For example, sirtuins, which are conserved proteins 

Fig. 5   Energetics balance in different heart regions. (A) 
cAMP, (B) NADH, (C) NAD + NADH, and (D) ATP levels 
in adult and aged right atrial (RA), left atrial (LA), right ven-
tricular (RV), and left ventricular (LV) tissues. Note, that RV 

and LV were not paced. #Compared to RA (either adult or aged 
LA). ^Compared to RV (either adult or aged RV). *Compared 
to adult for the same tissue type
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of NAD+-dependent deacylases, serve as impor-
tant energy status sensors and their levels correlate 
with cardiac protection and incident onset of car-
diac diseases [19]. AMP-activated protein kinase 
(AMPK) regulates energy balance by modulating 
NAD+ metabolism and SIRT1 activity [20]. Reduced 
NAD+ implies that activation of AMPK that switch 
on catabolic pathways that produce ATP is reduced. 
Thus, the reduced NADH documented here in aging 
tissues implies altered energetics. This conclusion is 
supported by the experimental evidence that showed 
alterations in other energetic parameters in aged atria 
[4, 6]. The fact that NADH levels were similar in 
aged and adult tissue on treatment with maximal con-
centrations of ISO, IBMX, or CCh, implies supply-to-
demand matching under these conditions. It is possi-
ble that the increase in cAMP increases PKA activity, 
which directly or indirectly (e.g., through Ca2+ sign-
aling) restores the energy balance. Thus, increasing 
the level of cAMP/PKA activity may be an effective 
means of restoring aged-associated deterioration in 
energetics signaling. As marked overexpression of 
AC8 leads to incident of heart failure and reduced 
lifespan [21], only short-term increases in cAMP may 
be the solution for age-associated energy imbalance.

NADH was suggested as a possible substrate ensur-
ing matching of ATP supply to demand [22]. How-
ever, in the current study, no correlation was found 
between NADH levels and ATP demand (which cor-
related with beat interval). Similar conclusions were 
reached when analyzing isolated mitochondria [23] 
and whole hearts [24]. ATP was also suggested as a 
regulator of ATP supply to demand matching. How-
ever, in our study, no such correlation was identified, 
which aligned with a previous report of constant ATP 
levels at different ATP demands [22]. Considering the 
results showing that only cAMP correlated with ATP 
demand, it can be concluded that cAMP/PKA is an 
important regulator of ATP supply-to-demand match-
ing. cAMP/PKA signaling phosphorylates several 
mitochondrial proteins as well as complexes I–V [25]. 
Reduced cAMP/PKA-dependent phosphorylation of 
these complexes in the electron transport chain would 
thereby eliminate the proton flux that drives complex 
V and decrease the rate of ATP production. In paral-
lel, the rate of ATP delivery from the mitochondria 
to the cytosol via voltage-dependent anion channels 
that are phosphorylated by PKA, would be decreased 
[26, 27]. Because Ca2+ activates AC-cAMP/PKA 

signaling in atrial cells [17], the reduction in cAMP 
in advanced age may be stimulated by a reduction 
in Ca2+. Such a decrease was indeed documented in 
human right atria [28]. Because a reduction in Ca2+ 
deactivates mitochondrial enzymes and leads to 
decreased ATP production [29], Ca2+ acting either 
directly or indirectly, via Ca2+-activated AC-cAMP/
PKA signaling, may affect the ATP supply-to-demand 
balance. Indeed, when we downregulated Ca2+ in 
adult atrial tissue to prolong the beat interval to the 
basal level reported in aging hearts (by also block-
ing HCN4), cAMP, NADH, NAD + NADH, and ATP 
levels shifted to those observed in the aged model 
(Fig. 4). Thus, Ca2+ may be an additional energy bal-
ance control mechanism that becomes downregulated 
with aging. Additional experiments are still necessary 
to characterize its role (see “Limitations”).

Finally, we compared the energetics indices 
between heart tissues of different ages. Although the 
cAMP level decrease in aged right atria was not sig-
nificant, it was significantly reduced in the aged left 
atria compared to adult. In parallel, aged left atria 
showed lower NAD levels. The decrease in cAMP 
and possibly associated alterations in Ca2+ cycling, 
may lead to age-associated ATP supply-to-demand 
imbalances in the left atrium. Lower levels of both 
cAMP and ATP were documented in the ventricu-
lar tissue as compared to the atrium, which may 
have been due to the fact that the ventricular tissues 
were quiescent during isolation as was documented 
previously [30]. Note that no energy difference was 
documented between aged and adult ventricular tis-
sues. However, the relative cAMP, NADH, and 
NAD + NADH levels were lower in the left as com-
pared to the right ventricle. These results are con-
sistent with literature reporting on constant NADH 
levels in aged ventricular myocytes that were not 
electrically stimulated and reduced levels after 
10  min of continuous electrical stimulation [31]. 
Moreover, oxygen consumption and ATP production 
were reduced in aged ventricular tissues extracted 
from isolated working hearts [32]. Thus, differences 
in cAMP levels and energetics indexes between adult 
and aged ventricles depend on the workload.

Clinical insight

The exact mechanisms of initiation and maintenance 
of AF are still a topic of debate. Understanding 
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energetics balances in healthy aging tissue may be ben-
eficial for future treatment of AF, whose prevalence 
exponentially increases with age. Recent evidence 
suggests that perturbations in energetics metabolism 
are tightly coupled with ion channel function and 
membrane excitability, and may be associated with 
short or chronic AF. For example, stretch-induced AF 
in a rabbit model led to a decrease in adenine nucleo-
tide concentrations, and to an increase in phosphocre-
atine levels, with no change in mitochondrial ATPase 
activity [33]. Changes in ATP supply-to-demand 
control mechanisms, i.e., abnormal intracellular Ca2+ 
handling [34, 35] and altered post-translational protein 
modification [36–38], also occur in AF. A mismatch 
between energy transduction, transfer, and consump-
tion processes reduces the tolerance of atrial tissue to 
hemodynamic and metabolic demands and can lead to 
irreversible cell and tissue damage.

Limitations

This work quantified the steady state level of ener-
getics indexes, which allow measurement and com-
parison of all indexes at the same tissues. Yet, future 
experiments will be necessary to quantify cAMP and 
energetics index kinetics to determine the possible 
existence of age-dependent differences in kinetics. 
While parallel in vivo experiments may enable quan-
tification of NAD/NAD + NADH and ATP levels, 
no in vivo method exists for cAMP and, thus, not all 
energetic indexes can be measured in the same tissue.

Intracellular Ca2+ levels were not quantified, and 
thus, potential age-associated changes in Ca2+ in our tis-
sues could not be evaluated. However, in our study when 
intracellular Ca2+ of adult tissues was altered by CPA, 
similar changes in energetic indexes were documented 
as aged atrial tissue. Note that use of a Ca2+ indicator 
interferes with the cAMP and ATP measurements and, 
therefore, the three cannot be quantified in parallel.

All the experiments were performed ex  vivo, a 
setup which allows for rapid freezing of the entire 
tissue without contamination from other tissues. 
Because we documented here constant ATP and 
NADH in response to change in demand and these 
results were similar with levels measured in  vivo 
[24], it can be assumed that the ex vivo environment 
accurately represents the in vivo environment.
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